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ABSTRACT 

Soil microcosm experiments were conducted to identify 

soil amendments which enhance the biodegradation of a No.2 

(diesel) fuel in soil. Microcosm amendments in Phase 1 

included yeast extract, acetate, methane, and activated 

sludge. Combinations of these amendments resulted in 16 

different treatments. Phase 2 soil microcosms contained 

combinations of methane and methanotroph additions 

resulting in four different treatments. Gas chromatography 

was used to determine the time and treatment-dependent 

concentration of C12-C1B n-alkanes during Phase 1 and, C14-

Ci9 n-alkanes during Phase 2. Results from Phase 1 

indicated that the most extensive biodegradation occurred 

in methane and activated sludge-supplemented microcosms. 

Acetate and/or yeast extract inhibited biodegradation by 

soil and/or activated sludge microorganisms. Addition of 

methane relieved inhibition by these amendments. Methane 

and/or methanotroph additions to Phase 2 microcosms did not 

enhance biodegradation relative to unamended microcosms. In 

general, n-alkanes longer than n-Ci 2 were equally degraded 

in soil microcosms. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

The contamination of soil by petroleum hydrocarbons 

can result from a number of petroleum product handling and 

storage activities including above-ground spills from 

pipelines and storage tanks, leaking underground pipelines 

and storage tanks, and everyday occurrences of automobile 

tank filling. Therefore, it is not surprising that 

subsurface contamination by petroleum hydrocarbons has 

become a major environmental issue in the past several 

years (Senn and Johnson, 1985). 

The length of time required for biodegradation of 

petroleum products in the soil depends on such factors as 

the development of a microbial population capable of 

degrading the hydrocarbons (Atlas, 1981), nutrient status 

of the soil (Westlake et al_. , 1978), temperature (Jobson et 

al. 1972), physical state of the pollutant (Swaranit et 

al . . 1983), and redox conditions (Ward et al_. , 1980). 

Hydrocarbons can persist indefinitely when conditions for 

their degradation are unfavorable. 

In si tu bioremediation is a treatment technique 



designed to enhance the native microbial population's 

capability to degrade a contaminant. In certain instances, 

the oil-degrading population of a soil can be increased 

through addition of microorganisms capable of degrading the 

contaminant of concern. The primary benefits associated 

with this treatment alternative include cost 

effectiveness and treatment efficiency (Yaniga and Smith, 

1985). 

The cost effectiveness of jn situ bioremediation is a 

result of several factors. In general, bioremediation 

techniques can be used to treat soil and the underlying 

groundwater (Wilson and Brown, 1989). In contrast, 

treatment by such techniques as pump-and-treat are only 

effective in recovery of free product and treatment of 

groundwater. In addition, pump-and-treat techniques merely 

transfer contaminants from one medium to another whereas 

bioremediation can convert contaminants to such innocuous 

products as CO2 , water, and biomass. Another factor which 

greatly reduces costs associated with bioremediation is the 

length of time required to bring about treatment. Wilson 

and Brown (1989) provided a comparison of j_n si tu 

bioremediation versus simple pump-and-treat to remediate 

gasoline contaminated soil and groundwater. The projected 

time for cleanup of the site using the pump-and-treat 



system alone was at least 8 years. After only 18 months, 

the in si tu bioremediation system had removed approximately 

99ae of the residual soil-bound and dissolved hydrocarbons. 

1 .2 Research Objectives 

In si tu bioremediation generally involves the 

introduction of nutrients, such as nitrogen and phosphorus, 

and oxygen to the subsurface via infiltration wells. Prior 

to the installation of an in si tu bioremediation system, 

laboratory pilot studies should be performed to determine 

the biodegradabi1ity of the contaminant, identify factors 

which enhance or retard biodegradation, and optimize those 

factors which enhance the biodegradative process. 

The objective of this research was to determine the 

biodegradabi1ity of a No.2 fuel oil in a contaminated soil. 

Microcosm experiments were conducted to identify soil 

amendments which influence biodegradation by native soil 

microorganisms. Amendments tested during the initial 

biodegradation study (Phase 1) included yeast extract, 

methane, activated sludge, and acetate. The second phase 

(Phase 2) was designed to further study those additions 

which produced favorable results during Phase 1 and to 

study the effects of a microbial amendment (methanotrophs) 

to soi1 . 



Gas chromatography was used to measure the 

dissappearance of select n-alkanes and branched, alkanes as 

a function of time and treatment. Because the gas 

chromatograph was not set up to identify intermediates in 

the biodegradative sequence, only the primary or initial 

transformation of the compounds was measured. The products 

of subsequent biochemical transformations are entirely 

unknown. 

A spread-plate technique was used in Phase 2 to 

isolate petroleum-degrading microorganisms from soil 

microcosms and to determine the quantity of petroleum-

degraders in the microcosms as a function of time. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Petroleum Hydrocarbons 

2.1.1 Composition of Petroleum Products 

Differences in the biodegradabi1ity of specific groups 

of hydrocarbons in a petroleum product make it necessary to 

chemically define the product in order to assess its 

overall biodegradabi1ity. The compositions of various 

petroleum products are summarized below with particular 

emphasis on No.2 (diesel) fuel oil. 

The composition of refined petroleum products depends 

on a number of factors including the source of the product 

(i.e., shale oil, crude oil, etc.), the degree of chemical 

modification by such processes as cracking, and the 

physical separation method employed (Coleman et al_. , 1984). 

The composition of different sources varies according to 

the geology of the oil-bearing deposit (Butt et al.. , 1986). 

Table 2.1 indicates the variability in composition of ri

al kanes, cycloalkanes, and aromatics in the gasoline 

fraction of crude oils derived from various international 

locations. Due to this variation, the mixture of 

hydrocarbons in a particular petroleum product is unique. 

As an example of product variability, the aromatic content 
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Table 2.1 The relative amount of paraffins, 
cycloparaffins, and aromatics in the gasoline 
fraction of crude oils from various 
international locations (Nyer and Skladany, 
1989). 

Volume (%) 

Origin of Crude Oil BoOlng Ran[e (°Q Pkraflins CycIo-Pir*JTiro Aromatics 

Oklahoma (Ponca) 55-180 50 40 10 
Pennsylvania 40-200 70 22 8 
Texas (Hastings) 50-200 27 67 6 

California (Santa Fe Springs) 45-150 41 50 9 
Canada (Turner Valley) 45-200 51 35 14 
Mexico (Altamira) 40-200 49 36 14 

Rumania (Bucsani) 50-150 56 32 12 
Kuwait 40-200 72 20 8 
Russia (Baku) 60-200 29 63 8 
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of a No. 2 fuel oil was reported to be 30 to 32% by 

Bingham et aT. (1980) and 105S by Zurcher and Thuer (1978). 

Petroleum hydrocarbons are generally divided into four 

groups based on similarities in chemical structure (Butt et 

al-, 1986): 

1. Napthenes (cycloparaffins or cycloalkanes) 
2. Normal paraffins (n-alkanes) 
3. Isoparaffins (isoalkanes) 
4. Aromatics (including naphthenoaromatics) 

No. 2 fuel oil consists primarily of higher boiling point, 

saturated alkanes including n-alkanes and cycloalkanes 

(Nyer and Skladany, 1989). The range of n-alkanes in 

various hydrocarbon products is presented in Figure 2.1. 

This figure indicates that n-alkanes ranging from 

approximately Ci1 through C20 are present in a No.2 fuel 

oil and that lower boiling point aromatics such as benzene, 

toluene, and xylenes are absent. The range in composition 

of hydrocarbon groups in a No.2 fuel oil is presented in 

Table 2.2. 

2.1.2 Properties of Petroleum Hydrocarbons 

Physical properties of hydrocarbons such as water 

solubility may influence their biodegradation (Stucki and 

Alexander, 1987). In addition, such physical properties as 

solubility, density, and vapor pressure effect the 
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T 

ox 
B 

GASOLINE DIESEL LUBRICATING OIL 
••• 

KEROSENE FUEL OIL 

Figure 2.1 Approximate range of n-alkanes in various 
petroleum products (Senn and Johnson, 1985). 
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Table 2.2 Compositional Range (X by weight) of 
Various Hydrocarbon Groups in a No.2 Fuel 
Oi 1. 

Hydrocarbon Groups 
Range in Composition 

% (by weight) 

Normal Alkanes1 

Isoalkanes2 

Cycloalkanes2 

Aromatics3 

37 
10 
42 
10 

43 
15 
50 
35 

Sources: (1) Shirley (1988). 
(2) Butt et aj.. (1986). 
(3) Bingham et al_.(1980) and 

Zurcher and Thuer (1978). 



distribution of hydrocarbons in the environment and, 

therefore, may indirectly influence their availability to 

microorganisms. Table 2.3 is a summary of select physical 

properties of petroleum hydrocarbon compounds which may 

directly or indirectly effect their persistence in the 

envi ronment. 

2.2 Hydrocarbon-utilizing Organisms 

2.2.1 Petroleum Degraders 

The ability of microorganisms to metabolize petroleum 

hydrocarbon substrates was detected as early as 1913 

(Davis, 1967). Isolates from soil and water including 

mycobacteria, pseudomonads, and micrococci were reported to 

utilize gasoline, kerosene, and heavier paraffinic 

fractions. Since then, numerous authors have concluded that 

microorganisms capable of growing on long-chain 

hydrocarbons as sole carbon and energy sources are 

virtually ubiquitous in aerobic soils (Gottschalk, 1986; 

Atlas, 1981; McKenna and Kallio, 1967; Perry and Scheld, 

1967; ZoBell, 1950). In addition, the ability of microbes 

to metabolize petroleum hydrocarbons is taxonomical1y 

widespread. Table 2.4 is an incomplete summary of the 

dominant petroleum-degrading microorganisms isolated from 

various environments. 
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Table 2.3 Summary of select physical properties of 
petroleum hydrocarbon compounds. 

Density1 Solubility2-3 Pv2'4 H2>4 
@ 20°C @ 25° C 9 25°C O 25°C 

Compound (mg/1) (g/m3) (atm) (atmXm3/mol) 

dodecane 0. 7487 0. 0037 1.55X10"4 7.12 

tetradecane 0. 7628 0. 0022 1.26X10"4 1.14 

hexadecane 0. 7733 0. 9 8 . 9X1 0~ 7 2.24X10-4 

octadecane 0. 7768 2. 1 2 . 5X1 0" 7 3.02X10-5 

benzene 0. 8786 1 780. 0 0. 125 5.49X10" 3 

naphthalene 1 . 0253 34. 2 1.14X10~ 4 4.25X10" 4 

References: 1 - Weast (1978) 
2 - Thibodeaux (1979) 
3 - Sutton and Calder (1974) 
4 - Lyman et aj_. (1982) 

Notes: H - Henry's Law Coefficient 
Pv - vapor pressure 
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Table 2.4 Summary of the dominant microbial genera capable 
of growth on petroleum hydrocarbons. 

Genera Envi ronment1 

Chesapeake Bay 

Reference 

Walker et. al.(l975) Pseudomonas 
Aci netobacter 
Sporobolomvces 
Rhodotorula 
Candi da 
Penici11ium 
Cladospori um 
Mycobacterium 
Arthrobacter 
Corvnebacterium 
Achromobacter 
Mi crococcus 
Nocardi a 
Flavobacterium 
Brevi bacteri um 

soi 1 
M 

I I  

freshwater 

Jones and Edington(1968) 

Atlas (1981) 

Notes: (1) Refers to the environment from which the 
organism was isolated. 



Davies and Westlake (1979) tested 28 fungal isolates 

from soil for their ability to grow on seven different 

crude oils. All 28 isolates were capable of growth on at 

least one of the seven crude oils. The genera tested 

included Penici11ium and Vertici11iurn. Gottschalk (1986) 

listed 11 species of bacteria, yeast, and fungi which were 

capable of growth on long-chain hydrocarbons. The list 

included bacteria from the genera Pseudomonas. 

Arthrobacter. Acinetobacter. and Nocardia as well as yeast 

from the genus Candida. Walker et aj_. (1975) compared the 

ability of a number of hydrocarbon-uti1izing bacteria, 

yeasts, and fungi isolated from Chesapeake Bay to degrade a 

mixed hydrocarbon substrate. The substrate consisted of a 

mixture of n-alkanes (C10-C20), pristane, and several 

aromatic compounds. Two species of bacteria, Pseudomonas 

aeruginosa and Acinetobacter sp. , were the most efficient 

in utilizing the mixed substrate based on the percentage of 

total hydrocarbon remaining after exposure to these 

organisms for 28 days. The fungus most effective in 

degrading the mixed substrate was Peni ci11i um sp.. 

The relative contribution of bacteria and fungi to the 

mineralization of hydrocarbons in soil was compared by Song 

et al. (1986). Their results indicated that bacteria 

contributed 82% to n-hexadecane mineralization while fungi 



contributed only 13*. In reviewing microbial degradation of 

hydrocarbons, Atlas (1981) noted that several genera of 

fungi fPenici11ium and Cunninghamella) were more effective 

in hydrocarbon biodegradation than bacteria from the genera 

Flavobacterium, Brevi bacteri um. and Arthrobacter. 

2.2.2 Methanotrophs 

Methane-oxidizing bacteria (methanotrophs) are a 

diverse group of aerobic organisms which can grow using 

methane or methanol as their sole carbon and energy source. 

The relevance of methanotrophs to petroleum degradation 

arises from the lack of substrate specificity displayed by 

the methanotroph produced enzyme methane monooxygenase 

(MMO), the NADH-dependent monooxygenase which initiates 

hydrocarbon degradation by inserting one atom of molecular 

oxygen into a wide variety of organic compounds (Pate! et 

al.. 1982; Colby et al.., 1977). The fortuitous oxidation of 

organic compounds by methanotrophs is a cometabolic event 

since it does not result in the generation of useful 

energy. There may be an energy cost associated with 

cometabolism by methanotrophs, inasmuch as NADH is consumed 

in the process. 

Colby et al. (1977) investigated the substrate 

specificity of soluble extracts of methane monooxygenase 



from Methylococcus capsulatus strain Bath. This enzyme 

catalyzed the oxidation of Ci through Ca n-alkanes to their 

corresponding primary and secondary alcohols. The authors 

noted that n-alkanes Ci through Ca were oxidized at 

comparable rates but the higher n-alkanes were oxidized 

more slowly. In addition, cyclohexane was oxidized to 

cyclohexanol, and toluene was oxidized to a mixture of 

benzyl alcohol and cresol indicating that both the aromatic 

ring and methyl substituent could be hydroxylated. Stirling 

and Dal ton ( 1979) studied the oxidation of various 

hydrocarbon compounds in the presence of whole-cell 

suspensions of Methylococcus capsulatus strain Bath. The n-

alkanes C< - Ca, benzene, and toluene were not oxidized in 

the presence or absence of formaldehyde. Formaldehyde, an 

intermediate in methane metabolism, was added to generate 

reducing power which could be used for biochemical 

reactions. The authors offered the following possibilities 

for the negative results: (1) toxicity of the substrate; 

(2) inability of the compound to enter the cell; (3) 

formation of toxic oxidation products. 

Patel et al_. (1980) studied the production of 

secondary alcohols from C3 - Co n-alkanes using whole-cell 

suspensions of Methylosinus sp. The secondary alcohols 

corresponding to n-propane and n-butane were produced at 



higher rates than the alcohols corresponding to n-pentane 

and n-hexane. It was also noted that the oxidation of n-

propane and n-butane was dependent on cell protein 

concentration. The production of primary alcohols was 

detected, but these compounds were rapidly oxidized further 

by the cell suspensions. 

2.2.3 Metabolic Pathways 

The microbial degradation of n-alkanes is most 

commonly initiated by an aerobic monoterminal attack, at 

the Ct position of the hydrocarbon, catalyzed by a 

monooxygenase (Gottschalk, 1986; Atlas, 1981; Van der 

Linden and Thijsse, 1965). Monooxygenase expression, 

therefore, may be an important determinant in the 

persistence of petroleum hydrocarbons in soil. The first 

three reactions in n-alkane oxidation are depicted in 

Figure 2.2. The initial reaction in the oxidative sequence 

is the conversion of the n-alkane to the corresponding 

primary alcohol. This reaction is catalyzed by a 

monooxygenase which inserts an atom of molecular oxygen 

into the terminal methyl group of the hydrocarbon molecule. 

This NADH-dependent reaction also requires the presence of 

an oxidizable cosubstrate. Among bacteria, rebredoxin, an 

Fe-containing protein, serves this purpose. In yeast, 



Figure 2.2 Monoterminal oxidation of ann-alkane by 
Pseudomonas oleovorans. 1. Rubredoxin: NADH oxidoreductase; 
2. n-alkane monooxygenase; 3. alcohol dehydrogenase; 
4. aldehyde dehydrogenase (Gottschalk, 1986). 
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cytochrome P450 serves as cosubstrate. The primary alcohol 

is further oxidized to an aldehyde by an alcohol 

dehydrogenase, and then to an organic or fatty acid by an 

aldehyde dehydrogenase. These reactions produce reduced 

pyridine nucleotides (NADH, NAD(P)H) which provide reducing 

power for biosynthetic reactions and/or electron transport 

chain reactions (Grady, 1984). Fatty acids are metabolized 

by beta-oxidation, as depicted in Figure 2.3. Each cycle of 

beta-oxidation yields a molecule of acetyl-coenzyme A and 

the CoA ester (acyl-CoA) of the fatty acid shortened by two 

carbon atoms (Gottschalk, 1986; Atlas, 1981), In the case 

of even-numbered fatty acids, the final beta-oxidation 

cycle yields only acetyl-coenzyme A. The final cycle for 

odd-numbered fatty acids yields acetyl-coenzyme A and 

propionyl-coenzyme A. Acetyl-CoA is oxidized via the 

tricarboxylic acid cycle (Gottschalk, 1986). Propiony1-CoA 

enters the TCA cycle after it is converted to succinyl-CoA 

(Stryer, 1988). 

In branched chain alkanes, the initial reactions 

leading to formation of fatty acid intermediates are 

identical to those of n-alkanes. The accepted metabolic 

pathway for the degradation of the resulting branched fatty 

acid was first proposed by McKenna and Kallio (1971), who 

studied pristane metabolism in Corynebacterium sp. This 
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1986). 
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pathway was later confirmed by Pirnik et al_. (1974) in 

Brevi bacteri um ervthrogenes who isolated metabolic 

intermediates in the oxidation of pristane and 2-

methylundecane. The proposed pathway is depicted in Figure 

2.4. The main metabolic pathway involves omega 

(diterminal)-oxidation of the fatty acid intermediate in 

branched chain metabolism. Omega-oxidation occurs when 

beta-oxidation of the fatty acid is hindered due to the 

methyl branching (Atlas, 1981). Steric hindrance of beta-

oxidation due to methyl branching may account for the 

persistence of such highly branched compounds as pristane 

and phytane. Pirnik et an. (1974) suggested that formation 

of monocarboxylic acids during pristane and 2-

methylundecane metabolism (Figure 2.4) is fortuitous and 

occurs only because omega-oxidation of long-chain fatty 

acids with omega methyl branching is slow enough to permit 

a full cycle of beta-oxidation to occur. The dicarboxylic 

acids resulting from omega-oxidation are further 

metabolized by beta-oxidation as previously discussed. 

The initial reactions in the proposed pathway for 

aerobic metabolism of benzene, a component of gasoline and 

various other petroleum products, are shown in Figure 2.5. 

Benzene is converted to cis-benzenedihydrodiol by a 

dioxgenase enzyme which catalyzes the insertion of both 
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atoms of molecular oxygen into the aromatic structure. 

Catechol is subsequently formed by dehydrogenation of the 

cis-diol intermediate via an NADP+-dependent dehydrogenase 

enzyme. Catechol is further oxidized by the meta or ortho-

cleavage pathway (Gottschalk, 1986). In the ortho-cleavage 

pathway, the aromatic ring is cleaved between the hydroxy1 

groups by a dioxygenase enzyme. This pathway yields acetyl-

CoA and succinate which the cell can use for energy 

generation via the TCA cycle. The meta-cleavage pathway, 

shown in Figure 2.6, has been detected in soil pseudomonads 

(Gottschalk, 1986). In this pathway, the aromatic ring is 

cleaved adjacent to the hydroxyl groups with eventual 

production of pyruvate and acetyl aldehyde. 

The initial microbial reactions in the oxidation of 

more complex aromatics such as naphthalene are similar to 

those described previously as shown in Figure 2.7. In 

general, the pathway converges to catechol prior to final 

ring cleavage (Gibson, 1984). 

Although not quantified, the presence of a methyl-

substituted aromatic (dimethylnaphthalene) in the No.2 fuel 

oi1-contaminated soil was indicated by GC/MS analysis. An 

alky! substituent on an aromatic ring leads to two 

alternatives for micobial oxidation. These alternatives are 

shown in Figure 2.8, which depicts the proposed pathway for 
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ethyl benzene and toluene degradation by Pseudomonas putida. 

The proposed pathways are based on the identified 

intermediates in metabolism of these hydrocarbons (Gibson, 

1984). Oxidative attack on the aromatic ring leads to the 

formation of alkyl-catechols via dioxygenase enzymes. The 

formation of 1-phenylethanol occurs via monooxygenase 

activity. Both intermediates are substrates for ring 

fission reactions (Gibson, 1984). 

The adaptive nature of the hydrocarbon-oxidizing 

enzymes appears to be a general phenomenon among 

microorganisms (Van der Linden and Thijsse, 1965). 

Monooxygenases and dioxygenases have been identified in 

soil microorganisms including pseudomonads, Corvnebacterium 

sp., and Cunninghamel1 a sp. (Gottschalk, 1986; Gibson and 

Subramanian, 1984). Maximizing the activity of such 

oxygenases should greatly increase the biodegradation of 

petroleum hydrocarbons. 

An anaerobic mechanism for n-alkane metabolism in 

Pseudomonas sp. was proposed by Parekh et al_. ( 1977). The 

proposed metabolic pathway, shown in Figure 2.9, is 

identical to that of aerobic metabolism except the n-alkane 

is first converted to an alkene via a NAD-dependent 

dehydrogenase. The alkene then undergoes a biologically 

catalyzed hydration reaction in which H2O is added in place 
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of the double bond to form an alcohol. 

2.3 Factors Affecting Petroleum Hydrocarbon Biodegradation 

2.3.1 Redox Conditions 

Aliphatic hydrocarbons contain carbon in its most 

reduced (C-4) form. Therefore, oxidation is energetically 

favorable in the presence of suitable electron acceptors 

(Vogel et al., 1987). It is widely recognized that aerobic 

environments are generally more favorable for the oxidation 

of these compounds than anaerobic environments (Gottschalk, 

1986; Atlas, 1981). Under aerobic conditions, oxygen acts 

as both terminal electron acceptor for nonfermentative 

bacterial metabolism and is catalytical1y inserted into 

hydrocarbons via monooxygenase activity. Oxidation of 

various non-halogenated organic compounds including 

naphthalene, toluene, and meta-xy1ene has also been 

observed in the presence of alternate electron acceptors 

(Mihelcic and Luthy, 1988; Zeyer et al_. , 1986; Traxler and 

Bernard, 1969 ). 

Mihelcic and Luthy (1988) studied the degradation of 

substituted (napthol) and unsubstituted (naphthalene and 

acenaphthene) polynuclear aromatic hydrocarbons (PAHs) 

under several redox conditions. Microbial degradation of 

the test compounds occurred most rapidly (within 10 days) 



under aerobic conditions. In the presence of nitrate, as an 

alternate electron acceptor, the compounds were 

anaerobically degraded to below detection limits in 

approximately 45 days. With no nitrate present, the 

unsubstituted PAHs were not anaerobically degraded during 

50 days of incubation. Micobial degradation of napthol 

occurred under all redox conditions tested. Zeyer et al. 

(1986) studied the microbial degradation of radiolabeled 

toluene and 1,3-dimethylbenzene (meta-xylene) under 

denitrifying conditions using an acclimated microbial 

population from a denitrifying river sediment as inoculum. 

Biodegradation of meta-xylene and 14C-toluene occurred in 

the presence of nitrate with more than 75% of 14C-toluene 

converted to 14C02 during an 8-day incubation period. 

Degradation of the aromatic compounds was coupled to the 

reduction of nitrate to nitrite. Traxler and Bernard (1969) 

noted that a Pseudomonas sp. grew anaerobically on n-

alkanes in the presence of nitrate. 

As previously noted, aerobic conditions are generally 

more favorable for oxidation of non-halogenated 

hydrocarbons. Ward et al. (1980) compared aerobic and 

anaerobic rates of 14C-labeled hydrocarbon biodegradation 

in crude oi1-contaminated sediments. Under anaerobic 

conditions, 5% of radiolabeled toluene was recovered as 



1 4 C 0 2  and 1 4 C H 4  during 233 days of incubation. None of the 

hexadecane was converted to 14C-labeled products. In the 

presence of molecular oxygen, up to 343£ of 14C-hexadecane 

and 14C-toluene were converted to 14C oxidation products 

after 14 days. Ward and Brock (1978) noted that hexadecane 

was rapidly oxidized in aerobic lake sediments but that 

almost no mineralization of hexadecane occurred under 

anaerobic conditions. Hambrick et a_]_. (1980) studied the 

mineralization of hydrocarbons in estuarine sediments and 

found that rates of microbially catalyzed octadecane and 

naphthalene degradation increased with increasing redox 

potenti al. 

2.3.2 Nutrient Availabilty 

Twelve major elements are required to supply energy 

and support growth of microbial cells. These elements along 

with their source and function are listed in Table 2.5. 

Cellular growth rates are functionally related to the 

presence, form, and availability of these nutrients. The 

nutrients found to be most influential in petroleum 

hydrocarbon biodegradation are discussed below. 

There are many reports that biodegradation can be 

stimulated via addition of nitrogen and phosphorus to 

petroleum-contaminated soils and aquatic systems (Berwick, 
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Table 2.5 The 12 major bioelements, their source, and 

function in microorganisms (Gottschalk, 1986). 

element tourer function in metabolism 

C 
O 
H 
N 

K 

Mg 

Ca 

Fe 

Na 

a 

organic compounds, COj 
02, H2Ot organic compounds, COa 

HIt H2O, organic compounds 
NH4 , NO J, Na, organic compounds^ 

SO?-, HS", S°, SjO^-, 
organic sulfur compounds 

HPOj" 

K+ 

Mg2+ 

CaJ+ 

Fei+, Fe3+ 

Na+ 

Q" 

main constituents of cellular 
material 

constituent of cysteine, 
methionine, thiamine 
pyrophosphate, coenzyme 
A, biotin, and cr-lipoic acid 

constituent of nucleic acids, 
phospholipids, and nude* 
otides 

principal inorganic cation in 
the cell, cofactor of some 
enzymes, e.g., pyruvate 
kinase 

cofactor of many enzymes 
(e.g., kinases); present in 
cell walls, membranes, 
ribosomes, and phosphate 
esters 

present in exoenzymes 
(amylases, proteases) and 
cell walls; Ca-dipicolinate 
is an important component 
of endospores 

present in cytochromes, 
ferredoxins, and other 
iron-sulfur proteins; 
cofactor of enzymes (some 
dehydratases) 

involved in various transport 
processes 

important inorganic anion in 
the cell 



1984; Dibble and Bartha, 1979; Westlake et al., 1978; 

Lehtomaki and Niemela, 1975; Jobson et al.. , 1974). Berwick 

(1984) investigated the effect of two levels of diammonium 

hydrogen phosphate amendments to liquid cultures growing on 

crude oil. After 17 days, 9735 and 933S (by weight) of the 

oil had degraded in cultures supplemented with 3 grams and 

1 gram of diammonium hydrogen phospate per liter of liquid, 

respectively. In unsupplemented cultures, 795ft of the oil 

was degraded during the same time interval. Dibble and 

Bartha (1979) conducted a laboratory study to determine the 

effects of nitrogen and phosphorus application to oily-

sludge contaminated soils. Nitrogen and phosphorus were 

added as Nl-U NO3 and K2HPO4 to give a range of initial 

carbon-nutrient ratios. Biodegradation was monitored by CO2 

evolution and gravimetric determination of total diethyl 

ether extractable hydrocarbons. Their results indicated 

that CO2 evolution was greatest in soil supplemented with a 

carbon:nitrogen (C:N) ratio of 60 to 1 and a carbon to 

phosphorus (C:P) ratio of 800 to 1. A C:N ratio of 300 to 1 

and a C:P ratio of 4000 to 1 resulted in only a slight 

increase in CO2 evolution over the unsupplemented soil. The 

results from the gravimetric determination of total 

extractable hydrocarbons confirmed that biodegradation of 

oily-sludge was greatest at the lower carbon to nutrient 



ratio. 

Westlake et a±. (1978) studied the effect of nitrogen 

and phosphorus on the _in situ degradation of oi1 in soils. 

A urea-phosphate fertilizer was applied to oil-

contaminated field plots to yield 60 g-N/m2 of soil. The 

results indicated that fertilzer addition had a stimulatory 

effect on n-alkane removal. Over a period of approximately 

3 years, the weight percent of saturates decreased by about 

2056 in the fertilized plots. The weight percent of 

saturates in unsupplemented plots remained stable during 

the same time interval. Jobson et al. (1974) also observed 

the enhancement of n-alkane removal from soil following the 

addition of fertilizer to oi1-contaminated soil. 

The application of ferric iron and yeast extract has 

also been observed to enhance the biodegradation of 

petroleum hydrocarbons in contaminated media. Dibble and 

Bartha (1976) studied the effects of iron on the 

biodegradation of a Louisiana crude oil in seawater. The 

crude oil was degraded 7335 (by weight) during 3 days in 

seawater containing 5.2 mM total iron and supplemented with 

nitrogen and phosphorus. The degradation of the same crude 

oil in a less polluted and less iron-rich (1.2 mM total 

iron) seawater was 21% in 3 days. The addition of ferric 

octoate stimulated crude oil biodegradation. Lehtomaki and 
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Niemela (1975) added waste brewery yeast, in different 

states of activity (i.e., fresh yeast, heat-killed fresh 

yeast, stored yeast), to fuel oi1-contaminated soil. The 

addition of (0.7556 w/w) fresh yeast increased the rate of 

oil degradation by approximately 1 gram per kilogram soil 

per week relative to unamended soils. Heat-killed yeast and 

stored yeast amendments produced approximately the same 

effect as that of the fresh yeast. These results are in 

contrast to those of Dibble and Bartha (1979), which 

indicated that the application of 7.5 mg of yeast extract 

to 10 grams of soil contaminated with oily-sludge did not 

enhance biodegradation. They noted that this discrepancy 

may have been due to differences in test conditions 

including background levels of mineral nutrients. 

2.3.3 Contaminant Structure 

Nyer and Skladany (1989) reported that "all the 

compounds found in gasoline, diesel, and fuel oil are 

degradable by bacteria". However, certain classes of 

petroleum hydrocarbons as well as individual compounds 

within a specific class, have proven particularly resistant 

to biodegradation (Fedorak and Westlake, 1981a; Jobson et 

al.. 1974; McKenna and Kallio, 1964). 

A comprehensive investigation to determine the effect 



of chemical structure on biodegradabi1ity of alkanes was 

performed by McKenna and Kallio (1964). Using growth on 

test hydrocarbons as an indicator of biodegradabi1ity, they 

were able to demonstrate the effects of methyl branching 

and position of hydrocarbon substituents on the 

biodegradabi1ity of various substituted alkanes. They found 

that the presence of multiple methyl groups on a single 

carbon atom greatly reduced the biodegradabi1ity of the 

compound. For instance, Micrococcus sp., Pseudomonas sp., 

and Mycobacterium sp. did not grow on heptamethylnonane as 

sole carbon and energy source. In addition, the preceding 

organisms all grew on 1-phenyldecane but not on 1-phenyl-

4,4-dimethyldecane. The position of substituents also 

affected the ability of these organisms to grow on 

hydrocarbons. Growth was obtained on 1-phenylundecane and 

not on 6-phenylundecane. 

Fedorak and Westlake (1981a) studied the sequence of 

degradation of n-alkane and aromatic compounds in a crude 

oil. Their results indicated that simple aromatic compounds 

such as naphthalene and methyl naphtha!enes are at least as 

degradable as n-alkanes (Cio - C27). This is in contrast to 

earlier observations that normal alkanes were the most 

readily degradable components of a petroleum hydrocarbon 

mixture (Kator et aj,., 1971; Treccani, 1964; ZoBell, 1946). 



Fedorak and Westlake (1981b) observed the following 

sequence of hydrocarbon degradation from an oil-amended 

greenhouse soil: naphthalene, 2-methylnaphthalene > ri

al kanes, phenanthrenes > C2-naphthalenes, pristane, phytane 

> C3-naphthalenes > C2-phenanthrenes. This sequence of 

degradation indicates that the aromatics with increasingly 

longer alkyl substituents are less readily degraded than 

unsubstituted and methyl-substituted naphthalenes. Also, 

the more complex ring structures such as phenanthrene are 

less degradable than naphthalene. Fedorak and Westlake 

(1981b) also investigated the susceptibilities of re

labeled saturate and aromatic compounds to microbial 

degradation. Their results indicated that the nutrient 

status of the medium and source of the inoculum influenced 

which groups of compounds were most readily degraded. The 

authors observed that with no added nitrogen and 

phosphorus, the saturate fraction of a crude oil exposed to 

water from a commercial harbor for 27 days was virtually 

unaltered. The aromatic fraction, however, was extensively 

degraded during the same time interval. 

Westlake et al_. (1974) found that pristane and phytane 

were only partially degraded at a temperature of 4°C and 

incubation time of 12 days by a microbial population 

enriched on Prudhoe Bay crude oil. These compounds were not 
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degraded at all by a population enriched on Atkinson Point 

crude oil. 

2.3.4 Additional Factors 

Additional factors which effect petroleum hydrocarbon 

biodegradation are pH, temperature, soil moisture, and the 

physical state of the contaminant. In most cases, these 

factors cannot be readily controlled for treatment by in 

situ bioremediation. 

Dibble and Bartha (1979) studied the effects of soil 

PH, soil moisture content, and temperature on oil sludge 

biodegradation under simulated i_n si tu treatment 

conditions. Their results indicated that raising the pH 

from 5.0 to 7.8 increased biodegradation as determined by 

measurement of CO2 evolution and gravimetric determination 

of the total mass of diethyl ether extractable 

hydrocarbons. Increasing the soil moisture from 30 to 909S 

of the water-holding capacity of the soil had no effect on 

CO2 evolution. The effect of temperature was determined by 

incubation of oil sludge-contaminated test soils for 47 

days at temperatures ranging from 5°C to 37°C. The percent 

biodegradation of total diethyl ether extractable 

hydrocarbons increased from 15 to 40*. Little or no 

increase in biodegradation was detected above a temperature 



of 20°C. Hambrick et al_. (1900) also noted an increase in 

microbial hydrocarbon biodegradation upon increasing the pH 

of octadecane and naphthalene contaminated sediment from 

5.0 to 8.0. 

The physical state of petroleum hydrocarbons 

significantly influences their biodegradation (Atlas, 

1981). Dissolution, emulsification, and dispersion of 

petroleum hydrocarbons have a positive effect on the extent 

and rate of microbial degradation (Gottschalk, 1986; 

Berwick, 1984; Atlas, 1981). Both dispersion and 

emulsification increase the surface area of oil available 

for microbial utilization. Dissolution facilitates the 

uptake of hydrocarbons by microorganisms however, it is not 

a requirement. Microorganisms grown on petroleum 

hydrocarbons have been observed to produce lipids in which 

the hydrocarbons are soluble (Gottschalk, 1986). In 

addition, microorganisms such as Acinetobacter sp. produce 

emulsifying agents when grown on hydrocarbons (Rosenberg et 

al., 1979). 
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3.1 General 

A series of batch-culture (microcosm) experiments was 

performed to determine the effects of amendments on the 

primary biodegradation of No. 2 fuel oil in soil. Each 

experiment was designed to identify those additions which 

enhanced the natural biodegradation process. Results from 

Phase 1 were used to design Phase 2. 

Independent variables analyzed in Phase 1 included 

amendments of yeast extract, acetate, methane, and 

activated sludge. Combinations of these variables 

(addition/no addition) and a HgCl2-killed control resulted 

in the 17 treatments identified in Table 3.1. Activated 

sludge was obtained from the Randolph Park Wastewater 

Treatment Plant in Tucson, Arizona approximately 4 hours 

prior to microcosm incubation. 

Independent variables in Phase 2 included additions of 

methane and methanotrophs. Combinations of these variables, 

including killed controls, resulted in the 6 treatments 

identified in Table 3.2. 

Killed controls were included to estimate losses 

associated with volatilization; photodegradation; and 
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Table 3.1 Description of Microcosm Treatments Investigated 
in the Course of Phase 1. 

Yeast Activated 
Treatment # Extract Acetate Sludge Methane 

1 Y Y Y Y 
2 Y Y Y N 
3 Y Y N Y 
4 Y Y N N 
5 Y N Y Y 
6 Y N Y N 
7 Y N N Y 
8 Y N N N 
9 N Y Y Y 
10 N Y Y N 
1 1 N Y N Y 
12 N Y N N 
13 N N Y Y 
14 N N Y N 
15 N N N Y 
16 N N N N 
171 N N N N 

Notes: Y = Addition 
N = No addition 
Temperature = 24° C 

Chemical/Biological amendments to basic medium follow: 
Yeast Extract 0.013S (by weight) of soil 
Acetate 1 -09fi (by weight) of soil 
Activated Sludge 2.0% (by weight) of soil 
Methane gas-phase mole fraction = 0.3 

1 Hg-killed via addition of 256 (by weight of soil) HgCl2  .  



Table 3.2 Description of Microcosm Treatments 
Investigated in the Course of Phase 2. 

Treatment Methane Methanotrophs HgCl2  

1 Y Y N 
2 Y N N 
3 N Y N 
4 N N N 
5 Y Y Y 
6 N N Y 

Notes: Y - Addition 
N - No addition 
Temperature - 24°C 
Basal Salts Medium Addition - 25 ml per 18 grams 

soi 1 

Chemical/Biological Amendment Concentrations: 

Methane - 1 oas by volume of headspace (initial 
headspace volume = 22.5 ml) 

Methanotrophs - 1 ml aliquot of a methanotrophic 
culture. Optical Density - 0.139 
cm-1 . 

HgCl2 - 5.6% (w/w) 
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adsorption to biomass, soil, and/or sample containers. 

3.2 Sample Collection and Storage 

Soil samples were obtained by Salt River Project (SRP) 

personnel from a fuel oil storage site in Phoenix, Arizona. 

Samples were collected by boring into the soil with a 

hollow stem auger and lowering a ring-barrel sampler 

through the auger as described in ASTM Method D-3550. This 

method allows undisturbed samples to be collected from 

below the maximum drill depth. Samples were collected at 

intervals of 5 feet below ground surface. Upon recovery of 

the sampler, soil samples were removed, sealed in plastic 

bags, and stored on ice. Samples were then transferred to 

SRP's water quality lab and refrigerated. Soil samples were 

shipped by air freight to the University of Arizona's 

Environmental Engineering lab approximately 3 months after 

collection, whereupon they were again refrigerated at 4°C 

prior to use. 

3,2.1 Sample Description 

The soil samples used in the biodegradation 

experiments were collected at a depth of 5 feet. The 

results of a particle size analysis performed by SRP 

personnel are presented in Table 3.3. Size classifications 
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are based on a system developed by the United States 

Department of Agriculture (USDA). 

The initial gravimetric water content of the soil was 

~\5%, as determined by oven drying a soil sample at 105°C 

until a constant weight was obtained. Gravimetric water 

content was determined as follows: 

W = Mw - Md X 100 
Md 

Where, 
Mh = wet mass 
Md = dry mass 

Table 3.3 - Particle size analysis of test soil used 
in Phases 1 and 2. 

Particle Size % of Particles 
Class (by weight) 

Si It and Clay 68 
Very fine sand 14 
fine sand 10 
medium sand 7 
coarse sand 1 
very coarse sand 0 



3.3 Sample Preparation 

3.3.1 Phase 1 

Each treatment identified in Table 3.1 consisted of 3 

microcosms prepared identically and sacrificed sequentially 

during the 3-week duration of the experiment. Microcosms 

were prepared in 40 ml EPA approved glass vials (Alltech 

Assoc.) and sealed with open-port screw caps and teflon-

lined septa to avoid losses of volatile constituents. 

Each microcosm contained the following components: 5 

grams pre-mixed soil, 4 ml Milli-Q water, and soil 

amendment(s) per Table 3.1. Controls contained soil, milli-

Q water and mercuric chloride (HgCl2) per Table 3.1. Soil 

was homogenized for 1 minute using a Waring blender prior 

to separation of 5-gram samples for individual microcosms. 

The addition of water produced a well mixed condition 

throughout the experiment. When appropriate, methane was 

injected through the teflon septum to produce a gas-phase 

mole fraction of 0.3. 

Microcosms were placed on a gyrorotary shaker table 

(New Brunswick Scientific) at 150 rpm at room temperature 

(24°C) during the experiment. Vials were sacrificed after 

2, 9, and 22 days and subjected to pentane extraction. Gas 

chromatography was utilized to detect and quantify pentane-

extractable n-alkanes and to determine oxygen content in 
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the microcosms. Pure oxygen was added via syringe to the 

microcosms as necessary to maintain aerobic conditions. 

3.3.2 Phase 2 

Each test sample identified in Table 3.2 was prepared 

in a sterile 55 ml Kimax test tube (VWR Scientific) and 

sealed with a screw cap equipped with an all teflon mini-

inert valve (Supelco, Inc.). Test samples were prepared in 

triplicate and contained the following components: 25 ml 

sterile mineral salts medium (see below), 18 g soil, and a 

series of soil amendments described in Table 3.2. 

Sterilization of mineral media and glassware was carried 

out by autoclaving for 20 minutes at 15 psig, 120°C. The 

mineral salts medium was identical to that used by Fedorak 

and Westlake (1981a) and contained the following salts (in 

g/L): Na2SCU, 0.2; MgS04x7Hz0, 0.02; K2HPO4 , 0.05; NH-tCl, 

0.1; KNO3, 0.2. Methane (10% by volume of headspace) was 

added via syringe to a subset of individual tubes as 

indicated in Table 3.2. Controls contained sterile mineral 

salts medium, soil, and HgCl2 (5.6* by weight of soil). 

After addition of soil and amendments, test samples 

and controls were continuously mixed end-over-end on tube 

rotators at 24°C. Individual tubes were sampled over a 29 

day period. The pH of each tube was measured with an 



Accumet 915 pH meter (Fisher Scientific, Inc.) immediately 

prior to collecting material from the test tubes. Samples 

were collected by opening the tubes and removing 5 ml of 

well mixed slurry. The slurries were then transferred to 40 

ml Kimax centrifuge tubes fitted with screw caps and sealed 

with teflon-lined septa. Tubes containing slurries were 

spiked with one mg hexamethylbenzene (HMB) in 100 ul 

benzene to serve as an internal standard for determining 

variations in extraction efficiency. 

This sampling procedure resulted in the loss of gas-

phase methane from tubes amended with this chemical. 

Therefore, methane was re-added at the original headspace 

concentration (10», vol/vol) after sampling was completed. 

It was not necessary to supplement the tubes with oxygen 

because the sampling procedure resulted in re-aeration of 

the test samples. Gas chromatography confirmed the presence 

of oxygen in the test samples throughout the course of the 

experiment. 

3.4 Microbiological Methods 

3.4.1 Growth of Methanotrophs for Microcosm Amendment 

A pure methanotrophic culture isolated by David 

Graham, at the University of Arizona, from a wastewater 

treatment lagoon at a Kraft pulp and paper mill was used as 
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an amendment in Phase 2. The culture was grown on noble 

agar plates containing a defined mineral salts medium 

(Table 3.4). Plates were placed in control 1ed-atmosphere 

Table 3.4 Mineral salts medium used for growth of a 
methanotrophic culture isolated from a Kraft 
papermill wastewater (Graham, 1988) 

Concentration 
Compound (mg/Liter) 

NhUCl 500.0 
FeS04 X 7 H2O 4.0 
MgSCU X 7 H2O 1000.0 
CaClz 200.0 
EDTA 100.0 
ZnS04 X 7 H2O 0.0001 
MnCl2  X 4 H2O 0.00003 
H3 BO4 0.0003 
CaCl2 X 6 H2O 0.0002 
CUC12 X 2 H2O 0.00001 
NiNOs X 6 H2O 0.00002 
NazMoCU X 2 H2O 0.00003 
Phophate I Buffer 

KH2 PO4 0.0005 

Notes: Phosphate buffer (10 ml) added as a 5% solution 
(w/w). pH of buffer solution adjusted to 6.8 
with NaOH. 



anaerobic jars with aerobic headspace and supplemented with 

15^5 methane and 2% carbon dioxide (by volume of headspace). 

The plates were stored at room temperature (24°C). 

Individual colonies were aseptically transferred from 

plates to a one-liter Erlenmeyer flask containing 500 ml of 

sterile mineral salts medium (Table 3.4) and supplemented 

with ~\5% methane and 2% carbon dioxide (vol/vol). Prior to 

addition of supplemental gases, an equal amount of 

headspace volume was removed via syringe. The flask was 

sealed with a rubber stopper equipped with a modified 

screw-capped pyrex tube and teflon septum. Sterile 

conditions were maintained using standard sterile 

techniques. The flask was placed on a gyrorotary shaker 

table (New Brunswick Scientific) set at 150 rpm and 

maintained at room temperature (24°C). Growth was monitored 

spectrophotometrical1y with a UV/Vis spectrophotometer 

(Schimadzu Corporation) at a wavelength of 600 nm. Culture 

activity was monitored by periodically measuring headspace 

methane using gas chromatography. 

The culture was grown to an optical density of 0.139 

(cm-1), whereupon 1-ml aliquots were transferred via 

syringe to appropriate microcosms as indicated in Table 

3.2. 



3.4.2 Enumeration of Petroleum-Uti1izing 
Mi croorgani sms 

The media used in the isolation and enumeration of 

petroleum-utilizing microorganisms was identical to that 

described in Section 3.3.2. Media (500 ml) was split into 

five 250 ml Erlenmeyer flasks and sterilzed by autoclaving. 

Five-gram aliquots of fuel oi1-contaminated soil were added 

to each flask and shaken for two minutes. The contents of 

each flask was separately filtered through 5.0 um filters 

(Whatman) and 1-ml aliquots of each filtrate were 

transferred to separate 250 ml Erlenmeyer flasks containing 

125 ml of sterile media each. Flasks were supplemented with 

0.5% (vol/vol) No.2 fuel oil and placed on a shaker table 

(New Brunswick Scientific) set at 150 rpm and maintained at 

room temperature. 

After seven days, the flasks were removed from the 

shaker table and the culture was decimally diluted in 

sterile basal salts medium, as described in Section 3.3.2. 

Using the spread-plate technique, dilutions were 

transferred to solid media (Oil Agar No.2) for enumeration 

of petroleum-utilizing microorganisms. Plates were stored 

at room temperature and periodically examined for growth. 

The composition of Oil Agar No.2 is shown in Table 3.5. 



Table 3.5 Composition of Oil Agar No.2. 
(Walker and Colwell, 1975) 

Ingredient Amount Added 

NH4 NO3 1 .0 g 
1095 Solution of KHz P04 3.0 ml 
1095 Solution of K2HPO4 7.0 ml 
No.2 Fuel Oil 5.0 ml 
Purified Agar 15.0 g 
Basal Salts Solution1 10000 ml 

Notes: (1) Described in Section 3.3.2. 



3.5 Solvent Extraction Procedure 

3.5.1 Phase 1 

At the specified sampling times, vials were removed 

from the shaker table and biological activity was quenched 

by addition of 40 ul concentrated HC1. Hydrocarbons were 

extracted using spectrophotometric grade pentane (Aldrich 

Chemical Co.) as follows: 1) 5 ml of pentane were added to 

each vial; 2) vials were hand shaken for 1 minute to insure 

adequate mixing of the solid, aqueous, and pentane phases; 

3) vials were centrifuged for 5 minutes at 456 x g in a 

Beckman Model JS-21 centrifuge to separate the phases; 4) 

the pentane phase was removed with a pasteur pipette and 

placed in a 12 ml screw-cap glass vial with a teflon-lined 

septum. This procedure was repeated and the pentane from 

both extraction steps was pooled in the same glass vial. 

The volume of pentane recovered from this extraction 

procedure was measured and recorded (day-22 samples only). 

Pentane extracts were stored in a refrigerator at 5°C prior 

to analysis. Analyses were typically carried out within 24 

hours of extraction. 

3.5.2 Phase 2 

After withdrawing samples from individual test tubes, 

hydrocarbon compounds were recovered by hexane extraction. 



Hexane was selected over pentane in this experiment due to 

its lower volatility. The extraction procedure employed was 

similar to that described above. Modifications were as 

follows: 1) a total of 3 hexane extraction steps were 

performed; 2) 4 ml of hexane was used in the first 

extraction step followed by 3 ml for the remaining steps; 

3) centrifuge tubes containing slurry were agitated for 1.5 

minutes during each step; and 4) tubes were centrifuged for 

10 minutes at 2455 x g. After pooling the hexane extracts, 

the total volume of hexane recovered was measured and 

recorded. 

3.6 Analytical Procedures 

3.6.1 Phase 1 

The identity and concentration of n-alkanes in the 

pentane extracts were determined by use of a Varian 3700 

gas chromatograph equipped with a flame ionization detector 

(FID) and an RSL-150 Megabore column (30Mx0.53mm) purchased 

from Alltech Associates. High purity nitrogen was used as 

the carrier gas. The gas chromatographic operating 

conditions are listed in Table 3.6. 
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Table 3.6 Gas Chromatographic Operating Conditions for 
analysis of n-alkanes during Phase 1. 

Initial Column Temperature 120°C 
Initial Hold Time 2.0 min. 
Rate of Increase 5°C/min. 
Final Column Temperature 220°C 
Final Hold Time 2.0 min. 
Column Pressure 22.5 psig 
Hydrogen Pressure 40 psig 
Air Pressure 60 psig 
Nitrogen Pressure 60 psig 



Individual compounds (Table 3.7) were identified by 

comparing GC retention times to those of chemical standards 

(Alltech, Inc.). Samples from the pentane extracts were 

introduced into the gas chromatograph by direct injection 

of 1.0 ul samples. A minimum of two injections were made 

for each individual sample extract. 

Oxygen concentrations in the headspace of the 

microcosms were measured using a Hewlett Packard 5790A GC 

equipped with an electron capture detector and a DB-1 

Megabore column (30mx1.5um) purchased from Supelco, Inc. 

Gas samples (0.2 ml) were introduced by direct injection 

into the GC. Samples were analyzed isothermally at 35°C. 

Table 3.7 Hydrocarbon Compounds Identified and 
Quantified in Phase 1. 

(Jndecane (Ci i ) 
Dodecane (C12) 
Tridecane (Ci 3) 
Tetradecane (C14) 
Hexadecane (C10) 
Octadecane (Cie) 
Eicosane (C20) 
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3.6.2 Phase 2 

Analytical procedures for hydrocarbon analyses were 

similar to those used in Phase 1. Individual compounds 

which were identified and quantified are listed in Table 

3.8. Since dodecane and tridecane concentrations in the 

test soil were significantly lower at the beginning of 

Phase 2, quantification of these compounds was not 

attempted. The temperature and column pressure were 

modified as follows: 

Initial Temperature 110°C 
Initial Hold Time 1.0 min. 
Rate of Increase lO°C/min. 
Final Temperature 210°C 
Final Hold Time 5.0 min. 
Column Pressure 15 psig 

Table 3.8 Hydrocarbons Compounds Identified and 
Quantified in Phase 2. 

Tetradecane 
Pentadecane (C15) 
Hexadecane 
Heptadecane (C17) 
Octadecane 
Nonadecane (C19) 
Ei cosane 



Samples from the hexane extracts were introduced into the 

GC in volumes of 0.5 ul. Headspace methane concentrations 

were analyzed isothermally at 50°C. Injection volumes were 

0.2 ml. 

Headspace oxygen concentrations in select test tubes 

were monitored with a Hewlett Packard 5890A GC equipped 

with a thermal conductivity detector and a 30 meter DB-Wax 

Megabore column. The GC column temperature was maintained 

at 35°C during oxygen analyses. Injection volumes were 

0.2 ml. 

3.6.3 GC Calibration and Calculations 

Gas chromatographs were calibrated according to EPA 

Method 8000 (USEPA, 1986), except calibration standards 

were prepared at three concentrations instead of the 

recommended five. The calibration standards were injected 

using the same technique that was used to inject the actual 

samples into the GC (i.e., direct injection). 

Concentrations of specific compounds were determined 

from peak areas using calibration curves or by applying the 

following equation: 

Concentration (ug/g soil) = (Ax)(A)(Vt )/(A« )(Vi )(MB ) 

where: 

Ax = Integrator response to sample analyte in units 
of area counts. 



A = Amount of standard injected (ug). 

Ab = Integrator response for the standard in units 
of area counts. 

Vi = Volume of extract injected (ul). 

Vt = Volume of total extract (ul). 

*Mb = Total mass of soil in the microcosm or slurry 
sample (g). 

* - For Phase 2, the mass of soil in the 
slurry samples was estimated using the 
soil:liquid ratio (w/w) in the microcosms. 

3.7 Standard Preparation 

Chemicals used for standard preparation were purchased 

from Alltech Associates in mixtures of pure n-alkanes (C11-

Ci4), mixtures of n-alkanes in hexane (C10-C22), and in 

pure form (pristane, HMB, Ci5,Ci7,Ci9). Stocks of n-alkanes 

and pristane were prepared by volumetric dilution with 

hexane using Hamilton microliter syringes and 2 ml glass 

vials fitted with open-port screw caps and teflon-lined 

septa. Stocks of HMB were prepared by dissolving a weighed 

amount of crystalline HMB in benzene using a Mettler 

balance and a 10 ml volumetric flask. Calibration 

standards, used for GC calibration, were prepared 

volumetrical1y using spectophotometric grade hexane, 

Hamilton microliter syringes, and 10 ml volumetric flasks. 

Upon preparation, calibration standards were transferred to 



12 ml glass vials fitted with mini-inert valves. 

Calibration standards were prepared within 24 hours of 

analysis. Stock and calibration standards were stored at 

5° C. 

Methane standards were prepared volumetrical1y by 

injecting methane gas (99.99S purity) into 165 ml sealed 

glass vials. Prior to methane addition, a volume of 

headspace equal to the amount of methane to be added was 

removed via syringe. Vials were sealed with teflon-lined 

septa and crimped aluminum caps or rubber septa. Standard 

concentrations ranged from 1 to 1036 (by volume) methane. 

Oxygen standards were prepared volumetrically by 

injecting air into 55 ml glass test tubes sealed with mini-

inert valves. Prior to injection of air, vials were purged 

with nitrogen and a headspace volume equal to the volume of 

air to be added was removed via syringe. Standard 

concentrations ranged from 5 to 20 % (by volume) oxygen. 

3.8 Gas Chromatographv/Mass Spectrometry Analyses 

During Phase 1, soil and a No. 2 fuel oil sample were 

analyzed by gas chromatography/mass spectrometry (GC/MS). 

Analyses were performed by the University Analytical Center 

in Tucson, Arizona using a Hewlett Packard 5890 GC equipped 

with a mass selective detector and a fused silica capillary 
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column (2.5m x 0.2mm I.D.) coated with cross-linked 55K 

phenyImethy1 si 1icone (Hewlett Packard). The gas 

chromatographic conditions were as follows: 

Helium (ultra-high purity) was used as the carrier gas at a 

column pressure of 18 psig. Samples were introduced into 

the GC by splitless injection in volumes of 2.0 ul. 

Chromatographic peaks were identified by mass spectral 

analysis and/or GC retention time. Compounds identified via 

GC retention time were quantified per section 2.5.3. 

A fuel oil sample was prepared by dissolving 26.8 mg 

of No. 2 fuel oil, obtained from SRP, in 25.0 ml pentane. 

3.9 Gravimetric Determinations of Fuel Oil Residues 

After GC analysis of hydrocarbons was completed, the 

mass of fuel oil remaining in hexane extracts from Phase 2 

microcosms was determined. Hexane extracts were 

transferred, using pasteur pipets, to tared 12 ml glass 

vials. The vials were then placed under a steady 

stream of nitrogen gas so as to evaporate the solvent. 

Initial Temperature 
Initial Hold Time 
Rate of increase 
Second Temperature 
Second Hold Time 
Second Rate 
Final Temperature 
Final Hold Time 

0.0 mi n. 
8.0°C/min 
280" C 

40° C 
1.0 mi n. 
20°C/min. 
90° C 

2.0 min. 



Vials were removed and weighed periodically until a 

constant mass was obtained, typically after an evaporation 

time of two hours. 

This procedure did not result in the loss of n-alkanes 

equal to or greater in length than undecane as confirmed by 

evaporation of undecane standards prepared in hexane using 

the above procedure. 
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CHAPTER 4 

RESULTS 

4,1 Preliminary Experiments 

4.1.1 Solvent Extraction Experiments 

Hydrocarbon extraction procedures were analyzed to 

determine the efficiency of the solvent extraction methods 

described in section 3.4. Results from experiments using 

hexane as a solvent are presented in Figure 4.1. Bar plots 

indicate the percent of hexane-extractable n-alkane (C15) 

recovered from four successive 5 ml extractions as a 

function of the cumulative volume of solvent applied to the 

soil slurry. Contact times were 1.5 and 60 minutes. Solvent 

contact time refers to the amount of time (minutes) the 

solvent was in contact with the slurry during a single 

extraction step. A total of 5 ml of hexane was added during 

each extraction step. 

Additional hexane-extractable n-alkane was not 

recovered after 3 successive extraction steps. Results from 

the solvent extraction experiments using pentane are 

similar to those reported here. 

Variations in extraction efficiency were determined by 

use of the internal standard HMB. HMB (1000 ug) was added 
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Figure 4.1 Percent of total n-alkane (C1s) mass recovered 
from four successive 5-ml extractions versus the cumulative 
volume of extract solvent (hexane) applied for various 
solvent contact times: (a) contact time= 1.5 minutes; (b) 
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just prior to extraction of petroleum hydrocarbons from the 

samples. The average mass (ug) of HMB recovered from 

triplicate samples at each sampling period is presented in 

Figure 4.2 for microcosms containing simultaneous additions 

of methane and methanotrophs and a control containing 

methane, methanotrophs, and HgCl2 (added simultaneously). 

The data indicate a mean of 1209 ug and standard deviation 

of 73 ug in HMB recovery from soil treated simultaneously 

with methane and methanotrophs. The mean and standard 

deviation in HMB recovery from HgCl2 control samples was 

1082 ug and 68 ug, respectively. 

4.1.2 Gas Chromatographv/Mass Spectrometry Analyses 

A soil sample contaminated with No. 2 fuel oil and a 

sample of No. 2 fuel oil (provided by SRP) were analyzed by 

gas chromatography/mass spectrometry (GC/MS) to verify the 

presence of select n-alkanes and to identify the most 

prevalent unknown compounds in the samples. In addition, 

select compounds in the samples were quantified. Figures 

4.3 and 4.4 are chromatographic outputs from GC/MS analyses 

of the fuel oil and soil samples, respectively. 

Tables 4.1 and 4.2 list the candidate compounds 

contained in the fuel oil and soil sample, respectively. 

Quantitative data are provided for compounds identified by 
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Table 4.1 Candidate compounds detected in a No.2 fuel oil 
sample. The list of candidate compounds was 
developed from a mass spectral data base search, so 
The sample was prepared by dissolving 26.8 mg 
fuel oil in 25 ml pentane. 

fi.T. Prob.(2) Cone,{3) 
Peak t (fiin.) Coipounds (I) (I) (119/19) 

1 7.07 undecane 52 7.743 
2-iethyldecane 43 
decani 42 
3-aathylt>uty1hydroKylsnine 25 

Std. 7.22 undecane 

2 8.69 dodecane 83 12,87 
undecane 83 
tridecane 83 

Std. 8.8B dodecane 

3 8.92 2-bronoheptane 80 
5-iethyM-decene 29 
6-nethyl-3-undecene 27 
3-ethyH-pentene 25 
3,3-di»ethyM-penten8 25 

4 9.91 2,3,7-triiethyloctane 83 
3,6-diiethyloctane 35 
2,6,7-triBBttiyldecane 30 
2,2-diiethylbutane 24 
6-iethyM-heptine 24 

5 10.37 tridecane 89 17.82 
dodecane 88 

Std. 10.56 tridecane 

6 11.16 unidentified 

Notes: (1) Coipounds represent all cindidates identified vii lass 
spectral analysis. Where indicated, standards Mere run to 
penit selection arong lass spectral candidates on the 
basis of GC retention tiie. 

(2) Probability based on conparison between unknown coipound's 
•ass spectra and that of the indicated coipound. 

(3) Concentration (ug/ig fuel oil) in fuel oil. Concmtrations 
could be calculated only when a cheiical standard vis 
analyzed, 



Table 4.1 Continued. 

R.T. Prob.(2) Cone.(3) 
Peak I (Bin.) Compounds (1) (S) (ug/ig) 

7 11.65 2,6,10,14-tetraiethylhexad«cane 78 
2,6,11-triiethydodacane 78 
5-butylhexadecane 78 
pristane 70 

8 12.02 tetradecane 89 21.74 
tridecane 86 

Std. 12.24 tetradecane 

9 12,63 2,7-diiethylnapthalene 70 
1,7-diiethylnapthalene 70 
1,5-dinethylnapthatene 60 
Dinethytnaptalene 60 
1,4-cyclohaxadien-l-yT-benzene 60 

10 12.88 isoretronecanol 25 

11 13.05 tn'tetracontans 70 
tridecane 70 
octadecane 70 
2,3,3-triiBthyloctane 70 
2,6,10-triiethylpentadecane 70 

12 13.66 tridecane 86 
heptadecane 86 
hexadecane 86 
tetradecane 86 

13 14.52 dodecanal 30 
2,1-broao-3-hexene 25 
2-nonen-l-ol 11 

14 14.65 dodscane 36 
2-iethylundecane 36 

15 15.21 hexadecane 96 35.45 
heptadecane 89 
tridecane 86 

Std. 15.36 hexadecane 

16 15.95 eicosane 78 
2,6,10,14-tetra«ethylhexadecane 78 
hexatriacontane 78 
pristane 70 



Table 4.1 Continued. 

R.T. Prob.(2) Cone,(3) 
Peak t («in.) Coopounds (I) (!) (ug/ag) 

17 16.16 unidentified 

18 16.70 heptadecane 83 
hexadecane 83 
heneicosane 83 
10-Bettiyliicosane 83 
docosane B3 

19 16.79 pristane 86 39.46 
2,6,10,14-tetraaethylhexadecane 83 
2-BBthyH-propyldodecane 83 

Std. 16.95 pristane 

20 18.11 heptadecane 86 
tricosane 86 
nonacosane 86 
pentacosane 86 
heneicosane 83 

21 18.25 2,6,10,15-tetraBBthylheptadecane 87 
2,6,10,14-tetraaethylliexadecane 78 
tetradecane 52 

22 19.47 octasane 78 
7-hexyleicosana 78 
heptacosane 78 
nonacosane 78 
tetracosane 78 



Table 4.2 Candidate compounds detected in a No.2 fuel 
oil-contaminated soil sample. The list of 
candidate compounds was developed from a mass 83 
spectral data base search. 

R.T. Prob.(2) Cone.(3) 
Peak t (ain.) Coapounds (1] (*) (ug/g) 

1 10.37 tridecane 89 28.00 
dodecine 86 

Std. 10.56 tridecane — 

2 11.65 2,6,10,14-tetraaethy1hexadecane 78 
2,6,11-triaethydodecane 78 
5-buty1hexadecane 78 
pristine 70 

3 12.05 tetradecane 89 66.80 
tridecane 86 

std. 12.24 tetradecane 

4 13.05 tritetracontane 70 
tridecane 70 
octadecane 70 
2,3,3-trinethyloctane 70 
2,6,10-triaethylpentadecane 70 

5 13.68 tridecane 86 
heptadecane 86 
hexadecane 86 
tetradecane 86 

6 14.52 dodecanal 30 
2,1-broao"3-hexene 25 
2-nonen-l-ol 11 

7 14.65 dodecane 36 
2-Mthylundecane 36 

8 15.24 hexadecane 96 236.81 
heptadecane 89 
tridecane 86 

Std. hexadecane 

Notes: (I) CoBpounde repreBent all csndidates identified via ease 
spectral analysis. Where indicated, standards were run to 
periit selection aaong lass spectral candidates on the 
basis of GC retention tiie. 

(2) Probability based on coaparison between unknown coapound's 
bbsg spectra and that of the indicated coapound. 

(3) Concentration (ug/g soil) in fuel oil. Concentrations could b 
calculated only vhen a cheaical standard was analyzed. 



Table 4.2 Continued. 
FI .T ,  Prob.(i) Cmc. (3 )  

Peak t (sin.) Coapounds (1) (I) (ug/gf 

9 15.97 efcosana 78 
2,6,10,14-tetraiethylhexadecane 78 
hexatriacontane 78 
pristane 70 

10 16.10 unidentified 
11 16.16 unidentified 

12 16.73 heptadecana 83 
hexadecane 83 
heneicosane 83 
10 - Mthyleicosane 83 
docosane 83 

13 16,83 pristane 88 333.46 
2,6,10,14-tetraBethylbexadecane 83 
2-iietliyl-8-propyldQdecane 83 

Std, 16.95 pristane 

14 17.34 unidentified 
15 17,61 unidentified 

16 18,16 heptadecana 86 
tricosane 86 
nonacosane 86 
pentacosine 86 
heneicosane 83 

17 18.28 2,6,10,15-tetranethylheptadecane 87 
2,6,10,14-tetra«ethy1hexadecane 78 
tetradecane 52 

18 19.37 unidentified 

19 19.50 octasane 78 
7-hexyleicoBane 78 
heptacosane 78 
nonacosane 78 
tetracosane 78 

20 20,78 eicosane (4) — 106.49 
Std. 20.92 licosane 

21 22.00 unidentified 

22 23.19 docosane (4) 
Std. docosane 

— 29.24 



GC retention time. Candidate compounds identified via mass 

spectral analysis are arranged in order of decreasing 

probability, where probabilities are a function of the 

degree of similarity between the unknown compound's mass 

spectrum and that of the indicated compound. The latter 

spectra were determined by searching a mass spectral data 

base. 

The composition of No.2 fuel oil in the soil was 

similar to the composition of the No.2 fuel oil sample 

based on the identities of the most prevalent peaks. Of the 

22 most prominent peaks in the No.2 fuel oil sample, 

fifteen had corresponding (prominent) peaks in the 

contaminated soil. However, there is a substantial "lump" 

of unresolved material evident in the soil sample 

chromatograms which does not appear in the fuel oil 

chromatograms. 

4.2 Biodegradation Experiments 

4.2.1 Experiment 1 

The concentrations (ug/g soil) of select n-alkanes 

(C12, Ci3, Ci4, Cib, Cia) in soil microcosms containing the 

supplements described in Table 3.1 were monitored over a 

22-day period. The time and treatment-dependent reductions 

in concentrations are summarized in Figures 4.5 through 



4.10. Bar graphs display the percent reduction in each 

compound as measured over the 22-day duration of the 

experiment. Data used to calculate overall reductions in 

compound concentrations are summarized in Table 4.3. 

Approximate detection limits for each of the compounds are 

provided in Table 4.4. Detection limits were a function of 

the GC detector sensitivity to individual n-alkanes, which 

typically varied by less than 5% from day to day. When 

concentrations of individual compounds fell below detection 

limits, data were reported as 100% removal. 

Figure 4.5 contains bar plots corresponding to each of 

four single treatments: (a) yeast extract; (b) methane; (c) 

acetate and; (d) activated sludge. Decreases in n-alkane 

concentrations ranged from 10095 (n-Ci z ) to 62% (n-Ci 3 ) in 

soil microcosms treated with activated sludge. The addition 

of methane to a soil microcosm produced similar results, 

with percent removals ranging from 100* (n-Siz) to 56% (n-

C14). Percent reductions were lowest in acetate-

supplemented soils; hydrocarbon concentration reductions 

ranged from 33% (n-Ci4) to 20% (n~Ci3). Percent removals in 

the HgCl2-killed control sample (Figure 4.10) ranged from 

no reduction of C12 and C13 n-alkanes to a 20% reduction in 

the n-Cia concentration. 

Figure 4.6 contains bar plots corresponding to each of 
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Table 4.3 Concentrations (ug/g soil) of Ciz through Cib 
n-alkanes as a function of time for amended soil 
microcosms. Time (days) is referenced to the 
time of amendment addition and initiation of 
incubations. 
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Table 4.4 Approximate detection limits for aliphatic 
compounds analyzed by GC during Phase 1. 
Detection limits are a function of detector 
sensi ti vi ty. 

Compound 

Ci 1 
Ci z 
C l 3  
C1 4 
Ci e 
Ci 8 

Detection Limits 
(ug/g) 

2.5 
4.6 
8.4 
8.6 
16.5 
17.8 



four multiple treatments which contained methane as a 

common addition: (a) methane, yeast extract, acetate; (b) 

methane, yeast extract, activated sludge; (c) methane, 

yeast extract and; (d) methane, acetate additions. The 

highest percent removal of n-alkanes was detected in soil 

supplemented with methane, yeast extract, and acetate. 

Percent reductions in concentrations for this treatment 

combination ranged from 10096 (n-Ci 2 , rv*Ci 3 , n-Ci 4 ) to 8495 

(n-Cie). The addition of methane and acetate to a soil 

microcosm resulted in reductions ranging from 10096 (n-Ci2) 

to 4736 (n-Ci 3). Methane in combination with yeast extract 

and activated sludge resulted in reductions of 10095 (n-

C12 ), 8595 (n-Cia), and 5895 (n-Cia). 

The results of multiple treatments which contained 

activated sludge as a common addition are presented in 

Figure 4.7. Bar plots correspond to each of the following 

four treatments: (a) activated sludge, methane; (b) 

activated sludge, acetate, yeast extract; (c) activated 

sludge, yeast extract and; (d) activated sludge, acetate. 

Concentrations of n-alkanes in soil microcosms supplemented 

with activated sludge and yeast extract did not decrease. 

Percent reductions ranging from 10096 (n-Ci 2 ) to 6595 (n-Ci3) 

were detected in soil supplemented with activated sludge 

and methane. Treatment combinations containing simultaneous 



addition of activated sludge and yeast extract, and 

simultaneous addition of activated sludge and acetate 

produced near identical n-alkane removals ranging from 46% 

(n-Ciz to 17% (n-Ci a) in the latter treatment combination. 

Figure 4.8 contains bar plots of soil microcosms 

treated with the following supplements: (a) yeast extract, 

methane, acetate, and activated sludge (added 

simultaneously) and; (b) no additions. Percent reductions 

range from 1 005S (D-C12) to 48% (n-Cia) in soil microcosms 

supplemented with all treatments and 47% (n-Ci2, n-Ct3, n-

C14) to 20% (n-Cta) in soil microcosms containing no 

supplements. 

Figure 4.9 displays the results of soil treated with 

acetate and yeast extract. This treatment combination 

produced modest decreases in concentrations ranging from 

57% (n~Ci e) to 18% (n-Ci3). 

4.2.2 Phase 2 

Tetradecane concentration (ug/g soil) as a function of 

time is shown in Figure 4.11 for each of four treatments: 

(a) no additions; (b) methanotrophs; (c) methane and; (d) 

simultaneous addition of methane & methanotrophs. The two 

HgCl2-killed controls containing simultaneous addition of 

methane and methanotrophs, and no addition are also 
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included. Time is referenced to the initiation of microcosm 

incubation following amendment additions. Each sample point 

represents the mean concentration of triplicate test 

samples. Typically, concentration profiles show little or 

no change with increasing length of the carbon chain. 

Similar results for additional concentration profiles are 

presented in Appendix A, Figures A.1 through A.5. 

Error bars represent the standard deviation (SSD) of 

triplicate samples calculated as follows: 

n = # of samples 
y = concentration in each triplicate sample 
y = mean concentration of triplicate samples 

Detection limits varied according to the volume of extract 

recovered and detector sensitivity. Approximate detection 

limits are provided in Table 4.5. 

Tetradecane concentrations generally decreased with 

time for each treatment included in Figure 4.11. This trend 

was also observed for higher molecular weight n~alkanes 

(Ci5 through Ci 9) as illustrated in Appendix A, Figures A.1 

through A.5. 

The quantity of extractable tetradecane increased 

significantly with time in the HgClz-killed controls. This 

trend was also observed for the higher molecular weight n-

where: 



alkanes and pristane (see Figures A.1 through A.5). The 

normalized percent reductions of Ci4 through Ci g n-alkanes 

and pristane are presented in Figures 4.12 through 4.17. 

Plots of n-alkane reductions as a function of time include 

curves corresponding to each of four treatments: (a) no 

additions; (b) methanotrophs; (c) methane and; (d) 

simultaneous addition of methane and methanotrophs. Percent 

Table 4.5 Approximate detection limits for aliphatic 
compounds analyzed by GC during Phase 2. 
Detection limits are a function of the volume 
of extract recovered and detector sensitivity. 

Compound 

C i  4 
C1 5 
Ci  6 
C1 7 
Ci  B 
Ci  9  
Pristane 

Detection Limit 
(ug/g soi1) 

1 .4 
3.6 
5.8 
5.6 
3.2 
6.4 

1 0 . 1  
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reductions were normalized according to the following 

equation: 

Normalized % Reduction = (1 - ft/fc) x 100 

where: 

ft = fraction of original concentration remaining in 
the treated microcosm at the time of sample 
withdrawal. 

fc = fraction of original concentration remaining in 
the corresponding control at the time of sample 
col lection. 

This normalization procedure was employed to account for 

concentration increases observed over time in the controls. 

Disappearances of n-alkanes (C14-C19) in Phase 2 

microcosms were virtually independent of treatment. 

Biodegradation of these compounds was essentially complete 

after 600 hours in microcosms corresponding to each of the 

four treatments. Pristane utilization in microcosms treated 

with methane and methanotrophs was characterized by a lag 

time on the order 350 hours. 

The percent removal of n-alkanes during the 673-hour 

duration of the experiment was 100SJ in each of the separate 

treatments excluding soil treated simultaneously with 

methane and methanotrophs. The latter treatment produced 

reductions of 889$ in tetradecane concentration and similar 

reductions in higher molecular weight n-alkanes. Percent 

reductions in pristane concentration were 73%, 76%, 7636, 
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and 5335 in soil treated separately with methane, 

methanotrophs, no additions, and simultaneous addition of 

methane and methanotrophs, respectively. 

Time-dependent pH and Cia:phytane peak height ratios 

for each treatment are presented in Figure 4.18. Figure 

4.19 includes the time-dependent pH and Cis:phytane peak 

height ratios for the HgClz-killed controls. The time scale 

was referenced as previously discussed. Cis:phytane peak 

height ratios were obtained by measuring the height of the 

chromatographic peaks correspond!'ng to Ci a and phytane and 

calculating the ratio of the peak heights. 

In general, peak height ratios and slurry pH decreased 

with time in all soil microcosms. Peak height ratio and pH 

reductions were identical for soil microcosms supplemented 

with no additions, methanotrophs, and methane. 

The headspace methane concentration (as by volume of 

total headspace) in microcosms containing methane was 

monitored between sample collection times as discussed in 

Section 3.5.2. The results for treatments containing 

methane, methane & methanotrophs (added simultaneously), 

methane & methanotrophs & HgCU (added simultaneously) are 

presented in Figures 4.20 through 4.22. Each sample point 

represents the mean concentration of triplicate samples. 

Because hydrocarbon measurements resulted in the loss 
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Figure 4.19 Time-dependent pH and C1e :phytane 
chromatographic peak height ratios for killed control 
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of headspace methane, re-injection of methane into 

microcosms was required following removal of each slurry 

sample. Figures 4.20 through 4.22 show microcosm methane 

concentrations between points of methane re-injection. 

Methane injection points are indicated by vertical dashed 

1i nes. 

The collective data provide little evidence of methane 

utilization in any of the microcosms, including those 

amended with methane-consuming microorganisms. 

4,2.3 Enumeration of Petroleum-Utilizing Organisms 

The plating procedure employed for the isolation and 

enumeration of petroleum-degrading organisms did not 

support microbial growth. Colonies were not obtained on any 

of the Oil Agar No.2 plates during three weeks incubation 

at 24°C. This result is similar to those of Raymond et al. 

(1976). Raymond et al. (1976) noted that plating methods 

which incorporated oil in or on the surface of agar plates 

would not support growth of petroleum degraders in soil. 

Walker and Colwell (1976), however, were successful in 

using Oil Agar No.2 plates for enumeration of petroleum-

degrading organisms from seawater and ocean bottom 

sediments. 
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4.2.4 Gravimetric {Determinations 

The gravimetric determinations of fuel oil residues 

indicate that 0 to 41% of the total mass of fuel oil in 

sample extracts was removed after approximately 670 hours. 

The accuracy of the results, however, is questionable due 

to leakage of sample extracts through septa upon storing 

vials with their caps facing down. 

The removal of fuel oil (on a total mass basis) after 

approximately 670 hours is presented in Figure 4.23 for 

microcosms amended with methanotrophs and no additions. The 

bar graph displays the percent reduction in the total mass 

of fuel oil and the fraction of the total loss which was 

due to combined removal of Cia through Ci 9 n-alkanes and 

pristane. The combined loss of n-alkanes and pristane 

accounts for approximately 105K and 3095 of the total percent 

reduction of extracted fuel oil from microcosms amended 

with methanotrophs and no additions, respectively. 
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CHAPTER 5 

DISCUSSION 

5.1 Preliminary Experiments 

5.1.1 Solvent Extraction Experiments 

The initial extraction step used to recover 

hydrocarbons from Phase 2 samples resulted in the removal 

of approximately 83% of the total hexane-extractable 

material which was recovered. No additional recovery of ri

al kanes occurred beyond a cumulative solvent volume of 15 

ml (3 extraction steps). Similar results were obtained in 

the recovery of Cie and Ci e n-alkanes and for pentane 

extractions of n-alkanes. McKinney (1989) reported an 

extraction efficiency of greater than 90& using a similar 

procedure with pentane as the extraction solvent. Ninety-

second mixing periods were as effective as 60-minute 

contact times in terms of extraction efficiency. 

The variation in HMB recovery from sample slurries 

illustrated in Figure 4.2, may be due to minor differences 

in (a) the volume of extract recovered, (b) the amount of 

HMB added prior to sample extraction, (c) mixing of the 

extract solvent with the sample matrix, (d) the length of 

contact time between HMB and the sample matrix, and (e) the 

solvent contact time during sample extraction. However, 
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variation in HMB recovery is considered minor. For example, 

the coefficient of variation in HMB recovery from methane 

and methanotroph supplemented microcosms was 0.06. 

Furthermore, HMB recovery appeared to be independent of 

sample incubation time (prior to HMB addition). 

5.1.2 Gas Chromatographv/Mass Spectrometry 

Because of the similarity of mass spectral 

"fingerprints" among petroleum hydrocarbons, 

identifications of individual compounds by GC/MS are 

sometimes inconclusive. For several unknown hydrocarbons, 

the probabilities associated with alternative compounds are 

identical (see Table 4.1). In addition to GC/MS results, GC 

(retention time) analyses of chemical standards supported 

the identification and quantification of select compounds. 

The No.2 fuel oil sample is composed primarily of 

aliphatic compounds (see Table 4.1). n-Alkanes identified 

in the sample ranged from undecane (n-Ci1) through 

hexadecane (n-Cie ). The only tentatively identified 

aromatic compound was a dimethylnapthalene isomer (Table 

4.1, Peak 9). Concentrations of aliphatic hydrocarbons in 

the fuel oil ranged from 7.7 (n-Ci1) to 40 (Pristane) ug/mg 

fuel oi1. 

The concentrations of identified n-alkanes extracted 



11 

from the the soil sample ranged from 29 (C13) to 237 (C10) 

ug/9 soil (see Table 4.2). 

Figure 5.1 shows a comparison of the chromatographic 

outputs obtained from fuel oil and soil sample analyses. 

The similarity in hydrocarbon composition of the samples is 

visually evident with the exception of light-end 

hydrocarbons (i.e., undecane and dodecane). The absence of 

these light-end compounds in the contaminated soil 

indicates that natural processes of chemical "weathering" 

(i.e. volatilization, biodegradation, leaching) have 

occurred. Aliphatic compounds longer than n~Ci 2, however, 

appear to be relatively undegraded. 

Another distinct difference between chromatographic 

outputs shown in Figure 5.1 is the presence of an 

unresolved chromatographic "envelope" of pentane-

extractable organic compounds evident in the output from 

analysis of the fuel oil contaminated soil. It has been 

suggested that microorganisms synthesize hydrocarbons of 

different molecular weights or chemical structures while 

biodegrading petroleum hydrocarbons (Atlas, 1981). The 

unresolved "envelope" may be comprised of these compounds 

which are not resolvable by current analytical procedures 

including glass capillary gas chromatography (Atlas, 1981). 

The presence of the unresolved chromatographic 
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envelope in the soil extract may indicate that 

in situ biodegradation is occurring or that the soil is 

contaminated with a fuel oil having a slightly different 

composition than the No.2 fuel oil sample. As previously 

noted, such compositional differences are common among 

petroleum products. It is also possible that the unresolved 

envelope is due to natural soil organic material. 

5.2 Biodegradation Experiments 

5.2.1 Phase 1 

The average reductions in measured hydrocarbon 

concentrations are summarized in Figure 5.2. The data shows 

the pooled average percent reduction of Ci 2, C1 3, Ci 4, C1 a 

and Ci B n-alkanes over 22 days for each treatment. Error 

bars represent the standard deviation of n-alkane percent 

reducti ons. 

Individual Soil Supplements 

Activated sludge and methane additions appeared to be 

the most effective individual supplements from the 

standpoint of hydrocarbon removal (see Figures 4.5 and 

5.2). Activated sludge was added to augment the natural 

microbial population of soil microorganisms. Activated 

sludge contains a wide variety of heterotrophic 
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microorganisms which are capable of utilizing petroleum 

hydrocarbons as a primary carbon source and/or supporting 

cometabolic transformations of these compounds (Dibble and 

Bartha, 1979). During the 22 day experiment, the 

concentrations of n-alkanes (C12 through Cia) were reduced 

by an average of 77 percent in the microcosm supplemented 

with activated sludge (see Figure 5.2a). The same compounds 

were reduced by 41 percent in unsupplemented soils and by 

11 percent in the HgCl2-killed control. 

Methane addition, added to stimulate soil 

methanotrophs, produced an average removal of 1 2 % .  

Successful treatment via methane addition suggests that the 

contaminated soils possessed an active population of 

methanotrophs which were capable of initiating the 

biodegradation of n-alkanes. Following initiation of 

hydrocarbon oxidation, numerous microbes may have 

participated in subsequent degradative steps. 

The addition of acetate to soil inhibited n-alkane 

removal, as indicated by an average reduction of only 29% 

in pooled C12 through C1a n-alkane concentrations. 

The effect of yeast extract addition was modest when 

compared to the unsuppl emented microcosm. The average ri

al kane removal was 19% relative to the unsupplemented 

soi 1 . 
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Addition of Activated Sludge 

The following observations are apparent from the data 

presented in Figure 4.7: (1) biodegradation of n-alkanes 

was suppressed (relative to unamended microcosms) upon 

addition of either yeast extract or acetate to activated 

sludge-supplemented microcosms, (2) the addition of acetate 

and yeast extract to activated sludge-supplemented 

microcosms completely inhibited biodegradation of n-

alkanes, (3) in the presence of methane and activated 

sludge, yeast extract or acetate supplements did not 

inhibit biodegradation of n-alkanes. 

It is possible that acetate and yeast extract inhibit 

the utilization of hydrocarbons by providing a readily 

accessible alternative energy source for petroleum-

degrading microorganisms in activated sludge and soil. 

Oxygenase activity aimed at hydrocarbon oxidation would 

offer no advantage in the presence of acetate, a primary 

intermediate in hydrocarbon metabolism. Kennedy and 

Finnerty ( 1975) observed diauxic growth of Acinetobacter 

sp. when grown in the presence of acetate and hexadecane. 

The utilization of hexadecane did not occur until the 

concentration of acetate in the growth media was minimal. A 

lag period of approximately 70 minutes was observed between 

the exhaustion of acetate and the onset of hexadecane 
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oxidation. On the other hand, the presence of acetate 

and/or other broadly metabolized substrates present in 

yeast extract would not provide an energy source for 

methanotrophs which grow only on methane or methanol. 

Consequently, the mixed function monooxygenase of 

methanotrophs should remain active in the presence of 

alternative substrates and might continue to initiate 

hydrocarbon oxidation. 

Addition of Methane 

There is enhanced removal of n-alkanes from every 

treated microcosm which included methane (relative to the 

corresponding treatment which excluded methane). In the 

presence of methane, acetate did not appear inhibitory to 

the biodegradation of n-alkanes. The average extent of n-

alkane removal was 96 percent in the microcosm which 

contained acetate; yeast extract; and methane, and 65% in 

the microcosm supplemented with acetate and methane (see 

Figure 5.2c). These data again suggest that methanotrophs 

are active in the presence of methane and are responsible 

for a substantial fraction of hydrocarbon degradation. 

Additional Treatments 

The average removal of n-alkanes supplemented with all 
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four amendments (yeast extract, methane, activated sludge, 

acetate) was approximately 64* (see Figure 5.2d). This 

compares favorably to removals in microcosms containing no 

methane but is somewhat poorer than removals in methane-

amended microcosms containing no acetate. 

Removal of Individual n-Alkanes 

n-Alkane removal was virtually independent of 

molecular weight (length of carbon chain). In general, 

percent removals differ by less than 1095 among individual 

n-alkanes. A noted exception is dodecane which frequently 

was degraded the most. 

5.2.2 Phase 2 

The normalized measurements of Ci A through Ci 9 ri

al kanes and pristane (Figures 4.12 to 17) reveal no 

significant treatment-related differences in n-alkane 

removal. The data also suggest that n-alkane removal is 

independent of chain length for the compounds measured 

(Ci4 —Ci9 ) • In general, concentrations of n-alkanes were 

reduced below detection limits in approximately 670 hours 

for each treatment, excluding microcosms amended 

simultaneously with methane and methanotrophs. 

Concentrations of n-alkanes in soil supplemented 
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simultaneously with methane and methanotrophs were reduced 

by approximately 9035 during the same time interval. A 

comparison of the gas chromatographic outputs from 

methanotroph-amended microcosms incubated for 0 and 663 

hours (Figure 5.3) shows the loss of n-alkanes as a 

function of time. The relative persistence of pristane and 

phytane is evident in this comparison. 

The enhanced biodegradation of n-alkanes which was 

observed in the presence of methane during Phase 1 was not 

detected in Phase 2. Excessive soil storage time, on the 

order of 10 months, may have had a significant 

negative effect on methanotrophic organisms originally 

present in the soil. The soil was stored in a freezer for 4 

months between Phases 1 and 2. Pramer and Bartha (1972) 

reported that prolonged storage, freezing and thawing, and 

air—drying can significantly alter the composition and 

reduce the density of native soil microorganisms. Methane 

utilization curves (Figure 4.20-22) suggest that native 

soil methanotrophs and supplementary methanotrophs were 

inactive throughout the experiment. Therefore, it is not 

surprising that hydrocarbon removal was independent of this 

treatment. Results emphasize the difficulty in promoting 

soil or groundwater remediation via addition of 

metabolical1y appropriate microorganisms whose ability to 
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function in that environment has not been established. 

The observation that biodegradation is independent of 

chain length for Cia through Ci9 n-alkanes is in agreement 

with Phase 1 and those of Berwick (1984) which indicated 

that C9 through C24 n-alkanes in crude oi l  were equally 

degradable in the presence of pure and mixed microbial  

cultures. 

Figure 4.11 indicates that the apparent concentration 

of n-Ci4 increased monotonically with t ime in HgCl2 -ki l led 

control samples. After 673 hours, the measured 

concentration of n-Ci« was approximately 3 t imes the 

original concentration. Other n-alkanes also fol lowed this 

trend. The phenomenon (t ime-dependent increases in the 

apparent concentrations of hydrocarbons) does not appear to 

be a function of extraction eff iciency for several reasons. 

First,  the maximum percent difference in HMB recovered from 

the control containing methane and methanotroph amendments 

was " \3%,  whereas the variation in n-Ci 4 concentration for 

the same control was 7036. Secondly,  HMB recovery (Figure 

4.2) in the controls does not increase with t ime whereas 

hydrocarbon recoveries do. I t  is possible that continuous 

soil  agitation or increased contact t ime between the soil  

and basal salts medium resulted in enhanced recovery 

of hydrocarbons via the extraction procedure employed. This 
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hypothesis has not been confirmed by laboratory 

experiments, or discussed in l i terature. 

Because of the relative persistence of phytane, the 

Ciarphytane chromatographic peak height ratio has been used 

by several authors (Senn and Johnson, 1985; Fedorak and 

Westlake, 1981b) to define the extent of biodegradation of 

various petroleum products. The t ime-dependent Cisrphytane 

peak height ratios (Figure 4.18) indicated that the init ial  

ratio in al l  microcosms was approximately 1.6.  In the 

controls (Figure 4.19),  the ratio remained constant over 

the f irst 330 hours of the experiment.  After 330 

hours, ratios were indeterminant because the 

chromatographic peaks corresponding to Cia and phytane 

interfered with one another.  I t  seems l ikely that the 

ratios remained constant during the experiment since no 

concentration decreases were detected in the controls.  The 

peak height ratios in al l  other treatments decreased 

steadily.  For instance, the ratio in the microcosm 

containing methane and methanotrophs decreased 

from 1.6 to 0.3 over a period of approximately 670 hours. 

The ratio in al l  other microcosms decreased to 

approximately 0.2 during the same t ime interval.  The 

decrease in Ciarphytane peak height ratios is indicative of 

differences in the biodegradabi1ity of these compounds as 
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suggested by Atlas (1981).  The branched alkane, phytane, is 

less readily degraded than n-Cis.  

In unsupplemented soils as well  as soils amended with 

methane or methanotrophs (single addit ions),  the pH 

decreased from 7.6 to 6.8 after approximate!y 670 hours. 

The pH in soil  treated with methane and methanotrophs 

decreased to 6.7 during the same t ime interval.  In the 

HgCl2 -ki l led control microcosms (Figure 4.19),  the init ial  

pH was 5.8 and increased to approximately 6.6.  The pH in 

biologically active microcosms may have decreased either 

due to the production of CO2 (Brown et aj_.  ,  1983) or to the 

production of organic acids which are intermediates in 

hydrocarbon metabolism. Carbon dioxide reacts with water 

and hydroxide ions to produce carbonic acid and 

bicarbonate, respectively.  

5.2.3 Enumeration of Petroleum-Uti l izing Organisms 

The inabil i ty to grow petroleum-degrading organisms on 

Oil  Agar No.2 may be due to the presence of low molecular 

weight hydrocarbons (C5 to C9) in the "unweathered" No.2 

fuel oi l  used as sole carbon source in the media. ZoBell  

(1950) noted that intermediate chain length alkanes were 

inhibitory to bacteria.  
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5.2.4 Gravimetric Determinations 

Biodegradation of Ci4 through Ci9 n-alkanes and 

pristane accounts for only 10 to 30% of the total  

biodegradation of a No.2 fuel oi l  by native soil  

microorganisms (see Figure 4.23).  This result  may indicate 

that other unidentif ied hydrocarbons in the fuel oi l  are 

being signif icantly degraded or that there was a loss of 

sample extract from vials associated with methanotroph and 

no addit ion amended microcosms. The latter possibil i ty 

seems the most probable in that a volumetric loss of 

material  from several vials containing sample extract was 

detected. 
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CHAPTER 6 

CONCLUSIONS 

The fol lowing conclusions are justif ied on the basis of the 

data and discussion presented: 

1.  The composit ion of a No.2 fuel oi l  sample and a No.2 

fuel oi l  contaminated soil  sample were similar based on 

peak comparisons from GC/MS analyses. The absence of 

undecane and dodecane from the soil  indicates that natural 

removal processes are occurring. The presence of an 

unresolved chromatographic "envelope" in soil  sample 

analyses may indicate the bacterial  synthesis of 

unidentif ied hydrocarbons, an inherent sl ight difference in 

composit ion between the fuel oi l  sample and the fuel oi l  

which contaminated the soil ,  or natural soil  organic 

matter.  

2.  n-Alkanes and pristane in a No.2 fuel oi l  contaminated 

soil  are biodegradable over a period of three to f ive 

weeks. n-Alkanes (C14-C19) were degraded in equal 

proportions during an incubation period of approximately 

670 hours in the presence of the fol lowing amendments: (1)  

methane; (2)  methanotrophs; (3)  methane and methanotrophs 
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3. The biodegradation of n-alkanes was enhanced by addit ion 

of methane or activated sludge in Phase 1.  The presence of 

methane or activated sludge may have increased culture 

monooxygenase activity by stimulating soil  methanotrophs 

( in the case of methane addit ion) or increasing the 

population of petroleum-degrading microorganisms in the 

mi crocosms. 

4.  Biodegradation of n-alkanes by activated sludge and/or 

soil  microorganisms was inhibited in the presence of 

acetate and yeast extract (added simultaneously or 

separately).  Acetate and yeast extract did not inhibit  

hydrocarbon degradation in the presence of methane 

suggesting that methanotrophic activity was unaltered by 

the presence of alternate substrates. Because methanotrophs 

grow only on Ci compounds, acetate or metabolizable 

components in yeast extract should not affect their energy 

status or influence MMO activity.  

5.  The addit ion of individual microcosm supplements 

(methane, methanotrophs, methane and methanotrophs, and no 

addit ions) in Phase 2 did not produce distinguishable 
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differences in biodegradation of n-alkanes or pristane. 

Absence of methane uti l ization indicates that the 

supplementary methanotrophs were probably inactive during 

the experiment.  The absence of enhanced biodegradation in 

the presence of methane (without methanotroph amendments) 

may have been due to prolonged storage of the soil  

result ing in a loss of viable native methanotrophs. 

6.  The dissappearance of n-alkanes coincided with a 

reduction in microcosm pH and the Cierphytane peak height 

ratio.  The biochemical production of CO2 and/or organic 

acids may have produced the observed pH reduction. Hindered 

beta-oxidation l ikely accounts for the slow degradation of 

phytane relative to C1 a and the resultant decrease in the 

Cia:phytane peak height ratio.  

7.  The observed increase in hydrocarbon concentrations in 

the HgCl2 -ki l led controls may have been due to enhanced 

hydrocarbon recovery. Solvent extraction eff iciency 

apparently increased as a function of continuous soil  

agitation or contact t ime between the soil  and basal salts 

medi um. 

8.  Gravimetric determinations performed on microcosms 
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amended with methanotrophs and no addit ions may indicate 

that removal of n-alkanes and pristane accounts for only 10 

to 30% of the total  weight loss of fuel oi l .  However,  this 

same result  could be due to loss of recovered fuel oi l  from 

vials containing sample extracts.  

9.  Oil  Agar No.2 was not an effective medium for isolation 

of petroleum-degrading microorganisms from soil  used in 

these experiments. This may have been due to the presence 

of low molecular weight hydrocarbons in No.2 fuel oi l  which 

were inhibitory to microorganisms. 
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CHAPTER 7 

RECOMMENDATIONS FOR FUTURE RESEARCH 

There are several areas which warrant further 

investigation based on the results of the No.2 fuel oi l  

biodegradation experiments. 

The enhancement of biodegradation of n-alkanes in the 

presence of methane during Phase 1 was not observed in 

Phase 2.  This may have been due to prolonged soil  storage 

and subsequent alteration of microbial  activity or because 

methane is only an effective soil  supplement when 

nonmethanotrophic hydrocarbon degraders in contaminated 

soils are directed away from hydrocarbon substrates (e.g. ,  

via acetate addit ion).  By using fresh soils ( less than 1 

month old) with an established population of methanotrophs 

as determined by plate count techniques, the effects of 

methane on biodegradation of long chain n-alkanes can be 

confirmed. Transformations of petroleum hydrocarbons which 

are catalyzed by MMO can be quantif ied by adding substrates 

such as acetate which appear to inhibit  n-alkane 

degradation by heterotrophic organisms. In addit ion, 

transformations catalyzed by heterotrophic organisms other 

than methanotrophs could be quantif ied by adding an 

inhibitor of MMO such as ethyne. 
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The concentration of methane in the growth medium may 

also influence the MMO-catalyzed transformation of 

petroleum-hydrocarbons. Graham (1988, unpublished 

observations) has observed competit ive methanotroph-

catalyzed transformations of chlorinated al iphatics in the 

presence of methane. Experiments to determine the optimum 

concentration of methane for methanotroph-catalyzed 

transformations of petroleum hydrocarbons should therefore, 

be performed. 

The cause of apparent increases in hydrocarbon 

concentrations observed in Phase 2 control microcosms is 

not known. I t  may be necessary to alter the extraction 

procedure to avoid this unexpected phenomenon. One 

alteration which may prove successful is to increase the 

solvent/slurry contact t ime. There were no apparent 

differences in extraction eff iciency for solvent contact 

t imes of 1.5 minutes and 1 hour.  Contact t imes of 12 to 24 

hours, however,  may increase the init ial  amount of 

recoverable n~alkane. 

Addit ional biodegradation experiments should employ a 

successful technique for quantifying petroleum-degrading 

organisms with t ime. Raymond et  aj[ .  (1976) were able to 

demonstrate increases in hydrocarbon-uti l izing 

microorganisms with t ime fol lowing the addit ion of oi l  to 
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soil  using plate count techniques with n-hexadecane as sole 

carbon source. 
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APPENDIX A: CONCENTRATION OF Ci5 THROUGH Ci9 n-ALKANES AND 

PRISTANE VERSUS TIME FOR EXPERIMENT 2 

MICROCOSMS. 
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Figure A.1 Time-dependent concentration of C1s in soil 
microcosms supplemented with: (a) no additions; (b) 
methanotrophs; (c) methane and; (d) methane and 
methanotrophs. Killed controls containing HgClz (Figure 
A.1a) and methane, methanotrophs, and HgCl2, added 
simultaneously (Figure A.1d) are included. 



(a) 

200 
CICKICJQ H9C12 Killed Control 

...---. 
0160 

A 
(/) 

CJ'l 
-~ 

/f 
I 

cn120 
;::) . _ _, 

c / 

0 
BO -- +/ +i 

0 
I.... 

_ .... 
_, 
c 
Q) 

40 u 
c 
0 
u 
o+r~~~~~~~~~~~~ 

zoo 

0160 
(/) 

c 
0 

........ 80 
0 
1-

+-' 
c 
(1) 

u 40 
c 
0 

(_) 

0 2 400 

Time (Hours) 

(c) 

200 .co eoo 
Time (Hours) 

200 

,.,.-... 

0160 
(/) 

en 
"'-._ 
cn120 
:J ._, 

c 
0 

+i 80 
0 
I.... _, 
c 
Q) 
(.) 40 
c 
0 
u 

200 

0160 
(/) 

cn 

""" 0'1120 
:J 

c 
0 

:.;:i 80 
0 
L..... 

-+-1 
c 
~ 40 
c 
0 
u 

(b) 

(d) 

CIIHIH HgC12 Killed Control 

/ 
/ 

/ 

I 
I 

I 

I 
I 

I 
I 

o+r~~TMMT~TM~~~TMMT~ 

0 200 400 600 

Time (Hours) 
Figure A.2 Time-dependent concentration of C1e in soil 
microcosms supplemented with: (a) no additions; (b) 
methanot rophs; (c) methane and; (d) methane and 
methanotrophs. Killed controls containing HgCl2 (Figure 
A.2a) and methane, methanotrophs, and HgCl2, added 
simultaneously (Figure A.2d) are included. 
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Figure A.4 Time-dependent concentration of C11 in soil 
microcosms supplemented with: (a) no additions; (b) 
methanotrophs; (c) methane and; (d) methane and 
methanotrophs. Killed controls containing HgCl2 (Figure 
A.4a) and methane, methanotrophs, and HgCl2, added 
simultaneously (Figure A.4d) are included. 
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Figure A.5 Time-dependent concentration of pristane in 
soil microcosms supplemented with: (a) no additions; (b) 
methanotrophs; (c) methane and; (d) methane and 
methanotrophs. Killed controls containing HgCi2 (Figure 
A.Sa) and methane, methanotrophs, and HgCl2, added 
simultaneously (Figure A.Sd) are included. 
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