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(ABSTRACT ) 

A microcosm study was performed to investigate the biodegradation 

potential of BTX compounds in unsaturated soils under aerobic and 

anaerobic conditions. Toluene was used as a model compound at 

concentrations of 100 to 200 mg/L. An uncontaminated, groseclose soil 

ranging in depth from 0 to 18 feet was used in order to observe 

differences in microbial degradation abilities in shallow subsurface 

environments. Several metabolic groups were investigated including 

aerobes, denitrifyers and sulfate reducers. Bacterial densities of 

these groups were determined at each soil depth. Physical and chemical 

parameters of the subsurface environments were also investigated to 

observe their impact on microbial biodegradation potentials. These 

included changes in soil particle size, moisture content, and PH with 

increasing depth. 

Substantial toluene biodegradation took place in some, but not all 

Soils under both aerobic and denitrifying conditions. Biodegradation 

rates varied considerably among aerobes and denitrifyers in similar 

environments. In acidic, poorly drained clay soils of 3, 6 and 9 feet, 

denitrifyers readily degraded toluene while aerobic microorganisms were 

unable to mineralize the compound. Evidence of toluene biodegradation 

by anaerobic bacteria including sulfate reducers was also observed in



moist, clay soils although the rates were much slower. Currently, in 

Situ bioremediation techniques for benzene, toluene and xylene compounds 

almost always rely on indigenous, aerobic organisms to degrade the 

contaminants. However, results of this study indicate that aerobic 

organisms capable of biodegradation may not exist in some subsurface 

environments, even in soils very close to the surface. The 

physical/chemical properties of unsaturated environments have 

Significant impacts on microbial capabilities as well as the 

biodegradation potential of contaminants.
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Chapter 1 

INTRODUCTION 

At present there are over 3.5 million underground tanks in the 

United States used to store hazardous liquids. Of these tanks, more 

than two million are used to store petroleum products such as gasoline. 

The EPA estimates that 10-30% of these tanks may be leaking (Dowd 1984) 

and a significant number of petroleum contaminated sites are included on 

the U.S. Environmental Protection Agency's National Priorities Superfund 

List (Testa and Paczkowski, 1989). Caswell (1984) reports that gasoline 

and petroleum are probably the most common groundwater contaminants. 

Therefore, a better understanding of the fate of gasoline is needed if 

remediation techniques are going to be successful. 

Methods of initial protection during construction of underground 

storage tanks is certainly the best protection against aquifer pollution 

since remediation schemes are often time consuming and costly. However, 

once contamination occurs, a number of techniques are currently used to 

clean-up gasoline compounds in subsurface sites. Although no 

restoration technique is appropriate for all situations, in-situ 

biological degradation is a practical option for source contamination 

incidents. This method 1s a relatively efficient and cost effective way 

of restoring subsurface environments. Bioremediation has been described 

as the only hope of ever completely restoring an aquifer since it 

reduces contamination dissolved in the groundwater as well as residual 

soil-bound contamination. 

In order for bioremediation schemes to be successful, site



specific methods are required (Thomas and Ward, 1989). Subsurface 

environments are quite heterogenic and contaminant biodegradation 

potentials among these environments vary as well. In this study, the 

biodegradation potential of indigenous soil microorganisms was 

investigated in order to quantify some of these variances. It would be 

advantageous to groundwater scientists to have quick, inexpensive 

indicators of contaminant biodegradation potentials when formulating 

bioremediation techniques. For this reason physical, chemical and 

microbiological parameters of an unsaturated environment were 

investigated to determine their possible impacts. Batch microcosms were 

used to investigate the effect of these parameters on biodegradation of 

BTX contaminants using toluene as a model compound. These compounds are 

of particular concern due to there potential carcinogenic effects and 

low drinking water standards. Identical studies were conducted at 

several depths in order to observe differences in biodegradation 

potentials with increasing distance from the surface regions. The 

specific objectives of this study were: 

- to quantify the effects of nitrate, sulfate and oxygen 

as electron acceptors on the biodegradation of toluene in 

subsurface soil by naturally occurring organisms. 

—- to determine the impact of general physical, chemical and 

microbiological characteristics of subsurface soils at 

several depths on toluene biodegradation potential.



Chapter 2 

LITERATURE REVIEW 

Microorganisms found in uncontaminated soils are capable of 

degrading many organic compounds. The potential for biodegradation of 

organic chemicals in subsurface environments is usually limited by the 

availability of inorganic nutrients (nitrogen and phosphorous), 

appropriate electron acceptor, or an acclimated microbial population 

(Borden et al., 1989). Often bacteria capable of degrading contaminants 

associated with gasoline exist naturally in the soil (Wilson et al, 

1989, Thomas and Ward, 1989). Most in-situ biorestoration techniques 

supply inorganic nutrients, a terminal electron acceptor and rely on 

indigenous soil microbes to degrade contaminants. Aithough oxygen is 

supplied most often as the terminal electron acceptor, there is 

information which suggests that hydrocarbon degradation may occur under 

anaerobic conditions as well. Studies by Feder le et al. (1986) and 

Federle (1988) indicate that although subsurface environments possess 

the potential for hydrocarbon mineralization, the rates of this 

degradation vary significantly as a function of physical/chemical 

characteristics in the subsurface environment. 

2.1 BIOACTIVITY IN THE SUBSURFACE 

Liquid organic contaminants found in subsurface areas exist in one 

of three condensed phases: (1) free product phase (actual hydrocarbon 

Plume), (2) adsorbed phase (contaminated soil), or (3) dissolved phase 

(contaminated groundwater) (Wilson and Brown, 1989). Contaminants found



in each of these phases are distributed differently through the 

groundwater. The first step in remediation for large spills is the 

removal of hydrocarbons existing in free phase using pump and treat 

techniques. Conventional methods usually remove 20 to 30% of the free 

hydrocarbon (Testa and Paczkowski, 1989). In the case of a "typical" 

subsurface gasoline leak, over 50% of the spilled gasoline volume 

remains in the free phase, approximately 3SOZ% is adsorbed to the soil, 

and less than 5% becomes dissolved into the groundwater (Wilson and 

Brown, 1989). Although these percentages can vary depending on aquifer 

matrix materials, they do indicate the significant percentage of a 

hydrocarbon spill that would be found in the adsorbed and dissolved 

phase. Pump and treat techniques are useful for removal of volume found 

in free phase. In-situ biodegradation targets organics found in both 

the adsorbed and dissolved phase (Wilson and Brown, 1989). 

Bioremediation is desirable because it results in the actual breakdown 

of the contaminant rather than collection and further treatment or 

. transport to another environment such as the atmosphere. The goal of 

biodegradation is conversion of organic wastes into biomass and harmless 

by-products like COs. 

2.1.1 Biodegradation of Petroleum Compounds by Soil Microbes 

Several biological techniques are used to remediate subsurface 

Sites. These include land treatment, composting, pits, lagoons, 

treatment in bioreactors, and in-situ biorestoration (Thomas and Ward, 

1989). The use of microbes to degrade organics existing in the adsorbed 

and dissolved phase was first suggested by Davies et al. (1972). Since



that time, bioreclamation has evolved into a proven technique that cost 

effectively treats many subsurface organic pollutants (Wilson and Brown, 

1989). This method relies on microbes which exist naturally in 

subsurface environments and are capable of degrading a variety of 

organic compounds. 

In the past, it was believed that numbers of microorganisms 

declined rapidly in soil regions below the surface environment. 

However, the existence of significant microbial populations in these 

regions has been confirmed. Novak et al. (1985) and Goldsmith (1985) 

determined the populations of bacteria with depth in Pennsylvania, New 

York, and Virginia soils using AO epiflorescent and viable count 

techniques. The number of cells determined using A-O techniques did not 

vary significantly between sites or with depth. Plate count techniques 

varied one to four orders of magnitude. In Williamsport, Pennsylvania 

soil 5.6 + 1.9 x 107 cfu/g soil were detected at the surface, while 3.9 

+ 1.4 x 107 and 4.6 + 2.7 x 107 cfu/g soll were measured at 12 and SO ft 

respectively using the A-O technique. Using plate counts, 3.0 + 0.3 x 

107 cfu/g soil were measured at surface, while 3.5 + 2.1 x 10° and 1.4 

+ 0.8 x 10° were measured at 12 and 30 ft respectively. Lee et al. 

(1987) reports that populations of 10° organisms/g soil commonly exist 

in uncontaminated soils. These data show that substantial populations 

of organisms exist in the subsurface. A large morphologic diversity is 

found in these sites including bacteria, protozoa and fungi. Bacteria 

are the most common organisms. 

Bacteria consume organic contaminants by attaching either directly 

onto droplets in interstitial areas or on those compounds adsorbed to



soil particles (Wilson and Brown, 1989). Most subsurface bacteria are 

attached to the soil matrix and can readily consume organics dissolved 

in the groundwater. Many unattached hydrocarbon degrading bacteria have 

hydrophebic cell surfaces which are attracted to similar surfaces of 

many hydrocarbon compounds. This attraction encourages direct contact 

between the bacteria and organic compounds which provides an opportunity 

for mineralization to take place (Rosenberg et al., 1980). 

The major pathways for microbial oxidation of organic compounds 

ares (1) fermentation, (2) aerobic respiration, and (3) anaerobic 

respiration where respiration is defined as the oxidation of an energy 

source coupled with the reduction of an electron acceptor. Most 

bacteria remove organic material through metabolic processes which 

either form new cellular material or produce energy. They are often 

heterotrophs which use the same organic materials for both carbon and 

energy (Stover, 1989). 

2.1.2 Enhanced In-Situ Biodegradation 

In order for biorestoration to be successful, am ample supply of 

nutrients must be available as well as a terminal electron acceptor and 

populations of contaminant degrading organisms (Thomas and Ward, 1989, 

Wilson and Brown, 1989, and Lee et al., 1987). The process is similar 

to conventional wastewater treatment techniques where nutrients and a 

oxidizing agent are added to an organic waste to encourage degradation 

in a bioreactor (Thomas and Ward, 1989). Factors limiting degradation 

by microorganisms include dissolved oxygen, pH, temperature, toxicants, 

oxidation reduction potential, availability of inorganic nutrients, and



organic concentration. 

Contaminated sites have been seeded with microorganisms possessing 

specialized metabolic capabilities to degrade organic wastes. These 

bacteria are generally obtained by selective enrichment or genetic 

manipulation. The success of this procedure depends on whether the 

organism retains its special abilities once it’s placed in the 

subsurface and the ability of the organism to come into contact with the 

contaminant. This procedure has resulted in only marginal success 

(Thomas and Ward, 1989). However, hydrocarbon degrading bacteria exist 

naturally in most environments and seeding may not be necessary (Thomas 

and Ward, 1989, Lee et al., 1987, and Wilson and Brown, 1989). 

In-situ treatment of hydrocarbons often involves circulation of 

oxygen and inorganic nutrients to the microbial populations already 

existing in subsurface regions (Lee et al., 1987). Although trace 

elements (calcium, magnesium, manganese, iron, sulfur, etc.) are usually 

avallable in sufficient quantities (Wilson and Brown, 1989), nitrogen 

and phosphorous often become limiting and need to be supplied. 

Phosphorous is added in the form of orthophosphate or a polyphosphate 

salt. Phosphates are readily bound to soil and can cause distribution 

problems by blocking pore spaces. Several forms of ammonium salts exist 

which are inexpensive and easy to handle. When nitrogen is added to the 

subsurface, either as a nutrient source or an electron acceptor, careful 

attention should be paid to resulting toxic compounds such as nitrite 

(Wilson and Brown, 1989). 

The potential for organic biotransformation varies with the 

microbial population and the environment. Barker and Mayfield (1988)



divide subsurface environments based on the predominant electron 

acceptor used by the microbial community. Hydrocarbons may be 

biodegraded under aerobic conditions and laboratory studies indicate 

that many of these compounds may be degraded under anaerobic conditions 

as well. Oxygen is supplied as an oxidizing agent in most cases, but in 

some environments it may be advantageous to provide a different electrm 

acceptor such a nitrate or sulfate. The current study provides direct 

comparisons of oxygen, nitrate and sulfate additions to similar sites 

and there effect on toluene biodegradation. Successful remediation 

techniques will require site specific methods which could include 

utilizing different metabolic groups. 

2.2 GASOLINE AS A CONTAMINANT 

Gasoline is a immiscible mixture containing hundreds of compounds 

(McDuffie, 1982). Persistence of these organic contaminants in the 

environment depends largely on chemical/physical properties including 

volatility, solubility and adsorption. Individual components of 

gasoline dissolve into water at different rates based on their octanol- 

water partition coefficient (Kw) which is a relative measure used to 

determine the separation between the aqueous phase and organic matter on 

solid surfaces. 

Monoaromatic compounds such as benzene, toluene, and xylene are 

major components in gasoline mixtures and are commonly found in 

groundwaters contaminated by petroleum products (Barker and Mayfield, 

1988). These compounds possess relatively high Ko. coefficients making 

them more soluble in water than alkanes of similar molecular weight.



Table 2.1 

Gasoline Composition 

  

  

Hydrocarbons Typical composition 

percentage 

Alkanes 532.6 

Monocyc laalkanes 34.6 

Dicyc loalkanes 3.2 

Alkyl benzenes: 

Benzene up to 5.0 

Toluene up to 20.0 

xy lenes up to 20.0 

Indanes and 

Tetralins 0.9 

Naphthalenes 0.3 

  

(after McDuffie, 1982)
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Table 2.2 
Physical/Chemical Properties of Selected Gasoline Constituents 

  

  

Compound Molecular Vapor Aqueous Henry's Partition 

Weight Pressure Solubility Law Coefficient 

(25 eC, (25 °C, Constant (log Kow) 

mm Hg) mg/L) (Atm/m™) 

Aromatics 

Benzene 78 95 1780 7 2.11 

Toluene 92 2? 335 &.7 2.49 

O-xylene 106 175 

M-xy lene 106 200 

P-xylene 106 ZOO 3.15 

Ethy]1 benzene 106 7 152 6.6 3.15 

Propylbenzene 120 &0 

Naphthalene 128 32 10 3.36 

Biphenyl 154 7.9 4.09 

Alkanes 

Butane 36 79 

Pentane 72 2 

Hexane 86 

Cyc lohexane 84 130 

Heptane 100 SO 

Octane 114 16 

Iso-oc tane 114 

  

(after McDuffie, 1982)
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Therefore monoaromatics are of particular concern. Benzene, toluene and 

xylene also have moderate to high toxicities (McDuffie, 1982) and are 

controlled in drinking water supplies under the 1986 Safe Drinking Water 

Act. Benzene is a known carcinogen with a 10-© cancer risk of 0.66 g/L 

(Federal Register, 1984). MCL for benzene is 0.005 mg/L while MCLs for 

toluene and xylenes are 2.0 and 10 mg/L respectively (USEPA Fact Sheet, 

1987). 

2.2.1 Toluene Biodegradation 

Toluene was used as a model compound in this research because it 

is known to be biodegradable anaerobically as well as aerobically. 

Conclusions drawn from this research may also apply to benzene and 

xylene compounds. Amendments to the Clean Water Act in 1977 list toluene 

as one of the 129 specific priority chemicals considered to be toxic. 

EPA criterion states a maximum ambient water limit of 14.3 mg/L to 

insure protection of public health (McBrayer, 1989). Aerobic 

biodegradation of toluene by indigenous soil microbes is well documented 

(Barker and Mayfield, 1988). There is also evidence to suggest that 

toluene can be mineralized by anaerobic bacteria (Barker and Mayfield, 

1988), and under methanogenic conditions as well (Grbic-Galic and Vogel, 

1987). For further discussion of toluene biodegradation see McBrayer 

(1989). 

2.5 AEROBIC RESPIRATION 

There is significant potential for bicdegradation of benzene, 

toluene and xylene in aerobic environments (Barker and Mayfield, 1988,
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and Wilson et al. 1983). Aerobic respiration requires molecular oxygen 

as the terminal electron acceptor. Often biodegradation rates of 

monoaromatics under aerobic conditions occur more rapidly than in 

anaerobic conditions and the breakdown products resulting are innocuous 

(Barker and Mayfield, 1988). Oxygen is the most efficient electron 

acceptor available to soil microbes. Oxygen is also utilized in 

oxygenase reactions for ring cleavage. 

Groundwaters usually contain less than 10 mg/L oxygen. 

Unsaturated subsurface zones are generally considered aerobic although 

saturated environments may also be aerobic if the groundwater is 

oxygenated (Hickman, 1988). Sites remain aerobic as long as oxygen 

demands do not exceed replenishment. Often microsites within typically 

aerobic, uncontaminated environments become anaerobic at times (Kaspar 

and Tiedje, 1982 and Hickman, 1988). 

Often more oxygen is used in gasoline contaminated groundwaters 

than is predicted (Barker and Mayfield, 1988). When spills occur, 

oxygen supplies are depleted due to increased biologic activity. Each 

mg of toluene requires 1.6 mg of oxygen for complete mineralization. 

AS environments become oxygen limited benzene, toluene and xylene are 

more persistent and their degradation is controlled by the rate at which 

oxygen reenters the contaminated area. Therefore it is often necessary. 

to supply oxygen to subsurface sites in order for successful 

bioremediation of organics to take place. 

2e5.21 Use of Hydrogen Peroxide as an Oxygen Source 

Most enhanced in-situ bioreclamation efforts are performed
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aerobically utilizing hydrogen peroxide (H202) as the oxygen source. 

This 1S a common practice for subsurface clean ups of non-chlorinated 

hydrocarbons (Hinchee and Downey, 1968). H20= is more soluble in water 

than pure oxygen, therefore it may provide higher amounts of oxygen to 

specific sites of interests. H-O= addition has several attributes: it 

is reasonably inexpensive, it will not persist, and it is not likely to 

present a health hazard if properly used (Britton, 1985). 

Problems associated with HO. addition include toxicity to 

subsurface organisms and instability. Hydrogen peroxide is an unstable 

compound. Field studies suggest H=Oe is rapidly decomposed and lost to 

the atmosphere, thus not oxygenating specific sites of interest. The 

equation for H2O2 decomposition is (Hinchee and Downey, 1988): 

H-02 —> HO + 1/2 QO: 

CeaHe + 7 1/2 02 —> 6CO2 + HO 

Both enzymatic catalysis and non-enzymatic physicochemical process can 

decompose H2O.. Non-enzymatic decomposition occurs most commonly in the 

presence of iron salts (Britton, 1985). Enzymatic decomposition is 

carried out by catalases and peroxidases found in most cells. Bacterial 

activity can be a major contributor to HO decomposition. These 

enzymes are produced by bacteria probably as a defense against this 

toxic compound. If substantial populations of catalase producing 

bacteria exist in the soils, large amounts of HO can be degraded 

prematurely. Thus useful oxygen is lost. 

For H20= addition to be successful, hydrocarbon degrading 

microorganisms must be present in an environment which will encourage 

this degradation. As mentioned before, soils contain natural
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populations of hydrocarbon degraders. Creating favorable conditions for 

degradation can be challenging however. Hydrogen peroxide is cytotoxic 

and is commonly used as an antiseptic. Bacterial cells often produce 

H-O> during respiratory process thus they have "built in" enzymatic 

defenses against this compound. Therefore they are capable of surviving 

in the presence of low H:Q2 concentrations. Britton (1985) reported 

mixed cultures of gasoline degraders tolerated a maximum concentration 

of 0.05% H-Oz (by volume) although higher tolerance levels developed 

after a period of acclimation. In this study, H-Oe was provided ata 

concentration of 0.03% by volume. 

2.4 ANAEROBIC RESPIRATION 

Subsurface environments existing below the water table are often 

considered to be anaerobic. Aerobic soils also experience periods of 

anaerobiosis due to soil heterogeneity. Two reasons for this are: (1) 

a high rate of Og consumption due to microbial activity and (2) a low 

rate of gas diffusion (Kaspar and Tiedje, 1982). Anoxic conditions 

often occur in poorly drained soils such as those that contain large 

amount of clay. When molecular O2 is not present, some organic 

compounds (including BTX) can be degraded by anaerobic respiration where 

an alternate electron acceptor is used. Lower dissolved oxygen levels 

result in a decline of the oxidation-reduction potential in soils. As 

the redox declines, microbes use metabolic strategies in the order: 

aerobic respiration, denitrification, fermentation, sulfate reduction, 

and methanogenisis (Stumm and Morgan, 1981). Standard free energy 

charge derived from organic decomposition decreases with the succession
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of respiratory methods (Hickman, 1988). Nitrate (and other nitrogen 

oxides), sulfate, and carbon dioxide are the most common terminal 

electron acceptors. 

Although HzO, is quite soluble in water, its toxicity and 

instability create problems. Compounds such as nitrate and sulfate are 

more stable and also have high solubilities. Barker and Mayfield (1988) 

report field evidence that anaerobic biodegradation of monoaromatics 

occur although at slower rates than in aerobic conditions. Anaerobic 

bioreclamation methods could be a useful tool in groundwater remediation 

but more information is necessary in order to optimize these processes. 

2.4.1 Denitrificatimom 

Nitrogen oxides are used biologically for both assimilatory and 

dissimilatory purposes. Three types of dissimilatory reactions carried 

cut by microbes include: reduction of nitrate to ammonia, reduction of 

nitrate to nitrite (nitrate reduction), and reduction of nitrite to 

gaseous nitrogen (denitrification) (Tiedje, 1982). Denitrification is 

specifically defined as the conversion of nitrogenous oxides (ie. NOs 

and NO=) to dinitrogen gases N20 and Ne. The reduction of nitrate to 

ammonia in the environment appears to be insignificant compared to 

nitrate respiration and denitrification (Hickman, 1988). 

Denitrification is the production of dinitrogen gases by microbial 

reduction of nitrogen oxides. End products usually include dinitrogen 

(Nj) and nitrous oxide (N20). Denitrification is a specific biological 

process which only certain bacterial genera can perform (Tiedje, 1986). 

Denitrifying bacteria are commonly heterotrophic and facultative
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anaerobes. Oxygen is preferred as an electron acceptor when it is 

present at concentrations above 1-2 mg/L. In the absence of oxygen, a 

variety of oxidized nitrogen compounds (NOs, NOe, NO, or NO) are used 

as the terminal electron acceptors in electron-transport—coupled 

phosphorylation. Nitrate and NOe are used most often (Tiedje, 1986). 

BTX compounds as well as some organochlorine compounds are readily 

degraded by denitrifiers (Barker and Mayfield, 1988, Kaspar and Tiedje, 

1982). 

The first product of nitrate reduction is nitrite. Often NOs is 

initially consumed with an accumulation of nitrite. As nitrate is 

depleted, nitrite is used (Hickman, 1968). 

NO= -> NOe -—> (Enz NO] -> NO -> Ne 

Enzymatic energy is produced through steps of electron transport 

phosphorylation. Several nitrogen end products are possible in the 

dissimilatory process. These include ammonia and gaseous nitrogen. Of 

those organisms which produce nitrogen gases, some produce only NO 

while others reduce nitrogen oxides completely to Ne gas. Denitrifiers 

are rarely strict anaerobes or fermenters although it is possible for 

those reducing NO= to NH,4 to survive in anoxic environments where NOs is 

not present. Synthesis of dissimilatory denitrifying enzymes as well as 

their activities are repressed in the presence of O] but O 2 respiring 

enzymes often remain functional during denitrification (Tiedje, 1982). 

Thus denitrifiers prefer aerobic environments. 

2.4.2 Qulfate Reduction 

Biological sulfate reductions include both assimilatory and
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dissimilatory reactions. Dissimilatory sulfate reduction take place 

when redox potentials are quite low (Barker and Mayfield, 1988). Sulfur 

compounds which may serve as electron acceptors are SO., SO=, and S-0.. 

Sulfate is the major anion used by sulfate reducing bacteria (SRB) and 

hydrogen sulfide is the major end product resulting from sulfate 

reduction (Brock and Madigan, 1968). Sulfate is a stable anion. It is 

activated by the enzyme ATF sulfurylase which catalyzes the attachment 

of the sulfate ion to a phosphate of ATP. This sulfate ion is reduced 

directly to sulfite. Once sulfite is formed, further reductions proceed 

readily (Brock and Madigan, 1988). Oxygen and NOs supplies will be 

depleted before sulfates are utilized as electron acceptors. Although 

the reactions are less efficient, one ATP molecule is generated per 

sulfate unit. 

SRB can be placed in one of two groups, those which oxidize 

substrates completely to CO= and those that oxidize substrate 

incompletely to acetate (Postgate, 1984). Seven genera of SRB have been 

described: Desulfobulbus, Desulfovibrio, Desulfomaculum, Desulfobacter, 

Desulfococcus, Desulfosarcina, and Desulfonema (Hickman, 1968). These 

genera are strictly anaerobic. Some monoaromatics can be degraded by 

SRB including benzoate (Brock and Madigan, 1984) and phenol (Evans and 

Fuchs, 1968). However, at this point there is mo evidence to suggest 

BTX degradation although microbial pathways may exist (Barker and 

Mayfield, 1988). 

2.4.35 Methanogenisis 

Methanogenisis is a metabolic production of methane (CHa) from
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either simple organic compounds or COs. Methanogens are obligate 

anaerobes commonly found in sediments, sewage sludge, rumen samples, and 

organically rich soil and groundwater sites (Kobayashi and Rittmann, 

1982). Methanogenic consortias commonly occur in anaerobic environments 

and are primarily responsible for degradation of organic matter in these 

ecosystems (Kaspar and Tiedje, 1982 and Evans and Fuchs, 1988). A very 

low redox potential (E, < —-300 mV) is required by methanogens and the 

presence of sulfate or other electron acceptors may be inhibitory 

(Barker and Mayfield, 1986 and Ann Rev,. 1988). 

Pure cultures of methanogens use only a few substrates (ie. 

acetate, methanol). Some methanogens utilize COs as an electro 

acceptor and a carbon source while hydrogen is the electron donor. 

Acetogens also utilize COe as an electron acceptor to produce an acetate 

end product but they are less abundant in subsurface environments (Brock 

and Madigan, 1988). Complex organic compounds are degraded by a 

consortia of methanogenic bacteria that rely on syntropic associations 

(Evans and Fuchs, 1986). Grbic-Galic and Vogel (1987) report evidence 

that toluene and benzene are metabolized by a methanogenic consortia 

initially enriched for a ferulate. Known genera of methanogenic 

bacteria include: Methanobacterium, Metanobrevibacter, Methanothermus, 

Methanococcus, Methanomicrobium, Methanogenium, Methanospirillun, 

Methanosarcins, Methanococcoides, and Methanothrix (Brock and Madigan, 

1988). 

2.2 SUBSURFACE MICROBIOLOGY 

Substantial populations of microorganisms exist in subsurface
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environments. The most extensive and diverse growth takes place near 

the surface, but active microbial populations are found in deep 

saturated and unsaturated zones as well (Hickman and Novak, 1989). 

Recently, much attention has been given to these sites due to concerns 

in groundwater pollution. Soil microbes are attached to the 

subsurface material or exist unattached in interstitial pore spaces. 

Deeper regions contain low amounts of organic matter and indigenous 

microbes are forced to acclimate to these conditions. These 

"oligotrophs"” are not capable of utilizing many organic compounds which 

can be readily taken up by surface organisms. They respond by becoming 

efficient at utilizing available carbon sources. Typically water enters 

the surface soil and percolates through the unsaturated zone. Organic 

matter, whether naturally occurring or synthetic, disperse through the 

Subsurface similarly. Large amounts of dissolved organic carbon found 

in aquifers consist of humic substances, many of which are made up of 

aromatic compounds (Federle, 1988). As a result, many microbes in soil 

become acclimated to utilize aromatic substrates. Although oligotrophs 

appear to have selective specialized feeding habits, they do possess the 

ability to degrade many groundwater contaminants (Hickman, 1968). 

2.9.1 Effect of Soil Depth om Biodegradatim 

Often bacteria numbers are higher at the surface than at 

subsequent levels which was the case in this study. Although numbers 

decline below the root zone, degradation rates of some organics do not 

decline similarly. Federle (1988) studied the effect of soil depth on 

aerobic biodegradation of phenol, benzoic acid, and benzylamine. His
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results suggest that mineralization rates vary significantly with depth, 

but not in a consistent or predictable pattern. All substrates were 

degraded in soils depths down to 20 meters, however, degradation rates 

did not correlate with bacterial numbers or any other edaphic factor. 

For instance, benzoic acid was degraded more readily in soils collected 

in lower 15 m than upper 5 m, and the extent of the mineralization in 

deep soils was greater than in soils collected from the top 3m. All 

three compounds showed significant variations in degradation rates among 

soil depths. Results of this study are similar in that degradation 

rates of toluene varied significantly with soil depth. 

2.3.2 Edaphic Effects @m Biodegradation 

Federle et al. (1986) reports that it is difficult to make any 

generalizations about biodegradation based on soil depth alone. Those 

results suggest microbial biomass varies as a function of soil type and 

that each soil type could exhibit unique biodegradation potentials. For 

instance clay soils effect the availability of some organics for 

degradation due to the cation exchange capacity. But degradation rates 

did not correlate well with clays or other soil types. There does 

appear to be differences between soils which are well drained and those 

that drain poorly (Federle et al., 1986). 

2.3.35 Enumeration Methods 

Several methods for soil microorganism enumeration exist including 

plate counting, most probable number analysis, biochemical measures and 

electron microscopy. Direct count procedures are often used, however
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they do not distinguish between dead and live cells and often yield 

results which over estimate microbial activity (Ventullo and Larson, 

1988). Although direct counts (DCs) are highest in surface soils, they 

become very consistent with increasing depth in subsurface environments 

(Novak et al. 1985, Wilson et al., 1983, and Beloin et al., 19868). Mnly 

a portion of subsurface microorganisms are metabolically active (1-10% 

of DC). Viable counts (VCs) are used to measure active bacteria. Ws 

yield numbers which are lower and more variable than DCs. 

DCs were not used in this study. Plate counts (PC) and most 

probable number (MPN) tests were chosen in order to estimate populations 

of metabolically active bacteria. PC techniques enumerate viable 

bacteria capable of forming colonies on a specific agar media. These 

results represent only a fraction of the microorganisms present due to 

the difficulty in obtaining growth of all heterotrophic bacteria ona 

Single nutrient medium (Federle et al., 1986). Also, dilution 

techniques commonly used to detach soil bound microbes are not 

effective. MPN tests do not require growth, only the metabolism of a 

chosen substrate (Ventullo and Larson, 1985). They are useful for 

enumerating organisms capable of degrading specific organic compounds as 

well as those in different metabolic groups.



Chapter 3 

METHODS AND MATERIALS 

3.1 EXPERIMENTAL APPROACH 

The biodegradation potential of indigenous soil microbes was 

evaluated by measuring toluene utilization rates in microcosms. General 

investigations included: (1) function of soil depth and edaphic 

parameters on toluene degradation, (2) comparison of electron acceptors 

(Oz, NOx, SO4a), and (3) microbial enumerations of the subsurface 

environments. 

As gasoline leaks into soils, H=Oe2 and nutrients are commonly 

added to encourage degradation. The effectiveness of this practice 

depends on the presence of aerobic, gasoline degrading microorganisms. 

Significant populations of these aerobes exist in surface soils however, 

there is some question what happens to these microbial populations and 

there gasoline degrading potentials with increasing soil depth. 

To conduct this project, soils were collected from a single 

sampling site at 3 ft intervals from 0 to 15 ft. In addition, some data 

were gathered using 18 ft soil. Aerobic and anaerobic microcosm were 

created using each soil depth in order to provide a direct comparison of 

the biodegradation potentials of the different metabolic groups in 

identical environments. Toluene was chosen as a model compound since it 

is known to be degraded both aerobically and anaerobically. 

Because depth differences cannot account for the biodegradation 

variations, but rather these are due to variations in soil and soil 

22



23 

Table 3.1 

Groups of Microcosms Created Using 

Each Depth of Soil (0, 3, 6, 9, 12 and 15 feet) 

  

Addition of HO plus inorganic nutrients (IN) and toluene (T) 

Addition of NOs (30 mg/L) plus IN, T 

Addition of SQ, (30 mg/L) plus IN, T 

Addition of IN, T only 

Sterile controls with IN, T 
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moisture characteristics, other edaphic parameters were investigated. 

These included soil particle size, moisture content and fH. 

3.2 GENERAL METHODS 

During this study all utensils, glassware, and solutions used in 

microcosm construction were sterilized either by autoclaving (30 minutes 

at 121°C and 15 psi pressure) or alcohol flame sterilization. All 

Glassware was acid washed for 24 hours in 10% HCl bath. 

3.35 SITE LOCATION AND SAWPLE COLLECTION 

Soil samples were collected aseptically from a site on the 

Virginia Polytechnic Institute and State University dairy farm having 

had no known prior contamination. The sample site was a grosecliose, 

silty soil located on a high area in moderately hilly pastureland which 

received little run-off from nearby fields or oak-hickory forest. Two 

adjacent 18 feet holes were dug using a hand auger. Seven soil samples 

were collected from each auger hole at 3 foot intervals (0, 3, 6, 9, 12, 

15 and 18 feet). Weathered bedrock was found at 18 feet. As a resuit 

the water table could not be reached. All samples were collected using 

a sterilized metal spatula to scrape soil from the hand auger into a 

sterilized metal pan. Soils were immediately transferred to sterilized 

mason jars fitted with teflon caps, transported to the laboratory and 

stored in a 10°C incubator.
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3.4 MICROCOS*S 

Four studies were conducted in each soil depth. These included 

microcosms dosed with: (1) oxygen, (2) nitrate, (3) sulfate and (4) no 

additional electron acceptor added. Microcosms were constructed from 

Glass screw cap test tubes (13 x 100 mm) and sealed with 12 mm teflon 

lined lids. Each microcosm contained 5.0 grams (40.1 g) of appropriate 

soil. The microcosms were then partially filled with toluene solution 

and mixed vigorously with a vortexer to remove trapped air. The 

remaining volume was completely filled to eliminate any headspace. 

Finally all microcosms were stored in the dark at 20°C to simulate 

actual subsurface conditions. Control groups were created for all soil 

depths using sterile microcosms. Those soils used were autoclaved 4 

times during a 2 day period prior to being placed in the test tube. 

Once 5 grams of soil was added to sterile tubes, the entire microcosm 

was again autoclaved 4 time over a 2 day period. They were then dosed 

with a sterile toluene/nutrient solution. 

Solutions used for microcosm dosing were prepared using distilled 

water. Inorganic nutrients were added in the amounts of 

3.8 mg/L KH2PO., 12.5 mg/L KeHPO., and 1 mg/L (NHa)2tPO.. This solution 

was bubbled with nitrogen gas for 30 minutes to remove dissolved oxygen. 

Toluene was dripped directly into the mixture which was then sealed with 

minimal headspace and placed on a magnetic stir plate for 12 hours. 

Afterwards the solution was pumped to a collapsible teflon bag. 

Microcosms were dosed from this bag inside a nitrogen purged glovebox. 

This procedure served two purposes: limit re-oxygenation of the 

toluene/nutrient solution and minimize toluene losses due to
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vOlatilization. This procedure was used for all microcosms. 

3-3 ELECTRON ACCEPTOR EXPERIMENTS 

Four groups of biologically active microorganisms were 

constructed, each of which contained a different electron acceptor. 

Aerobic microcosms were dosed with hydrogen peroxide in the amount of 

3 Wl following Farmer (1989) and Moore (1989). This resulted in 0.03% 

(by volume) concentration which is below the 0.05% toxic concentration 

reported by Britton (1985). Additional studies were done using 2.5 pL 

to determine if 5 pl doses were having a toxic effect. Hydrogen 

peroxide was added directly to the microcosm with a 10 pl syringe to 

eliminate premature decomposition. More H20e was provided to the batch 

systems as toluene was degraded thus, different amounts of H.0e were 

provided to microcosms containing different depths of soil. Nitrate was 

added to the toluene/nutrient solution using KNOs at a concentration of 

SO mg/L as NOs prior to microcosm dosing. Methods of sulfate addition 

were identical to nitrate using K2S04. The final group of microcosms 

were dosed with toluene/nutrient solution and no electron acceptor. 

3-4 SUBSURFACE CHARACTERIZATIONS 

The soil profile was characterized by microbial enumerations, 

particle size analysis, soil moisture content and soil pH. Viable 

counts were carried out for aerobic bacteria as well as denitrifiers and 

sulfate reducers. Aerobic bacteria were enumerated by plate counts 

using a dilute soil extract agar (100 mL soil extract, 15g agar, 9OOm 

distilled water). Triplicate plates were incubated at 20°C for 1 week.
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Initially spread plates were inoculated with dilution series that were 

wetted for 5 minutes with 2% saline solution. A second group of plate 

counts were created using an initial dilution which was wetted 

aerobically for 9 days before inoculation. This simulated the effect 

saturation had on previously unsaturated soil as well as detaching soil 

bound microbes more effectively. 

Denitrifying bacteria were enumerated by non-substrate specific 

MPN methods per Method 47-3 in the second edition of "Methods of Soil 

Analysis". Test tubes (135 x 100 mm) were filled using a ten fold 

dilution to eliminate headspace and then sealed with teflon lined caps. 

Culture media consisted of 8.0 g nutrient broth, 0.5 g KNOs, and 1000 mil 

of tap water. Two percent NaCl solution was used to prepare soil 

dilutions. Five replicates of each dilution were prepared and stored at 

20°C for 5 weeks. Control tubes were prepared without inoculum. 

Positive results were determined by ion chromatography analysis for 

disappearance of NOx. 

Lactate using SRBs were enumerated by non-substrate specific MPN 

tests. This test was a modification of Method 46-7.6 in "Methods of 

Soil Analysis". Procedures were identical to those for denitrifying MPN 

tests with exception of the media preparation. Culture media consisted 

of 0.5g KaHP0a4, 1.0g CaSO,, 2.0g MgSO4 . 7HO0, Sg sodium iactate, 1.0g 

NH,C1, 1000 ml tap water. After autoclaving, this mixture was bubbled 

with Ne gas for 20 minutes using a sterilized air stone. Then 0.5q 

FeSO, (NHa)2904 . 6H2D, 1.0g yeast extract, and 1.0g sodium thioglycolate 

were added. Final pH was adjusted to 7.2-7.6. Positive results were 

determined by visual inspection of reduced sulfur compounds in MPN
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tubes. 

Soil moisture content was determined by oven drying soil at 104°C 

for 24 hours per method 21-2.2.2 in "Methods of Soil Analysis". The 

samples were then cooled in a dessicator and weighed. The amount of 

mass lost was considered to represent the percentage of moisture. Ten 

replicates were averaged for each soil type. A particle size analysis 

was performed for each soil depth to determine percentages of silt, 

sand, and clay. These tests were conducted by VPI&SU Soil Physics Lab 

using the pipette method described in section 15-4 of "Methods of Soils 

Analysis”. Soil pH was determined per Method 12-7.45 in "Methods of Soil 

Analysis" by saturating 5 grams of soil with 5 m<L of distilled water for 

a period of 10 minutes before measuring hydrogen ion concentrations with 

a PH meter. 

3.7 ANALYTICAL METHODS 

Microcosms were "sacrificed" (measured only one time) after 

certain periods of time. Changes in aqueous toluene concentrations were 

monitored and considered to represent removal by biodegradation. Each 

data point was determined from an average of two tubes. Aqueous toluene 

concentrations were monitored by direct injection of 2 ul of supernatant 

into a Hewlett Packard Model S8S80A gas chromatograph (GC). Gas 

chromatograph conditions were identical to those used by Farmer (1989) 

and McBrayer (1989). Nitrogen carrier gas flowed at 5O ml/min through a 

&'x 1/8" stainless steel column packed with 0.2% Carbowax 1500 on 80/100 

mesh Carbopak-C. An isothermal temperature program was used with an
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oven temperature of 150°C, injector port at 150°C and the flame 

ilonization detector (FID) temperature at 225°C. The detection limit was 

O.1 m@/L (Farmer, 1989). 

Nitrate and Sulfate concentrations were determined using a Dionex 

2ZO10i ion chromatograph. The apparatus was equipped with Dionex 4270 

integrator, ASIA column, and conductivity detector.



Chapter 4 

Toluene biodegradation by indigenous microorganisms was 

investigated at seven depths using soil collected on VWPI&SU agricultural 

land. The relationships between biodegradation potential, 

biodegradation rate, bacterial density, soil depth, soil moisture 

content, and soil particle size were determined. 

4.1 SITE CHARACTERIZATION 

Soil particle size analyses were conducted in order to determine 

percentages of silt, sand, and clay existing at different depths. These 

data are shown in Figure 4.1. The particle characterization of the soil 

samples varied significantly. Figure 4.1 shows that surface soils were 

primarily silt ( >60%) with relatively low amounts of clay and sand. 

Soil depths 3, 6, 9, and i2 ft consisted of 40 to 50% clay. Clay 

percentages declined past 12 ft and sands and silt made up greater than 

BO% of the soil. An extensively fractured and weathered bedrock was 

encountered at 18 ft. According to the geologic map of the Blacksburg 

Quadrangle, this bedrock is of the Rome Formation (Cambrian Age) and 

consists of green phyllitic mudstone, fine grained sandstone, and fine 

grained siitstone. 

Figure 4.2 shows the soil moisture content at each depth. 

Surface soils were dry (17% water) although this would vary widely 

depending on the amount of precipitation. Subsurface soils of 3 to 15 

ft contained more water. The high amounts of clay found in soils 3 to 

30
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Figure 4.1. Percentages of sand, silt and clay at each 
depth of the sampling site.
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Figure 4.2. Soil moisture content with increasing depth.
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12 ft probably account for this accumulation of moisture. Due to the 

mineral content of these clays, they have a high capacity to expand. 

Thus, when moisture content increases, the soils expand and become 

relatively impermeable. Therefore they are poorly drained and water 

accumulates. Fifteen foot soils contained only 20% clay but held the 

highest amount of water in the soil profile (37%). Eighteen foot soils 

were sandy and the bedrock below 18 ft was permeable and well drained. 

As a result, the moisture content at this depth dropped to 22%. 

Figure 4.3 shows pH levels at each soil depth. Surface soils and 

15 ft soils had similar pH values of 6.8 and 6.4 respectively. The only 

alkaline soil was found at 18 ft (pH 7.6). The clay soils of 3, 6, 9 

and 12 ft had comsiderably lower pH values. The most acidic region was 

found at 6 ft (pH 4.5). 

4.2 MICROBIAL ENUMERATIONS 

Enumerations were performed to estimate viable bacteria 

populations in three separate metabolic groups including aerobes, 

denitrifiers and sulfate reducers. Densities of aerobic microorganisms 

are shown in Figure 4.4. As expected, significantly higher numbers of 

aerobic bacteria exist at the surface (107 cfu). Plate counts which 

used 3 ft soils yielded numbers 2 orders of magnitude lower than in the 

surface. Densities of microbes at depths 6 to 15 ft were lower but 

relatively consistent at 10* to 10° cfu per gram of dry soil. 

Hickman (1988) modified the standard plate count technique by 

saturating soils with water and allowing several days prior to 

inoculation. This procedure is an attempt to obtain a more accurate
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count of subsurface organisms in the unsaturated zone. Adding water to 

the soils increases nutrient availability and reduces moisture stress. 

When these soils become wet, the numbers of heterotrophic organisms 

Capable of degrading complex organics increase dramatically. Hickman 

(1988) reported that the extended saturation period increased viable 

counts by one to two order of magnitude. The increase in plate counts 

occurred over the first Z to 5 days of saturation and longer saturation 

periods had little additional effect. 

In this study, soils were saturated for a period of 9 days before 

inoculation as seen in Figure 4.4. Figure 4.4 shows that surface soil 

counts increased by about 2 orders of magnitude. The extended 

saturation period had a significant effect on these subsurface soils. 

For instance, the enumerations using 6 ft soils increased from 10* to 

10° cfu per gram of dry soil, an increase of 4 orders of magnitude. In 

soil depths of 3 to 18 ft, densities increased to a relatively 

consistent value of 107 to 10° cfu per gram of dry soil. 

Nitrate and sulfate reducing bacteria were enumerated using MPN 

techniques. Dilutions were prepared using soils that were saturated for 

3 minutes. Extended saturation periods were not used. Densities of 

denitrifying bacteria varied over 2 orders of magnitude (10% to 10° 

organisms per gram of dry soil). Unlike the aerobes, surface 

populations were not significantly higher than subsurface populations as 

seen in Figure 4.6. The highest densities were found in 6 ft soils. 

Populations of sulfate reducing bacteria were lower than 

denitrifiers in all depths except 9 ft soils. Sulfate reducers ranged 

from 10* to 10° organisms per gram dry soil for soil depths of O, 3, 4,
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12, 15 and 18 ft. Nine feet soils contained the highest density of SRB 

while containing the lowest density of denitrifying bacteria. Given the 

large error term inherent in MPN measurements, the variations in 

denitrifying and sulfate reducing populations are not significant and 

are considered to be relatively consistent throughout the depth profile. 

Figure 4.6 shows sulfate and nitrate concentrations present in 

control microcosms after a period of 210 days. These data represent the 

amounts of these anions existing naturally in the soils. Nitrate was 

found in surface and 3 ft soils at concentrations less than 1 mg/L. The 

concentration was Delow detection limits in deeper soils. Significant 

amounts of SO, were present in all soil depths O to 15 ft. This 

indicates that ample amounts of sulfate were available to bacteria in 

all viable microcosms. 

4.3 TOLUENE BIODEGRADATION 

Figure 4.7 shows residual toluene concentrations in aerobic 

microcosms containing soil from each of the depths. The large loss of 

toluene occurring in the first 5 days is due to adsorption (Farmer, 

1989). Toluene is moderately hydrophobic, therefore it readily adsorbs 

onto soil particles. The data shown represents toluene in the dissolved 

phase only, not the adsorbed phase. Over time, dissolved toluene 

concentrations were reduced to a level below detection in surface soils 

as well as 12, 15 and 18 ft soils, presumably as a result of 

biodegradation. Those microcosms containing surface soils and 15 ft 

soils required 60 days to remove the dissolved toluene. Mly 435 days 

was required in 18 ft soils. However, those systems containing 18 ft
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soils were dosed with a lower amount of toluene and as a result less 

time was required. Complete toluene mineralization in soils collected 

from 12 ft required 180 days. Degradation rates shown in table 4 were 

calculated from the point where 30% of the initial toluene concentration 

was degraded to the point of 50% degradation. Rates at the surface were 

0.7 mg/L/day/gram of soil. Degradation rates at 15 and 18 ft were 0.25 

and 0.29 mg/L/day/gram of soil respectively. Toluene degradation 

occurring in microcosms containing soils collected from 3 and 12 ft was 

much slower. Those soils collected at 6 and 9 ft showed no evidence of 

toluene biodegradation under aerobic conditions. 

The soil pH varied considerably throughout the depth profile, 

those soils (3, 6, 9 and 12 ft) which exhibited poor aerobic degradation 

were much more acidic. Therefore, further experiments were conducted in 

order to determine the effect of PH on aerobic microorganisms and their 

ability to degrade toluene. Additioal microcosms were created using 

soil from all depths. These soils were sterilized by repeated 

autoclaving to inactivate all microorganisms. The microcosms were 

inoculated with Pseudomonas tida, an aerobic, toluene degrading 

bacteria which was isolated from a soil environment by Sybron Chemical 

Co. The tubes were then dosed with distilled water and 75 mg/L toluene. 

The rationale of this experiment was to saturate the soils with 

distilled water so that the pH of the microcosm would mimic that of the 

soil. In former studies, phosphates were supplied to the systems as an 

inorganic nutrient. As a result, PH levels were altered to near neutral 

levels due to the buffering capacity of phosphate. Small amounts of 

nitrogen and phosphorous were provided in these systems to assure they
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did not limit biologic activity. Psuedomonas putida were used in this 

experiment in order to assure that substantial populations of toluene 

degrading organisms were present in the microcosm. The data from this 

experiment are presented in Figure 4.x. 

Substantial adsorption losses occurred in all microcosms. 

However, by day 4 the effects of biodegradation were evident. Toluene 

in O, 15 and 18 ft microcosms was readily degraded by P. putida. Little 

or no degradation took place (within 10 days) at the other depths. The 

largest amounts of toluene persisted in the & ft microcosms. On day 4, 

some of these sacrificial tubes containing 6 ft soil were buffered to a 

PH of 7.3 to determine if P. putida were being inhibited by acidic 

conditions. As shown in Figure 4.x, once the PH was adjusted, bacteria 

responded quickly by degrading toluene. 

Toluene was readily degraded at 0, 3, 6, 9 and 15 ft depths by 

denitrifying bacteria as seen in Figure 4.8. Figure 4.8 illustrates 

degradation by denitrifiers in soil depths O to 15 ft. No disappearance 

of toluene was observed in denitrifying microcosms containing soils 

collected at 18 ft. For 0, 6, 9 and 15 ft soils, toluene was almost 

entirely degraded by 60 days. However, toluene concentrations were 

never reduced to zero at any soil depth under denitrifying conditions as 

they were in 0, 12, 15, and 18 ft aerobic systems. An additional 30 

mg/L NOs was added on day 60 to assure nitrate was not limiting the 

degradation process. Degradation rates of denitrifying bacteria are 

shown in table 4. Rates of surface soils do not vary significantly from 

subsurface rate. The highest values occurred at 6 and 15 ft. 

Denitrifying tests using 18 ft soil were performed at a later date,
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Table 4.1 
Biodegradation Rates of Aerobes and Denitrifyers 

Degradation Rates 

(mg/L/day/gram of soil) 

  

  

Depth Aerobes Denitrifyers 

0 0.73 0.25 

3 0.07 0.21 

& 0.0 0.38 

9 0.0 0.29 

12 0.05 0.06 

15 0.31 0.41 

18 0.24 0.0 
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therefore the results are given separately in Figure 4.9. While soils 

collected from 18 ft readily degraded toluene under aerobic conditions, 

no biodegradation occurred in the denitrifying microcosms during the 

same incubation period (110 days). 

Additional microcosms were created using O to 15 ft soils 

including those dosed with 30 mg/L SQa, those dosed with no electron 

acceptor, and sterile control groups. These data are shown in Figures 

4.10, 4.11, and 4.12. Excluding adsorption losses, control groups 

exhibited stable toluene concentrations over the 203 day incubation 

period. However, some toluene loss occurred in the viable microcosms 

dosed with sulfate and those dosed with no additional electron acceptor. 

Although toluene remained in the microcosms, these groups clearly show 

reductions (25 to 3O mg/L) not seen in cotrol groups. This would 

indicate that losses are due to biodegradation. As shown in Figure 4.5, 

substantial amounts of sulfate were present in all tubes, therefore 

microcosm conditions in these two groups probably are not different. 

Microcosms dosed with sulfate and no electron acceptor exhibited very 

Similar results in soil depths of 3, 6, 9, and 12 ft. Biodegradation 

appeared to take place after 100 to 120 days of incubation. 

Decreases in toluene concentrations also occurred in microcosms 

containing 15 ft soils as seen in Figure 4.13. Fifteen feet microcosms 

sampled on day 86 were the first tubes to indicate sulfate reduction. 

Therefore these two batch systems were sampled repeatedly over the next 

110 days to monitor toluene and sulfate losses as seen in Figure 4.14. 

Each graph in Figure 4.14 represents data taken from a single microcosm 

dosed with 30 mg/L SOQ4 and 15 ft soil. Since these batch systems were
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sampled repeatedly, some toluene loss could be due to volatilization. 

However, the microcosm illustrated in the upper graph showed a loss of 

greater than 95% of the initial toluene concentration over 200 days. A 

reduction of SOa concentrations also occurred. From day 134 to 190, SO. 

amounts dropped from 57.2 mg/L to 35.6 mg/L. Toluene losses were not 

as great in the microcosm illustrated in the lower graph of Figure 4.14. 

On day 86, a Significant loss of toluene was recorded (50 mg/L) in the 

sacrificial microcosm. The aqueous portion of the microcosm was 

aseptically extracted in order to determine the sulfate concentration. 

Sulfate amounts were 19.7 mg/L in this tube while 15 ft control 

microcosms sacrificed on the same day contained 56 mg/L SO... The tube 

was redosed with 140 mg/L toluene and 30 mg/L SO4 and monitored. A 

decline of 25 mg/L toluene occurred over the next 8&0 days with SO, 

concentrations by dropping 26.6 mg/L. Although this data represents 

only two microcosms, it indicates the possibility of toluene degradation 

under sulfate reducing conditions.



DISCUSSION 

3.1 FATE OF TOLUENE IN MIQ?ROCOSS 

9.1.1 Adsorption Equilibrium 

Aqueous toluene decreased significantly in all microcosms over the 

first 10 to 20 days after dosing. This loss of 25 to 50% of the initial 

toluene is attributed to adsorption to soil surfaces. These data are 

Similar to those reported by Farmer (1989). Farmer conducted adsorption 

studies on toluene in biologically sterile microcosms to determine the 

rate and extent of adsorption. His data indicated that toluene 

adsorption occurs as a two stage process, a rapid adsorption phase 

followed by a prolonged slow adsorption phase that may last for a year 

or more. Similar data were collected in this study as shown in Figure 

Jel. AS a result, all degradation rates were calculated at points 

following this adsorption pericd. 

Farmer showed that desorption occurred in a similar fashion to 

adsorption with a rapid initial phase and a slower secondary stage. As 

much as 95% of the total adsorbed toluene could be desorbed back into 

the aqueous phase in a two day period. Therefore, approximately 95% of 

the toluene added to the microcosm becomes available to microorganisms 

for degradation. Based on this information, the degradation of aqueous 

toluene in this study was considered to represent reductions in both the 

adsorbed and dissolved phases. 

55
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9.1.2 ACCLIMATION 

Once toluene was added to the microcosms, a period of time elapsed 

in some tubes before degradation began. This is often referred to as an 

acclimation period or a lag phase. Acclimation can be defined as a 

change in a microbial community effected by exposure to a chemical which 

results in faster biotransformation of that substance. Often an 

increased rate of biodegradation occurs following a period where 

degradation is slow or non-existent. Mechanisms for acclimation 

include: (1) enzyme induction, (2) mutation or genetic transfer, (3) 

growth of the active populations, (4) preferential use of other organic 

substrates before the compound of interest, (5) inactivation of 

degradation of toxins or inhibitors, and (6) limitation of growth rates 

by nutrient supply or protozoan grazing (Hickman, 1988). 

For the aerobic microcosms, lag phases were observed at some but 

not all depths. At three feet, 80 days of incubation were required 

before toluene degradation occurred while twelve feet soils required 110 

days. Toluene degradation never occurred at 6 and 9 ft over the period 

of this study. No acclimation period was evident in the O, 15 and 18 ft 

soils. It is not surprising that microbes in the surface soils did not 

require an acclimation period to degrade toluene because the largest and 

most diverse populations of organisms exist in this region. Microbes in 

subsurface soils may already be acclimated to aromatic substances, as 

well, due to the presence of humic acids in these environments (Federle, 

1988). Those soils which experienced lag periods were in the clayey mid 

regions of the depth profile. These soils drain poorly and have a 

hydraulic conductivity lower than that found at 15 and 18 ft (Keia =
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10-@ to 10-8 cm/s, Kesity eana = 1072 to 10°-* cm/s) (Freeze and Cherry, 

1979). It is possible that organisms in 15 and 18 ft soils have had 

more exposure to aromatic compounds. Another possibility is that 

toluene concentrations might have been inhibitory to the organisms in 

the clay soils. Had lower concentrations been placed in the 6 and 9 ft 

microcosms, biodegradation may have occurred more readily. 

Lag phases existed for denitrifying microcosms for ail soil 

samples except the surface soils. Toluene degradation was initiated in 

3, 6, 9, 12 and 15 ft soils after pericds of 53O to 45 days. The 

eighteen feet soils required incubation for at least 80 days before 

toluene degradation occurred. The indigenous bacteria in the 3, 4, ? 

and 12 ft soils required less time for acclimation under denitrifying 

conditions than aerobic conditions. The longest periods of acclimation 

were required by organisms in microcosms dosed with sulfate or in 

microcosms provided with no additional electron acceptor. These groups 

were considered the same since sulfate existed in all tubes thus a 

consortia of anaerobic microorganisms other than sulfate reducers are 

probably participating in toluene biodegradation. Microcosms containing 

surface soil showed no signs of toluene degradation under sulfate 

reducing conditions whereas 3, 6, 9 and 12 ft soil required 100 to 120 

days before degradation occurred. Sulfate reduction occurred within 460 

to 80 days in some but not all of the microcosms containing 15 ft soil. 

9.1.35 Degradation 

Substantial toluene degradation occurred at all soil depths. 

However, mo one specific metabolic group was capable of toluene
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degradation at every depth. These results are discussed in detail in 

the following sections. 

J.2 EFFECT OF ALTERNATE ELECTRON ACCEPTORS ON TOLLENE BIQDEGRADATION 

J-e2.1 Aerobic Microcosms 

It was expected that indigenous microbes from all soil depths 

would be capable of degrading toluene aerobically. The existence of 

toluene degraders in subsurface environments is well documented (Barker 

and Mayfield, 1988). Toluene was readily degraded in microcosms 

containing soils from O, 15, and 18 ft but persisted in those microcosms 

containing soils collected from 3 to 12 ft. Significant degradation 

occurred in 3 and 12 ft soils but only after long lag periods. Toluene 

degradation did not occur in microcosms containing 6 and 9 ft soils over 

the period of this investigation (184 days). Hickman (1988) observed 

Similar trends for phenol degradation using Blacksburg soils. Hickman 

found that degradation rates were greatest at the surface and 15 ft 

while soils collected at 2 and 5 ft exhibited lower degradation rates. 

However, degradation occurred at all depths for phenol which was not the 

case in this study. 

Degradation of toluene was not observed in aerobic microcosms 

containing 6 and 9 ft soils. Figure 5.2 shows 40 individual microcosms 

containing 6 ft soil. There was no indication of toluene biodegradation 

in any of the individual microcosms. Since hydrogen peroxide was used 

to aerate the microcosms, one question was the resistance of the 

microorganisms, in the 6 and 9 ft, soils to its toxicity. Therefore 

microcosms containing 6 ft soils, collected from a second auger hole,
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were prepared using the identical procedures as previously described in 

Chapter 3. Hydrogen peroxide doses were reduced, however, to 2.5 uLs. 

Data from these microcosms are shown in Figure 5.3. Subsequent 

additions of 2.5 pl were made to assure aerobic conditions but no 

toluene biodegradation occurred during the 100 day study period. 

Therefore, it was concluded that H-O= was not toxic to aerobes. [t 

appears that there is either an absence of aerobic toluene degraders in 

6 and 9 ft soils or the presence of inhibitors was limiting degradatio. 

9.2.2 Denitrifying Microcosms 

Studies by Major et al. (1988) and Kuhn et al. (1988) suggest that 

benzene, toluene and xylene can be degraded by denitrifying bacteria. 

If so, the addition of nitrate may be a useful tool in bioremediation of 

monoaromatic contaminated sites. Nitrate is much more stable than 

hydrogen peroxide as well as having a very high aqueous solubility. 

These investigations reported that toluene can be degraded much more 

readily degraded under denitrifying conditions than in the presence of 

oxygen in specific environments. 

Toluene biodegradation rates under denitrifying conditions 

differed significantly from the rates of degradation in the presence of 

oxygen. In Figure 5.4, a comparison between aerobic and denitrifying 

degradation rates in the soil profile are shown. As in aerobic 

microcosms, denitrifiers readily degraded toluene in surface soils and 

in 15 ft soils. At three and 12 ft slow degradation rates were observed 

under aerobic and denitrifying conditions. Significant differences 

between the response of aerabes and denitrifiers were noted in & and 9
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ft soils. As mentioned above, aerobic degradation rates in those soils 

were zero, but denitrifying microcosms had relatively high degradation 

rates. Denitrifiers are considered to be primarily facultative 

anaerobes, these data are somewhat surprising since most denitrifiers 

prefer oxygen to nitrate. However, recent research indicates some 

denitrifying bacteria are better adapted for growth under denitrifying 

conditions than aerobic conditions. Murray et al. (1990) observed the 

growth of several denitrifying isolates in aerobic and anaerobic 

(denitrifying) conditions. Nine isolates were placed in non-sterile 

soils in order to observe their interspecific competition with 

indigenous microbes. Only one persisted equally under both aerobic and 

anaerobic conditions. Five of the nine isolates grew better under 

denitrifying conditions. The relative fitness of denitrifiers in 

aerobic and anaerobic conditions varies in response to environmental 

stresses. Expression of the genetic potential of denitrifying bacteria 

is constrained by environmental parameters. Facultative anaerobes may 

not express the same gene programming when growing in different 

environments (Murray et al., 1990). Further discussion of these results 

is found in section 5.3. 

Denitrifying bacteria existing in 18 ft soils did not degrade 

toluene while aerobic microcosms containing 18 ft soils readily degraded 

toluene. Sulfate dosed microcosms containing 18 ft soils also showed no 

signs of toluene degradation. When considering the subsurface 

environment, (excluding surface soil) it was observed in this study that 

anaerobes degraded toluene poorly in most environments where aerobes 

worked well. Similarly, in soils where aerobes did not degrade toluene,
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anaerobic degradation rates were the highest. The soils at 18 ft were 

sandy and well drained. Tiedje (1988) suggests that denitrifiers do 

poorly in soils with low moisture contents. This would apply to other 

facultative anaerobes as well. Toluene degradation occurred in 

microcosms containing 15 ft soil under aerobic and anaerobic conditions. 

This low-clay soil was quite moist with a pH of 6.4 and was the only 

environment that appeared to be suitable for all of the metabolic 

groups. 

In comparing aerobes and denitrifiers, another observation is that 

toluene was not reduced to zero in any denitrifying microcosm during the 

course of this study. Concentrations of 1 to 4 mg/L persisted in the 

microcosm for long periods of time. Aerobic microcosms containing O, 

12, 15 and 18 ft soils all degraded toluene to levels below that which 

could be detected (less than 0.1 mg/L). Similar results were reported 

in a microcosm study where benzene bicdegradation was measured in the 

presence of oxygen, nitrate and oxygen plus nitrate (Major et al., 

1988). Although significant degradation occurred in all three systems, 

benzene was more completely mineralized in those microcosms which 

contained oxygen than those which contained only nitrate. Degradation 

pathways for benzene are different than that of toluene, therefore some 

Caution must be used in comparing these two substrates. However these 

data are significant considering the low drinking water standards for 

benzene and toluene (0.005 mg/L and 2.0 mg/L respectively) (USEPA Fact 

Sheet, 1989). In this study, additional nitrate was provided to all the 

microcosms to assure that nitrate was not limiting the degradation 

process. A weakness in microcosm techniques is that it allows toxins or
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inhibitors to accumulate. One explanation for toluene persistence might 

be that nitrite accumulated in the microcosms. Some microorganisms 

which use nitrate as an electron acceptor are only capable or reducing 

the compound to nitrite instead of completely to a nitrogen gas. 

Mulheren (1985) saw inhibition of methanol degradation in microcosms due 

to the build up of nitrite. Kuhn et al. (1982) reported that nitrous 

Oxide (N20) is also readily used as an electron acceptor for 

biodegradation of toluene and m-xylene. Nitrous oxide , like nitrate, 

is highly soluble in water although unlike nitrate, its reduction does 

not yield nitrite. It is also possible for the ambient concentration of 

a chemical substrate to drop to a point that it does not allow the 

organism to gain energy and maintain itself. If this is the case, the 

chemical will persist (Alexander, 1961). Less energy is derived from 

substrate utilization via denitrification than aerobic respiration. 

9.2.35 Microcosms Containing Sulfate 

Substantial amounts of sulfate existed in microcosms containing 

all depths of soil. Therefore, sulfate reducing bacteria could have 

been active in all viable microcosms where redox conditions were 

Suitable. This includes anaerobic microcosms dosed with 30 mg/L sulfate 

and anaerobic microcosms containing no additional electron acceptor. In 

this study, evidence of toluene degradation by SRB was seen in 3S, 6; 9, 

12 and 15 ft soils. The first indication of sulfate reduction occurred 

in microcosms containing 15 ft soils following 84 days of incubation. A 

loss of approximately 40 mg/L toluene was seen over a 40 day period in 

two of these microcosms. In order to track sulfate reduction and
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toluene degradation, these two tubes were sampled repeatedly. In the 

first of these microcosms, toluene was reduced to less than 5% of the 

initial concentration over the 193 day sampling period. Sulfate was 

reduced as well during that period of time. Similar results were seen 

in the second microcosm shown in Figure 4.13. At day 9&4, this tube was 

redosed with 140 mg/L toluene and 30 mg/L SOs. During the next 107 days 

the toluene concentration decreased 25 mg/L while SO, concentrations 

dropped 26.6 mg/L. Although these data indicate toluene was being 

degraded by SRB, stoichiometric calculations show that the amounts of 

sulfate reduced could not entirely account for the oxidization of 

toluene. The proposed reaction of toluene oxidation with only sulfate 

serving as an electron acceptor is: 

Cote + 3 1/2 Sa. — 3 1/2 H2S + 7CO2 (5.1) 

Approximately 3.65 mg of SQ4 is required to reduce 1.0 mg of toluene. 

In the first tube, the 73.85 mg/L reduction of toluene was accompanied 

by an 18.1 mg/L loss of SOqg. In the second tube, 32.7 mg/L toluene and 

26.7 mg/L SOs were utilized. Therefore, not enough SO. was reduced in 

either of the two tubes to account for the total toluene oxidation. 

Although SRB may have participated in this reduction, the reaction 

differed significantly from that proposed in equation (5.1) indicating 

that a consortia of organisms is involved. 

No further evidence of sulfate reduction was seen in soils other 

than 15 ft until after 100 to 120 days when microcosms containing 3, 4, 

9 and 12 ft soils each exhibited some toluene bicdegradation. Although 

concentrations never reached zero during the course of this study, 

substantial losses did occur. The greatest loss occurred at 9 ft witha
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toluene reduction of 45 mg/L. Similar losses were also seen in 

microcosms in which no additional electron acceptor was provided. 

Sulfate and nitrate concentrations were determined in sterile microcosms 

to determine the amounts of these anions existing naturally in the 

soils. Significant levels of SO. (greater than 10 mg/L) existed in 

microcosms for all soil depths. Nitrate was present only in surface and 

3 ft soils. From these data, it was concluded that there was no 

difference between anaerobic tubes dosed with sulfate and undosed tubes 

since substantial amounts of sulfate existed in both groups of 

microcosms. In comparing the data of these viable microcosms to sterile 

controls, it appears as if toluene was being slowly degraded in these 

systems. However, as mentioned earlier, this loss cannot be solely due 

to SRB activity. It is possible that a consortia of metabolic groups 

(SRB, fermenters and methanogens) acted together to degrade toluene. 

Although these groups function at different redox levels, they do 

coexist in similar environments. Soils are heterogeneous and exhibit a 

mixture of redox potentials on the microsite level where micrcorganisms 

exist (Knowles, 1981). Groups which utilize different electron 

acceptors can each be metabolically active in the same macro— 

environment. Therefore it is possible that toluene is being degraded by 

a microbial consortia which includes SRBs. 

In the current study, it is not certain whether SRBs are actually 

degrading toluene. At this point there is no evidence, in literature 

sources, to support the degradation of toluene by SRBEs (Barker and 

Mayfield, 1988). Qne possibility is the initial breakdown of toluene by 

anaerobic bacteria other than SRBs. However, those intermediate
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compounds which result are being degraded by SRB. This provides an 

explanation of why some sulfate is being reduced but not in sufficient 

Quantities to oxidize total toluene lasses. Baranow (1989) observed 

that SRB contained in soil were able to degrade pentachlorophenol (PCP). 

He was unable to isolate any single organism which could degrade the 

compound. It appeared as if high concentrations of PCP selected for a 

microbial consortia of anaerobes which act in concert rather than 

individually. Thus SRB probably do participate in the mineralization of 

toluene to CO= although they may not be capable of actual toluene 

degradation. 

3.3 EFFECT OF MICROBIAL DENSITIES AND EDAPHIC PARAMETERS ON TOLUENE 

BIQDEGRADATION 

Microcosms provide a good method for determining potentials of 

hydrocarbon biodegradation in subsurface soils. However this method is 

time consuming and at times microcosms underestimate the ability of 

subsurface microorganisms to degrade compounds (Wilson et al., 1987). 

As a result, it would be advantageous to have quick, less expensive 

indicators of biodegradation potentials. For this reason the 

relationship between toluene degradation and microbial density, soil 

depth, soil particle size, soil moisture, and soil pH were investigated 

to determine there possible impacts on in-situ biological remediation 

efforts and provide an explanation for the observed microbial 

degradation patterns.
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J.5.1 Bacterial Enumerations 

Rapid toluene degradation in aerobic microcosms containing surface 

$011 can be explained by the high populations of bacteria which exist in 

the root zone and their prior exposure to aromatic compounds. The 

largest input of water and organics occurs at this point and, as a 

result, microorganisms are well adapted to mineralize a wide variety of 

complex organic compounds including some of those associated with 

gasoline. Below the surface, microbial populations correlate very 

poorly with toluene degradation results. This is not an unexpected 

result however, since plate counts are really only a positive control. 

These data indicate that substantial populations of viable aerobic 

microorganisms do exist in the subsurface soils. 

The aerobic plate count procedure was repeated using soils which 

were saturated for 9 days prior to plating. Hickman (1988) reported 

that viable counts increased initially but became relatively constant 

after 2 to 5 days of saturation. In this study, saturating the soils 

had the effect of increasing viable counts by roughly four orders of 

magnitude. Unsaturated soils often harbor significant numbers of 

dormant microorganisms. Saturation of these soils may lead to growth of 

inactive microorganisms by enhancing nutrient transport and reducing 

moisture stress. These dormant microbes are potential biodegraders and 

may become active in saturated conditions. These data indicate that 

Similar soils may exhibit very different biodegradation potentials under 

saturated verses unsaturated conditions. Since previously unsaturated 

soils were saturated in the microcosm, this method was used to better 

represent viable bacteria numbers in the systems. It is possible that 

degradation rates determined in saturated microcosms may not be
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representative of rates in unsaturated environments (Hickman and Novak, 

1989). 

Denitrifying bacteria are a large, diverse group. However, 

denitrifiers possessing the ability to degrade toluene is oly a small 

portion of this group. As a result, general denitrifier enumerations 

did not correlate well with toluene degradation seen in the varying soil 

depths under denitrifying conditions in this study. Densities of 

denitrifiers are relatively comsistent throughout the depth profile. 

These population counts were conducted using dilutions which were 

saturated for 5 minutes. Had the saturation period been extended for 

several days, population estimates may have increased several orders of 

magnitude in a manner similar to aerobic plate counts. Most probable 

number tests were also carried out to enumerate bacteria capable of 

using sulfate as an electron acceptor. Populations ranged from 10* to 

10°-* organisms per gram of dry soil at all soils depths (0 to 18 ft). 

The standard error inherent in MPN methods could account for the 

variations in the anaerobic enumeration data. Also, subsurface 

heterogeneity and spatial diversity of organisms help explain why counts 

vary among soil depths. 

Poor correlations between biodegradation rates of organic 

compounds and microbial densities have previously been reported (Hickman 

and Novak, 1989). Dobbins et al. (1987) concluded that microbial 

biomass was a poor indicator of biodegradation potential and that direct 

measures (e.g, microcosm assays) should be used. Arvin et al. (19788) 

Suggest the greater ability of unattached microorganisms to degrade 

contaminants than attached microorganisms. Most enumeration techniques
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do not distinguish between these groups however. Although microbial 

densities at two given sites may be similar, the species composition and 

metabolic regime may differ since subsurface environments contain 

diverse populations of microorganisms (Federle et al., 19846, Wilson et 

al., 1983, Ventullo and Larson, 1985, and Beeman and Suflita, 1987). If 

biologic tests are to be used to answer a specific question, specific 

test must be used. For instance, in this study all enumeration 

procedures were conducted using culture media and agar materials 

adjusted to near neutral PpH’s as specified by the procedures of Methods 

Of Soil Analysis, Part 2. The relative importance of soil pH on the 

activity of indigenous microorganisms is discussed in Section 5.5.3. 

From these results, it appears that if microbial measures are to be used 

to estimate biodegradation potentials, they should be carried out at pH 

levels similar to the actual soil environment. 

9-3-2 SOil Particle Size and Moisture Content 

Because depth and bacterial enumerations were little help in 

explaining the variations in toluene degradation, other edaphic 

parameters were investigated including so1l particle size and moisture 

content. Soil characteristics have important implications on microbial 

populations as well as water and contaminant transport through 

unsaturated zones. Soil type can determine both biological and 

physicochemical conditions effecting gasoline pollutants in soil and 

groundwater environments. A soil particle size analysis was performed 

in order to determine percentages of sand, silt and clay in the soil 

samples since each soil type appeared to exhibit a unique degradation
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potential throughout the verticle profile. 

Federle et al. (1986) observed variations in microbial biomass 

with soil depth. Patterns in which this biomass changed varied as a 

function of soil type. However, as discussed in section 5.4.2, biomass 

measures are a poor indicator of biodegradation potentials. Arvin et 

al. (1988) suggest that unattached bacteria in uncontaminated subsurface 

environments have a relatively high activity compared to attached 

bacteria when compared on a basis of total numbers. Populations of 

attached bacteria are generally much higher (two orders of magnitude) 

than unattached populations and are commonly found in locations with 

relatively low groundwater flow. For instance the hydraulic 

conductivity of clays is orders of magnitude lower than sandy soils thus 

lower numbers of free living bacteria exist in clay soils. Also the 

flow of water and flux of substrates is relatively small to the attached 

bacteria in soils with low conductivities. As a result, these 

microorganisms may require longer acclimation periods. Hydraulic 

conditions may very well be as important in determining degradation 

potentials as the total number of bacteria (Arvin et al., 1988). 

Soils used in this study were collected entirely from the 

unsaturated zone. A stratum of course, sandy material was layered below 

approximately 12 feet of fine clay materials. Conditions of near zero 

flow exist most the time in these soils until the clay regions become 

very wet and allow excess water to pass through. When water moves in or 

through dry, unsaturated sediments, it is oly slightly affected by 

gravity (Lehr, 1988). Large surface areas exist on soil particles and 

the adhesive and cohesive forces between water molecules and the
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sediments cause water to bind to soil particles. ‘Small pore spaces hold 

water like a paper towel thus restricting flow. Larger pores do not 

hold water as well because surface temsion forces are less. As a 

result, water does not readily flow from fine to course material. 

Toluene degradation varied considerably throughout the soil 

profile. Those depths (0, 15 and 18 ft) where toluene was successfully 

degraded aerobically were very different than the soils in the mid 

regions. High clay contents were found in the soils of 3, 6, 9 and 12 

ft. Fifteen and 18 ft soils had much lower amounts of clays and higher 

percentages of sand. Moisture contents were also much higher in the 

Clay soils than in the non-clay soils although 15 ft soils were quite 

moist. These clay soils probably experience periods of anaerobiosis 

more often than the surface soils or the sandy soils at 15 and 18 ft. 

Anaerobic microsites often exist in soils which are normally aerobic. 

Typically anaerobiosis occurs in poorly drained or water logged soils or 

in highly compacted soils such as clays (Tiedje, 1986). In the depth 

profile observed in this study, poorly drained clay soils existed at 3, 

6&, 9 and 12 ft where aerobic toluene biodegradation occurred slowly if 

at all. This might explain why bacteria capable of using nitrate as an 

electron acceptor could degrade toluene. Most studies suggest that 

denitrification occurs more readily in soils with high moisture contents 

(Knowles, 1981). Anaerobic microcosms from these same depths but 

without supplemental nitrate were also capable of degrading toluene. 

3-5.4 Soil pH 

In Figure 5.5, pH values are compared with degradation rates under



75 

DEGRADATION RATE 

  
  

SOIL pA (mg/L/day/gram of soil) 

4 6 : 8 0 0.5 1.0 

aL / / 

6 L J i 

    

  

DE
PT
H 

(ft
) 

CO
 

  
- oAerobes~ - 

@ Denitrifyers 

12+ - 

1S- 4 

18+ - -         
  

  

Figure 5.5. Comparison of soil pH with biodegradation rates 
of aerobes and denitrifying bacteria.
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aerobic and denitrifying conditions. The soil pH varied considerably 

throughout the depth profile, those soils (3, 6, 9 and 12 ft) which 

exhibited poor aerobic degradation were much more acidic. Thus further 

experiments were conducted in order to determine what effect pH was 

having on the toluene degradation potential of the aerobic organisms. 

Toluene in O, 15 and 18 ft microcosms was readily degraded by P. 

putida while little or no degradation took place (within 10 days) at the 

other depths. Since these soils were much more acidic, it was 

postulated that pH levels were either directly of indirectly inhibiting 

the bacteria from utilizing toluene. The largest amounts of toluene 

persisted in microcosms containing 6 ft soil, which was the most acidic. 

However, when pH levels in these systems were buffered to 7.3, toluene 

biodegradation occurred readily. From these data it was concluded that 

soil acidity may have had a significant impact on the degradation 

potential of aerobic organisms. It is also possible that the microbial 

diversity of aerobes in these acidic soils is reduced, thus the chances 

of finding toluene degrading organisms is reduced. 

Since denitrifying bacteria are facultative anaerobes, some of the 

organisms responsible for degrading toluene aerobically and under 

denitrifying conditions may be the same. Denitrifying bacteria existing 

in 3 to 12 ft soils were capable of rapid toluene degradation. The 

reason that these organisms could use nitrate as an electron acceptor 

but not oxygen is not clear. Knowles (1982) suggests that 

denitrification rates are effected by pH when levels drop below 7.0 and 

the process is often inhibited in pH’s below 6.0 (Hickman, 1988 per 

Klemedtsson et al., 1978). However, the ability of subsurface
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denitrifiers to adapt to environmental stress, such as pH extremes, is 

not well studied (Tiedje, 1968). Considering the low pH levels found in 

many soils, it is premature to assume that denitrifiers cannot adjust to 

acidic conditions. Parkin et al. (1985) reported that denitrifying 

bacteria can adapt to low pH'’s. From the results of other studies and 

the current study, it appears that some denitrifiers adapt to acidic 

conditions in specific soil environments. 

Due to phosphate buffering, original microcosm PpH’s ranged from 

6.8 to 7.1. Therefore during the period of this study, PH levels were 

not low enough to inhibit the microorganisms. This suggests that 

indigenous organisms in 6 and 9 ft soils did mot possess the ability to 

degrade toluene aerobically, even when placed in neutral pH environment. 

Denitrifiers appear to be more active in these clay soils than aerobes 

and as a result, they have become more tolerant of the low pH’s. Often 

PH inhibition or toxicity is indirect since other chemical parameters 

are greatly effected by pH levels. For instance, low pH’s result in the 

increased solubility of metals (eg. aluminum, lead and cadmium) which 

has toxic effects. Therefore it is not clear what factor is actually 

inhibiting the aerobic organisms but not the denitrifiers at 6 and 9 ft.
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CONCLUSIONS 

Indigenous microbes at each depth were capable of degrading 

substantial amounts of toluene although no single metabolic group 

(aerobes, denitrifiers or sulfate reducers) degraded toluene at every 

depth. Aerobic and denitrifying bacteria exhibited very different 

degradation potentials in subsurface soils. In poorly-drained clay 

soils toluene was degraded more readily under denitrifying conditions 

than aerobic. Further research showed that these soils were quite 

acidic and it appeared that aerobic, toluene degrading organisms were 

being inhibited by this low pH level. These data show that BTX 

compounds may be biodegraded more readily under denitrifying conditions 

than in aerobic conditions in specific subsurface environments. There 

was also evidence of slow toluene degradation in the moist, subsurface 

soils by a consortia of deeply anaerobic bacteria including sulfate 

reducers. In subsurface soils that were well drained with near neutral 

PH levels, aerobic bacteria readily degraded toluene, sulfate and 

nitrate reducing bacteria did not. 

The general conclusion that can be drawn from this study is the 

necessity for site specific techniques when using enhanced 

biodegradation as a remediatory technique. Physical, chemical and 

biological parameters of a contaminated subsurface environment should be 

investigated in order to optimize bioremediation efforts. There isa 

great deal of spatial diversity among indigenous microorganisms and as a 

result, biodegradation patterns in subsurface environments will always 

78
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be variable. Based on the results, the following specific conclusions 

were drawn: 

Indigenous aerobic microorganisms readily degraded toluene 

to undetectable levels in surface soils and low-clay subsurface 

soils where pH values were greater than 6.5. In poorly drained, 

Clay soils with acidic pH values (4.5-5.0), the ability of aerobic 

bacteria to degrade toluene was greatly reduced. 

Denitrifying bacteria readily degraded toluene in the moist, 

subsurface soils. 

Denitrifying bacteria were capable of rapidly degrading 

toluene in specific environments where aerobic bacteria did 

not. This occurred in acidic, poorly drained clays at depths 

of 3 to 12 ft.
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