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ABSTRACT 

MICROBIAL DEGRADATION OF SELECTED AROMATIC COMPOUNDS 
IN A HAZARDOUS WASTE SITE 

Michael D. Lee 

Microbial degradation of five aromatic compounds was 

followed in aseptically-taken subsurface soil samples and 

ground water samples from the vicinity of a pit used to dis¬ 

pose the waste from a wood creosoting plant. The five com¬ 

pounds—anthracene, dibenzofuran, fluorene, naphthalene, and 

pentachlorophenol—were contaminants found in the soil and 

ground water. There was degradation of the selected compounds 

in the subsurface soil, although the importance of biological 

activity was not conclusively shown. Microbes in the ground 

water were able to biodegrade all five of the compounds with 

naphthalene, dibenzofuran, and fluorene being degraded most 

rapidly. Faster rates of degradation were noted for the 

more contaminated wells which had microbial populations that 

were adapted to the compounds. The presence in both ground 

water and soil samples of microbes which could utilize the 

aromatic compounds (except pentachlorophenol) as sole carbon 

sources was also demonstrated. Their numbers decreased with 

depth in the soil and increased with levels of contamination 

in the ground water. Total microbial counts on soil samples 

from 15 and 24 ft (water table) below the surface were about 

the same, but lower than that in the surface samples. 
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1 INTRODUCTION 

1.1 Introduction to Problem 

Ground water is the source of 20 per cent of all the 

water currently used in the United States and it accounts 

for approximately 95 per cent of the freshwater reserves 

(Dunlap and McNabb, 1973). Ground water pollution is an 

important concern because of this reliance on ground water. 

Approximately one-fifth of the population of the U. S. uses 

water from rural domestic wells which are vulnerable to con¬ 

tamination, particularly by organic pollutants (Wilson et 

al., 1983b). There are many sources of ground water pollu¬ 

tion in the U.S. including septic tank systems (at least 13 

million systems in the U.S. serving roughly 50 million peo¬ 

ple), sanitary landfills, accidental spills of chemicals, 

agricultural practices such as the application of pesticides, 

subsurface disposal of waste via injection wells, soil treat¬ 

ment systems, and hazardous waste landfills (Dunlap and 

McNabb, 1973). Much of the ground water is already contami¬ 

nated as shown by a survey of wells in New Jersey which re¬ 

vealed that the ground water was at least as contaminated 

by organics as the surface water of that state (Wilson et al., 

1983b). Volatile organics have been found in 45 per cent of 

the large public ground water distribution supply systems 

in the U. S. and also in the Netherlands where trichloro¬ 

ethylene and trichloromethane were detected at more than 

0.01 Mg/1 in over 60 per cent of ground water pumping 
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stations (Zoeteman et al,, 1981). 

Once groundwater becomes contaminated, it may remain 

so for many years (McCarty et al., 1981). The three prin¬ 

cipal ways that contamination can be removed from ground 

water are biodegradation, abiotic chemical transformations, 

or sorption (McNabb and Dunlap, 1975). Biological degrada¬ 

tion may be the most important. Within the subsurface, 

microbial populations can exist in many environments which 

have variable conditions of available water, temperature, 

hydrostatic and osmotic pressures, oxidation-reduction 

potential, pH, and nutrient levels. Dunlap et al. (1973) 

concluded that in most regions of the subsurface where 

ground water is of importance, conditions are such that 

microbial activity is possible. 

Once pollution occurs, the native microbial population 

will be affected by the nature and quantity of the pollu¬ 

tants and by the effects the pollutants have on their envi¬ 

ronment (McNabb and Dunlap, 1975). Population changes due 

to the pollutants are likely. Investigations into the 

degradation of contaminants in the subsurface are needed; 

they may provide the information necessary to control the 

pollutants and to permit predictions of the probable impact 

of the pollutants on the ground water and subsurface envi¬ 

ronments. In situ studies would be best, but due to the 

difficulties in such studies, laboratory investigations 

using aseptically taken cores will probably be required. 
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One site which was available for such an investiga¬ 

tion was the abandoned United Creosote operation in Conroe, 

Texas. This company, which treated wood with creosote, dis¬ 

posed of the waste from the operation in a shallow, probably 

unlined pit. When the company went out of business at this 

site, the land containing the pit was filled with dirt and 

was subsequently sold to the Clarke Distributing Company 

and also used for the Tanglewood East housing development. 

Some of the landfill dirt was donated for use in road con¬ 

struction. Several complaints were lodged about the roads 

which received the dirt, and this led to the discovery of the 

contamination by the landfill dirt. The dirt was collected 

from the roads and is now in storage. The filled pit remains 

and is considered an abandoned hazardous waste site by the 

Texas Department of Water Resources (TDWR) and the Environ¬ 

mental Protection Agency (EPA). Several monitoring wells 

have been placed on the site (Figure 1). 

A similar site was investigated by Ball (1982). Penta- 

chlorophenol was used as a wood preservative in an oil carrier 

such as no. 2 fuel oil. The wastewater generated by the 

operation was collected and impounded in a pit and later in¬ 

filtrated to the water table. Erlich et al. (1982) was in¬ 

volved with an analogous site where waste from a coal-tar 

distillation and wood treating plant contaminated the ground 

water. The principal contaminant was creosote, which is 

composed of 85 per cent polynuclear aromatic hydrocarbons, 
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2 to 17 per cent phenolics, and the remainder being various 

nitrogen and sulfur-containing heterocyclic compounds. 

A number of organic contaminants have been found at 

the Conroe site in the soil and the ground water. Table 1 

shows the major compounds found by the TDWR GC/MS analysis 

of the water, the Spectrix Corporation analysis of the soil, 

an EPA GC/MS analysis of the water, and Rice University's 

GC analysis of the water. The water samples were from one 

of the most contaminated wells (Well #2), and the soil sample 

was from the landfill soil used on the road. Five of these 

compounds, which were identified by at least three of the 

four analyses, were selected for the microbial degradation 

investigation. They are naphthalene, dibenzofuran, fluorene, 

anthracene, and pentachlorophenol (PCP). All the compounds 

except dibenzofuran are on the EPA's Priority Pollutant 

list. PCP is the only compound which is not a polynuclear 

aromatic hydrocarbon (PAH). See Figure 2 for their struc¬ 

ture and physical properties. 

1.2 Hazards Associated with the Compounds 

These compounds pose a hazard to man and the environ¬ 

ment. Pentachlorophenol is the second most heavily used 

biocide in the USA with production over two million tons in 

1976 (Cirelli, 1978; Boyle et al., 1980). PCP is primarily 

used (over 80 per cent of its use in Canada and the U. S.) 

as a wood preservative and for other activities associated 

with the forest products industry; however, it has been 
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registered with the EPA as a termicide, herbicide, fungicide, 

disinfectant, algicide, and as a fouling preventive to be 

added to paint (Hoos, 1978; Cirelli, 1978). The sodium salt 

of PCP is also widely used (Liu et al., 1981). PCP is toxic 

to many organisms, particularly aquatics, where LCSQ'S (con¬ 

centration which is lethal to 50 per cent of the test organ¬ 

isms) as low as 0.1 mg/1 have been reported (Boyle, 1980). 

PCP has caused severe illnesses and some deaths among people 

exposed to it (Bevenue and Beckman, 1967) and contamination 

by PCP is widespread with its presence having been detected 

in approximately 85 per cent or more of the urine samples 

of people exposed non-occupationally to it (Kaufman, 1978). 

The high incidence of PCP contamination may not be entirely 

related to its extensive distribution, but to the degrada¬ 

tion of hexachlorobenzene and pentachloronitrobenzene to 

PCP (Koss and Koransky, 1978). The impurities formed during 

the commercial manufacture of pentachlorophenol which include 

2,3,7,8-tetrachlorobenzo-p-dioxin (TCDD), dioxin precursors, 

chlorinated dibenzofurans, chlorinated phenoxyphenols, and 

lower chlorinated phenols have a stronger mutagenic acti¬ 

vity than PCP (Nilsson et al., 1978; Fahrig et al., 1978). 

Many polynuclear aromatic hydrocarbons have been impli¬ 

cated as possible cancer-causing agents (John et al., 1979); 

however, fluorene, anthracene, and naphthalene were not 

found to have carcinogenic activity (Radding et al., 1976). 

PAH's can be acutely toxic to a variety of organisms and 
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are capable of producing sublethal effects. Uptake of 

PAHs have been shown in many kinds of organisms from mi¬ 

croorganisms to plants to vertebrates; however, the greater 

degree of accumulation is found in microorganisms, plants, 

and invertebrates than vertebrates. In aquatic algae and 

invertebrates, polycyclic aromatic hydrocarbons are often 

bioassimilated at least 200 times ambient levels. In 

terrestrial plants, the levels are usually parallel or less 

than soil levels. Biodegradation of PAH's has been shown 

to exist in microorganisms, fish, birds, and mammals, but 

not invertebrates. The enzyme pathway which appears to be 

responsible for much of degradation in all these organisms 

is the aryl hydrocarbon hydroxylase system. Polynuclear 

aromatic hydrocarbons may be formed by the pyrolysis of or¬ 

ganic materials such as coal, petroleum, and wood or by the 

action of certain plants and microorganisms (Andelman and 

Snodgrass, 1974). PAH production is often associated with 

the use of the automobile because of the petroleum products 

necessary for the automobile (Radding et al., 1976). Forest 

fires may play a significant role in the formation of PAHs. 

Pollution by PAHs is widespread as evidenced by their detec¬ 

tion in such environments as a Michigan trout stream (Black 

et al., 1981), the Severn Estuary drainage system (John et 

al., 1979), ground water near an abandoned coal-tar pit 

(Ogawa et al., 1981), most soils, and many surface waters 

(Andelman and Snodgrass, 1974). PAH levels are often 10 to 
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100 times greater in urban areas than remote areas and the 

PAH levels found in urban water supplies may exceed levels 

considered safe for human consumption (Radding et al., 

1976) . See Table 2 for a summary of the toxic effects of 

the selected compounds. 

Ground water contamination by some of the five com¬ 

pounds of interest has been reported by Ball (1982), Beve- 

nue and Beckman (1967), and Zoeteman et al. (1981). Ball 

reported the contamination of the water table by PCP and its 

carrier—No. 2 fuel oil which contains polynuclear aromatic 

hydrocarbons. Bevenue and Beckman detailed an incident 

where four families became ill after using PCP contaminated 

ground water for drinking and bathing. The affected indivi¬ 

duals had symptoms of fever, red faces, and irritated throats 

but they recovered two or three days after discontinuing usé 

of the well water. Zoeteman reported that the highest concen 

trations of the compounds in the ground water of the Nether¬ 

lands was naphthalene at 30 Wg/1, fluorene at 0.03 vg/1, di- 

benzofuran at 0.03 Vg/l, and pentachlorophenol at 1.0 Ug/1. 

1.3 The Environmental Fate of the Compounds 

The environmental fates of the five compounds have been 

evaluated by several researchers. The fate of pentachloro¬ 

phenol in model ecosystems was investigated by Lee et al. 

(1978), Gile and Gillett (1979), Metcalf et al. (1979), 

and Boyle et al. (1980). In a terrestrial laboratory eco- 
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system investigation, Gile and Gillett found that none of 

the parent molecule was recovered in the soil or the vole, 

the top level predator included in the ecosystem. Almost 

all of the PCP was found as bound residue or metabolites 

in the soil, plants, invertebrates, and vole after seven 

weeks incubation. Metcalf et al. (1979) set up a soil-crop 

model ecosystem which was converted to an aquatic model 

ecosystem. Of the applied PCP, 1.0 per cent entered the 

animals in the terrestrial system, 1.2 per cent was found 

in the water, 0.05 per cent was accumulated by the aquatic 

organisms, and 51 per cent was volatilized. There were 21 

metabolites of PCP found in the soil. Lee and his coworkers 

studied three model ecosystems—an aquatic ecosystem, a ter¬ 

restrial aquatic ecosystem, and a terrestrial ecosystem. 

Ecological magnification levels ranged from 296 times for 

fish down to 1.5 for algae. A simulated lenthic environment 

was set up by Boyle et al. (1980). The persistence of PCP 

in this aquatic habitat was associated with three environ¬ 

mental factors: (1) pH near or below the pKa of 4.8, (2) the 

absence of light and hydrosoil, and (3) low oxygen concentra¬ 

tion. Most of the PCP was degraded and/or bound to clay par¬ 

ticles and incorporated into the microbial population. In 

another study, Liu et al. (1981) used enrichment culturing 

to select for a PCP degrading microbial population. Under 

aerobic conditions in the liquid culture, PCP had declined 

to a negligible amount within three days, but 100 per cent 



of the PCP remained unchanged in the anaerobic fermentor 

after three days. Incubation for 28 days under anaerobic 

conditions gave only 5 per cent degradation. 

The environmental fate of PCP following two spills was 

evaluated by Pierce et al. (1977) and Pierce and Victor (1978) 

After the first spill, PCP levels fell to background concen¬ 

trations during a ten month span except for the leaf litter 

and sediment which served as chronic sources of PCP contam¬ 

ination. Bioconcentration levels of up to 8000 were found 

in the liver tissue of fish after the second spill. As the 

concentration of PCP in the water declined, so did the levels 

in the fish; six to ten months were required for the fish 

to reach background levels. Depuration of pentachlorophenol 

is relatively rapid; within 20 hours after transfer to fresh 

water, 80 per cent of the initial concentration had been ex¬ 

creted by goldfish (Callahan et al., 1979). 

Adsorption of PCP onto soils is an important mechanism 

for the removal of PCP from solution. Choi and Aomine (1972) 

found that adsorption was a function of the species of clay 

mineral, the soil pH, and the nature and content of the soil. 

The pH of the soil was the prime factor; at lower pHs, ad¬ 

sorption was much greater even in the small range of pH 5 to 

7. At pH 5, approximately 90 per cent of the PCP was adsorbed 

but at pH 7, only 10 per cent was adsorbed (Choi and Aomine, 

1974a). Humus rich soils adsorbed PCP greatly. Adsorbed . 

and/or precipitated PCP retained some of its toxicity to 
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plants with higher pH soils having greater inhibitory rates 

(Choi and Aomine, 1972). The mechanism of adsorption was by 

anion exchange reactions and van der Waal's forces (Choi and 

Aomine, 1974b). 

Photolysis also results in the degradation of penta- 

chlorophenol (Wong and Crosby, 1978). It absorbs sunlight in 

the ultraviolet range (Xmax 
= 320 nm) and typically breaks 

down into three types of degradation products: (1) lower 

chlorinated phenols including 2,3,4,6-tetrachlorophenol, to¬ 

gether with trichlorophenols, (2) chlorinated dihydroxybenzene 

(diols) including tetrachlororesorcinol and tetrachlorocate- 

chol, and (3) nonaromatic fragments including dichloromaleic 

acid, chloride ions, carbon dioxide, and small aliphatic frag¬ 

ments. In five to seven days, PCP solutions in clean water 

were degraded totally at a pH of 7.3. 

Volatilization, oxidation, and hydrolysis are probably 

of little consequence in the removal of PCP from aquatic en¬ 

vironments (Callahan et al., 1979); microbial degradation 

is more important in its fate. Several investigators have 

found PCP degradation under laboratory conditions and in 

natural environments by a variety of organisms. PCP is bio¬ 

accumulated by many organisms; however, pentachloroanisole, 

a metabolite of PCP, has a greater potential for bioaccumu¬ 

lation than PCP itself. 

Naphthalene's fate in the environment has been widely 

researched. Photolysis may play a role in the removal of 
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naphthalene from water solutions (Callahan et al., 1979); how¬ 

ever, Lee and Anderson (1977) found that in their controlled 

marine ecosystem test, photolysis did not occur. Little in¬ 

formation is available on the effects oxidation has on the 

removal of naphthalene; work with other polycyclic aromatic 

hydrocarbons suggests that the role of oxidation is probably 

less important than other faster processes (Callahan et al., 

1979). Hydrolysis is not considered to be an important fate 

process since there are no groups on the naphthalene molecule 

subject to hydrolysis. Volatilization of naphthalene may be 

substantial, especially under well stirred conditions in aqua¬ 

tic environments. Since naphthalene is rapidly accumulated 

and metabolized, bioaccumulation is not considered to be a 

major fate process (Callahan et al., 1979). In the air, some 

PAH is in the vapor phase, but most is adsorbed onto particu¬ 

lates (Radding et al,f 1976). Another fate process of consid¬ 

erable importance is sorption. Lee and Anderson (1977) showed 

that naphthalene accumulated in marine sediments up to 100 

times the concentration in the overlying water. This was 

thought to be partly due to adsorption onto dying phytoplank¬ 

ton. The levels of naphthalene in the sediment fell quickly 

which suggested rapid biodegradation. Decay rates in water 

ranged from 0.04 pg/l/day to 3.3 yg/l/day after three days. In 

petroleum contaminated stream sediments, 78 per cent of the 

l^C-labeled naphthalene was transformed to CO2 or bound cel- 

lularly after 48 hours incubation (Schwall and Herbes, 1979). 
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The turnover time in a petroleum contaminated stream was 7.1 

hours and in an uncontaminated stream sediment, the turnover 

time was 120 days (Herbes and Schwall, 1978). In sediments 

taken downstream from a coal-coking wastewater discharge, 

naphthalene transformation in the sediment took place at 

7.8 X 10“2 per hour which corresponded to a turnover rate 

of 32 hours (Herbes, 1981). Naphthalene transformation rate 

constants were five times slower in the water than sediment. 

Many species of algae can break down napthalene in addition 

to the microbes (Kobayashi and Rittman, 1982). It is likely 

that biodegradation and biotransformation are the dominant 

processes in the removal of naphthalene from aquatic environ¬ 

ments (Callahan et al., 1979). 

The fate of fluorene is similar to that of naphthalene. 

Fluorene may undergo photolysis after dissolution. Oxidation 

by the RO2 radical is slow, but oxidation by free chlorine 

may serve to remove fluorene from treated waters; after 25 

minutes, 25 per cent of the fluorene was degraded at pH 6.8, 

20°C, and 2.2 mg/1 free chlorine (Callahan et ai., 1979). It 

is thought that volatization of PAH's is unlikely to be an im¬ 

portant fate process. Based on its octanol/water coefficient, 

fluorene should absorb onto suspended particulate matter, es¬ 

pecially that with a high organic content. In general, PAH's 

are rapidly accumulated and excreted; therefore, bioaccumula¬ 

tion is not considered to be a major fate for fluorene. 

There is little data available on the biotransformation and 
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biodegradation of fluorene, although it is probable that 

these processes are the controlling fates. 

Anthracene undergoes rapid oxidation when exposed to sun¬ 

light, with an estimated photolytic half-life of 35 minutes 

under a midday sun at 35° north latitude (Callahan et al., 

1979). In shallow clear waters, this corresponds to a half- 

life of 4.8 hours during the winter and 1.6 hours in the 

summer. Turbidity greatly increases this half-life. The 

oxidation of anthracene with the RO2 radical is quite slow 

with an estimated half-life of 1600 days. Hydrolysis is un¬ 

likely because of the nature of the anthracene molecule. 

Under quiescent conditions in a body of water one meter deep, 

the half-life of anthracene due to volatilization is estimated 

to be 300 hours. Under well stirred conditions, this falls 

to 19 hours. Sorption onto organic and inorganic particulates 

was estimated to be 25,000 and 1,600 times, respectively, the 

level in the water. Removal rates by sedimentation ranged 

from half-lives of 96 to 481 hours at a sedimentation rate 

of 8.4 cm/year. Anthracene will probably be bioaccumulated 

based on its high log octanol/water partition coefficient 

of 4.45. Studies on various organisms uphold this assumption. 

Biodegradation and biotransformation are likely to be impor¬ 

tant fate processes for anthracene. Herbes and Schwall 

(1978) investigated the microbial degradation rates of an¬ 

thracene in petroleum concontaminated sediments and found 

a turnover time of 400 hours. At concentrations of less 
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than 1 ug/1 (wet weight of sediment), the rate of anthracene 

transformation was proportional to the total concentration, 

but at higher levels, the rate decreased. This suggests 

that the interstitial water was saturated, there was a toxic 

inhibition to the microbes, or that the enzyme pathways were 

overloaded at the higher levels of anthracene. The turnover 

time in an uncontaminated stream sediment was 10 times longer 

than that of the contaminated stream, and the ratio of the 

rates was 3000 times less for the uncontaminated stream 

also. Downstream from a coal-coking wastewater discharge, 

the mean rate constant for anthracene was 1.6 X 10”2 per 

hour or a turnover time of 62 hours (Herbes, 1981). Rate 

constants in the water were 20 fold slower than in the sedi¬ 

ment. The anthracene transformation rate was not related 

to total heterotroph numbers. 

In general, compounds such as dibenzofuran which contain 

oxygen are unlikely to be refractory in ground water systems 

(Zoeteman et al,, 1981). Oxygen containing compounds have 

half lives about ten times lower than those of halogenated 

hydrocarbons. However, oxygenated compounds with halogens 

or alkyl substitutions are often persistent. 

2. MICROBIAL DEGRADATION 

2.1 Pesticide Degradation in General 

An enormous number of organic chemicals are used in 

commerce and eventually find their way into the environment. 
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Alexander (1980) suggested that the chief mechanism for the 

removal of these compound from soils and natural waters is 

by the action of the indigenous microbial population. Micro¬ 

bial populations are the agents primarily responsible for the 

complete mineralization of organic molecules; most abiotic 

transformations do not lead to a complete conversion to inor¬ 

ganic products. The microbial population derives energy from 

the mineralization of the organic compounds and increases in 

numbers and biomass. Cometabolism, the utilization of a com¬ 

pound which is not capable of sustaining the growth of the 

microbial population acting solely on it, plays a major role 

in the removal of some compounds. Cometabolism has two major 

consequences: (1) the size of the bacterial population does 

not increase appreciably and (2) intermediate products struc¬ 

turally similar to the introduced chemical accumulate because 

the enzyme systems to degrade them are not present. Microbial 

action on organic chemicals can lead to detoxification, acti¬ 

vation to a more toxic form, or transformation into a molecule 

which may be more persistent than the original. 

Many compounds are mineralized very slowly or not at 

all; these compounds are known as recalcitrant molecules. 

In general, compounds which have amines, methoxy, sulfon¬ 

ates, and nitro groups, meta substitutions on benzene rings, 

ether linkages, halogens, and branched carbon chains are 

likely to be recalcitrant (Kobayashi and Rittman, 1982). 

Typically, larger molecules have been shown to be less de- 
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gradable than smaller ones. Some recalcitrant molecules are 

also subject to biomagnification and may adversely affect the 

higher predator levels (Alexander, 1980). Environmental con¬ 

ditions also may play a role in the persistence of an organic 

molecule; if conditions, such as lack of oxygen or adsorption 

onto colloidal materials are in effect, the compound may per¬ 

sist even though it is readily degradable in other systems. 

To be utilized, the compounds must first enter the cell 

by passage through the cell membrane and wall (Meikle, 1972). 

Work by Wodzinski and Bertolini (1968) indicated that the ar¬ 

omatic hydrocarbons are utilized in the dissolved state. The 

compound must first be solubilized; the water solubility, 

movement of water, and adsorption onto other particles or 

organic matter control this process (Meikle, 1972). The or¬ 

ganic molecule can pass through the cell membrane by simple 

diffusion, pinocytosis or phagocytosis (if they occur in mi¬ 

croorganisms other than amoebae), facilitated diffusion, or 

active transport. The transport mechanisms are responsible 

for the passage of the majority of solutes and may be the 

rate-limiting step that determines the ability of micro¬ 

organisms to degrade a compound. Molecules which can not 

enter the cell and are not subject to attack by an extra¬ 

cellular enzyme are likely to be refractory (Alexander, 1980). 

Once within the cell, the compounds are degraded by a 

variety of enzymatic pathways providing there is an enzyme 

system capable of using it (Meikle, 1972). Enzyme induction 
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to allow degradation of a particular organic compound must 

take place before many foreign compounds can be metabolized. 

If the ambient concentration of a compound is low, induction 

may not occur; if it does occur, the organism may not be 

able to replicate and will die out (Alexander, 1980). 

The rate at which these reactions occur varies greatly 

(Hamaker, 1972). In general, there are two basic approaches 

toward understanding reaction kinetics: (1) the power rate 

model where the rate is proportional to some power of a 

critical concentration (Eg. 1). 

Rate = ”É£ = Kc11 = Kc if n = 1 (1) 
dt 

where c is concentration, K is the rate constant, t is time, 

and n is the order of the reaction. This equation represents 

chance collisions between molecules, and (2) the hyperbolic 

rate model where the rate is dependent on the concentration 

and upon the sum of the concentration and other terms. 

For the simplest case, the other terms can be lumped into a 

single constant (Eg. 2). 

Hr K-i C KiC . 
»**• a! ’ -Ki*r s \ l£ "2» c (2) 

Ki is a maximum rate and K2 is a pseudoequilibrium constant. 

Simple Michaelis-Menton enzyme kinetics are hyperbolic. 

The hyperbolic rate law represents a catalyzed reaction. 

Both of these models are relatively simple; in the soil and 

natural waters, other processes and environmental conditions 
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will serve to complicate matters. It has been suggested that 

biofilms predominate microbial kinetics in subsurface environ¬ 

ments because of the low organic concentration and high speci¬ 

fic area (Rittman et al., 1980). A biofilm is a homogeneous 

matrix of bacteria and extracellular polymers which serves to 

bind the bacteria together and to the surface. Mass transport 

of the substrate to the biofilm surface, biofilm thickness, 

bacterial growth, and the concentration and usability of the 

organic compounds are the controlling factors in the biofilm 

model. If the kinetics for utilization of a substrate are 

slow, no degradation may occur during the passage of the com¬ 

pound through the system. 

The concentration at which the biodegradable organic 

chemicals are present determines to some extent their avail¬ 

ability to the microorganisms. Boethling and Alexander (1979) 

found that the percentage degradations of chloroacetate and 

p-chlorobenzoate were greater at the 47 pg/ml and 4.7 ng/ml 

levels than at the higher 47 vg/1 level; however, for 2,4-D 

and Sevin, there was less degradation at the lower levels. 

This suggests that for some compounds, the rate of degrada¬ 

tion is directly proportional to the concentration, while 

for other compounds there may be a threshold necessary for 

mineralization to occur. The concept of a minimum substrate 

concentration for some compounds was discussed by McCarty 

et al. (1981). Its existence is predictable from the kinet¬ 

ics of bacterial growth and decay and is thus a function of 
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bacterial species, temperature, pH, reaction time, and other 

other environmental factors. If the minimum substrate con- 

concentration exists, it does not mean there will be no 

degradation of the substrate? degradation may occur by 

secondary substrate utilization. Subba-Rao et al. (1982) 

and Rubin et al. (1982) reported that mineralization of 

several compounds at trace levels was linear with time. It 

was hypothesized that there was no carbon assimilation with 

the mineralization. The bacteria found in subsurface envi¬ 

ronments are likely to be oligotrophs because of the low 

nutrient levels found there (Wilson et al., 1983a). Some 

compounds which are easily degradable by eutrophic forms 

are not used by oligotrophic bacteria. 

The microorganisms often must undergo adaption to be 

able to degrade an organic compound. Spain et al. (1980) 

stated that there are three ways in which a population can 

adapt to a new substrate: (1) induction or depression of en¬ 

zyme pathways which were either not present or were present 

at low concentrations before exposure, (2) genetic changes 

for the selection of new metabolic capacities, and (3) an 

increase in the number of organisms which can perform the 

transformation. Previously exposed sediment core samples 

from one river were found to have no lag period for the 

degradation of p-nitrophenol and the number of bacteria 

capable of making the transformation also increased after 

the initial exposure. There seemed to be a threshold con- 
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centration necessary to induce adaption. Bacteria in sam¬ 

ples from another site did not make the adaption; this was 

possibly due to the absence of the specific organisms capable 

of making the chemical transformation. Hamaker (1972) docu¬ 

mented several cases where adaption was necessary for the 

transformation to take place at a significant rate. The 

total number of bacteria which are present is not as impor¬ 

tant as which ones are there and how fast they can adapt to 

the substrate (Spain et al., 1980). 

Other conditions also influence degradation rates in 

the soil. Even at low temperatures, 0 and 4°C, microbial 

degradation of several chlorinated phenols occurred in sedi¬ 

ment and soil (Baker et al., 1980). Aerobic and, to a lesser 

extent, anaerobic microbial growth were stimulated at 0°C in 

sediment. Oxygen concentration below 3 X 10"*> M (~0.1 mg/1) 

was found to be inhibitory to the soil degradation of several 

amino acids and casein (Greenwood, 1961). Since oxygen dif¬ 

fuses 10,000 times faster through air than water, there may 

be a wide variation in the amount of oxygen in the soil water, 

but only a slight variation in the unsaturated soil. Anaero¬ 

bic pockets may be present in water saturated soils as evi¬ 

denced by the finding that there was no oxygen present in 

the centers of water saturated soil more than 3 mm in radius. 

Dunlap et al. (1972) found that nitrilotriacetic acid under¬ 

went only slight degradation under anaerobic conditions, but 

under aerobic conditions, degradation was rapid and nearly 
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complete. This illustrates the differences anerobic and 

aerobic conditions have on the degradation of many compounds. 

Hambrick et al. (1980) examined the effects of sediment pH 

and oxidation-reduction potential on the degradation of 

l^C-labeled hydrocarbons. With increasing redox potential 

(from < -100 mV to 500 mV), there was an increase in the min¬ 

eralization rate of the hydrocarbons. At pH 6.5 and 8.0, 

there was significantly higher naphthalene mineralization 

than at pH 5.0. Other environmental conditions which affect 

the survival and growth of microbes and hence their degra- 

dative activities include osmotic pressure, hydrostatic 

pressure, availability of water, and trace nutrient and 

toxicant levels (McNabb and Dunlap, 1975). Microorganisms 

have been shown to exist under widely varying conditions 

such as hydrostatic pressures of up to 200-300 atmospheres 

or waters with up to 30 per cent salt. 

Microorganisms can degrade many pesticides, but pesti¬ 

cides also affect the growth and activity of the soil orga¬ 

nisms which maintain soil fertility and are involved in the 

majority of biochemical transformations in the soil (Wain- 

wright, 1978). Herbicides and insecticides generally have 

little effect on ammonification; however, fungicides and 

fumigants typically increase soil ammonia. Nitrification is 

not generally affected by most herbicides and insecticides 

when used at normal application rates, but some fungicides 

and many fumigants can inhibit this process. Soil respira- 
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tion is most often affected by wide spectrum fungicides and 

fumigants. In general, fumigants and fungicides have the 

greatest effect on the microbial equilibrium of a soil, 

whereas pesticides, when applied at usual field rates, do 

not normally affect the major biochemical cycles. 

2.2 Pentachlorophenol Degradation Studies 

Pentachlorophenol is degraded by microbial action in 

the soil under aerobic and anaerobic conditions, in aquatic 

environments, and in culture. It affects the growth of some 

microorganisms as shown by its inhibition of the growth of 

all three test organisms in Breazeale and Camper's experi¬ 

ments (1979); Edwinia carotovora and Pseudomonas fluorescens 

did grow after a long lag period. Rott ejt al. (1979) set 

up degradation experiments using 12 strains of microorganisms 

that had previously been shown to be metabolically active 

on phenol, chlorophenols, or chlorobenzenes. Only one 

organism, Cytophaga johnsonae 425, utilized more than 1 per 

cent of the sodium pentachlorophenol when grown in a liquid 

medium for four weeks. Microorganisms other than bacteria 

can also degrade PCP. Trichoderma virgatum, a Basdiomycete, 

was able to degrade PCP; within 12 days, 75 to 95 per cent 

was degraded (Cserjesi and Johnson, 1972). The major degra¬ 

dation product which was formed was pentachloroanisole (PCA) 

which is approximately 1000 times less toxic to fish. This 

was possibly due to the absence of the reactive hydroxyl 

group and to the lower water solubility of PCA. Three 
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other species of Trichoderroa have been reported to degrade 

PCP (Kirsch and Etzel, 1973). Other fungi which have been 

shown to convert PCP to PCA were Aspergillus sijdowi, Scopu- 

lariopsis brevicaulis, and a Pencillum sp. (Reiner et al., 

1978). 

Liu et al. (1981) used an enrichment culture from fresh 

activated sludge to study the biodegradation of PCP in a simu 

lated aquatic environment. Liu and his coworkers are one of 

several research groups who worked with PCP degraders in aqua 

tic environments and in liquid culture. Under aerobic condi¬ 

tions, PCP degradation was rapid. The addition of glucose 

and 4-chlorophenate as possible cometabolites acted to sup¬ 

press the rate of PCP degradation; however, a yeast extract 

stimulated PCP degradation. Tabak et al. (1980 and 1981), 

also using an inoculum of settled domestic wastewater in 

their static culture biodegradability studies, found penta- 

chlorophenol was significantly biodegraded but required a 

gradual adaptation period. Biodegradation was complete in 

two weeks at the 5 mg/1 level and in four weeks for the 10 

mg/1 culture. A simulated lenthic environment experiment 

designed by Boyle et aJL. (1980) revealed that PCP was most 

rapidly degraded under aerobic and anaerobic conditions in 

the presence of hydrosoil. 

The feasibility of microbial treatment of PCP in waste- 

water has been studied extensively. Kirsch and Etzel (1973) 

isolated a bacterium from a soil that had been saturated with 
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Chemical wood preservatives and placed the organisms in a 

continuous stirred aerated reactor. The culture was accli¬ 

mated to increasing amounts of radioactively labeled PCP 

until 120 mg/l/day was being added; up to approximately 68 

per cent of the PCP was recovered as labeled CO2 in the 24 

hour period. The highest degradation rate occurred when only 

PCP was added to a nonproliferating population. At low bio¬ 

mass concentrations, the rate of ^C02 liberation was propor¬ 

tional to the biomass levels, but at high biomass levels, 

there was a rate limitation. When nutrient broth was added 

at 100 mg/1, the PCP decomposition rate slowed which suggested 

that the microorganisms used PCP as a secondary substrate. 

For some reason, possibly accumulation of PCP or a toxic 

metabolite, the mineralization rates reached a plateau after 

25 days and then fell almost completely off after 57 days. 

One of the organisms from the culture was isolated (Chu and 

Kirsch, 1972). The organism, designated KC-3, was able to 

degrade 80 per cent of the PCP as sole carbon source in 84 

hours. It also could utilize other 2,6-chlorine substituted 

phenols, but was inhibited by several other chlorophenols (Chu 

and Kirsch, 1973). The enzyme system involved in initiating 

PCP and other halophenols degradation is inducible. A con¬ 

trived and an authentic wastewater containing PCP were used 

in an evaluation of wastewater treatment with the micro¬ 

organisms from the enrichment culture (Etzel and Kirsch, 1975; 

Reiner et al., 1978). The bench scale unit which was used 



25 

was a continuous flow biological treatment unit known as a 

fiber wall reactor. Good removal of commercial and reagent 

grade PCP was found although some of the commercial grade 

PCP formulations contained contaminants which reduced degra¬ 

dation. The biomass was active against most of the other 

chlorophenols. The authentic wood-treating waste was amen¬ 

able to treatment by this process with a 99 per cent reduc¬ 

tion in the chlorophenol levels provided the appropriate 

organisms were present in the system. A proposed pathway 

for the metabolism of PCP by the KC-3 organism is given in 

Figure 3. Figure 4 shows the degradation products found by 

Rott et al. (1979). 

In other work on microbial treatment of wood-treating 

wastewater, Brink (1976) found about 75 per cent removal 

of the PCP in his bench scale biodegradation unit at con¬ 

centrations up to 45 mg/1. In research similar to that 

of Chu, Reiner, Kirsch, and Etzel (1972,1973,1975,1978), 

Suzuki and Nose (1971a,b) and Suzuki (1977) isolated a 

bacterium capable of degrading PCP and also studied PCP 

degradation in a farm soil. Suzuki and Nose (1971a,b) 

reported that there was little difference in the rate of 

PCP decomposition in the farm soil between 20 and 28°C, fun¬ 

gicide application affected PCP decomposition, and 

from radiolabeled PCP liberation reached a plateau after five 

days. The principal metabolites of the isolated organism 

were pentachloroanisole and tetrachlorohydroquinone dimethyl 
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ether. This isolated organism was identified as a Pseudomonas 

sp. (Suzuki, 1977). The bacterium utilized PCP rapidly; it 

released equivalent to 50 per cent of the l^C-PCP with¬ 

in an hour and also incorporated some of the PCP into the 

cell constituents. 

While most researchers have found that PCP is degraded 

in soils, Harvey and Crafts (1952) did not find appreciable 

PCP decomposition in three California agricultural soils 

within the 12 month test using Karota oats as the bioassay 

indicator organism. Alexander and Aleem (1961) followed the 

decomposition of pentachlorophenol in a silt loam soil by 

ultraviolet spectrophotometry and found that after 72 days 

it had not completely disappeared. Bomar (1971) exposed PCP 

treated cellulose paper to soil and noted the effects the 

treated paper had on Aspergillis niger conidia. The antimi¬ 

crobial effects disappeared within six hours and Bomar con¬ 

cluded the degradation could not be based on diffusion, 

sorption, or biological processes. It was hypothesized that 

the degradation might be due to chelation and chemical com¬ 

plex formation. 

Experiments on the degradation of PCP have been conducted 

in several different types of soil. PCP has been extensively 

used in Japan and several researchers have looked at its 

degradation in flooded paddy soil conditions typical of 

rice fields in Japan. Kuwatsuka and Niki (1976) reported 

that repeated application of PCP led to accelerated degra- 
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dation, that it was degraded faster in flooded than upland 

soils, and that microbial mediated dechlorination took place 

primarily at the ortho position with meta and para dechlor¬ 

ination probably occurring non-biologically. Ide et al. 

(1972) disclosed that pentachlorophenol decomposed within 

a few weeks after its application, degradation was faster 

in a mature paddy soil with higher organic content than in 

a paddy soil with low organic content, and the decomposition 

led to a variety of lower chlorinated phenols. Kuwatsuka 

and Igarashi (1975) related that although degradation was 

faster under flooded conditions in general, observed degra¬ 

dation in upland soil was more rapid when it was not flooded. 

The half-life was 10 to 70 days (average 30 days) in arable 

soils under flooded conditions and 20 to 120 days (average 

50 days) under upland conditions in arable soils. In a 

forest soil with low organic content, almost all of the PCP 

remained after 50 days under both water conditions. Watanbe 

(1973) isolated a bacterium from a paddy soil by soil per¬ 

fusion enrichment procedure. The organism, considered to 

be a Pseudomonas sp., was able to dechlorinate 90 per cent 

of the chlorine attached to PCP within 22 days. 

A field study was undertaken by Watanbe (1977, 1978) in 

which PCP application to a volcanic ash soil was followed for 

four years. The amount of residual PCP (about 1 yg/g soil) 

decreased from one year to the next, but the rate of disappear4- 

ance was about the same; about two weeks were required for 
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more than half the initial application to disappear during 

each year of the study (Watanbe, 1977). The number of PCP 

tolerant organisms and PCP degraders in the treated soils 

was 2 X 106 and from 10^ to 10^/g soil, respectively. In 

untreated soils, the number of PCP decomposing bacteria was 

102/g. A limiting concentration of PCP, 40 pg/ml, was found 

at which no degradation occurred at 30°C within four weeks. 

Watanbe (1978) continued this work with a series of laboratory 

experiments where the effects of PCP concentration and soil 

moisture on degradation were determined. PCP decomposition 

was lower at high PCP levels and high moisture content than 

at low concentrations and low moisture levels. Although 

there were 1000 times as many PCP degraders present in pre¬ 

viously treated soils than untreated soils, there was no 

clear cut difference between the PCP-decomposing activity 

of these plots. This may be explained by the rapid increase 

in bacteria capable of decomposing PCP. Soil sterilization 

by Y-radiation prevented degradation, but degradative activity 

was restored, although at a lower rate, when the soil was 

inoculated with a PCP decomposing Pseudomonas sp. 

Murthy et al. (1979) studied aerobic and anaerobic degra¬ 

dation of l^C-labeled pentachlorophenol in a silty clay loam. 

No ^CÛ2 was detected in the anaerobic soils although some PCP 

was found as bound residues. In the aerobic soils, more of 

the PCP was found in fulvic, humic, and humin fractions than 

in the anaerobic soils. Baker and Mayfield (1980a) showed 
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that 80 per cent of the PCP was degraded within 160 days of 

incubation at 23°C in an aerobic clay loam soil, while under 

anaerobic conditions only 7 per cent was degraded. In auto¬ 

claved soil, 20 per cent and 5 per cent were degraded in 

the aerobic and anaerobic soils, respectively. This indi¬ 

cates the importance of an established anaerobic population 

in the degradation of PCP (Kaufman, 1978). Kuwatsuka (1972) 

reported that the half life of PCP applied at 100 ppm at 30°C 

under flooded conditions of an arable soil was 10 to 40 days. 

No biotransformation of phenolics in the ground water has 

been reported (Erlich et al., 1982). 

Kaufman and others delineated several other conditions 

which have been linked to persistence of PCP in soil. The 

rate of PCP dissipation from soil has been correlated with 

temperature, aeration, and organic matter content. Higher 

temperatures have been linked to faster degradation rates in 

anaerobic soil (Kuwatsuka, 1972). Bevenue and Beckman (1967) 

disclosed that the rate of PCP inactivation was greatest at 

a warm temperature (45°C). A soil with low organic content 

had very little degradation (Kuwatsuka and Igarashi, 1975)* 

but mature paddy soils with high organic contents have great¬ 

er degradative potential (Ide et al., 1972). Cation exchange 

capacity, free iron content, clay mineral composition, and 

phosphate absorption coefficient were slightly correlated to 

the PCP degradation rate; and texture, clay content, degree 

of base saturation, soil pH, and available phosphorus con- 
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tent were not closely related (Kuwatsuka and Igarashi, 1975). 

In contrast to this soil pH data, Choi and Aoraine (1972) 

found that PCP was less active and more persistent in acid 

soils than neutral soils. Soils with lower pH's tend to ad¬ 

sorb more PCP (Choi and Aomine, 1974a and b). The soil water 

content is also very important; pentachlorophenol was degraded 

faster in a saturated soil and was not significantly degraded 

in an air dried soil even after two months. 

The metabolism of pentachlorophenol leads to many de¬ 

gradation products. Pentachloroanisole has been cited as a 

major degradation product by Kuwatsuka and Igarashi (1979), 

Ide et al. (1972), Suzuki and Nose (1971), Cserjesi and 

Johnson (1972), and Murthy et al. (1977). Other products 

include lower chlorinated anisoles, phenols, hydroquinones, 

and muconic acids (Kaufman, 1978). A proposed degradation 

pathway in soil was given by Kaufman (1978) (Figure 5). 

2.3 Polynuclear Aromatic Hydrocarbon Degradation Studies 

The four polynuclear aromatic hydrocarbons under inves¬ 

tigation (anthracene, fluorene, dibenzofuran, and naphthalene) 

have been shown to be degradable in aquatic and soil environ¬ 

ments. Naphthalene is probably the most easily biodegraded 

polynuclear aromatic hydrocarbon with decay rates of up to 

4 yg/l/day reported in one natural river waterway (Callahan 

et al,, 1979). Herbes (1981) reported that in a chronically 

contaminated stream, the naphthalene turnover time was 13 
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hours. Naphthalene mineralization was also demonstrated for 

estuarine microorganisms from Chesapeake Bay waters (Walker 

and Colwell, 1976). Lee and Anderson (1977) measured decay 

rates in a marine environment at a depth of 5 to 10 meters 

and found rates of 0.04 yg/l/day on the first day and 

3.3 yg/l/day on the third day. In a similar experiment, 

Lee et al. (1978) reported naphthalene and anthracene levels 

decreased at an exponential rate during the 17 days of the 

experiment. The population in the control enclosure was able 

to degrade the naphthalene at the same rate as the treated 

enclosure after three days incubation. Anthracene degrada¬ 

tion was observed in water samples from the vicinity of a 

coal-coking wastewater discharge at a rate corresponding to 

a turnover time of 500 hours (Herbes, 1981). In a stream 

which was chronically polluted by wastewater containing an¬ 

thracene, the microbial degradation rate was found to cor¬ 

respond to a half life of 11.3 hours (Callahan et al., 1979). 

Anthracene decreased exponentially with time in an enclosed 

marine ecosystem at a rate of approximately 0.02 yg/l/day 

(Lee et al., 1978). In general, biological treatment for 

the removal of PAHs from contaminated water is ineffective 

(Andelman and Snodgrass, 1974). However, Tabak et al. 

(1980) used activated sludge microorganisms in biodegrad¬ 

ability studies that showed rapid adaptation and complete 

degradation of naphthalene and gradual adaptation to an¬ 

thracene and fluorene with biodegradation up to 92 per cent 
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for anthracene and 77 per cent for fluorene within seven 

days. There was significantly less degradation at the high¬ 

er 10 mg/1 level for both anthacene and fluorene. 

Isolation of microorganisms capable of degrading certain 

hydrocarbons is another approach which has been used to study 

microbial degradation of polynuclear aromatic hydrocarbons. 

Wodzinski and Johnson (1968) isolated several organisms from 

soil enrichment cultures that could degrade a variety of dif¬ 

ferent hydrocarbons. The naphthalene isolate, identified as 

a gram negative Pseudomonas sp., gave cell yields of approxi¬ 

mately 50 per cent with a generation time of 1.5 hours. The 

anthracene isolate, a mixture of two gram positive pseudomo¬ 

nads, had a generation time of 2.0 hours on naphthalene and 

29.0 hours on anthracene. The growth rate of the isolates 

varied with the solubility of the compounds and none of the 

isolates grew on hydrocarbons less water soluble than the one 

in which they had been isolated. Kiyohara and Nagao (1978) 

isolated 13 strains of bacteria capable of utilizing phenan- 

threne; two of the pseudomonads also grew on naphthalene. 

Using a screening process where the polyclic aromatic hydro¬ 

carbons were sprayed in an etheral solution onto agar plates, 

Kiyohara et al^. (1982) were able to identify strains of bac¬ 

teria capable of using phenanthrene, naphthalene, and anthra¬ 

cene . 

Strawinski and Stone (1954), who were among the first 

to study the bacterial biochemical metabolism of polynuclear 
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aromatic hydrocarbons, demonstrated that salicylic acid was 

a major metabolite of naphthalene in their experiments using 

a Pseudomonas strain isolated from garden soil. Vigorous 

aeration, a pH of 8, and the addition of calcium and copper 

gave higher yields. Walker and Wiltshire (1953) showed that 

another bacterial strain which could utilize naphthalene as 

its sole carbon source produced d-trans-l,2-dehydro-l,2-dehy- 

droxynaphthalene in addition to the salicylic acid. Further 

sequential induction work done by Davies and Evans (1964) 

showed the trans-dihydrodiol was another intermediate which 

led to the formation of cis-2'-hydroxybenzalpyruvate. Later 

it was determined that 2-hydroxchromene-2-carboxylic acid 

was an intermediate formed before the cis-2'-hydroxybenzal- 

pyruvate (Cripps and Watkinson, 1978). The next intermediate, 

whose presence has been postulated but not proven, was 4-hy- 

droxy-4-(2'-hydroxyphenyl)-2-oxobutyrate followed by salicyl- 

aledehyde, salicylate, and further metabolism (Figure 6). 

The further metabolism goes through catechol which can under¬ 

go cis or trans fission or through another metabolite, gen- 

tisate. Fungi metabolize naphthalene through another pathway 

with the major metabolite being o-naphthol and other deg¬ 

radation products including 6-naphthol, trans-1,2-dehydroxy- 

1,2-dehydronaphthalene, 4-hydroxy-l-tetralone,l,2- and 1,4- 

naphthoquinone (Gibson, 1978). 

The pathway for anthracene degradation is similar to 

that described for naphthalene. Using sequential induction 
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experiments with cell free extracts of a naphthalene-utili¬ 

zing pseudomonad, the pathway for anthracene degradation was 

elucidated (Evans et £l., 1965) (Figure 7). Many naphthalene 

utilizing bacteria can use anthracene although at a slower 

rate. Various strains of microorganisms have been reported 

to co-oxidize fluorene (Cripps and Watkinson, 1978). 

Degradation of polynuclear aromatic hydrocarbons has 

been shown to occur in sediments and soils. Herbes and 

Schwall (1978) demonstrated that degradation in sediments 

from a PAH contaminated stream was rapid with turnover times 

of 7.1 hours for naphthalene and 400 hours for anthracene. 

In sediments from an uncontaminated stream, degradation rates 

were 3000 to 125,000 times slower with a turnover time of 120 

days for naphthalene. The rate of anthracene transformation 

was dependent on the total anthracene concentration; it was 

proportional at levels of 1 yg/g (wet weight), but decreased 

at higher levels. Much of the anthracene was bound cellular- 

ly. In the sediments downstream from a coal-coking wastewater 

discharge, turnover times of 13 hours and 62 hours were found 

for naphthalene and anthracene, respectively (Herbes, 1981).. 

The sediments had accumulated a large amount of PAHs; the 

levels downstream from the effluent outfall exceeded levels 

in the water by 4 to 5 orders of magnitude. The chronic 

high level contamination of the sediments had led to a micro¬ 

bial population which could degrade PAHs rapidly. The sedi¬ 

ment concentrations of the larger PAHs were higher at this 
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site than at other sides previously studied and the transfor¬ 

mation rates for anthracene and benz(a)anthracene were also 

greater by more than tenfold. The total sediment heterotroph 

population is not involved in the transformation as there 

was no correlation between the total heterotroph numbers and 

anthracene transformations. Although the effluent was di¬ 

verted from the study site, transformation rates remained 

elevated for more than a year. This suggested that the mi¬ 

crobial communities responsible for the degradation of PAHs 

may shift slowly in response to changes in the levels of 

the PAHs. Gardner et al. (1979) investigated the microbial 

degradation of polycyclic aromatic hydrocarbons in marine 

sediments. Degradation rates were higher in surface layers 

of sediment than subsurface layers with almost no degradation 

in the bottom layers. Sediments which had the largest grain 

size had the greatest degradation rates. The percentage re¬ 

moval of anthracene per week ranged from 2 to 2.6 in sediments 

containing only bacteria. 

Biodegradation of some polynuclear aromatics in the sub¬ 

surface soil has been examined by several researchers includ¬ 

ing Rittman et al, (1980), Naumova (1960), Slavnia (1965), 

Ogawa et al. (1981), and Zoeteman et al. (1981). Rittman et 

al. studied the removal of naphthalene in an aquifer recharge 

system. Naphthalene, which was present at approximately 

900 ng/1, was more than 90 per cent removed during the 12 hour 

travel following an initial breakthrough at about 1000 m^. 
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Naphthalene was removed as a secondary substrate after an 

initial adaptation and biofilm growth. Naumova investigated 

naphthalene utilizing bacteria in ground water from oil and 

non-oil bearing regions of the USSR. Five bacterial strains 

were isolated on agar containing naphthalene as sole carbon 

source and enrichment cultures; they were all gram negative, 

mobile rods. Two of the species were only isolated from 

underground waters from oil fields and were identified as 

variants of Pseudomonas scissa and Pseudomonas pelliculosa. 

The other three organisms which were found in ground water 

from oil bearing and non-oil bearing regions were identified 

as variants of Pseudomonas pictorum, Pseudomonas desmoliticum 

and Bact♦ joplagum. These three organisms were not isolated 

on agar plates with naphthalene, but developed only in liquid 

medium. Slavnia (1965) also worked with naphthalene utilizing 

bacteria from ground waters near oil and gas beds in the USSR. 

The samples were taken as aseptically as possible from strata 

greater than 500 meters in depth. Naphthalene oxidizing 

bacteria were found in 57 per cent of the samples and repre¬ 

sented 18 strains from seven species. They were identified 

as Pseudomonas centriguans, Ps. pellicullosa, Ps. boreopolis, 

Ps« arvilla, Ps. scissa, Chromobacterium naphthalani, and 

Mycobacterium citreochromogenum. Only the last species was 

gram positive. Ogawa et al. (1981) took a slightly different 

approach and looked at degradation of several PAHs in ground 

water contaminated by an abandoned coal-tar pit. Naphthalene 
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at 100 pg/1 was found to be degraded in less than eight days 

in water from a contaminated well. Other polynuclear aromatic 

compounds added at 25 to 150 vg/1 were almost totally degraded 

within three days. However, no evidence of degradation within 

the aquifer was obtained. Zoeteman et al. (1981) estimated 

the half life of naphthalene to be 0.3 years in the ground 

water downdip from the solid waste tip at Noordwijk,.Nether¬ 

lands. Erlich et al. (1982) found no evidence of microbial 

degradation of naphthalene under anaerobic conditions either 

at a contaminated site or in laboratory studies, although a 

portion of the phenolics were thought to be removed as a 

result of anaerobic microbial degradation. In the ground 

water contaminated by waste from a coal-tar distillation and 

wood treating plant, methane and methane producing bacteria 

were found. Samples taken from the most heavily contaminated 

well were incubated anaerobically and after a six-week accli¬ 

mation period, methane production was observed and accounted 

for 30 per cent of the carbon. Anaerobic degradation of the 

phenolics was thought to be responsible for the observed 

changes in the ratios of organics to a conservative tracer. 

These changes could not be explained by dilution or dispersion. 

3. SUBSURFACE MICROBIOLOGY 

The field of subsurface microbiology is relatively new. 

Until fairly recently, many microbiologists assumed that 

there was little life below the upper soil zone (McNabb and 

Dunlap, 1975). With the advent of new technologies and tech- 
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niques that allowed representative samples to be taken from 

deep subsurface areas and studied, the picture of the micro¬ 

bial populations of these environments has been altered. 

Now it has been shown that there are low numbers of bacteria 

present in the shallow subsurface environments which have 

been examined (Ghiorse and Balkwill, 1983). 

The enumeration and characterization of microbes in 

the subsurface has been made possible by a series of new 

techniques. The first problem to be overcome was the aquisi- 

tion of representative uncontaminated subsurface material. 

Using a modification of the procedures outlined by Dunlap et 

al. (1977), subsurface samples can be taken in such a manner 

as to prevent contamination. Cores are taken at the desired 

depth with a core barrel and then extruded through a sterile 

paring device that removes material which is possibly con¬ 

taminated by surface microbes or chemical contamination as 

a result of the drilling and coring (Wilson et al., 1983a). 

The bacteria in the samples can be enumerated by epifluor- 

escence counting. Epifluorescence counts ranging from 106 

to 107 were found in uncontaminated subsurface samples from 

Oklahoma and from Fort Polk, Louisiana (Ghiorse and Balkwill, 

1983). Viable counts on various media such as peptone 

yeast extract glucose agar (PYG) seriously underestimated 

the oligotrophic subsurface microorganisms. Diluted PYG 

media at 1 and 5 per cent levels gave higher counts which 

were still only half as high as the epifluorescence counts 
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(Ghiorse and Balkwill, 1981). Another medium which has been 

shown to be fairly effective is a diluted soil extract medi¬ 

um prepared by autoclaving 100 grams of the soil for an hour 

in 100 ml of deionized water and then diluting ten fold. 

Wilson et aJL. (1983a) argued that plate counts are too vari¬ 

able to give reliable enumeration of bacteria in subsurface 

samples. Other methods for characterizing and enumerating 

bacteria include the biochemical assays used by White et 

al. (1981). Cellular biomass has been estimated by quanti¬ 

tating extractable phospholipid, phospholipid ester linked 

fatty acids, muramic acid, hydroxy fatty acids of the lipo¬ 

polysaccharide of the gram negative bacteria and the ribi- 

tol of teichoic acids of gram positive bacteria. These 

methods gave consistent estimates equivalent to 10^ bac- 

teria/g dry weight of surface bacteria. Other assays can 

be used to determine the nutritional status and community 

structure of the subsurface microorganisms. Electron mi¬ 

croscope examination of subsurface material can be used to 

determine cell morphology (Ghiorse and Balkwill, 1981). 

The decomposition of waste which has reached the sub¬ 

surface environment is one way in which the activity of the 

microbial population in the subsurface has been examined. 

Leenheer et al. (1976) investigated an injection well where 

high organic content waste was injected into a saline aqui¬ 

fer 850 to 1000 ft below the surface. Gas was found in 

the wells; the majority of the gas was methane which was 
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produced by the action of methanogenic bacteria. Evidence 

of sulfate reducing bacteria was also found. Although there 

there was limited degradation of the waste, the ground water 

quality was not improved because the byproducts were as bad 

as the waste itself. Some of the byproducts may have played 

a role in the plugging of the injection zone that resulted 

in the closure of the system. Di Tommaso and Elkan (1973) 

also worked on this site. In the unpolluted aquifer, the na¬ 

tural microbial population included the genera Agrobacterium, 

Pseudomonas, Proteus, Bacillus, Aerobacter, Corynebacter, 

Arthrobacter, and Micrococcus. Most of the organisms were 

facultative or aerobic genera and were present at 3,000 organ¬ 

isms per ml in the unpolluted aquifer. In the polluted water, 

the population increased to approximately lO^/ml with the ac¬ 

tive organisms being methanogenic anaerobes probably of the 

genera Methanobacterium and Methanococcus. Microbial decom¬ 

position of the waste organics was found only when the waste 

was highly diluted as in the edge of the waste front. The 

rate of microbial degradation was not sufficient to keep up 

with the input of waste. At another site, wastewater contain¬ 

ing high concentrations of sodium nitrate, sodium thiocynate, 

and various organics including acrylonitrile were injected 

into a deep limestone aquifer (Erlich et al,, 1979). Micro¬ 

bial counts in samples taken by backflowing the injection 

well ranged up to lO^/ml for aerobes, lO^/ml for anaerobes 

(from samples which had a longer residence time in the aqui- 
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fer), and lO^/ml for denitrifying bacteria. Counts in the 

monitoring wells closest to the injection well were much 

lower; on the order of 10^/ml for the aerobes, anaerobes, and 

denitrifiers. In general, the population increased with time 

and decreased with distance from the injection well. Waste 

stabilization mediated by bacterial action was thought to 

be essentially complete within a distance of 100 m (330 ft). 

The use of wastewater for artificial ground water re¬ 

charge provides another example of microbial activity in the 

subsurface. Rittman et al. (1980) and Roberts et al. (1980) 

found that several compounds including naphthalene and hep- 

taldehyde were biodegraded in the aquifer system they inves¬ 

tigated, but that others such as chlorobenzene, styrene, ben- 

zonitrite, bromodichloromethane, 1,1,1-trichloroethane, and 

chloroform were not significantly degraded. 

Similar results were found by Wilson et al. (1981), Wil¬ 

son et ajL. (1983a), Wilson et al. (1983b), Dunlap et al. 

(1972), and McNabb et al. (1981) in their laboratory simula¬ 

tions. Some compounds were degraded in some of the systems 

and others were not degraded at all (Table 3). Ogawa et al. 

(1981) studied the degradation of several compounds in ground 

water samples. The native microbial population was much 

less in the water than has been reported in subsurface soils: 

10^/ml compared to 10^/g for subsurface soils (Wilson et al., 

1983a). However, the ground water population was active in 

degrading acenaphthylene, acenaphthene, 2-methyl naphthalene, 
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2-methyl indene, 3-methyl indene, indene, naphthalene, phen- 

anthrene, fluoranthene, and pyrene at 25 to 150 yg/1 levels. 

The ground water was taken from an aquifer which had been 

contaminated by coal-tar residues? hence, the microbes were 

probably adapted to degrade the polynuclear aromatic hydro¬ 

carbons . 

4. MATERIALS AND METHODS 

4.1 Microcosm Work 

4.1.1 General Theory 

Laboratory model ecosystems or microcosms are widely 

used for evaluation of the effects contaminants have on the 

environment because they offer several advantages including 

compactness, conditions that can be standardized and repli¬ 

cated, rapid evaluation especially with radiolabeled com¬ 

pounds, and simplification of real life situations (Metcalf, 

1979). Microcosms can be used to do the followings (1) 

trace chemical degradation pathways, (2) identify the fate 

of chemicals in the environment, (3) evaluate the toxicolog¬ 

ical effects of chemicals and their metabolites and the in¬ 

fluence their means of entry into the environment has on the 

test organisms, (4) find behavioral effects on organisms, 

and (5) evaluate the interactions of chemicals in the envi¬ 

ronment. Other pluses for microcosms are simplicity of de¬ 

sign and operation, low costs, minimization of instrumenta¬ 

tion, the ability to measure biological populations and ac¬ 

tivity, and operation for extended periods (Lighthart and 



43 

Bond, 1976). However, microcosm studies are limited in that 

long term effects may be difficult to determine, results 

from one model system may not be compatible with evaluations 

from another system or the environment as a whole, and rep¬ 

licability and reproducibility may not be good (Metcalf, 

1977). Radiolabeled compounds are especially useful in mi¬ 

crocosm work. The use of radioactively labeled compounds 

gives the maximum amount of information while requiring the 

minimum amount of analytical effort. Many radiolabeled com¬ 

pounds are available in which each molecule has its own tra¬ 

cer that can be followed by liquid scintillation counting. 

Herbes et al. (1977) devised a silica gel fractionation 

method which allowed the degradation of several 14c_iabeie<3 

aromatics to be followed. Without the fractionation method, 

only one labeled compound can be counted. 

4.1.2 Soil Microcosms 

Many studies have investigated the degradation of organ¬ 

ic compounds in the soil using various types of microcosms. 

There are two basic types of soil degradation studies; one 

which investigates the rate of breakdown of a chemical for 

several soils under identical conditions in order to predict 

general degradation rates and the other type which investi¬ 

gates a particular hazard (Laskowski et al., 1981). The 

effects of various environmental conditions such as temper¬ 

ature and moisture content, and the concentration of the com¬ 

pound needs to be investigated for the general predictive 
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studies. Some microcosm-type work is required by the Federal 

Insecticide, Fungicide, Rodenticide Act (FIFRA) and the Toxic 

Substance Control Act (TSCA) to assess the metabolism and mo¬ 

bility of a chemical in the soil (Gile ejt al., 1979). 

There are many soil microcosm designs. One of the sim¬ 

plest was used by Alexander and Aleem (1961) who added 4 

grams of soil to a flask containing a mineral salts medium 

and the compound of interest. Variations of more complex 

flask systems have been used successfully in conjunction 

with radiolabeled compounds to study degradation in various 

soils under different conditions. Marinucci and Bartha 

(1979a,b) used a flask system with a series of traps to 

collect the radiolabeled compounds and CO2. Closed systems 

which do not have a continuous flow of gas have also been 

used (e.g., Laskowski et al., 1980). Other soil microcosms 

similar to these flask systems have been used by many re¬ 

searchers. Another type of microcosm study is the column 

test such as the one done by Dunlap et al. (1972). Soil 

columns were prepared using natural soils and dosed with a 

synthetic sewage containing the compound of interest. 

Columns were run under aerobic and anaerobic (saturated) 

conditions and the levels of the compounds followed in the 

column effluents. Other examples of soil microcosms include 

the soil core microcosm developed by Gile et al. (1979) 

which used intact soil cores operated as columns. Wilson 

et al. (1981) followed the degradation of several volatile 
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organics in columns prepared from a soil core profile. Sim¬ 

ulated aquifer studies can also be run. Dunlap et al. (1972) 

designed a simulated aquifer system using a 4 L aspirator 

bottle containing 3 L of natural aquifer sand. A pumping 

system allowed ground water flow to be simulated. Horvath 

and Elkan (1978) made a simulated aquifer that was run as a 

column. Sterilized columns were inoculated with ground water 

from an uncontaminated well at the study site. 

Wilson et al. (1983a) developed the static test tube mi¬ 

crocosm procedure used in this research project. Aseptically 

taken soil was made into a slurry with sterile water, spiked 

with a sterile solution of the compounds of interest, and 

then stirred for five minutes to distribute the compounds. 

The total amount of water added should not exceed the maximum 

water retention capacity for the soil. The soil was then asep¬ 

tically transferred to sterile screw-cap test tubes and any 

soil on the mouth of the tube removed with sterile paper. 

The same procedure should be followed for the autoclaved por¬ 

tion that serves as a control. About 35 g of the slurry 

mixture was needed to fill each 12 by 125 mm tube. A portion 

of the slurry should be used to determine the amount of water 

in the soil. 

Christian and Wiebe (1978) used a similar JLn vitro and 

slurry procedure to study the microbial ecology of sediments. 

The in vitro mud slurry minimized heterogeneity between sam¬ 

ples and also ensured homogenous distribution of the added 
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compounds. However, the mixing process disrupts the micro¬ 

habitats and stratifications found in the sediment and may 

lead to deviations from the results of intact core systems. 

For this project, the test tube microcosm experiment 

was designed to test the effect of concentration on the deg¬ 

radation of the five aromatics. Saturated aquifer material 

from an uncontaminated site near wells #7b at a depth of 

23.4 ft and from a contaminated site near wells #5a and 

#5b at a depth of 23.8 ft were used. About one-half of the 

sample was autoclaved on two successive days and used as a 

control. Each soil and the autoclaved control was subdivided 

into four portions and a certain concentration of a sterile 

solution containing the five compounds was added. The ster¬ 

ile solution was prepared by adding 3.2 g naphthalene, 2.2 g 

dibenzofuran, 2.1 g fluorene, 10 g anthracene, and 1.4 g pen- 

tachlorophenol to a liter of sterile organic-free deionized 

water and stirring overnight. The solution was then filter 

sterilized and a portion extracted with 30 ml of methylene 

chloride and quantitated by gas chromatography. The solu¬ 

tion averaged 0.718 mg/1 for the four compounds excluding 

anthracene which has a much lower water solubility. Based 

on the amount of water present in the saturated contaminated 

soil and the restriction of not exceeding the maximum water 

retention capacity of the soil of 25 per cent, only a con¬ 

centration of 0.238 mg/1 pore water could be reached by the 

addition of this solution to the soil. This was the high 
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concentration, and lower concentrations of 0.100 mg/1 pore 

water and 0.03 mg/1 pore water were also used. The fourth 

portion of the unautoclaved soil was inoculated with 10 per 

cent contaminated surface soil and spiked with the 0.238 

mg/1 solution. The initial concentration of the compounds 

was determined and then the test tubes were incubated at 

23°C for periods of 1, 3, and 6 months to determine degrada¬ 

tion with time (Figure 8). 

Due to the difficulties in the soil extraction-quanti¬ 

tation method, a short term microcosm experiment was set up 

using soil collected near well #5 at a depth of 15 ft. Half 

the soil was autoclaved on successive days. A solution con¬ 

taining the five aromatic compounds was made in 0.6 L of 

ground water from well #3 at the site with 3 mg naphthalene, 

3 mg fluorene, 3 mg dibenzofuran, 3 mg pentachlorophenol, and 

15.8 mg anthracene. After filtration and extraction, approx¬ 

imately 1 mg/1 of the five compounds was detected. This so¬ 

lution was diluted tenfold and 20 ml added to 15 g of soil 

in autoclaved 15 X 125 mm screw cap test tubes. The soil 

and solution were mixed for two minutes with a vortex mixer 

to ensure better mixing. Following incubation periods of 0, 

7, 14, and 21 days, two test tubes of both the autoclaved 

and nonautoclaved soils were centrifuged and the water on 

top was removed and extracted. 

4.1.3 Ground Water Degradation Experiments 

Ogawa et al. (1981) investigated the degradation of 
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several compounds in ground water samples taken from an aqui¬ 

fer which was contaminated by coal tar residues. Ground 

water samples were spiked with a solution of the aromatics 

and then incubated at ambient temperature. Portions of the 

sample were extracted and quantitated by gas chromatography. 

The ground water degradation experiments in this inves¬ 

tigation were essentially the same as those of Ogawa and co¬ 

workers. Ground water samples from well #1, a combination 

of wells #5a and #5bf and well #3 were taken after approxi¬ 

mately 3 well volumes or more of water were removed. The 

samples, taken with PVC bailers which had first been disin¬ 

fected with bleach and then rinsed with sterile water, were 

placed in sterile amber gallon bottles with tight fitting 

caps and put on ice. The samples had a large amount of sed¬ 

iment because of the bailing. The samples were kept at 4°C 

for six days until the degradation experiment was begun. 

Portions of the sample were removed for microbial analysis 

and to determine initial chemical concentrations. A sample 

from well #1 served as an autoclaved control. All the sam¬ 

ples were spiked with a solution containing the five compounds 

so that about 0.03 mg/1 of each compound was added. The com¬ 

pounds were present at low levels already. The samples were 

incubated at 23°C in the dark and duplicate portions removed 

at 0,1,3,6,10,18,25, and 32 days, extracted with methylene 

chloride, and quantitated by gas chromatography. 

Another ground water degradation experiment was set up. 
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Ground water samples from wells #5a and b and the background 

well #3 were taken in the same manner described above. Ap¬ 

proximately three well volumes were drawn from wells #5a and 

b before the samples were taken. These wells were too small 

and slow to recharge to use separately. The samples from 

well #3 were taken after 120 L were withdrawn. A spike solu¬ 

tion containing 5 mg naphthalene, 4 mg dibenzofuran, 5 mg 

PCP, and 5 mg fluorene per liter deionized water was made up 

and stirred for two days. A separate solution containing 

15 mg anthracene was also made so that more anthracene could 

be added. The solutions were filter sterilized, extracted, 

and quantitated by gas chromatography. The concentration of 

the four-compound solution averaged 2.5 mg/1, and anthracene 

was present at 0.08 mg/1. A final concentration of 0.1 mg/1 

for each compound was desired, so appropriate amounts of the 

four compounds and anthracene solutions were added. The an¬ 

thracene concentration was calculated to be only 0.006 mg/1. 

To the autoclaved samples, 0.1 per cent mercuric chloride 

was added to ensure sterility. Portions were extracted and 

quantitated at 0,3,7,14, and 25 days. 

4.2 Chemical Analysis 

There are many methods for the analysis of the five com¬ 

pounds. For example, pentachlorophenol can be analyzed by 

ultraviolet spectrophotometry, gas-liquid chromatography, neg 

ative chemical ionization spectroscopy, high performance li¬ 

quid chromatography, ion exchange chromatography, thin layer 
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chromatography, and mass spectrometry (Bevenue and Beckman, 

1967; Kuehl and Dougherty, 1980; Giam et al., 1980). The 

method of quantitation used in this project was organic sol¬ 

vent extraction, concentration, and gas-liquid chromatography. 

Several different methods were tried for the extraction 

of the five compounds from soil including the EPA method for 

municipal sludges.using a sonicator to disperse the organics 

into the solvent (U.S. EPA, 1979), soxhlet extraction with 

methanol and benzene (Brown et al., 1980), a shaker flask 

method using methanol and methylene chloride (Brown et al., 

1980) and methylene chloride reflux (Lake et al., 1980). 

These procedures were tried on spiked samples from an uncon¬ 

taminated soil from the site. The two methods that met the 

criteria of working well, minimizing exposure to hazardous 

chemicals, needing only equipment which was available, and 

allowing several samples to be processed simultaneously were 

the methylene chloride reflux and the shaker flask extraction 

method using methanol and methylene chloride. These two 

methods were tested on a series of four soils; the shaker 

flask method gave higher recoveries than the methylene chlor¬ 

ide reflux (Table 4). 

The. shaker flask procedure was developed by Brown et 

al. (1980) using a ball-mill tumbler instead of the shaker 

flask apparatus. The sediment was dried with methanol and 

then extracted three times with a 2:1 mixture of methylene 

chloride:methanol. This method was found to give hydrocarbon 
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yields comparable to boiling solvent extractions. Lake et 

al. (1980) compared several methods for the analysis of hy¬ 

drocarbons in marine sediments and found that soxhlet ex¬ 

traction and methylene chloride reflux methods gave similar 

extraction efficiencies. A ball mill tumbler method with 

methanol and methylene chloride gave significantly lower 

recoveries; it was 72 per cent as efficient as the soxhlet 

and methylene chloride reflux methods. Lake’s ball mill 

tumbler method differed from Brown's procedure by using 

methanol to dewater the sample and methylene chloride to 

extract the hydrocarbons instead of combining the methanol 

and methylene chloride during the extraction phase. The 

use of methanol as a cosolvent with methylene chloride was 

found to increase hydrocarbon extraction efficiencies two 

to three times (Brown et al., 1980). Lake et al. reached 

the conclusion that any of the three extraction methods 

could be used to characterize PAH in sediments. 

The following procedure was used for the soil extrac¬ 

tions. The soil was transferred from the test tube to 

tared clean solvent-rinsed 250 ml Erlenmeyer flasks with 

glass stoppers; the amount of soil added to the flask was 

determined; and the weight was recorded. A spatula which 

was modified with a bend at the end was used to remove the 

soil from the test tube. The test tube and spatula were 

then rinsed with 25 ml of methanol to remove the remaining 

soil. This methanol was then added to the sample and served 
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to dewater it. The methanol was then decanted into a glass 

stoppered bottle and the dewatering step was repeated with 

25 ml methanol. A recovery standard of 1,2,3-trichloroben¬ 

zene was added at 10 mg/1 in the final 0.1 ml. The next 

step was to add 100 ml of 2:1 methylene chloride:methanol 

to the soil and shake overnight (~12 hours) on a mechani¬ 

cal shaker. The next morning the solvent was poured into 

the glass bottle with the methanol. The solvent was replaced 

with 50 ml of 2:1 Ct^CI^sCH^OH twice with the samples being 

shaken for 8 and 16 hours. The clear portion of the solvent 

solution was poured into a solvent rinsed one liter separa¬ 

tory funnel. The remaining liquid which contained some silt 

and the soil was placed in a 250 ml centrifuge bottle and 

centrifuged at 1000 rpra for 10 minutes. The clear supernant 

was decanted, a 25 ml aliquot of CH2CL2 was added, and the 

centrifugation step repeated. Five hundred ml of organic- 

free deionized water was then added to the solvent solution 

in the separatory funnel and swirled gently (to avoid forma¬ 

tion of emulsions) for two minutes. The lower methylene chlor 

ide phase was removed and dried by passage through anhydrous 

sodium sulfate. The extractions were repeated twice more 

with 20 ml aliquots of CH2CL2. The internal standard, 

4-chlorobenzophenone, was added at 10 mg/1 in the final 0.1 

ml, the extract transferred to a solvent rinsed Kuderna-Danish 

flask with Snyder column and boiled down over a hot water 

bath. The extract was then blown down to 0.1 ml with nitrogen 
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and transferred to a storage vial. 

Quantitation was by gas liquid chromatography using a 

Varian 2600 GC with a SP-1240 DA packed column and flame 

ionization detector. The operating parameters were: Helium 

carrier gas flow rate 30 ml/min, program 50 to 180°C with 

four minute initial hold, 6°C per minute, and 15 minutes fi¬ 

nal hold, injector temperature 200°C, and detector tempera¬ 

ture 225°C. A SP 4100 integrator was used to record chroma¬ 

tographs, and quantitation was done by hand using peak heights 

compared to the internal standard. The integrator's peak 

areas were too variable to use because of the poorly resolved 

baseline. An OV-17 column and a SE-54 capillary column were 

tried and rejected. PCP resolves poorly with the FID detec¬ 

tor. Better chromatography for PCP can be achieved by meth¬ 

ylating PCP with diazomethane (Stark 1969), but this pro¬ 

cedure is hazardous and would be difficult to do for the 

large numbers of samples. The SP 1240 DA column gave accept¬ 

able resolution of the underivatized PCP. 

The reproducibility of the soil extraction procedure was 

investigated (Table 5). The reproducibility and extraction 

efficiency were not that good, but the shaker flask method 

with methylene chloride and methanol appeared to work as well 

as any other method tried. Due to time limitations, the sha¬ 

ker flask method was used. 

Water extractions were performed using methylene chlo¬ 

ride in a simple liquid-liquid extraction procedure. An 8 ml 
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aliquot of methylene chloride was added to the 50 to 100 ml 

water sample in a 125 ml or larger separatory funnel and 

shaken for two minutes. The methylene chloride extract was 

dried by passage through a funnel packed with a glass wool 

plug and sodium sulfate. The extraction procedure was re¬ 

peated twice with 8 ml portions of methylene chloride. An 

internal standard, 4-chlorobenzophenone, was added and the 

sample concentrated to 0.1 or 1 ml over a steam bath. Quan¬ 

titation was performed in the same manner as for the soil. 

Reproducibility and extraction efficiencies were much better 

for the water samples. Addition of base or acid did not seem 

to improve the recovery of the compounds. The recoveries were 

50 per cent for naphthalene, 58.5 per cent for dibenzofuran, 

71.3 per cent for fluorene, and 74.5 per cent for anthracene 

with coefficients of variations of 18.0 per cent, 10.8 per 

cent, 10.8 per cent, and 5 per cent, respectively. 

4.3 Microbial Enumeration and Isolation 

The presence of a microbial population which could uti¬ 

lize the five compounds of interest was checked by plating 

soil and ground water samples. The total viable population 

was also determined. Spread plates containing one of the five 

compounds as sole carbon source or dilutions of the peptone 

yeast extract glucose medium or diluted soil extract medium 

were used for the enumeration. Young (1979) demonstrated 

that spread plates gave superior heterotroph recoveries from 

water and sediment samples than pour plates where the sample 
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the spot technique with no spreading was found to be the 

best when no diffuse colonies were present. 

Viable cell counts were made using both 1% and 5% dilu¬ 

tions of peptone yeast extract glucose agar (PYG) which con¬ 

tained 9.3 g dextrose, 4.1 g peptone, 8.8 g trypticase soy 

broth (BBL) and 10 g yeast extract per liter mineral salts 

solution. Ghiorse and Balkwill (1981,1983) used both 1% 

and 5% dilutions of the PYG medium to grow subsurface micro¬ 

organisms. Full strength PYG medium underestimated viable 

cells by at least a factor of lO^. Another medium which 

was found to work well for culturing the subsurface micro¬ 

organisms was the diluted soil extract (DSEA) prepared by 

autoclaving 100 g of soil in 100 ml of deionized water at 

121°C for one hour, filtering the extract, and diluting ten¬ 

fold before using. 

Several different methods have been used to isolate 

microorganisms capable of growth on the five aromatics as 

sole carbon sources. Walker and Wiltshire (1953) isolated 

a naphthalene decomposing bacterium from an enrichment 

culture followed by plating on mineral salts agar with sub¬ 

limed naphthalene added to the lid of the inverted plate. 

Slavnia (1965) and Naumova (1960) added sterile sublimed 

naphthalene to mineral salts media after autoclaving. Ki- 

yohara et al. (1982) applied water insoluble hydrocarbons 

such as anthracene or naphthalene by spraying an etheral 
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solution containing 10% (wt/vol) of the compound onto the 

surface of the plate which had been inoculated with a bac¬ 

terial strain. Colonies which could grow on the compound 

formed a clear zone. Sylvestre (1980) used a similar method 

to isolate bacteria capable of growth on p-chlorobiphenyl. 

The ether solution was not found to be lethal to the cells 

which had been isolated from soil or activated sludge sam¬ 

ples. Pentachlorophenol at 40 mg/1 was added to a mineral 

salts media amended with 1.5% agar and autoclaved (Watanbe, 

1972). Watanbe (1978) also used a most probable number 

technique to enumerate PCP degraders in the soil. 

The aromatic amended plates in this research project 

were made by adding 0.5 g of the pulverized compound to a 

liter of a mineral salts solution containing 0.2 g KH2PO4, 

0.8 g K2HP04, 0.5 g NH4N03, 0.2 g MgS04 • 7 H20, and 

0.001 g FeS04 • 7 H20 (Watanbe, 1972). The solutions were 

stirred overnight to dissolve the compounds, 2.0% (wt/vol) 

Noble agar was added, and the media was autoclaved. Portions 

of the solution containing the compound were autoclaved with¬ 

out the agar to determine the concentration in the plates 

since extractions of the molten agar or digestion of the sol¬ 

idified agar with hydrochloric acid did not work. The levels 

of the compounds in the plates were about 32.9 mg/1 naph¬ 

thalene, 10.2 mg/1 dibenzofuran, 16.5 mg/1 fluorene, 0.8 

mg/1 anthracene, and 33.4 mg/1 pentachlorophenol, which are 

at or above the water solubility at 25°C. Other methods of 
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adding the compounds to the plates which were tried and 

rejected were: (1) adding a solution of the five compounds 

in ether—rejected because of the possible toxic effects of 

the ether, the addition of another carbon source, and the 

poor dispersion of the chemical onto the plates; (2) prepar¬ 

ing a solution of the compounds, stirring it overnight, 

passing it through a 0.45 ym Teflon filter to remove solid 

particles, adding agar, and autoclaving—this method was 

rejected because in the autoclaving process, the compounds 

were volatized to low levels; and (3) adding the filter- 

sterilized solution of the compound as prepared above to 

autoclaved agar made with only a portion of the water—this 

did not work because the agar didn't gel properly. 

Microbes were extracted from the soil samples by blend¬ 

ing 10 g of soil in 100 ml 0.1% sodium pyrophosphate for two 

minutes (Ghiorse and Balkwill, 1981). Soil samples were 

obtained near well #1 at depths of 2 and 15 ft, near wells 

#5a and #5b at 2, 15, and 25 ft depths, and near well #7 at 

2, 15, and 25 ft. The soil microbial extracts were spread 

onto plates containing the individual aromatics. One per 

cent PYG medium, 5 per cent PYG medium, and a 10% dilution 

of the soil extract medium prepared from each soil except 

for the samples from 25 ft in wells #5 and #7; the DSEA 

plates for these were prepared from soil at 15 ft because 

there was not much soil from the deeper samples remaining. 

Ground water samples were taken with bleach disinfected 
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PVC bailers after several well volumes were removed. The 

0.1% sodium pyrophosphate solution was used to prepare the 

dilutions for both the ground water and soil samples. The 

soil samples from the water table, well #7 at 23.4 ft and 

well #5 at 23.8 ft, were taken by a drilling rig using a 

core barrel after augering down to the desired depth. The 

cores were extruded through a sterile parer to remove any 

contaminated material (Wilson et al., 1983a). The other 

soil samples were taken by hand-augering down to the de¬ 

sired depth, and the hand auger was then cleaned and flamed 

with ethanol. Samples were then taken with the auger and 

transferred aseptically to sterile glass jars. 

5. RESULTS AND DISCUSSION 

5.1 Soil Degradation Studies 

5.1.1 Test Tube Microcosm Soil Degradation Experiment 

In this experiment, subsurface soil samples from below 

the water table were taken aseptically from contaminated 

and background sites. About one half of each soil sample 

was autoclaved for 20 minutes on two successive days and 

used as a control. The autoclaved and nonautoclaved sam¬ 

ples were divided into portions, spiked with a solution 

containing the five aromatic compounds at one of three 

levels, placed into test tubes, and incubated at 23°C. Part 

of the soil from each site was inoculated with 10 per cent 

contaminated surface material to determine whether a micro¬ 

bial population adapted to higher concentrations of the com- 
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pounds increased degradation in the subsurface. Extractions 

were done on the soil samples at 0, 1, 3, and 6 months. 

The results from this experiment are given in Table 6. 

The degradation in the autoclaved controls was about as ex¬ 

tensive as that in the native samples. The four possible 

explanations which come to mind are: 1) the controls were 

contaminated or the microbes were not killed by the auto¬ 

claving. Aseptic techniques were used as best as possible? 

sterilized equipment was used and all the work was done 

under a u.v. hood. The spiking solution was made with the 

compounds which had been recrystallized after being dis¬ 

solved in an ethanol-water mixture. The solution was 

filter-sterilized through a 0.45 ym Teflon filter. The 

spiking solution may have become contaminated and been the 

source of the bacterial population. Wilson et al. (1983a) 

autoclaved the control soil for four hours at 121°C. The 

total of 40 minutes autoclaving time used in this experi¬ 

ment may not have been sufficient to kill the microorgan¬ 

isms sorbed onto soil particles in the center of the sample. 

The sterility of the autoclaved soil was never checked, so 

bacterial contamination can not be proved or disproved? 2) 

The extraction-quantitation procedure was so variable that 

no changes could be determined. For some of the sets of 

samples, the levels of the compounds at the 1,3, or 6 month 

period exceeded the concentration initially. Some of these 

extreme values were based on single observations because 
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there were not enough of the soil samples to set up dupli¬ 

cates for all sampling periods. The average coefficient of 

variation between replicates was 26 per cent. However, for 

almost all the sample sets, an overall decline was noted; 

3) Some time-dependent abiotic reaction went on that in¬ 

hibited the extraction recoveries. Other researchers have 

found similar abiotic degradation rates. Wilson et al. 

(1983b) reported that abiotic degradation rates of 1.6 to 

2 per cent per week were encountered for two of the com¬ 

pounds used in that study. Baker et al. (1980) noted a 

decrease in the concentrations of chlorophenols in the 

sterile aqueous and sediment systems that was attributed 

to adsorption onto organic matter. Erlich et al. (1982) 

found that phenolics did not adsorb onto aquifer sediments 

but naphthalene did; 4) Microbial biodegradation may not 

play a significant role in the degradation of these com¬ 

pounds in the subsurface. 

If the assumption was made that the controls were con¬ 

taminated or otherwise invalid, then what hypotheses could 

be made from this experiment? The degradation of the initial 

concentrations was on the order of 1 to 3 per cent per week 

in both the contaminated and the background sites. Wilson 

et al. (1983a) found comparable degradation rates for many 

of the volatile organics which were evaluated in soil samples 

from below the water table in uncontaminated sites. There 

were similar degradation rates found in both the contaminated 
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and background sites in this investigation. The background 

site was found to contain low levels of the selected aro¬ 

matic compounds, and this may have led to adaptation to them. 

Adaptation may have been rapid, or it may have been unimportant. 

Spain et al. (1980) found that the sediment microbial popu¬ 

lation which had not been previously exposed to p-nitro- 

phenol or methyl parathion were able to degrade these com¬ 

pounds at lower rates than the adapted population. Adapta¬ 

tion to the compounds occurred within three to four days 

after exposure when specific microorganisms were present. 

The degree of adaptation was influenced by pre-exposure 

time and the concentration. Calculations based on the total 

organic carbon of the ground water and the added compounds 

suggest that the dissolved oxygen content of the test tube 

microcosm was sufficient to support total aerobic biodegra¬ 

dation of the compounds, although the microorganisms may 

have been limited by insufficient phosphorus and nitrogen 

(total phosphorus in the ground water was 0.035 mg/1, and 

the total nitrogen was 1.3 mg/1). 

Little could be said about the effect of concentration 

on the biodegradation because, for the most part, there was 

only slight gradation between the concentrations of the 

compounds at the high, middle, and low levels. Especially 

in the contaminated site soil, the different levels of the 

spikes seemed to make little difference in the concentra- 
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tion of the compounds; no more than 50 yg/1 difference was 

found in the initial concentrations at the three levels. 

Analytical or procedural errors could have been to blame 

for this. The samples sets which were spiked with surface 

material showed degradation rates which were usually near 

or higher than the rates found in the subsurface samples. 

However, there was not a consistent pattern for the degra¬ 

dation as would have been expected. 

In retrospect, this experiment could have been improved 

if the following had been done: 1) the sterility of the con¬ 

trols was checked and microbial counts were made on the sam¬ 

ples, 2) higher concentrations were used to reduce some of 

the analytical problems, 3) a better extraction quantita¬ 

tion procedure was used which did not require as much time 

for each analysis and was more reproducible — using radio- 

labeled compounds may have solved this problem, 4) more repli 

cates had been set up, 5) shorter and more incubation periods 

were used to better define the degradation curve. 

5.1.2 5-15* Soil Degradation Experiment 

In this experiment, about 10 g of soil from near wells 

#5a and b were placed in a test tube, 20 ml of a solution 

containing about 0.1 mg/1 of the five compounds was added, 

and the soil and solution mixed. Extractions were made at 0, 

1, 2, and 3 weeks to follow the degradation (Figures 9 and 

10). Pentachlorophenol could not be followed reliably be¬ 

cause of the changes in the GC column's réponse. For all the 
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compounds, there was a pronounced difference in the levels of 

the compounds from the initial period to the first extraction, 

but the levels of the autoclaved controls remained fairly 

constant within the wide range of the extraction-quantitation 

procedure (average per cent difference between replicates 

was 45.3 per cent). Some of the differences from the ini¬ 

tial concentration to week one were probably due to changes 

in the GC column's response as a result of removing and re¬ 

placing the column. The quantification for each week was 

based on standards which were run about the same time as 

the samples, but not enough standards may have been run to 

accurately characterize the column's response. The degrada¬ 

tion of naphthalene was rapid—it essentially disappeared 

within the first week and the autoclaved control fell from 

0.046 to 0.023 mg/1 during the three weeks. See Table 7 

for the per cent degradation of initial concentration per 

week. There was greater change in the dibenzofuran levels 

in the unautoclaved samples in the first week, but for the 

remaining time, the curves were essentially parallel. Fluo- 

rene was degraded at a relatively constant rate and the 

autoclaved control was comparatively stable. The levels of 

anthracene in the autoclaved and unautoclaved samples dif¬ 

fered only slightly within the three weeks. No conclusions 

could be reached from the PCP data. There was more variation 

in the replicates of the unautoclaved samples than in the 

autoclaved portions; this indicated possible variability in 
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the microorganisms within the soil to degrade the compounds. 

Comparison of the native and autoclaved samples showed that 

there was degradation for naphthalene, dibenzofuran, fluo- 

rene, and anthracene, although the levels of anthracene 

fell only slightly. 

5.2. Ground Water Degradation Experiments 

5.2.1 Ground Water Degradation Experiment #1 

About 0.03 mg/1 of the five compounds was added to 

ground water samples taken from well #5a and b—the well 

nearest the pit and moderately contaminated, well #3 which 

was a background well although slightly contaminated, and 

well #1 which was downdip from the pit but more contami¬ 

nated than wells #5a and b. Microbial counts were made on 

the sample for day 0 and at the end of the experiment after 

59 days. The initial samples were kept at 4°C until day 59. 

The autoclaved control became contaminated with microbes 

on day 18, and the concentration of the compounds began a 

gradual decline. 

The more polluted wells, well #1 and wells #5a and b, 

which had microbial populations that were probably adapted 

to the five compounds, had the most rapid degradation rates 

(Figures 11-14). Naphthalene was essentially degraded with¬ 

in three days in wells #5a and b and within six days in 

well #1 even with a higher initial concentration (Table 8). 

The degradation of naphthalene in the well #3 sample was 
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more gradual. Dibenzofuran biodegradation in wells #1 and 

#5a and b was rapid after a short one to three day lag period, 

while in well #3 the lag period appeared to last six days 

and then there was gradual degradation. Fluorene followed 

the same pattern as dibenzofuran. Anthracene fell only 

slightly during the course of the experiment which may have 

been due to the low levels added to the samples. In well 

#3 there was initially more anthracene, and its level fell 

rapidly from day 1 to day 6. It was interesting to note 

that the levels of dibenzofuran and anthracene did not fall 

below the detectable limits of 0.0002 mg/1; this suggested 

a possible minimum substrate level for these compounds. Pen- 

tachlorophenol declined in all the samples, but this was 

difficult to attribute to microbial degradation or diffi¬ 

culties in the quantification extraction procedure. After 

the initially high concentrations from day 0 to day 6, PCP 

degradation followed expected patterns. The percentage dif¬ 

ferences between replicates for PCP was also higher than the 

five compounds considered as a whole, 35.1 to 22.7 per cent. 

The microbial counts were made using a media which con¬ 

tained all of the five compounds and the 5 per cent dilution 

of peptone yeast extract glucose medium. There was no growth 

on the plates with the five compounds; this may have been 

due to possible toxic effects of pentachlorophenol or the 

combination of high levels of the five compounds. The total 

heterotroph counts went from less than 10-* organisms/ml to 
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1.8 X 10^(0.8) in well #1, from less than 10^ to 5.1 X 

105(5.0) in the autoclaved control, 1 X 10^ initially to 

greater than 10^ in well #3, and from greater than 2.1 X 

10^(0.4) to more than 5.8 X 10^(3.4) in wells #5a and b. 

Standard deviations between replicates are given in paren¬ 

thesis . 

The counts which were less than 10^ were based on the 

dilutions used and the counts for more than a certain number 

were caused by poor colony separation. These data showed an 

increase in the total microbial population as the compounds 

decreased and confirmed that the autoclaved control was 

contaminated, 

5.2.2 Ground Water Degradation Experiment #2 

To ground water samples from wells #5a and b, well #3, 

and autoclaved controls from these wells, a solution of 

about 0.1 mg/1 of the five compounds was added. The steril¬ 

ity of the control was ensured by the addition of 0.1 per 

cent HgCl2« Microbial counts were made for the initial 

period, one week, and two weeks using the following media: 

anthracene, dibenzofuran, fluorene, napthalene, and penta- 

chlorophenol as sole carbon sources and 5 per cent peptone 

yeast extract glucose medium for a total heterotroph count. 

Naphthalene was again degraded the fastest (Figures 

15-18 and Table 9). In well #3, degradation was complete 

in seven days, and in wells #5a and b, following a short 
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lag period, degradation occurred rapidly from day 3 to day 

14. The level of napththalene in the wells #5a and b sample 

was about twice that of well #3 and this probably accounted 

for the longer degradation period. Dibenzofuran was complete¬ 

ly degraded within 14 days in wells #5a and b following a 7 

day lag period and was only gradually degraded in well #3 

with the concentration falling from about 0.06 mg/1 to 0.03 

mg/1 in the 25 days the experiment ran. Fluorene was also 

rapidly degraded in the wells #5a and b sample after a 7 day 

lag period. In well #3, the levels of fluorene were only 

slightly affected with a drop from 0.04 mg/1 to 0.028 mg/1. 

Degradation of anthracene occurred in both wells with a de¬ 

crease in wells #5a and b from 0.02 mg/1 to 0.002 mg/1 and 

a rapid drop in the level of anthracene from day 0 to day 

3 in well #3 and little change thereafter. Degradation of 

PCP also occurred in well #3 and wells #5a and b with a 

greater per cent degradation in well #3. The levels of all 

five compounds in the controls for well #5a and b decreased 

over the course of the experiment, but at nowhere near the 

rate of the microbial catalyzed reactions. In the control 

sample for well #3, naphthalene, anthracene, and pentachloro- 

phenol were reduced in concentration from day 3 to day 25 

(the initial samples were both lost during the extraction 

process), while dibenzofuran and fluorene remained reasonably 

constant. Variability from one sampling period to the next 

was high with the coefficients of variability for the concen- 
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trations of the autoclaved controls averaging 33.3 per cent. 

In ground water degradation experiments, Ogawa et al. 

(1981) found that naphthalene, added at 0.1 ug/1, was de¬ 

graded in less than 8 days in ground water samples taken 

from an aquifer contaminated by coal tar products. The 

degradation rates in this project were comparable. Phen- 

anthrene, which is structurally similar to anthracene, was 

slowly degraded as anthracene was in this experiment. Abio¬ 

tic degradation of PAH also occurred in controls sterilized 

by mercuric chloride. Herbes (1981) found approximately 

the same turnover times for naphthalene and anthracene (13 

and 21 days respectively) in water samples from downstream 

of a coal-coking wastewater discharge, although this environ¬ 

ment probably differs considerably from ground water. The 

transformation rates for PAH were related to PAH levels 

(i.e., pre-exposure), but not to microbial population esti¬ 

mates of the phenanthrene-utilizing population or total 

heterotroph numbers. 

Microbial counts for the sole carbon source media in¬ 

creased from 10^ to 10^ up to 10^ by day 14 in the wells 

#5a and b samples with the exception of PCP—there was no 

growth on the PCP plates (Tables 10 and 11). The initial 

counts were made on samples taken two days before the samples 

used for ground water degradation experiment #2. In the 

sample from wells #5a and b at day 7, the levels of microbes 

which utilized the aromatic compounds were lower and the 
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degradation of the compounds correspondingly showed a lag 

for the same period. There was a rapid increase in the 

population of microbes which could use the compounds as sole 

carbon source in well #3 from an average of 102 initially 

to 10^ after seven days and only a slight increase there¬ 

after. The total heterotroph numbers increased from greater 

than 2.5 X 10® in wells #5a and b to 8 X 10^ after seven 

days and up to 10? after 14 days. In well #3, the total 

microbial population increased from 10^ to 10® within the 

first seven days and stayed constant or declined slightly 

for the next seven days. There was no growth on the control 

plates. This experiment showed that both the number of mi¬ 

crobes which could use the compounds as sole carbon source 

and the total numbers of microbes increased as the levels 

of the compounds decreased. 

5.3 Soil Microbial Counts 

Soil microbial counts on the individual compounds and 

on nutrient poor media were made at depths of 2, 15, and 

24 feet in the vicinities of well #1, wells #5a and b, and 

well #7. There was no sample for well #1 at the water table. 

Some problems with fungal contamination were noted. No 

growth was found on the pentachlorophenol plates. This 

was possibly due to toxic effects of PCP or to the lack of 

adaptation to the compound. Watanbe (1977) found that bac¬ 

terial counts at the lower PCP concentrations were higher 
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for the most probable number method counts; no growth oc¬ 

curred in the media that had 40 yg/ml. 

With an increase in depth, there was a decrease in the 

numbers of microbes which could use the individual compounds 

(Figures 19 and 20 and Table 13). For the total viable heter- 

otrophs grown on the one and five per cent dilutions of pep¬ 

tone yeast extract glucose agar and the diluted soil extract 

agar, the counts at 15 and 24 feet were about the same, but 

were less than the surface. In general, the samples from 

the well #1 site had higher numbers of microbes which could 

utilize the aromatic compounds and higher total microbe 

counts. The population from the well #7 site was able to 

use the aromatic compounds unexpectedly well; the aromatic¬ 

utilizing population was only slightly lower in well #7. 

Results from an extraction of the site #7 soil at 23 feet 

indicated that it was contaminated by the five compounds 

which may account for an exposed population which was 

adapted to the compound (Table 12). An alternative hypo¬ 

thesis was that the population includes microbes which can 

adapt to the substrates readily. The total count by acridine 

orange epifluorescene on the uncontaminated site #7 was con¬ 

stant with depth and the population in the uncontaminated 

site at the water table was essentially the same based on 

both acridine orange epifluorescene and total viable counts. 

Wilson et al. (1983a) noted that direct epifluorescence 

counts are considerably less variable than viable cell counts 
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and that many of the microorganisms may not grow on the 

synthetic media. 

There were some differences in the number of microbes 

which could grow on the individual media. The DSEA medium 

gave somewhat poorer microbial yields than the 1 or 5 per 

cent PYG media. At the surface, microbial counts were high¬ 

est on the 5 per cent PYG medium, but in the deeper subsur¬ 

face samples, the 1 per cent PYG medium gave slightly higher 

counts. More microbes which could utilize fluorene or naph¬ 

thalene were found than could use anthracene or dibenzofuran. 

The fewest number could use dibenzofuran other than penta- 

chlorophenol. 

Some of the colonies which were grown on media contain¬ 

ing the individual compounds as single carbon sources were 

placed on agar slants containing the compounds on which they 

were isolated. There seemed to be several colony types rang¬ 

ing in color from white to yellow to an orangish-pink. Most 

were gram-negative coci or rods, although some gram-positive 

microorganisms were found. Ghiorse and Balkwill (1983) found 

that gram-positive microorganisms predominated in the sub¬ 

surface environments they have investigated. The sole car¬ 

bon source media may have selected for gram-positive organ¬ 

isms in these experiments. 

6. CONCLUSIONS 

The following conclusions can be reached from this in- 
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vestigation of the microbial degradation of the selected 

aromatics at the hazardous waste site in Conroe. 

1. Removal of naphthalene, dibenzofuran, fluorene, an¬ 

thracene, and pentachlorophenol in the subsurface was shown to 

occur in both the contaminated and uncontarainated soils at 
rates of up to about 3.5 per cent per week. Microbial de¬ 

gradation was not proven to be the mechanism for the removal 

in the test tube microcosm experiments. Results from the 5 to 

15 ft soil degradation experiment showed that the degradation 

rates for four of the compounds in the contaminated native 

samples exceeded the rates of the autoclaved samples. This 

supported the role of microbial degradation. The data for 

PCP was inconclusive. Degradation of naphthalene was rapid; 

it was almost completely degraded within a week. The degra¬ 

dation rates for dibenzofuran, fluorene, and anthracene were 

from 21 to 30 per cent per week. The 5 to 15 ft soil degrada¬ 

tion experiment did not model the subsurface environment as 

well as the test tube microcosm experiment because the water 

retention capacity of the soil was exceeded. The experiments 

showed that degradation was significant in this system and 

that there was potential for microbial degradation in the 

subsurface at the site. 

2. Degradation of the five compounds was demonstrated 

in ground water samples from the site. Naphthalene was the 

most biodegradable compound studied with degradation rates 

up to 100 per cent per week in the ground water wells which 
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were contaminated and had a microbial population presumably 

adapted to it—see Table 13 for the contamination levels in 

the wells. Dibenzofuran was degraded at rates of 20 to 50 

per cent per week in the wells where the microbes had been 

previously exposed to it. Fluorene was degraded at about 

30% per week in the contaminated wells. The levels of anthra¬ 

cene fell from 13 to 20 per cent per week in all the wells. 

Pentachlorophenol degradation was relatively constant at about 

11 to 18 per cent in all the wells although this was not much 

above the degradation rates in the autoclaved controls. Wells 

which were contaminated, #5a and b and well #1, had degradation 

rates for naphthalene, dibenzofuran, and fluorene greater than 

the background well #3. The rates for anthracene and PCP were 

fairly constant in all the wells which may have been due to 

the relatively low levels of these compounds. The effect of 

different concentrations could also be evaluated from the two 

ground water degradation experiments. At the higher concen¬ 

tration, longer lag times were noted for naphthalene and di¬ 

benzofuran in the contaminated wells, but degradation was 

essentially complete at about the same time. In background 

well #3 which was slightly contaminated, the higher levels 

of naphthalene and anthracene seemed to have stimulated deg¬ 

radation. The lag periods before much degradation began were 

from one to three days in the contaminated wells and generally 

from one to seven days in the background wells. The ground 

water degradation experiments did not simulate field condi- 
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tions, but provided a model system to determine degradative 

potential. There was air above the samples while they were 

incubated so the dissolved oxygen levels exceeded that found 

in the ground water. The DO ranged from 0.2 mg/1 at the 

bottom of the well up to 0.9 mg/1 in the middle of the water 

column and 3.2 mg/1 at the top of the water. These measure¬ 

ments were made with a DO probe dropped down the wells. The 

DO typically was in the 0.7 to 1.0 mg/1 range which, while 

aerobic, may be a limiting factor in aerobic metabolism. Ni¬ 

trogen and/or phosphorus may also have been limiting. Erlich 

et al. (1982) found that anaerobic metabolism was responsible 

for the disappearance of phenolic compounds but not for 

napthalene. Diffusion of the compounds would be more exten¬ 

sive in the water column than in the soil system also. The 

species of microbes which grew in the water may differ from 

those that predominate in the soil but should be representa¬ 

tive of the soil population. The two ground water degradation 

experiments showed degradative potential for the selected aro¬ 

matics at significant rates. Similar rates were found in the 

5 to 15 ft soil degradation experiment. 

3. The presence of microbes in both the ground water 

and soil which could utilize the aromatic compounds except 

for pentachlorophenol was also proven. The number of microbes 

which could utilize the compounds decreased with depth in 

the soil samples from 10Vg dry wt. soil to lO^/g at 15 feet 

and 10^/g at the water table. They also increased with the 
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concentration of the compounds in the wells from lO^/ml in 

the background well up to the 10-3 to 10^/ml range in the 

contaminated wells. The numbers of microbes in the ground 

water which could utilize the compounds increased with time 

as the degradation proceeded. Total microbial counts were 

also made and showed similar patterns with an increase from 

lO^ to 10® initially to 10® to 10? after incubation in the 

ground water samples and a relatively constant soil microbial 

population below the surface of about 10®. 
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TABLES 



Table 1. Major Compounds Found at Site 

TDWR Spectrix EPA Rice 
Compound (mg/1) (mg/kg) (mg/1) (mg/1) 

Naphthalene X 
1- Methyl naphthalene X 
2- Methyl naphthalene X 
Acenaphthene 
4-Hydroxy-af a, 4-trimethyl- 
cydo-hexane-methanol monohydrate 
Dibenzofuran X 
Fluorene X 
9H-Carbazole X 
Anthracene and/or Phenanthrene X 
Benzothlophene X 
Indene 
Phenol 
Pentachlorophenol 
2-Ethyl naphthalene 
1,3-Dime thyl naphthalene X 
1 ,7-Dimethyl naphthalene X 
1.2- Dime thy 1 naphthalene X 
2-( 1-me thylethyl )-naphthalene 
1.2- Dihydr o-acenophthylene 
C3+C4~Alkyl naphthalene 
1.3.6- Tr ime thy 1 naphthalene 
4-Methyl dibenzofuran 
1- Methyl-9H-Fluorene 
9-Methyl-9H-Fluorene 
2- Methoxy-9H-Fluorene 
2.3.4.6- Tetrachlorophenol 
Dlbenzothlophene 
Methyl dlbenzothlophene 
2-Methyl phenanthrene 
4-Cyclopent a( DEF ) phenanthrene 
2-Phenyl methyl-naphthalene 
Fluoranthene 200 
Pyrene 120 
11 H-Benzo-(A)-Fluorene 33 
Methyl ethyl benzene X 
Methyl ethenyl benzene X 
Propynl benzene X 
2-Methyl-phenol X 
Methyl benzofuran X 
Trimethyl-bicyclo-heptanol X 
Methyl indene 
Methyl benzo(b)thiophene X 
Biphenyl X 
Dihydro-acenophthylene X 
Borneal 
2,4-Dichlorophenol 
2,4,6-Trichlorphenol 
m-Nitrophenol 
Toluene  X 

1.658 1.12 
69 0.544 0.16 
110 0.406 0.42 

180 

0.290 

0.226 
0.378 0.137 

180 0.220 0.107 
80 0.378 

450 0.286 0.144 
0.436 
0.318 
0.061 0.035 

160 0.017 0.025 
23 
48 X 

100 X 0.0117 
21 X 0.043 
22 

210 
28 
14 
56 
38 X 
18 X 
8 X 
10 
54 0.098 
20 
67 
67 

X 

X 
X 

X 0.0876 

0.18 
0.110 
0.0354 
0.040 

X 

X denotes compounds which were identified but not quantitated 
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Table 4. Comparison of Methylene Chloride Reflux and Methylene 
Chloride:Methanol Shaker Flask Methods (Concentrations 
in mg/kg dry weight) 

Sample 
Penta- 

chlorophenol 
Naphtha¬ 

lene 
Dibenzo- 
furan Fluorene Anthracene 

la reflux 0.22 ND* 0.72 ND* 0.51 
la shaker 0.15 0.26 1.17 1.24 2.79 
2a reflux 42.2 137.8 74.9 88.6 239.0 
2a shaker 48.3 191.7 111.5 121.7 374.1 
3a reflux 4.7 79.0 52.3 42.5 80.8 
3a shaker 22.8 88.5 70.5 80.4 145.3 
4a reflux 297.8 1174.4 430.4 1562.5 354.6 
4a shaker 328.5 1377.3 791.2 1034.4 1261.1 

* ND - below detection limits of 0.1 mg/kg dry weight 

Table 5. Recovery Efficiencies for Soil Extraction by Methylene 
Chloride:Methanol Shaker Flask Method (Per Cent) 

Naphtha¬ Dibenzo- Fluor¬ Anthra¬ Pentachloro- 
Sample lene furan ene cene phenol Avg. 

1 12.4 34.5 49.4 96 61.1 50.7 
2 * 94.1 104 244 69.7 128 

* Mot determined 
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Table 6. Per Cent Degradation of Initial Concentration Per Week 
for Test Tube Microcosm Soil Degradation Experiment 

Penta- 
Auto- Naphtha- Diben- Fluor- Anthra- chloro- 

Soil Level claved lene zofuran ene cene phenol 

contaminated high 

middle 

low 

background high 

middle 

low 

background high 
spiked 

contaminated high 

no 3.4a 3.6 
yes 2.4 1.4 

no 2.4 3.6 
yes 2.1 3.3 

no 0 0.1 
yes 3.2 2.5 

no 0.8 3.4 
yes 2.4 2.9 

no 3.0 2.3 
yes 3.0 2.7 

no 1.7 3.7 
yes 2.1 2.9 

no 2.9 3.5 

no 3.0 0.9 

1.7 1.8 3.3 
2.8 2.5 2.9 

1.2 0.7 1.3 
3.0 1.6 2.1 

0.5 1.6 1.5 
3.0 0 0.3 

3.5 1.1 0.5 
3.2 0 1.2 

2.8 3.2 3.3 
2.0 0.5 0 

3.1 0.5 1.8 
2.7 0 0 

3.4 0 1.7 

1.3 3.2 2.8 

a Per cent of initial concentration degraded per week over entire period 



Table 7. Per Cent Degradation of the Initial Concentration 
Per Week for 5 to 15 ft Soil Degradation Experiment 
(% of initial concentration degraded per week) 

Compound Unautoclaved Autoclaved 

Naphthalene 100 22.2 
Dibenzofuran 29.5 18.9 
Fluorene 26.5 10.9 
Anthracene 21.3 16.8 

Table 8. Per Cent Degradation of the Initial Concentration 
Per Week for Ground Water Degradation Experiment #1 
(% of initial concentration degraded per week) 

Compound Well #1 

Well #1 
Auto¬ 
claved Well #3 

Wells 
5a & b 

Naphthalene 100 10.7 23.1 100 
Dibenzofuran 38.9 5.4 18.2 19.7 
Fluorene 29.3 12.7 15.2 29.4 
Anthracene 13.2 12.9 15.9 13.3 
PCP 14.0 11.4 15.2 12.5 
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Table 9. Per Cent Degradation of Initial Concentration Per 
Week for Ground Water Degradation Experiment #2 
(% of initial concentration degraded per week) 

Compound 
Wells 
#5a & b 

Wells #5a & b 
Autoclaved Well #3 

Well #3 
Autoclaved 

Naphthalene 50 14.3 100 8.3 
Dibenzofuran 50 11.3 12.3 0 
Fluorene 31.0 10.0 5.9 0 
Anthracene 21.0 0 94 11.9 
PCP 15.2 11.3 17.5 14.8 

Table 10. Initial Ground Water Bacterial Counts (organisms/ml) 

Media Well #5a & b Well #3 Well #1 

Anthracene 
Dibenzofuran 
Fluorene 
Naphthalene 
Pentachlorophenol 
5% PYG 
1% PYG 

1.5 x 103 (2.1)* 
1.3 x 104 (0.9) 
3.2 x 103 (0.6) 
1.3 x 104 (0.2) 
0 
3.8 x 105 (1.6) 
2.5 x 105 (1.3) 

5.7 x 101 (0.6) 
2.1 x 102 (0.4) 
1.1 x 102 (0.2) 
1.9 x 102 (0.4) 
0 
7.3 x 104 (6.8) 
3.0 x 104 (2.5) 

5.4 x 102 (2.1) 
1.7 x 103 (0.5) 
2.6 x 103 (0.4) 
1.0 x 103 (.03) 
0 
1.4 x 105 (0.4) 
9.7 x 104 (2.3) 

* Standard deviation in parenthesis 
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Table 11. Bacterial Counts in Ground Water Degradation Experiment #2 
(organisms /ml) 

Media Well 
Auto- 

Day Unautoclaved claved 

Anthracene 3 

5a & b 

Dibenzofuran 3 

5a & b 

Fluorene 3 

5a & b 

Naphthalene 3 

5a & b 

Pentachloro- 3 
phenol 

5a & b 

3 

5a & b 

7 1.0 X 
14 5.5 X 
7 1.3 X 

14 1.9 X 

7 1.0 X 
14 9.1 X 
7 4.0 X 

14 2.1 X 

7 1.0 X 
14 1.0 X 
7 3.3 X 

14 1.5 X 

7 1.0 X 
14 8.8 X 
7 2.5 X 

14 1.9 X 

7 0 
14 0 
7 0 

14 0 

7 4.2 X 
14 1.8 X 
7 8.0 X 

14 3.6 X 

105 0 
105 (0.9) 0 
102 (0.6) 0 
106 (0.5) 0 

105 0 
105 (4.9) 0 
102 (3.0) 0 
106 (0.9) 0 

105 0 
106 (0.2) 0 
102 (1.8) 0 
106 (0.2) 0 

105 0 
105 (2.0) 0 
102 (0.6) 0 
106 (0.5) 0 

0 
0 
0 
0 

106 (1.3) 0 
106 (0.3) 0 
105 (1.4) 0 
107 (0.7) 0 

5% PYG 
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Table 12. Soil Contamination Levels Before Spike in Contaminated 
and Background Soils at 24 ft (mg/1 pore water) 

Contaminated Background 

Naphthalene 0.031 0.020 
Dibenzofuran 0.160 0.001 
Fluorene 0.166 0.003 
Anthracene 0.061 0.020 
Pentachlorophenol 1.02 0.347 

Table 13. Levels of Contaminants in Wells (mg/1) 

Compound Well #1 
Well #1 
Autoclaved Well #3 

Wells 
#5a & b 

Naphthalene 0.069 0.0031 0.0002 0.0017 
Dibenzofuran 0.0040 0.0007 0.0003 0.0009 

Fluorene 0.0022 0.0014 0.0011 0.0012 
Anthracene 0.0058 0.0072 * 0.0063 
Pentachlorophenol 0.117 0.073 * 0.121 

* Masked by other peaks 
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Table 14. Soil Bacterial Counts (organisms/g soil dry wt) 

Media 1-2' 1-15’ 5-2' 

Anthracene 
Dibenzofuran 

Fluorene 

Naphthalene 
Pentachlorophenol 

52 PYG 
1% PYG 

DSEA 

Media 

7.4 x 104 (2.9)* 

1.2 x 104 (0.5) 

0 

1.5 x 106 

1.4 x 10& (0.1) 

6.4 x 103 (1.4) 

5-15’ 

1.8 x 102 (0.7) 

1.3 x 103 (1.0) 

2.5 x 103 (2.5) 
8.6 x 103 (4.6) 

0 

3.0 x 104 (4.7) 
1.0 x 103 (6.1) 
3.8 x 104 (6.8) 

5-24’ 

4.1 x 103 (0.8) 
1.7 x 103 (0.6) 

3.0 x 103 (2.4) 

7.0 x 103 (1.9) 

0 
1.0 x 106 (0.8) 
4.6 x 104 (5.2) 

9.1 x 103 (4.5) 

7-2’ 

Anthracene 
Dibenzofuran 

Fluorene 

Naphthalene 

Pentachlorophenol 

5% PYG 

12 PYG 

DSEA 

1.4 x 102 (0.6) 

1.1 x 102 

1.2 x 104 (0.2) 

7.5 x 103 (1.3) 

0 
2.9 x 104 (2.7) 
2.9 x 104 

4.6 x 103 (0.9) 

2.0 x 102 (1.7) 

3.5 x 10l (7.0) 

1.5 x 102 (1.7) 

8.2 x 101 (7.0) 

0 
3.5 x 104 

1.5 x 106 (1.7) 

1.5 x 104 (1.7) 

9.1 x 103 (7.0) 

7.6 x 103 (1.5) 

5.8 x 103 (0.9) 

6.4 x 103 (0.5) 

0 
1.5 x 103 (0.2) 
7.3 x 104 (4.7) 

2.7 x 105 (2.5) 

Media 7-15' 7-24' 

Anthracene 
Dibenzofuran 

Fluorene 

Naphthalene 

P entachlorophenol 

52 PYG 

12 PYG 
DSEA 

1.3 x 103 (0.3) 
1.2 x 103 (0.5) 
2.7 x 103 (0.8) 

1.5 x 103 (0.6) 

0 

6.9 x 104 (1.6) 

8.1 x 104 (3.0) 

1.7 x 104 (0.8) 

3.5 x 101 (8.0) 

0 

2.7 x 102 (4.6) 

3.5 x 102 (7.0) 

0 
2.9 x 104 (2.5) 

3.2 x 104 (3.2) 

2.1 x 104 (2.7) 

* Standard deviation among replicates in parenthesis 

Acridine Orange Epifluoresence Bacterial Counts (Analyses by B. Ghiorse) 

Well #7 5.5 to 6.1' 5.2 1.8* x 103/g dry wt 

11.5 to 12.2' 3.3 0.9 x 103/g dry wt 

17.5 to 18.3’ 2.9 0.1 x 103/g dry wt 

23* (below water table) 5.7 1.5 x 103/g dry wt 

Well #5 24’ 4.0 0.9 x 103/g dry wt 

* Standard deviation 



FIGURES 



102 

Figure 1 National Center for Ground Water Research 
(NCGWR) Field Site 
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Figure 3 Proposed Pathway for the Biodegradation 

• of PCP by the KC-3 Organism 

stow 

TeCHQ — tetrachlorohydroquinone 
TeCBQ - tetrachlorobenzoquinone 
TCHQ - trichiorohydroquinone 
TCHBQ - trichlorohydrobenzoquinone 
CHQ - monochlorohydroquinone 
2,6 - DCHQ - dichlorohydroquinone 

from Reiner, Chu, and Kirsch (1978) 
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Figure 4 PCP 
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FIGURE 5 
PROPOSED PATHWAY FOR PCP DEGRADATION IN SOIL 

Kaufman (1978) 
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Figure 6 Pathway of Naphthalene Breakdown in Pseudomonads 

H 

naphthalene naphthalene 
cis-1,2-dihydrodiol 

r^nonenzymic 

1,2-dihyaroxynaphthalen6 

coumarin 
«0 f. 

4- 
4 

-hvdroxv-\ 
-(2'hydroxy^| 

'cis-2'-nydroxy- 2-hydroxychromene- 
benzalpyruvate 2-carboxylic acid 

oc 
^pyruvate 

OH 

:J40 

salicylaldéhyde 

or- 
salicylate 

further 
"^metabolism 

from Cripps and Watkinson (1978) 
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Figure 7 Pathway for the Degradation of Anthracene 
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from Cripps and Watkinson (1978) 



Figure 8 Degradation Study .Flowchart 

0,1,3, and 0,1,3, and 0,1,3, and 
6 months 6 months 6 months 



110 

WEEKS 



Ill 

WEEKS 



112 

0.10 

Figure 11 

0.08 

0.06 

mg/I 

0.04 

0.02 

0.00 

V-*' 

N \ 

GROUND WATER 
DEGRADATION#! 

Well #1 
—“ Naphthalene 

Dibenzofuran 
Fluorene 

»"■» Anthracene 
— —- PCP 

0 1 3 10 18 25 32 

DAYS 



113 

0.10 

0.08 

0.06 

mg/I 

0.04 

0.02 

0.00 

Figure 12 
GROUND WATER 

DEGRADATION #1 
Well #1 Autoclaved 

“■ Naphthalene 
........ Dibenzofuran 

• —— Fluorene 
MM' Anthracene 
 PCP 

s,v — 

0 13 6 10 18 25 32 

DAYS 



114 

0.10 

0.08 

0.06 

mg/| 

0.04 

0.02 

0.00 

Figure 13 

k. / 

I 

k. 
\ N 
i 

****.. 

GROUND WATER 
DEGRADATION #1 
Well #3 

— Naphthalene 
Dibenzofuran 
Fluorene 

■ M. Anthracene 
.— pCp 

 >♦     

0 1 10 18 25 32 

DAYS 



115 

DAYS 



116 

Figure 15 
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