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ABSTRACT 

Dicyclopentadiene (DCPD) results fiorn Diels-Alder condensation of 

cyclopentadiene. The industrial use of DCPD has increased steadily in the last 

20 years to over 70,000,000 kilograms per year in North Amerka. Very little has 

been published on the fate of DCPD when released hto the environment The 

quantity of DCPD produced suggests the risk that some will be spilled is high. 

Knowing where a spilled chernical is going, how much is left, how fast the plume 

is moving and whether it will degrade are parameters that must be addressed 

when this event occurs. 

A key parameter for answering the above questions is soi1 adsorption. 

Adsorption was determined for glacial till and found to be linear at the 

concentrations examined. Adsorption of DCPD to this soi1 was twice as strong 

as for benzene and toluene. The adsorption coefficient for DCPD in saturated 

soi1 was 2.9. The retardation factor determined for undisturbed till was 67. 

Over 100 bacterial isolates were screened for DCPD degradation with little 

success. However, biodegradation of DCPD was established in vitro using 

creosote-contaminated soi1 as inocula and '4~-labeled substrate. Assays for 
14 C-CO, recovered 4.8% of the original radioactivity and almost 25% of the 

substrate was found to be transformed to oxygenated derivatives for each 

percent mineralized. Mineralization of DCPD by single species did not occur but 

a variety of mixed cultures produced some "CO,. 

Degradation of DCPD in situ was tested in a soi1 pile and augered plot. At both 

sites evidence of biological activity was obtained. Degradation appeared to be 

enhanced by nutrients and retarded in the presence of other hydrocarbons at 

equal or greater concentrations. When the concentration of DCPD in the soi1 

dropped below levels that saturated groundwater, the degradation rate for DCPD 

iii 



was reduced by 3 to 10 fold, suggesting adsorption to soi1 affected 

b iodegradation. 

Reverse sample genome probing was used to determine key members of the 

DCPDdegrading community. These consortia consisted of diverse species at 

sirnilar concentrations within the community. In contrast, communities growing 

on benzene or toluene were nonnally made up of two or three prevalent species. 

A Pseudomonas sp. and a Sphingomonas sp. were key members of the OCPD 

degrading community. 
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CHAPTER ONE 

INTRODUCTION 

The fate of petroleurnderived chernicals in the environment has been of interest 

to our society for many years (Zobell, 1946). In the last 70 years. the rapid 

growth of the petrochemical industry has prornoted increased cornfort in Our 

society but as production increased, so did the accidental releases of 

petrochemicals. These spills have caused govemments and industries to 

commit large arnounts of money and effort to their remediation. Some estirnates 

of this problem have indicated that, globally millions of tons of petroleum are 

released every year (National Academy of Sciences, 1985). In the United 

States, 100.000 gasoline storage tanks were leaking in 1985 and by the year 

2000 this number will increase to 350,000 (Sturn, 1990). Over 30,000 sites have 

been designated as Superfund sites by the United States Environmental 

Protection Agency (US €PA) with remediation costs in 1990 running about $1 9 

million per site and projections rising to as high as $50 million (Patel et al., 1990). 

The financial and logistical resources needed to remediate these problems 

demand that al1 efforts be undertaken in an intelligent manner. 

Understanding the environmental fate of petrochemicals in the subsurface 

requires knowledge of what the contaminant(s) are, how much there is, and the 

p hysical. chemical, and biological processes affecting that contaminant (EPA, 

1991). Regarding biological rernediation, the National Research Council of the 

United States (National Research Council, 1993) has suggested that the 

suitability of the contaminant for biodegradability and an understanding of those 

chemical and geological characteristics that may influence biodegradation be 

detemined. In this work, the microbiological fate of one chemical will be 

examined with an attempt to understand those chemical and gealogical 

characteristics affecting the bioremediation of this cornpound. 



Dicyclopentadiene (DCPD) was the contaminant chosen for study. This 

chernical is found as part of a mixed petrochemical stream generated during 

pyrolysis of hydrocarbons for petrochemical feedstocks (Fefer and Small, 1983). 

The impetus for detennining the environmental fate of this chernical is its odor. 

Preliminary work done on DCPD suggested that it was very recalcitrant and 

biodegradation would be difficult (Spanggord et al., 1979; Williams 1986). 

Additional work done on oxygenated derivatives of DCPD found in contaminated 

groundwater suggested microbial action could be responsible for the oxidations 

but that complete biomineralization in situ was not conclusive (van Breernen et 

al.. 1987; van Breemen et al., 1993). 

The hypothesis of this work is that (1) DCPD is biodegradable by 

microorganisms, and (2) DCPD biodegradation occun in vitro and in situ. The 

objectives are to demonstrate that the hypothesis is correct. Specifically, it will 

be shown that DCPD biodegradation progressed in vitro to oxygenated metabolic 

intemediates and carbon dioxide. A partial degradative pathway for DCPD will 

be proposed. In situ results will show that DCPD biodegradation progressed to 

intemediates found in vitro and that the threepart strategy for proving in situ 

bioremediation (National Research Council, 1993) can be applied to DCPD. 

Some of the predorninant bacterial species in the degrading consortia will be 

identified. The shifts in rnicrobial community structure that take place as the 

consortium is challenged with different hydrocarbon substrates will be 

dernonstrated. Evidence will show that prominent DCPD degraders from 

rnicrobial consortia obtained in vitro are also found in situ where DCPD 

degradation occurred. The adsorption coefficient and retention factor for DCPD 

on glacial till taken from the in situ test site will be given and how this information 

may affect the in situ bioremediation of DCPD will be discussed. 



A brief overview of the dissertation is as follows. 

Chapter 1 introduces the problern, states the hypothesis, states the 

objectives of this dissertation, and presents the organization of the dissertation. 

Chapter 2 provides background Iiterature on contaminant transport, 

rnicrobial deg radation of cyclic hydrocarbons, in situ bioremediation, and 

micro bial ecology of h ydrocarbon degraders. 

Chapter 3 describes the adsorption of DCPD to soi1 present at the in situ 

site and discusses the implications of OCPD adsorption for biodegradation. 

Chapter 4, entitled "In vifro degradation of dicyclopentadiene by rnicrobial 

consortia from hydrocarbon-contaminated soiln provides evidence that although 

DCPD can be wrnpletely biodegraded to CO,, partial oxidation is the most likely 

fate. Most of the rnaterial in this chapter was published in the Canadian Journal 

of Microbiology (Stehmeier et al., 1996). 

Chapter 5, entitled "Field studies on the biodegradation of 

dicyclopentadiene" discusses two field studies at sites where DCPD was a major 

contaminant and discusses the evidence that DCPD was bioremediated. Most of 

the material in this chapter has been submitted to Bioremediation Journal. 

Chapter 6, entitled "Characterization of dicyclopentadienedegrading 

rnicrobial consortian describes the application of reverse sample genome probing 

(RSGP) to monitoring the microbial community responsible for DCPD 

biodegradation, the change in community patterns during enrichment for DCPD 

degraders, the shifts in community structure during in vitro incubation with 

different hydrocarbons, and the microbial ecology of in situ soi1 communities 

where DCPD is the major contaminant. 

Chapter 7 presents an overall summary of the dissertation and outlines 

the conclusions and implications aising from this work. 



CHAPTER TINO 

BACKGROUND LITERATURE 

The purpose of this literature review is to provide the background to understand 

the environmental fate of DCPD and possible options for remediating spills of 

this compound. This will be done by reviewing current literature on DCPD, 

petrochemicals in groundwater and soi1 and their transport, microbial degradation 

of alicyclic hydrocarbons, Ïn situ bioremediation, and microbial ecology of 

hydrocarbon degraders. 

2.1 Dicyclopentadiene 

Dicyclopentadiene is a dimer of cyclopentadiene (Figure 2.1) and is produced as 

a pyrolysis CO-product in the production of hydrocarbon feed stocks in 

petrochemical plants (Szekeres et al., 1977). In 1990, approximately 133 million 

pounds of high quality DCPD were produced in the United States (Stahl, 1992). 

An undetennined arnount was obtained as bygroduct in the production of 

petrochernical polymers such as polyethylene. Dicyclopentadiene is formed by 

the exothermic self-condensation of cyclopentadiene (Exxon Chemical Co., 

1979). Dicyclopentadiene exists in hivo stereo-isomeric forms. the endo- and 

exo-isomers. The most prevalent fom is the endo-isomer which is fomed 

almost exclusively at temperatures below 150°C (Szekeres et al., 1977; Figure 

2.1). The physical characteristics of DCPD are shown in Table 2.1. 

Cornmercially the most important uses of DCPD are hydrocarbon resins, 

elastomen and to regenerate the monomer, cyclopentadiene. Although less 

reactive than the monorner, DCPO will act as a dienophile and undergo Diels- 

Alder reactions. Other reactions of DCPD will yield ketene and methylene group 

addition products. 



Figure 2.1 Endo isomer of dicyclopentadiene. 



Table 2.1 Chetnical and physical properües of dicyclopentadiene' 

PROPERTY VALUE 

Molecular Weight 132.21 

Physical State (20°C, 1 atm) colorless crystals 

Boiling Point (OC) 170 

Meiting Point (OC) 33.6 

Density (glml, 35°C) 0-98 

Aqueous Solubility (mgfml. 20-25°C) 0-019 

Vapor Pressure (mm Hg, 20-25°C) 1 -7 

Henry's Law Constant (atm m3/mol) 1.9 x 10 -~  

Log Kow (octanol water partition coefficient) 3.14 

Log b, (organic carbon partition coefficient) 2.99 

Bioconcentration Factor (Cwuatic tisueslCwkr) 

Refractive Index (35°C) 

Heat of Combustion (kJ/mol) 

Heat of Vaporization (kJlmol) 

Heat of Cracking (kJlmol) 

Heat of Fusion (kJ/mol) 

Specific Heat (kJlrnol) 

Spontaneous Ignition Temperature (OC) 

1 Fefer and Small. 1983; Weast, 1975 



Reactions that have proven of interest to industry invoive addition of the reacting 

chemical across the double bond of the endo methylene ring of the dimer to give 

such products as secondary alcohols, ethers, esters, and halides (Exxon 

Chemical Co., 1979). For example, in the presence of dilute sulfuric acid, water 

adds to DCPD to form a secondary alcohol. Sirnilariy, DCPD will react with 

alcohols and phenols to fom ether derivatives (Bruson and Riener, 1946). 

Reactions also take place with mercaptans, halogen acids, thiocyanic acid, and 

various carboxylic acids ta form esters. A 96% yield of dicyclopentadiene formate 

has been obtained by addition reaction of formic acid across the double bond. 

The products recovered from these reactions are useful in varied applications, as 

plasticizers, solvents, hydraulic fluids, synthetic waxes, resins, drugs, wetting 

agents, and insecticides (Exxon Chemical Co., 1979). 

The normal source of DCPD contamination at petrochemical plants is pyrolysis 

gas, a CO-product of petrochemical monomer production. This stream contains a 

variety of petrochemicals, including, benzene, toluene, ethylbenzene, styrene, 

xylenes, pentanes, pentadienes, cyclopentadiene, and dicyclopentadiene. 

Usually DCPD makes up 5% to 13% of this stream but because of its ability to 

stimulate olfactory sensors, human perception of its presence is often as a 

greater percentage. The threshold for detection by the hurnan nose is 5.7 ppb 

(Amoore and Hautala, 1983). Its pungent smell has caused it to be placed in 

odor safety class A, which means that more than 90% of distracted persons will 

perceive the threshold limit value in air. In contrast, odor safety class E means 

that less than 10% of attentive persons will detect the threshold limit value. 

Material safety data sheets suggest DCPD is an irritant with the effects of 

overexposure to DCPD resulting primarily from vapors. Inhalation of vapors 

close to saturation may cause irritability, loss of appetite, nausea, vomiting, 

headache, weakness, sleeplessness or damage to liver, lungs, or kidney. 



Vapors are irritating to eyes and mucous membranes. Chronic exposure to 

vapors rnay extend the acute effects. Prolonged or repeated skin exposure can 

cause derrnaütis (Exxon Chemical Co.. 1979). 

Where spills containing DCPD have occurred, public perception of the 

seriousness and persistence of the spill have been based on the srnell of 

lingering DCPD, regardless of the nature of other cornponents that may have 

been present This pervasiveness has been the stimulus to deterrnine the fate of 

DCPD in the environment. 

2.2 Subsurface Transport of DCPD 

To determine the fate of DCPD in the subsurface, the interactions between 

DCPD and sail and groundwater must be understood. A general review of basic 

hydrogeology will be given to enable familiarization with the vocabulary. 

2.2.1 Soil as a Porous Medium 

Soil is a naturally occurring three-dimensional body with morphology and 

properties resulting from the effects of climate, flora and fauna, parent rock 

materials, topography, and time (Freeze and Cherry, 1979). The property that 

allows material to pass through soi1 is its porosity. A porous medium must 

contain spaces, so-called pores or voids, free of solids, imbedded in the solid or 

semisolid matrïx (Dullien, 1979). The pores contain vapor or Iiquid, such as air, 

water, oil, or a mixture of these. A porous medium is permeable to a variety of 

fluids, Le., fluids can generally penetrate through one face of a septum made of 

the material and emerge on the other side. Soil is, according to this test, a 

common purous medium. 

The properties of soi1 that affect its interaction with DCPD are its porosity, 

pemieability, wettability and adsorption characteristics Porosity is the 



percentage of soi1 occupied by pores or voids. Porosity determines the 

maximum arnount of OCPD the soi1 can hold. Factors that affect porosity are soi1 

particle shape, particle arrangement, particle size distribution, cementing 

between particles, and the presence of large voids or fractures in the 

consolidated maten'al (Dullien. 1979). 

The pemeability of soi1 determines the amount of fluid it can conduct per unit 

time. Pemeability is specific for each Ruid and is determined by measurïng the 

Ruid velocity for a given pressure gradient, taking the fluid density and viscosity 

into account. Pemieability is affected by matrïx pore diameter and tortuosity. A 

common un l  of permeability is the darcy. A darcy represents the passage of 1 

ml of fluid of 1 cp viscosity flowing in 1 sec under a pressure of 1 atm through a 

porous medium having a cross-sectional area of 1 cm2 and a length of 1 cm. ln 

hydrogeology pemeability is often not expressed in darcies but as the flow rate 

of water throug h porous medium in cmlsec (Freeze and Cheny, 1 979). 

Wettability is a property of the solid surface of soil particles that determines 

whether the contacting Ruid will spread or bead (Wardlaw, 1982). If a surface is 

wetted with a particular fiuid then the fluid interfacial tension detemines its ability 

to spread over the surface of the soi1 particle, its wettability. If the interfacial 

tension is high, the surface is not wetted and the fiuid beads up. If the interfacial 

tension is low, the surface is wetted by the spreading of the fluid. Wettability 

detemines whether DCPD will be able to enter the soi1 matrix easily by imbibition 

or capillary action (wetting) or whether it will resist entering (non-wetîing). 

2.2.2 Where has it gone? 

When a spill occurs in the environment two questions are imrnediately asked, 

"Where has it gone?", and 'How rnuch is left?". There are several soi1 zones that 

a contaminant c m  pass through as it penetrates the surface. The upper zone is 



the vadose or water unsaturated zone, meaning water does not fiIl al1 the void 

space in the soil. The pore spaces will nomally be filled with a water film on the 

soi1 particle surface. free or sorbed contaminant, and gas. This zone is further 

d ivided into three sub-zones called soil-water zone, intermediate vadose zone, 

and capillary ffinge (Todd, 7980). The soil-water zone is from the surface 

through the major root zone with thickness dependent upon soi1 type and 

vegetation. Moisture content depends on surtace application of water and rnay 

become saturated with heavy rainfall or irrigation. Normally. drainage in this 

zone is rapid because of unconsolidation due to a varîety of soi1 particle sizes 

and large pores and passage ways created by anirnals and plants. 

The intemediate vadose zone is the zone from the bottom of the soil-water zone 

to the capillary fringe (Todd. 1980). This zone is composed of consolidated soil 

particles deposited by erosion and will Vary in size dependent upon the water 

table. Water in this zone is nonally found as films or trapped in pores and is 

only moving vertically. 

The capillary fringe is defined by the limit of capillary rise of water. The thickness 

of this zone will Vary inversely with the pore diameter of the soi1 or rock (Todd, 

1980). Mixed pore sizes will produce a ragged capillary fnnge or uneven top of 

the water table. Oxygen in an uneven capillary ftinge can diffuse into the water 

from the unsaturated intervals on the top and sides. 

The capillary fringe serves as the upper boundary of the saturated zone. The 

pores in the saturated zone are completely filled with groundwater and are 

generally anoxic with only occasional oxygen entering as dissolved oxygen in 

meteoric water from the surface. The origin of groundwater is surface water 

directed by gravity until it reaches an impermeable layer. The saturated zone is 

the collection area for the groundwater and its surface will rise and fall with 



supply. This causes imbibition and drainage in the vadose zone. Dissolved 

contaminantç in the groundwater will move with it and may be redeposited in the 

capillary fnnge when drainage occurs. 

The following example illustrates the processes affecting light non-aqueous 

phase Iiquids (LNAPL) if they spill ont0 a soi1 surface (Palmer and Johnson, 

1989). lmmediately after a spill evaporation begins and if the spill is large 

enough, a surface pool will form. This saturates the pore spaces of the dry 

surface soi1 and downward movement through the soil-water zone begins. 

Lateral movement from the main infiltration body produces a hydrocarbon wet 

zone around the contaminant-saturated soil. This occurs if the soi1 is dry and not 

strongly water wet The hydrocarbon wet zone is analogous to the capillary 

fringe above the water table. 

The main seep of LNAPL continues down through the intemediate vadose zone 

until it reaches the capillary zone where due to its density and immiscible and 

hydrophobie nature spreads laterally across the capillary fn'nge. Experimental 

and field evidence for LNAPL's (Freeze and Cherry, 1979) suggest considerable 

downward migration will continue. Because of the low solubility of the target 

compound, it is reasonable to assume that the capillary fringe contains enough 

void space for LNAPL's such as DCPD to penetrate to the water table. 

At the water table LNAPCs are stopped because the density is less than water. 

LNAPL will spread at the interface until residual saturation is reached (Equation 

2.1) and it becomes immobile. Immobile saturation is when the soi1 (porosity, 

pore size, permeability, soi1 particle size) and contaminant properties (viscosity, 

vapor pressure, density) interact in combination with the volume spilled to l iml 

further contaminant travel. At this stage further travel will only be by evaporation 

into the vadose zone and dissolution into groundwater. 



Contaminant in the vapor phase can travel back tu the surface, if the geologic 

material is fractured or unsaturated and pemeable. The dissolved contaminant 

will travel with groundwater and may travel great distances from the spill site. 

The extent of any transport will be dependent upon processes that attenuate the 

movement of solutes, such as sorption and degradation. 

2.2.3 How Much is Left? 

The residual contaminant is the quantity of contaminant stranded in the porous 

matrix along its descent path. This occun when the forces moving LNAPL 

through porous medium have been spent. The volume of soi1 affected by 

residual saturation depends on two factors, porosity of the matrix and nature of 

the contaminant (Freeze and Cherry, 1979). This can be expressed by the 

following relationship: 

Equation 2.1. 6 = BoinSo 
where B = volume of porous geologic material needed to imrnobilize a spill 

at residual saturation 
Bo = volume of contaminant entering the system 
n = porosity of the matrix, accessible to the fluid 
So = residual contaminant saturation 

However, detemining the volume of residually contaminated soi1 can be difficult 

because of heterogeneous soi1 penneabilities. Contaminants will naturally follow 

the path of least resistance and will move towards the greatest pemeability. The 

distortion from a geometric cylinder as the contamination moves downward 

makes it difficult to estimate the actual volume involved. 

Equation 2.1 also can be used to determine residual contaminant saturation. 

This is very site specific (Stegemeier, 1977) with the amount trapped being 

controlled by geologic parameters (pore geometry and particle size of the 



geologic rnatrix), fiuid-rock properties (mineraiogy and wettability), and fiuid-fluid 

interactions (viscosity ratios, density differences, interfacial tensions, and 

partitioning). 

Diagrams of how residual LNAPL may appear in the vadose zone are shown in 

Figure 2.2. Because the vadose zone is water unsaturated, the pore spaces will 

contain water, LNAPL, and gas. Soil is usually water wet (Figures 2.2 A and 2.2 

6) with thin hygroscopic films on the mineral surface and with some capillary 

water trapped between particles. As LNAPL's pass through this zone, 

displacement traps the wetting phase and leaves pockets of water in srnall pores 

(Figure 2.2 B). As the contaminant front continues, gas migrates into the void 

left by the moving contaminant. The gas pushes the contaminant to the 

perimeter of the pores and leaves it sandwiched between water and gas 

(Kantzas, 1988). The thin film of contaminant will drain with time to concentrate 

at its lowest point, which is usually the top of the water table when the 

contaminant density is less than that of water. If the soi1 is very dry or chemically 

hydrophobie it will be "oil wetn and the thin film of contaminant will coalesce into 

droplets that become very difficult to remove (Figure 2.2 C). Stegemeier (1977) 

saw differences of more than 10,000 fold between capil!ary pressure needed to 

move the droplets and their surface tension. 

In the saturated zone there are two phases, non-aqueous phase liquid (NAPL) 

and water. The soi1 is presumably water wet with al1 pore spaces filled with 

water. This inhibits contaminants with densities less than water from penetrating 

but because of the fluctuating water table, hydrocarbons can be caught in this 

zone. When water surrounds the contaminant, capillary pressure c m  cause the 

interface between water and the contaminant at pore constriction points to 

become quite unstable. This causes small globules of contaminant to "snap o f f  

in the largest pores (Figure 2.3, Wardlaw, 1982) allowing the interface to return 
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Figure 2.2 DNgnms of how DCPD may appear in the vadose zone. 
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Figure 2.3 Effects of pore geometry and wettiibility on fiuid displacement 

by capillary forces after Wardlaw (1982). 
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to a more stable state. These discontinuous globules can no longer be pushed 

and will only be removed by dissolution into the water phase or drained via gas 

invasion. 

2.2.4 Sorption 

Sorption affects the transport, degradation, and biological activity of organic 

compounds in the environment. Sorption is the accumulation of substances 

(solutes) by solid particles (sorbents). The principles goveming organic 

contaminant distribution between soi1 and water have been the focus of many 

laboratory experiments (Chiou et ab, 1 979; Karickhoff et al., 1 979; Mackay et al.. 

1985). According to Carnichael et ai. (1997). the equilibrium distribution of 

hydrocarbons between water and soil reçults from partitioning between soi1 

organic carbon and the aqueous phase hydrocarbons. However. the soils used 

during this dissertation had very low organic carbon content (cl %, detection limit 

1 Oh) Curtis et al. (1986) suggest that when soil organic carbon is <0.2% the 

mineral content of soi1 and any reactive chernical property of the hydrocarbon 

may control sorption by different mechanisms. This statement is dependent 

however on several properties of the matrix and contaminant. as will be seen. 

Historically sorption has been considered to be very rapid and equilibdum to 

occur shortly after contaminant contact with the soil. Sorption kinetic research 

over the last decade has found that (1) the solid-phase to solution-phase 

distribution coefficients (Kd) routinely are not measured at tue equilibrium; (2) 

the use of equilibrium rather than kinetic expressions for sorption in many cause 

and effect models is questionable; and (3) the kinetics of sorption are complex 

and poorly predictable (Pignatello and Xing, 1996). Recent research illustrates 

the complexity of sorption using a threedomain model of the soi1 particle 

comprised of (1) an exposed mineral domain, (2) an amorphous soil organic 



matter domain, and (3) a condensed soi1 organic matter domain (Weber and 

Huang, 1996). 

The sorption mechanisms are physical adsorption on surfaces or dissolution 

(partitioning) into domains such as amorphous and condensed soi1 organic 

matter (Voice and Weber, 1983). 60th of these processes take place using van 

der Waals (dispersion), dipole-dipole, dipolei'nduced dipole, and hydrogen 

bonding forces (Pignatello and Xing. 1996). At equilibrium the organic molecule 

is sorbing and desorbing at a constant rate from the soi1 particle. Generally the 

energy to accomplish this is quite low indicating that residence of an organic 

compound on the surface of a mineral particle may be less than loa sec 

(Adamson, 1976). This accounts for the assumption that sorption is 

instantaneous. However, recent careful analysis has shown there is a slow rate 

cornponent as well (Weber and Huang, 1996). This slower sustained rate has 

been attributed variously to intraparticle diffusion of solute to the intemal 

surfaces of meso- (20-500 A) and micro- ( ~ 2 0  A) porous minerals and/or to 

diffusion of solute within soi1 organic matter matrices (Huang et al., 1996). 

The quantity of material sorbed during slow uptake is significant and in some 

studies has been show to increase by 30% to 1000% after initial measurements 

(Pignatello and Xing, 1996). Potential rate-limiting steps of slow sorption are 

activation energy for breakage of sorptive bonds and molecular diffusion. As 

discussed above the activation energies of bonding involved in sorption are very 

small, indicating this is not a problem. This leaves molecular diffusion across 

stationary water films on particle surfaces, penetration into pores, and 

penetration into natural organic material as possible rate-limiting processes. 

The parameters, within the scope of this work, that appear to affect sorption the 

most are mineralogy of ine geologic material, moisture content of the matnx, and 



the amount of organic carbon on the soi1 materials (English and Loehr. 1989). 

Huang et al. (1 996) examined phenanthrene sorption by eight particulate mineral 

solids and found (1) equilibrium was attained rapidly for al1 sorbents studied; (2) 

the isotherms for seven of the eight sorbents were linear; and (3) the extemal 

surfaces had surface-area-based sorption coefficients that were an order of 

magnitude greater than those for the intemal pore surfaces. A non-linear 

adsorption isothem was found for a swelling clay indicating significant interlayer 

sorption of phenanthrene. 

The effect of moisture on sorption of volatile organics to soi1 was surnmarized by 

Unger et al. (1996). In water-saturated conditions, a hygroçcopic film or capillary 

water acts as a barrier between the contaminant and the sorbent (soil). Sorption 

takes place by the dissolution of the contaminants into the water phase and 

subsequent sorption ont0 the mineral surface. Because hydrocarbons are 

primarily sorbed by weak charge imbalances that are strengthened by maximum 

contact between contaminant and the particle surface. the water layer destroys 

the coordination necessary for physical sorption and makes chernical sorption 

very diffîcult. At low moisture content the contaminant sorbs ont0 the mineral 

surface in relation to soi1 surface area. At intermediate moisture content the 

contaminants are sorbed through both phases. Unger et al. (1996) summarked 

the sorption mechanisms as (1) vapor adsorption onto mineral surfaces, (2) 

vapor condensation in rnicropores. (3) partitioning into soi1 organic matter, (4) 

dissolution into adsorbed water films, and (5) adsorption to the gas-liquid 

interface. At low moisture levels (e.g. following oven drying) sorption only occurs 

through mechanisms (1) to (3), at water-saturated conditions sorption is through 

mechanisms (4) and (5). while at intemediate moisture levels al1 five 

mechanisms operate. 



Dissolution of span'ngly water-soluble contaminants into organic carbon on soi1 

has been proposed as the most dominant sorptive mechanism (Karickhoff, 

1984). In a study Iooking at the effects of organic carbon in a soi1 matrix on 

benzene sorption, McCarty et al. (1981) proposed that a critical level of organic 

matter in soi1 matrices existed at which sorption to organic and inorganic 

components are the same. The critical level of organic matter for a particular 

chemical is deterrnined using the octanol water partition coefficient and the soi1 

surface area. 

2.3 Microbial Degradation of Alicyclic Compounds 

Those compounds exhibiting characteristics of both cyclic and aliphatic 

chernicals (alicyclic) are more resistant to microbial attack than most other 

groups of hydrocarbons (Trudgill, 1984). Trudgill also suggested that 

microorganisrns capable of utilizing alicyclic compounds as sole carbon sources 

are not easily isolated. However, alicyclic compounds do not accumulate in 

areas where microbial activity is abundant so it is assumed biodegradation 

occurs. Trudgill (1984) suggested that if microorganisrns were to grow on 

alicyclic hydrocarbons they would need to kilfill the following requirements. 

(1) The organism must tolerate the targeted alicyciic hydrocarbon and other 

hydrocarbons found in mixed-substrate environments. 

(2) The targeted hydrocarbon must be able to access cell cytoplasm and 

hydrocarbon inclusions must be tolerated with possible cell wall and membrane 

structurai modifications. 

(3) The genome rnust encode the gene for a hydrocarbon-hydroxylating 

enzyme, a second mono-oxygenase capable of initiating cleavage of the alicyclic 

ring, and enzymes able to use dicarboxylic fatty acids. 

These requirements are not unique to alicyclic rings and apply to the degradation 

of many complex natural products. However, these requirements may explain 



some of the reasons for the scarcity of alicyclic hydrocarbon degraders in the 

environ ment, 

General guidelines (Trudgill, 1984) for degradation of simple alicyclic alcohols, 

ketones, acids, and hydrocarbons are: 

(1) Alicyclic ketones are attacked by mono-oxygenases to form the 

corresponding lactones. Ring cleavage occun during hydrolysis of the lactone 

and the acid formed produces intemediates for central metabolic pathways. 

(2) Alicyclic ketones with hydroxyl and methyl groups are also degraded by 

lactone-foming mono-oxygenases. In a few cases these compounds may be 

cleaved during nonoxygenative reactions. 

(3) Cycloalkyl carboxylic acids are not degraded by biological Baeyer-Villiger 

oxygenation and most often the ring is cleaved through B-oxidation. 

(4) n-Alkylcycloalkanes are attacked by methyl hydroxylation and oxidation to 

fom the corresponding acid which is then further degraded by B-oxidation, if the 

side chain has an odd number of carbons. If the side chain has an even number 

of carbons, 8-oxidation is used again to degrade the fatty acid foned by 

oxidation of the side chain. When the chah is cleaved to a (1'-hydroxyalk-4'- 

yl)acetyl-CoA this is removed with a lyase fonning acetyl-CoA and a 

cycloalkanone. 

2.3.1 Steps in the Oxidation and Degradation of Alicyclic 

Compounds. 

An example of an alicyclic microbial oxidation, namely the degradation of 

camphene by a pseudornonad. is given in Figure 2.4. Kanachandani and 

Bhattacharyya (1973, 1974a. 1974b) isolated the organism and identified the 

intemediates and enzymatic steps in its degradation of camphene. 

Kanachandani and Bhattacharyya (1974b) described the first step in carnphene 

degradation as the protonation on the exocyclic double bond to a carbonium ion 



Figure 2.4 Biodegradation of carnphene by a pseudomonad (after Perry, 

1977). A. camphene; B. isoborneol; C. camphor; D. 1.2 campholide; E. Sexo- 

hydroxycamphor; F. 2.5diketocamphene; G. 5endo-hydroxycamphor; H. 3.44- 

trimethyl-5-carboxymethyl-112-cyclopentanone; 1. the lactonic acid. 



whict-i undergoes rearrangement to the less strained ion by a typical Wagner- 

Meerwein rearrangement The enzyme in these steps was a camphene- 

isobomeol lyase isomerase. This ion is neutralized by a hydroxide frorn water to 

yield isoborneol (compound B). Isoborneol is dehydrogenated to camphor 

(compound C) and !hen further dehydrogenation of 5-exo-hydroxycamphor 

(Compound E) yields 2,Sdiketocamphane (compound F). The next degradative 

steps were carried out by a 5-hydroxylase (Baeyer-Villiger rnono-oxygenase) and 

a ketolactonase (Conrad el al., 1965) to produce compound H and 1. Lactones 

produced thtough Baeyer-Villiger mono-oxygenases insert the oxygen between 

the ketone and the most highly substituted carbon and are generally unstable 

and spontaneously hydrolyze to the conesponding carboxylic acids (Trudgill, 

1 984; Trudg ill, 1 990). Some lactone-hydrolyzing enzymes have been found, 

when the lactones produced through Baeyer-Villiger mono-oxygenation do not 

spontaneously hydrolyze, which catalyze ring cleavage by the same mechanism 

as the chemically rnediated reaction (Williams and Trudgill, 1994). These 

carboxylic acids can then be further degraded to carbon dioxide and water 

following established metabolic pathways (Trudgill, 1984). 

2.3.2 Alicydic Hydrocarbon Accessibility to Microorganisms 

The rate at which microorganisms can transfomi chemicals during 

bioremediation is dependent on two processes: (1) intrinsic activity and (2) mass 

transfer (Bosma et al., 1997). The factors affecthg intrinsic activity and reasons 

why alicyclic compounds are not readily degraded have been examined above 

(Sections 2.3 and 2.3.1). Mass transfer is in most cases the limiting factor in 

bioremediation due to desorption from soil, low solubility in water, and diffusion 

transport (Bosma et al., 1997)- These authors suggested that a threshold 

concentration of hydrocarbon will be observed when the supply or mass transfer 

rate equals the maintenance requirements of the microorganisms. One factor 

that causes the substrate supply rate to be less than the microbial maintenance 



requirements is limited water solubility (Riser-Roberts, 1992). Alicyclic 

compounds are more water soluble (Peny, 1984) than corresponding straight 

chain hydrocarbons, but solubility is still low. 

2.3.3 Energy Yield from Alicyclic Hydrocarbons 

Microorganisms obtain energy from hydrocarbons throug h oxidation-reduction 

reactions (Brock et al.. 1984). The energy released in these reactions is used to 

produce ATP (Morris, 1974). Hydrocarbons are the reducing agents and 

oxygen, femc iron, nitrate, sulfate. manganic oxide, and bicarbonate (Brock et 

al., 1 984) are the oxidants in these reactions. 

The primary step in obtaining energy from alicyclic hydrocarbons is activating the 

molecule with the insertion of an oxygen atom (Morgan and Watkinson, 7989). 

Aerobically this would be accomplished by oxygenases and anaerobically this 

has not yet been defined but for arornatics the insertion of an oxygen from water 

has been suggested (Vogel and Grbic-Galic, 1986; Grbic-Galic et al., 1990). 

Once this rate limiting step is completed enzymatic steps will proceed until the 

ring is cleaved. Once ring cleavage takes place with a resulting carboxylic acid, 

B-oxidation will occur with the production of acetyCCoA. This metabolite can 

then enter the tficarboxylic acid cycle and generate ATP (Gottschalk. 1986). 

An interesting aspect of alicyclic hydrocarbon degradation is that these 

molecules may be carbon-limited (Gornmers et al., 1988). Glucose and other 

carbohydrates are described as energy-lirniting carbon-excess compounds while 

hydrocarbons are energy-rich, carbon-limiting compounds (Boulton and 

Ratledge, 1984). These ternis rnean that carbohydrates, being oxidized 

su bstrates, will yield insufficient ATP d uring rnetabolism to assimilate al1 the 

carbon of the substrate. Part of the carbohydrate is oxidized to CO2 and water to 

provide the energy for assimilation of the rest of the substrate. Hydrocarbons, 



however, produce tao much energy and the cell dissipates that energy as heat, 

not conserving it in the fom of ATP. Hydrocarbons are carbon-lirnited because 

there is insuficient carbon available to take advantage of the energy produced. 

Gommers et al. (1988) conelated the data for percent substrate assimilated, 

percent carbon conserved, and heat of combustion with a variety of substrates 

and found that at a heat of combustion lower than 550 kJ/mol, substrates were 

energy-lirnited and above this value were carbon-limited. DCPD has a heat of 

combustion of 577 kJlmol (Table 2.1). 

2.4 Bioremediation of Petrochemicals 

Bioremediation is the application of microbiological processes to clean up soi1 or 

groundwater contaminated with chernicals (Sturman et al., 1995). 

Biorernediation is attractive as a clean up method because the potential is 

available to: (1 ) penanently eliminate contaminants throug h biochemical 

transformation or mineralization; (2) avoid harsh chernical and physical 

treatments; (3) operate in situ; and (4) be cost effective. The factors for 

enhancing soi1 and groundwater biodegradation, ex situ and in situ 

methodologies, and how the interaction of these factors can be integrated in a 

successful bioremediation project will. be examined. 

2.4.1 Optimization of Subsurface Bioremediation 

The subsurface environment affects the composition of the microbiological 

population which in tum affects the rate of degradation of the selected 

contaminants (Riser-Roberts, 1992). Those parameters having the greatest 

effect on microbial growth and activity will have the greatest potential of 

enhancing the rate of contaminant degradation. According to several reviews 

(Stotzky, 1972; Leahy and Colwell, 1990; Riser-Roberts, 1992) those parameters 

are pH, temperature, Eh, electron acceptor concentrations, water potential, and 



nutrient concentrations. Enhancing subsurface degradation will require 

optirniration of some or al1 of these factors. 

2.4.1 .i PH 

Soil pH can be highly variable with pH values ranging from 2.5 in acid mine 

drainage to 11 in alkaline desert soils (Leahy and Colwell, 1990). This variability 

has a great effect on biological activity in the subsurface because it affects 

nutnent and toxicant availability as well as microbial physiology (Riser-Roberts, 

1992). The sensitivity of organisms to pH fiuctuations varies w l h  some tolerating 

a wide and othen a narrow pH range. The optimum range for hydrocarbon 

degradation is pH 7.4 to 7.8 (Dibble and Bartha, 1979). In acidic soils fungi will 

normally predominate and will rnetabolize hydrocarbons with the use of mono- 

oxygenases. Mono-oxygenases can form arene oxides which are mutagenic. 

Bacteria predominate at neutral or slightly alkaline pH values and use di- 

oxygenases to initiate hydrocarbon oxidation. The results of this oxidation are 

cis-glycols which are not mutagenic and can then be fumer metabolized (Riser- 

Roberts, 1992). Leahy and Colwell (1990) found that in al1 cases hydrocarbon 

degradation increased when soils had an increase in pH up to a value of 8. 

Degradation rates dropped significantly above pH 8. 

2.4.1.2 Temperature 

Subsurface temperature affects hydrocarbon degradation by its effects on the 

physical nature and chernical composition of hydrocarbon mixtures, the rate of 

hydrocarbon degradation, and the composition of the microbial community 

(Leahy and Cohnrell, 1990). At a single subsurface location the temperature can 

Vary over 50°C (Dalyan et al., 1990). According to the nile, this would 

suggest the rates of hydrocarbon degradation could increase by a factor of 2'. 

At very high temperatures degradation could be lirnited due to membrane 

toxicity. Dalyan et al. (1990) found that for hexadecane degradation the Qlo for 



temperatures of 5". 15". 25" and 35°C was only 1.2 to 1.7. These authors 

suggested that other parameters in the subsurface appeared to have a more 

significant role in controlling the rate of degradation. Stehmeier et al. (1996) 

found that pyrolysis gas degradation was signficantly reduced at temperatures 

below 12°C in laboratory experirnents. In a soi1 pile of pyrolysis gas- 

contarninated soi1 mîcrobial activity, as detemined by carbon dioxide evolution, 

was not measurable at temperatures below 7°C. Other reports (Leahy and 

Colwell. 1 990) have suggested that hydrocarbon degradation is affected by 

temperature in a site specific manner. In the range of 0°C to 35°C hydrocarbon 

degradation generally increases with the temperature and vice versa. 

2.4.1.3 Oxidation Reduction Potential and Electron 

Acceptors 

Oxidation reduction potential (Eh) is a measure of the tendency of a substance 

to lose or accept electrons. It is proportional to the free energy involved in the 

electron transfer (Stottky, 1972). To predict the fate and transport of chernical 

contaminants in groundwater systems, the distribution of oxidation-reduction 

processes must be understood (Chapelle et al., 1 996). Microbially-mediated 

redox reactions define the rate and extent of biodegradation processes, which in 

turn affect the mobility of organic and inorganic contaminants. A problern with 

this parameter is the difficulty in obtaining reproducible rneasurements. Also, it is 

difficult to correlate bulk soi1 Eh measurements wÏth Eh at the micro-scale where 

degradation is occumng. However, in conjunction with other analyses, Eh is 

valuable for predicting the type of metabolic activity taking place in a particular 

zone (Chapelle et al., 1996; Barcelona and Holrn, 1991; Williams et ai., 1992). 

Williams et al. (1992) found seven redox zones across a single mixed 

hydrocarbon plume allowing them to map where aerobic respiration, 

denitrification, manganese reduction, nitrate reduction, femc iron reduction, 

sulfate reduction and methanogenesis were taking place. 



In biological reactions relatively few compounds act as terminal electron 

acceptors. Successfu! acceptors must be significantly electronegative to allow 

energy capture in the fom of ATP but not so reactive as to cause cell damage. 

For example, the most common electron acceptor in biology is oxygen but its use 

requires enzymes to protect organisms frorn the reactive derivatives of oxygen, 

These are superoxide anion and hydrogen peroxide which are produced by 

sequential addition of single elecbons to the oxygen molecule (Gibson, 1993). 

Organisrns that do not use oxygen (anaerobes) often use electron acceptors that 

are less electronegative and generate less ATP by electron transport coupled 

phosphorylation per pair of electrons. However, the environment that surrounds 

the electron acceptor is critical. In Table 2.2 soluble manganese is shown to 

have the largest reduction potential but at pH 7 soluble ~n~~ would be present in 

very minute amounts. The same is also true for fe3+. These compounds are 

normally present as oxide rninerals at soi1 pH's (Mcfarland and Sims, 1991). 

The half reaction for the oxide rninerals is not as great a reduction potential. 

Terminal electron acceptors active in hydrocarbon degradation are oxygen, 

manganese, nitrate, ferric iron, sulfate and bicarbonate (Brock, et al., 1984, 

Williams et al., 1992). Table 2.2 lists the common redox reactions that may be 

found in the subsurface and the free energy available when degrading a 

hydrocarbon such as toluene. 

2.4.1.4 Water Potential 

The availability of water to microbial cells is more important than the total water 

content of soi1 (Stotzky, 1972). Water potential is determined by dividing the 

vapor pressure of the targeted solution by the vapor pressure of pure water at 

the same temperature as the solution. Normal limits of water potential (a,) are 

0.99 to 0.63, with bacteria requiring a range of 0.99 to 0.93 and fungi 0.91 to 



Table 2.2 Some of the oxidation reduction reactions found in the 

subsurface. Using toluene as an example, the energy associated with 

oxidation to CO2 and H20 for different electron acceptons is also given.' 

Mn(lV) reduction AG" (kJ/hydrocarbon molecule) at pH 7, 25°C 

1 4 ~ 7 0 + ~ ~ &  - + l8îUnJf -t 7- +18~1h~' + 3 6 P  -5976 

Aerobic respiration 

C7H8 + go2 + 7CO2 + 4H20 -3823 

Fe(l Il) red uction 

4H20  + C7H8 + 3 6 ~ e ~ +  + 3 6 ~ +  + 7CO2 + 3 6 ~ e ~ +  -3663 

Nitrate red uction 

H ~ O + I ~ H +  +2C7H8 +9N03- +14C02 +9NHdC -2253 

Sulfate reduction 

9~~ + 2C7H8 + 9 ~ 0 ~ ~ -  + 14Co2 + 9HS- + 8H20 -478 

Methanogenesis 

5H20 + 2CIHB + 5HC03- + 9CH4 + 5Hf -26 1 

1 AG" was detemined from tables and formulas found in Thauer et ai. (1 977). 

Values for ~ n ~ '  were obtained from Savenko (1988). 



0.65. This includes yeasts and filamentous fungi. Free water is necessary for 

intracellular metabolism, maintenance of turgor (osmotic pressure), movement of 

substrates and toxic products, and cell movernent Cookson (1995) suggests 

that, because soi1 type influences water potential, field capacity or weight percent 

water is not useful. He suggests matric suction (capiilary pressure) is a more 

useful criterion and wilting point (soi1 water quantity at which plants permanently 

wilt) is a good generic benchmark for detemining if bioremediation will be 

successful. Bacterial metabolism is negligible at a water potential less than the 

wilting point (Griffin, 1 980). 

2.4. i -5 Nutrients 

The requirement of nutrients for hydrocarbon degradation is an issue that can 

only be resolved by site specific testing. Some reports stated that nutrient 

addition increases the extent of hydrocarbon degradation (Francis et al., 1 995; 

Jobson et al., 1974; Dibble and Bartha. 1979) whereas othen reported no effect 

(Lehtomaki and Niernala, 1975) or reported effects only after a long period of 

time (Raymond et al.. 1976). Measurement of soi1 organic carbon. nitrogen. and 

phosphorus allows the detemination of their ratio and availability. If the ratio of 

organic C:N:P by weight is greater than 300:15:1, then supplemental nitrogen or 

phosphorus should be obtained (Riser-Roberts, 1992). The optimal adjustment 

ratio has also varÏed with each site. Neidhardt et al. (1990) suggested for a 

typical E. coli cell the dry mass ratio of C:N:P was 50:14:3 and nutrient addition 

has been based on this ratio. However, for oil sludge degradation it was found 

that nutrient ratios conforming to this level were not necessary (Riser-Roberts, 

1992). The most efficient degradation was seen when inorganic N and P were 

added at ratios of lOOO:l6.7:l.3, C:N:P (Dibble and Bartha, 1979). Other 

investigators have found that cornplex oily sludge was degraded most efficiently 

in the subsurface when the C:N ratio was reduced to 9:1 and petrochemical 

sludges were degraded best when the C:N+P+K was 124:l (Brown et al., 1983). 



Field evidence suggests that chemical analysis is not always adequate for 

predicting necessary nutrient amendments. Treatability tests using soi1 From the 

site will allow the correct inorganic nutrient amendments to be selected for 

optimal contaminant biodegradation (National Research Council, 1993). 

2.4.2 Engineering Bioremediation Processes 

Stunan et al. (1 995) have suggested that bioremediation research is only useful 

if it can be transferred from the laboratory to the field. Bioremediation exists on 

three scales of observation: micro-, meso-, and macroscale. Microscale is the 

level at which rnicrobial and chemical reactions can be distinguished 

independently of transport phenomena. The physical dimension of this scale 

would be the size of a microbial cell (los m)- Examples of the characteristics 

studied at this scale would be microbial composition and physiology of 

biotransformation reactions. Mesoscale (1 0" to 10" m) are those reactions 

taking place in pore channels or on soi1 particles and would include phenomena 

such as diffusion, sorptian and interphase mass transfer. The macroscale 

concerns advection and dispersion phenomena which can be observed at 1 0 - ~  or 

>102 m. At this scale maps can be generated of nutrient and electron acceptor 

concentrations and geological heterogeneities. 

Sturrnan et al. (1995) state that current bioremediation literature is dominated by 

reports of events at  the micro- or mesoscales. These reports do not address the 

interactions among phenomena at each scale and how these reactions or 

characteristics can be integrated to benefit macroscale operations. Integration of 

site information, geology, hydrology, chemistry, microbiology, and any laboratory 

or field data available would allow identification of rate-limiting processes at each 

scale. These processes can then be cornpared at aall three scales to enhance 

biorernediation process engineering. Selection of a remedial strategy (Sturman 

et al., 1995) should include assessment of potential for successfuI 



bioremediation, ability to enhance the rate, best engineering practice, and 

verification that bioremediation has occurred. Successful remediation c m  not be 

carried out by examining these issues at a single scale. 

2.4.3 Ex situ Methodoiogy 

Litchfield (1991) suggests there are four types of ex situ bioremediation: above 

ground bioreactors. solid phase treatrnent. composting, and land-faming. 

Methods of executing ex situ bioremediation have been reviewed by Cookson 

(1 995) and Hinchee et al. (1 995a). The advantages of ex situ bioremediation are 

process control (Pope, 1996) and the possibility of using pre-cultivated 

microorganisms (Dott et al., 1 995). 

2.4.3.1 Bioreactors 

2,4,3.1.1 Fixed Film Bioreactors 

Fixed film bioreactors use beds of inert or adsorptive media to support a biofilrn 

that removes contaminants by sorption followed by rnetabolisrn (Bishop and 

Brenner, lW6a). lnert materials nomally used to support the biofilm are plastic, 

stone, sand, wood, or ceramics. The support can be fixed, expanded, or 

fiuidized to optimize contaminant contact with the biofilm. Often contaminant 

concentrations in a bioreactor can be highly variable and adsorptive media, 

generally peat or GAC (granulated activated charcoal), will be used to increase 

contaminant removal effkiencies. The adsorptive capacity of the media protects 

the biofilm from inhibition by toxic levels of contaminants and ensures a constant 

concentration of contaminant being released to the biofilm. The selection and 

design of fixed film bioreacton depends on several parameters (Bishop and 

Brenner, 1996a). These include contaminant biodegradation kinetics, sorptive 

properties, concentration(s), metabolic or CO-metabolic pathways of individual 

contaminants, and reactor system temperature and pH. Examples of fixed film 

reactor systems include aerobic fluidized-bed GAC filters, anaerobic expanded- 



or fi uidized-bed GAC filters for aqueous streams, and biofilters for contaminated 

air- 

2.4.3.1.2 Slurry Bioreacton 

A sluny bioreactor, as defined by McCauley and Glaser (1996), is a containment 

vesse1 and instrumentation used to create a three-phase mixture from 

contaminated solids to optimize biodegradation. These reactors c m  be used to 

remediate soils, sludges, or sediments. The three-phase mixture provides 

maximum contact between microorganisms and contaminants and allows rapid 

remediation of targeted contaminants by optimization of parameters such as pH, 

temperature, and nutrients. Nutrient amendments. which rnay be regulated in 

situ (such as ammonium and nitrate), can be used in a contained slurry 

bioreactor with minimal risk. Other amendments that financially are not practical 

to use in situ can be used in sluny bioreactors. These would include genetically 

eng ineered bacteria, surfactants, and enzyme inducers. 

The flexibility that sluny bioreactors offer also provides advantages in treatment 

protocols. They can be operated under anaerobic or aerobic conditions and in 

any combination or sequence. Slurry bioreactors can be operated in batch mode 

(at least 10 percent of the slurry should be reserved for seeding subsequent 

batches), or several bioreactors can be Iinked for continuous or semi-continuous 

operation (McCauley and Glaser, 1996). 

Slurry bioreactor vessels can be desig ned to contain volatile contaminants and 

provide a high degree of safety when contaminants are explosive, toxic. or are 

extremely malodorous (McCauley and Glaser, 1996). Slurry bioreacton also are 

advantageous in that they require a relatively small space compared to 

technologies such as land treatrnent, biopiles, and cornposting. Sluny 

bioreacton may be mounted on trailers and transported for use at several sites. 



The disadvantages of this technology are that excavation of the contaminated 

soi1 is required, and that sluny bioreacton often require soi1 prescreening 

because of particle size limitation of approxirnately 8 mm. The reacton also 

consume energy and the slurry requires dewatering when remediation is 

completed. The history of full scale bioreacton is Iimited (McCauley and Glaser. 

1 996). 

2.4.3.1.3 Suspended Growth Bioreactors 

Suspended growth bioreactors operate aerobically, anaerobically, or under 

sequential anaerobic and aerobic conditions (Bishop and Brenner, lW6b). They 

are used for the treatrnent of sewage and are standard technology for treating 

organic contarninants in aqueous and sludge systems. These systems require a 

high amount of organic carbon to maintain a stable microbial culture and can be 

disrupted with too high a rate of hazardous waste loading, if it is inhibitory to the 

culture. The microbial activity produces a large amount of biomass that is 

removed by gravity sedimentation or recycled to rnaintain an optimum mixed 

liquor suspended solids concentration in the bioreactor. The excess biomass is 

removed as waste and disposed of through a sludge treatrnent process. 

Although suspended growth bioreactors maintain high rates, they are not 

efficient using the low levels of contaminants found in groundwater and soi1 and 

often require additional carbon substrates for maximum eficiency. Altematively. 

a dilute hazardous waste stream may be included with a municipal waste stream, 

if the suspended growth bioreactor system is not in danger of upset, for 

remediation (Bishop and Brenner. 1996b). 

A typical bioreactor system for treatment of aqueous waste streams of leachate 

or highly contaminated groundwater would include an equalization tank. a splitter 

box, and a contact stabilization activated sludge process with a secondary 



clarifier. Additional processes include a waste sludge digester with a 

supernatant retum to the equalization tank. This reduces the amount of sludge 

lost in the effluent A volatile organic carbon (WC) strïpper to remove poorly 

degradable VOC's in the aqueous effluent may also be included if the system is 

not adapted to particular contaminants. This relatively cornplex biosystern rnay 

also require tertiary treatrnent processes such as sand filtration and or carbon 

adsorption to meet effluent discharge standards. VOC stnpper air discharges 

may be recycled through the bioreactor again or sorbed on carbon (Bishop and 

Brenner. IW6b). 

2.4.3.2 Solid Phase Remediation 

2.4.3.2.1 Biopiles 

A cost-effective treatment of contaminated soils that is less intensive then slurry 

reactors but requires more time and space is the use of biopiles (Potter. 1996a). 

Structurally, biopiles resemble a static pile compost system. Like composting. 

biopiles provide favorable environments for indigenous rnicroorganisms to 

degrade contaminants present in the soil rnatrix. Although similar to compost 

piles, these systems differ in that lesser quantities of bulking agents are used in 

biopile units and nomally air is actively pumped through the pile (Lei et al.. 

1994). Conceptually. a biopile resembles an ex situ bioventing system in that 

aeration usuaily involves forcing air through the soil by injection or extraction 

through perforated pipes and venting off gases into a small compost pile or 

biofilter. Depending on the contaminants in the soil, conditions are established 

in the biopile to favor either anaerobic or aerobic microorganisms. In some 

cases, exogenous microbes. such as fungi, may be added to the biopile to 

enhance contaminant degradation (Glaser, 1996). 

Optimum conditions for biopiles (Potter, 1996a) Vary depending on the type of 

soil, climate conditions. and the chernical and biological attributes of the soil. A 



benefit of this ex situ technology is that rnost conditions can be controlled to 

achieve an acceptable range of conditions. Generally, moisture content between 

40 and 85% of soi1 field capacity. a C:N ratio of 103 to 100:1, and pH between 6 

and 8 are acceptable depending on soi1 conditions. Organic amendments can be 

used to increase the water-holding capacity of poor soils. Cornrnon materials 

that have been used as amendments are wood chips, sawdust, straw or animal 

manure (1 to 4 % wlw). An added benefit of manure is that it can supply both 

carbon and nutrients, as well as acting as a bulking agent for enhancing air 

pemeability and maintaining matrix moisture. 

2.4.3.2.2 Composting 

Historically, composting has been the primary method used to degrade solid 

phase materials such as leaf litter. sewage sludge, and food wastes (Potter, 

1996b). More recently, composting has been investigated as a remediation 

technology for hazardous wastes (Ziegenfuss and Williams. 1991; Fogarty and 

Tuovinen, 1991). Optimum conditions for composting may Vary depending on a 

number of factors, but generally 40 to 60% moisture content, a C:N ratio of 20:1 

to 30:1, and aerobic conditions are considered best. Bulking agents may consist 

of sawdust, corn cobs. straw, hay, alfalfa, peanut hulls. or other organic 

materials. Cornposting can be anaerobic, but most methods use aerobic 

conditions. Aerobic conditions are maintained by compost structure. 

Cornposting can be performed in windrows, where material is put into rows and 

periodically tumed; aerated static piles, where perforated pipes within the pile 

supply air; and vessels, where material is periodically rnixed inside an aerated 

containment vessel. A well aerated compost pile with proper nutrient to carbon 

ratio can be characterized by four temperature phases. These phases are 

classified as follows: mesophilic (35" to 55°C). themophilic (55" to 75'C), 

cooling . and maturation. The greatest microbial diversity has been observed in 

the mesophilic phase. Spore-foming bacteria have been found in the 



thenophilic phase. Microbial recolonization takes place during the cooling 

phase when bacteria and fungi whose spores withstood the high temperatures of 

the themophilic phase reappear. 

2.4.3.2.3 Land-faming 

Land-faning uses the natural biological, chernical and physical processes in the 

soi1 to rernediate organic contaminants of concem (Cookson, 1995; Pope, 1996). 

Land-faming is limited by the depth of soi1 that can be effectively treated 

because of limited oxygen diffusion (Pope, 1996). In many soils the effective 

depth of treatrnent is only 30 cm and in clay soils, especially where high rainfall 

occurs, the treatment is even more restricted. Land-famiing is designed to 

optirnize, within the limitations descn'bed, aerobic degradation of contarninants 

using soi1 as inoculum (Cookson, 1995). The optimization process requires soils 

be conditioned to obtain a relative uniforrn consistency with the removal of large 

rocks and debris. lnorganic nutrients (N:P) are of beneft in solid phase 

biorernediation at a ratio of C:N:P of 100:lO:l (Cookson, 1995). However these 

nutrients and any other additives should be mixed thoroughly so that there is at 

least 90 percent contact between soils and additives (Cookson, 1995). Porosity 

should be rnaximized and this can be accomplished through mixing or adding 

bulking agents such as sand. sawdust. or wood chips. This is especially 

important with clay soils. Gypsurn can be added to clayey wet soils to reduce 

moisture content. Normal additions are between 10 to 30 percent. Soil pH can 

be adjusted with lime or phosphoric acid to neutral conditions, dependent on 

contaminant and initial soi! pH. 

An example of oily waste remediation by land-farming was carried out in Western 

Canada (Francis, 1988). Loss of oil was 25% after the first season of treatment 

(approximately 90 days) in plots that had been amended with nutrients and 

bulking agents in the fom of a heat-treated peat product. Where only nutnents 



had been added oit loss was 13% and no oil loss was seen in unamended plots. 

Oil-degrading bacteria also were signifcantly higher (amended 10?/~ soil. 

unarnended lo5/g soil) in plots amended with bulking agents and nutrients. 

2.4.4 In situ Methodology 

In situ bioremediation offers several advantages over other groundwater and soi1 

cleanup techniques (MacDonald and Rittrnan, 1993). Conventional methods 

require pumping water to the surface for treatrnent or excavating soi1 for disposal 

or clean up. Pumping, excavation and transport require large energy inputs and 

are costly. If contaminated water and soi1 can be left in place and remediated 

the clean up costs will be significantly reduced. Exposure risks and rernediation 

tirne also will be decreased by destroying contaminants close to the source and 

not having to extract or wait until dissolution has occurred. In situ methodologies 

can be engineered or intrinsic. Engineered systems actively circulate electron 

acceptors and nutrients to promote growth of indigenous microorganisrns. 

Examples of engineered in situ bioremediation are bioventing , bioslurping , 

bioflufftng, biosparging and lasagna technique. lntrinsic bioremediation is 

passive and relies on the natural degradation rate to remediate the site. Effort 

with this rnethodology is placed on monitoring the site to ensure remediation is 

occurring . 

2.4.4.1 Subsurface Bioremediation Coupled with Active 

Air Injection 

Biorernediation in the subsurface is prirnarily Iirnited by oxygen availability 

(Norris, 1 994). To overcome this limitation engineers have injected air into the 

subsurface as a means of supplying oxygen- This has led to the development of 

two procedures, bioventing and biosparging. Bioventing is the injection of air 

into the vadose zone and biosparging is injection of air into the saturated zone 

(Cookson, 1995). Bioventing has been implemented at over 150 sites and has 



emerged as one of the most cost-effective, efficient technologies currently 

available for vadose zone remediation of hydrocarbon contaminated sites (EPA, 

1995). Parameters that affect bioventing are soi1 gas permeability, contaminant 

diffusion and distribution, and zone of oxygen influence. Soils must be 

sufficiently permeable to allow rnovement of enough soi! gas to provide adequate 

oxygen for biodegradation. approximately 0.25 to 0.5 pore volumes per day. 

Typically, permeability in excess of 0.1 darcy is adequate for sufficient air 

exchange. Below this level, bioventing is possible, but field testing may be 

required to establish feasibility (EPA. 1 995). 

A field test of bioventing at Traverse City, Michigan resulted in a decrease in 

hydrocarbon vapor in the vadose zone of >99% (2000 mglL to 14 mglL) with loss 

of hydrocarbon vapor to the atmosphere of only 0.5 p g R  throughout the test 

period of 1 year (Hinchee, 1994). Residence time of the injected air in the 

vadose zone was approximately 24 h. 

Biosparging is the atternpt to oxygenate groundwater and enhance saturated 

zone remediation. This procedure was introduced because traditional pump and 

treat is so ineffective with less than 5% of the hydrocarbon spill ever dissolving 

(Brown. 1994). Microorganisms can attack the undissolved hydrocarbon and are 

ver- effective at rernediating groundwater when a suitable electron acceptor is 

available. Injection of air into the saturated zone produces several benefits. 

First, groundwater is oxygenated at a much faster rate than relying on diffusion 

from the surface. Second, air injected into groundwater causes turbulence which 

enhances dissolution of contarninants and makes bioremediation easier. Third, 

contaminants are volatilized and carried into the vadose zone where they are 

biodegraded at a faster rate. 



Bioflufing is a novel procedure used to bioremediate near-surface contamination 

in low pemeable soils. Biofluffing or augering unconsolidates these soils into 

variable sized pieces allowing faster diftision of air in and of contaminant out 

(Stehmeier et al.. 1996). Because the soi1 is not turned completely over. as 

foond with deep tilling in land farrns, contaminants released from soi1 dunng 

augering will readsorb as they volatilize. This readsorption will take place on the 

surface of soi1 particles where oxygen and nutrients will be available and allow 

enhanced biodegradation. Results from a field test site indicated contaminant 

volatilization was reduced, nutrients were able to penetrate to the augered depth. 

and biodegradation occurred (Stehmeier et al.. 1996; Stehmeier et al., 1997). 

2.4.4.3 Natural Attenuation 

NaturaI attenuation or intrinsic remediation is the combined effect of natural 

destructive and nondestructive processes to reduce contaminant mobiiity, mass. 

and associated risks (Hinchee et al.. 1995b). Rifai et al. (1 995) describe natural 

attenuation as a plume management strategy that moniton natural processes to 

Iimit adverse impacts on subsurface contamination. Adverse impacts are 

evaluated by assessing risk to public health and other environmental receptors. 

Monitoring is the key activity in natural attenuation and the suggested 

parameters for analysis are shown in Table 2.3 (Rifai et al.. 1995). 

Site characterization should inciude data on location and extent of contaminant 

sources, extent of dissolved contaminants, groundwater geochernistry 

(concentration of electron acceptors and biological metabolites), geological data 

(mineralogy. bulk density), and hydrogeological parameters (permeability, 

porosity, adsorption coefficients). Three indicators of intrinsic remediation can 

be obtained from this information (Rifai et al., 1995) - contaminant 

disappearance. loss of electron acceptors, appearance of degradation products. 

The National Research Council of the United States of America (1 993) suggests 



Table 2.3 Parameters for field measurement of the nahiral attenuation of 

hydrocarbons. 

Soil Microbial counts and or activity 

Total organic carbon 

Hydrocarbon concentration 

Groundwater Temperature 

Dissolved oxygen 

Carbon dioxide, bicarbonate, carbonate 

Conductivity 

PH 

Total d issolved solids 

Eh 

ca2', ~ g ~ ' ,  ~ a ' ,  ~ n ~ " ~ ' .  ~e'+'+ , SO~~-, CI-, 

Total aikalinity 

Total organic carbon 

Biological oxygen demand 

Chernical oxygen demand 

Hydrocarbon concentration 

NO<, NO;, NH;. pod5 



that proof of intrinsic rernediation requires, (1) docurnented loss of contaminants 

from the site, (2) laboratory evidence indicating microorganisms in site samples 

have the potential to transfomi contarninants under expected site conditions, and 

(3) analyses showing the biodegradation potential is being realized in the field. 

The indicators of intrinsic remediation derived frorn Table 2.3 provide proof for 

the National Research Council proposals 1 and 3. 

2.5 Microbial Ecology of Hydrocarbon Degradation 

Microbial degradation of organic cornpounds in soi1 depends on three factors, 

according to Vecchioli et al. (1990): (1) availability of the cornpounds to the 

degrading microorganisrns; (2) the number of degrading microorganisrns; and (3) 

the activity of these organisms. It has also been suggested that microorganisms 

emerge that are best fitted to exploit a food source or metabolic niche in 

accordance to Dawinian principles of natural selection (Focht, 1987). 

2.5.1 General Ecological Principles Of Community Establishment 

Rayner et al. (1987) stated there were four general deteminants that needed to 

be addressed before a cornmunity could be established. These factors are 

spatioternporal distribution of resources, quality of resources, microclimatic 

conditions, and cornpetition from resident microflora. Slmpkin (1988) describes 

this as the fundamental niche concept or the complete set of environmental 

conditions under which an organism may replace itself. The physiochemical 

range that an organisrn can adapt to will dictate the survival of that organism in 

the niche. Also how an organism interrelates to other organisms will determine its 

survival in a niche. The larger the niche of an organism, the greater likelihood of 

that organism having success. To predict the ability of a specific cornrnunity to 

become established and determine the sucess it will have requires the 

determination of its niches and the degree of their overlap. 



The parameters that define a niche for each individual organism are nutrients and 

physicochernical characteristics According to Focht (1987) nutrient availability is 

the most influential parameter for determining cornmunity structure. 

Microorganisms rnost able to exploit a nutrient niche will be the dominant 

community rnembers. Once nutrient availability is detemined the ecologist can 

define community structure, that is, which organisms will be leaving and which will 

manifest themselves. Knowing the nutrient availability allows prediction and 

manipulation of community structure, if necessary. 

Other than nutrient source. physicochernical parameters (discussed in 2.4.1) 

have the most influence on microbial communities (Focht, 1987). Stotzky (1 972) 

suggests that microbial life in the soi1 exists in discrete microhabitats and these 

change in their biological, chernical, and physical characteristics. This change 

allows variability in microbial composition even in adjacent rnicrohabitats. These 

pinciples indicate that basic issues in microbial ecology are, (1) defining the 

perimeters of the fundamental niche and, (2) determining what the 

consequences of niche overlap are to each individual species. 

2.5.2 Community Establishment In situ 

In nature, where nutrients are limited and conditions less than ideal. the key to 

success is competitive advantage. Strategies for obtaining a competitive 

advantage will be discussed (Rayner et al., 1 987). 

2.5.2.1 Ruderal Strategies 

Ruderal applies to growth in a disturbed or wasted space. Ecologically, ruderal 

strategies are promoted by disturbance. which, according to Rayner et al. (1 987), 

can be any sudden environmental event that through destruction of resident 

biomass or enrichment of the habitat provides new resources for colonization. 

These strategies are based on rapid arrival. capture and conversion of easily 



assimilated growth substrates to biornass, and cornmitment to rapid 

reproduction for the establishment of a population before the competition. This 

type of strategy applies to r-selected organisms and would be seen after an oil 

spill on a pristine beach. 

2.5.2.2 Combative Strategies 

Combative strategies. as suggested by Rayner et al. (1987), are found where 

there is a high potential for competition. These habitats are undisturbed and 

relatively free from stress. such as a forest meadow. Successful establishment 

and maintenance of a cornmunity depends on the ability of that cornmunity to 

exclude other organisms from a niche that they had colonized first or occupy 

other niches by predatory mechanisms. This type of strategy is characteristic of 

K-selected organisms and would be seen in the soi1 of an established land-fann. 

2.5.2.3 Stress-tolerant Strategies 

These strategies depend on tolerance of an environmental stress (Rayner et al.. 

1987). The stress is constant and Iimits production of biomass by the majority of 

populations in the community. Examples of stress that could invoke these 

strategies are temperature, water availability, pH, aeration, and toxicity. K- 

selected organisms nonnally would use this type of strategy. An example of this 

strategy would be those organisms withstanding winter freeze-up and then 

exhibiting robust growth as soon as milder temperatures were reached. 

2.5.3 Model for Community Establishment 

A summary of these strategies and their implications for cornmunity development 

is shown in Figure 2.5 (Rayner et al., 1987). Unoccupied resources are 

represented at the top. Community establishment progresses with many 

abundant unfilled niches open for exploitation. rSelected organisms q uickly 

exploit the easily metabolized components and reproduce quickly. If there is no 



Figure 2.5 Model for comrnunity establishment during bioremediation. 
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additional stress, cornrnunities fil1 al1 the niches of the easily assimilated 

components, closing the system and initiating competition. Those communities 

capable of combative strategies (K-selected organisms) remain, continuing the 

depletion of nutrients. Nutrient depletion continues until only the most 

recalcitrant of components are left. A highly competitive array of organisms 

tolerant to near oligotrophic conditions remain in this nutnentdeprived system to 

occupy the remaining niches. 

The left side of Figure 2.5 illustrates community succession, if there is an added 

stress on the system, i.e. temperature. For example, if contamination occurs in 

winter with very Iow temperatures the only organisms capable of exploiting this 

disturbance to the environment are those capable of cotd tolerance. If the 

temperature increases and alleviates the stress for a month then a shift can 

occur to the right and the remaining niches are filleci with opportunistic r-selected 

organisms. A return to winter eliminates those organisms not able to tolerate 

cold and opens previously occupied niches. Community development soon 

closes the system with cold tolerant organisms competing for more space in their 

overlapping niches. Cornpetition increases as the nutrients are depleted and 

final development is a community of cold and limited-nutrient tolerant 

populations. 

As cornmunities enter this declining stage they will have a high degree of stability 

and the system will be very resistant to change. Atlas and Bartha (1987) have 

used the term homeostatic for communities that resist change. Homeostasis is 

the compensating mechanism used to minimize and counteract perturbation of 

the community. It is a series of checks and balances operated by various 

components in a comrnunity to maintain their competitive edge. In macro- 

ecology there may be some thought process in homeostasis but in microbial 

ecolog y homeostasis becomes microbially-mediated chemical equilibrium. 



In the next four chapters an attempt will be mage to use the principles surveyed 

in the literature search to esbblish what some of the interactions of soi1 are with 

DCPD when it is spilled in the subsurface, whether DCPD is biodegradable by 

rnicroorganisms, and whether DCPD biodegradation is measurable in vitro and 

or in situ. One process of detennining whether soi1 contaminated with DCPD is 

homeostatic is examining the microbial community for population shiffç. A 

rnethod used for this process will also be presented. 



CHAPTER T HREE 

ADSORPTION OF DICYCLOPENTADIENE BY ALBERTA GLACIAL TILL 

3.1 Introduction 

Dicyclopentadiene (DCPD) is a compound produced by the high temperature 

cracking of hydrocarbon-feed stocks. Dicyclopentadiene is used extensively in 

industry with production exceeding 70 x 106 kg in the United States in 1994 

(Stahl, 1995). Its use and production continues to increase suggesting the fate 

of this chemical should be understood. A prominent investigation of DCPD in the 

environment occurred in 1974 when DCPD was found in groundwater adjacent 

to the Rocky Mountain Arsenal near Denver, Colorado (Spanggord et al.. 1979; 

van Breemen et ai., 1993). This 6,900 hectare site had been a manufacturing 

site for rnilitary and agricultural chernicals. Chernical wastes, including DCPD. 

had been stored in shallow unlined ponds and asphalt-lined basins for more than 

30 years (Williams et al.. 1989). Contamination was from leachate and 

uncontrolled spillages. 

Determining the environmental fate of DCPD or other chemical requires 

knowledge of any transport or degradation process that may influence that 

chemical once it is released to the environment Testing for these processes 

must be thorough and mimic natural parameters as much as possible because of 

the diffïculty in predicting chemical environmental behavior. Knowledge of the 

environmental processes acting on chernicals is particularly important when 

determining, first, whether a chemical will contact a biological entity, and second, 

whether it will cause a toxic effect or be degraded to innocuous materials 

(Howard et al., 1978). Some of these processes are leaching, evaporation. 

sorption. abiotic oxidation, and biotic oxidation. The result of these processes is 

usually either movement or decrease of the contaminant concentration. For 

example, transport through the subsurface usually dilutes the chemical in the 



mobile phase and leaves a higher local concentration on the solid matrix surface 

through sorption. 

Sorption is an important process affecting the environmental fate of chemicals in 

soils. Location of pollutants in the subsurface is highly dependent on sorptive 

behavior (Karickhoff, 1 984). Besides the irnrnediate effect on physical transport, 

sorption can also influence biodegradation of the contaminant (National 

Research Council. 1993). Sorbed contaminants may diiffer in chernical reactivity 

from chemicals in the aqueous state (Karickhoff, 1984). This influences 

biodegradability of the contaminant by causing a change in solubility. If solubility 

is decreased, reactions in the solution phase are rate-limited . 

In this work, to enable future rnodeling of where OCPD has migrated and how far 

it will travel in subsequent spills, the adsorption coefficient and the retardation 

factor will be detemined. The adsorption coefficient will also indicate whether 

biodegradation of DCPD may be rate-limited due tu soi1 adsorption. 

3.2 Materiais and Methods 

3.2.1 Soi1 

Five samples of glacial till were obtained from an Alberta petrochemical plant. 

The samples were chosen from areas where excavation had cleared the grave1 

from the surface revealing the tiII and where the till was relatively undisturbed. 

The sites were separated by between 250 and 1000 m distance. The samples 

were homogenized by quartering soi1 clumps to approximately 7 mm. Physical 

analysis of the soi1 was perfomed by commercial laboratories, as follows. 

Particle size analysis was perfomed by Hardy BBT (Red Deer, AB) using U. S. 

standard sieve sizes ranging from 12.5 mm to 1.25 Pm. Total organic carbon 

(TOC) and cation exchange capacity (CEC) were perfomed by AGAT 

Laboratories (Calgary, AB). The Walkley Black method, rnodified for colorimetric 



rather than titrimetric detemination of organic carbon (Sims and Haby, 1971) 

was used for analyzing TOC. Method 8-3 of the American Society of Agronomy 

(Rhoades, 1982) with sodium acetate and sodium chloride soi1 washing followed 

by extraction with magnesium nitrate was used for CEC. X-ray diffraction for soi1 

mineralogy was perforrned at CORE Laboratones (Calgary, AB). The soi1 was 

oven dried for at least 24 h at 85°C and sieved to remove particles >2 mm before 

adsorption studies occurred. The pH was deterrnined with an Oaktron pHTester 

(Mode1 35624-10, Labcor Inc., Anjou, Quebec) using a 1:1 soi1:water sluny. Soi1 

conductivity was determined with a Cole-Parmer conductivity meter (Model4070, 

Labcor Inc., Anjou, Quebec) on a 1 :40 soi1:water solution. 

3.2.2 Glassware 

Crimp top vials (60 ml) (Chromatographic Specialties Inc., Brockville, ON). were 

acid washed with a 1:1 mixture of concentrated nitnc and hydrochloric acids. 

After soaking ovemight, the vials were washed and rinsed with deionized water 

followed by a rinse with glass distilled water. Vials were autoclaved on the dry 

cycle to remove traces of water. 

3.2.3 Solute 
14 Solutes used were DCPD, benzene and toluene. Universally labeled C- 

cyclopentadiene was supplied by Wizard Laboratories, Davis, California. The 

specific activity was 0.56 mCümmo1 with a radiochemical purity of 99.4% as 

determined by gas chromatography. To produce DCPD, cyclopentadiene was 

dimerized by heating at 90°C in a sealed ampoule for six hours. The chemical 

purity of DCPD was determined by gas chromatography and indicated 97% of 

the product was DCPD, 0.33% CS'S, 0.77% cyclopentadiene, 0.39% ClO's, 

0.23% C l  1+, and 0.78% tricyclopentadiene. Universally labeled benzene and 

ring-labeled toluene were purchased from Sigma Chemical Company, Inc. (St. 



Louis, MO). Specific activity for benzene was 19.3 mCtlmmol and for toluene 

was 10.2 mCi/mrnol. 

3.2.4 Adsorption Coefficients 

The adsorption coefficient was determined using the environmentally 

conservative isotherm (€CI) described in the EPA Technical Resource 

Document EPA/530/SW-87/006F (Roy et al., 1992). Soil used for adsorption 

was from sarnple #l. An €CI is generated by maintaining the same solute 

concentration in al1 cases and increasing the amount of absorbent. The 

advantage of this method over varying the solute concentration is that effects of 

sorptive cornpetition and other processes are accounted for even though their 

exact nature may be unknown (Roy et al.. 1992). The €CI provides the best 

results when the sorbent has a relatively high affinity for the solute and the initial 

solute concentration is relatively low. This makes it ideal for sparingly-soluble 

organic solutes such as DCPD. 

3.2.4.1 Determination of Adsorption Equilibrium Time 

A key parameter for detemining Kd values for adsorption of any solute to soi1 is 

whether the solute and sorbent are at equilibrium. This was determined for 

DCPO by placing 6 g of soi1 in triplicate vials and filling the via1 to create a 1:10 

soi1 to water ratio. Two milligrams of 1 4 ~ - ~ ~ ~ ~  in 100 pl methanol were placed 

in each via1 (0.12 pCi) and then placed in a rotating (20 rpm) hybridization 

chamber at room temperature. Adsorption was measured at 1, 24,48 and 84 h. 

Adsorption was determined by centrifiiging triplicate vials at 3800 g for 20 min to 

pellet the soil. Septa were removed with a decrimper and 1 ml of liquid was 

removed from each via1 with a glass pipette to a scintillation via1 containing 10 ml 

of scintillation fluid. After stabilizing in the dark ovemight. the samples were 

counted in a liquid scintillation counter. Sorption equilibrium was defined as the 

minimum amount of time required for the loss of solute to be less than or equal 



to 5% in a 24-h period (Roy et al.. 1992). Adsorption ont0 glassware was 

determined by including triplicate vials with 1 4 ~ - ~ ~ ~ ~  and water only. 

3.2.4.2 Determination of Soil:Solution Ratio 

Experiments must be run in a concentration range where adsorption leads to 

statistically significant concentration decrease (Roy et al.. 1992). At least 10% to 

30% adsorption is desirable. This was detemined by mixing soil:solution ratios 
14 of 1 :2, 1:4, 1 :7, 1:10, 1 :15, 1:20. 1 :30, and 1:40. C-DCPD was added and the 

vials treated as described above. Initial counts were determined by including 

vials with ' 4 ~ - ~ ~ ~ ~  and water only. 

3.2.4.3 DCPD Adsorption Isotherm 

The adsorption isotherm for DCPD was detemined using the following equation 

(Roy et al.. 1 992): 

Equation 3.1 

where X/m = pg of DCPD adsorbed per g of soil. 

m = g of oven dried soi1 added to vial, 

Co = initial pg "c-DCPD~~I before exposure to soil, 

C = pg 1 4 ~ - ~ ~ ~ ~ l m l  at equilibrium, 

V = ml of water added to vial. 

For each soi1 solution ratio, triplicate vials were prepared containing the 

appropriate quantity of soi1 and distilled water with 100 pl of ' 4 ~ - ~ ~ ~ ~  standard 

solution (2% voVvol 14c-~c?D in methanol). Co was detemined by counting 1 

ml aliquots from each triplicate vials containing only 1 4 ~ - ~ ~ ~ ~  standard solution 

and distilled water. The cpm values were converted to pg DCPDlml using a 

standard curve. V was determined by weighing the water added to each via1 and 

dividing by the density (0.98 glcrn3). C was calculated by subtracting pg 



DCPD/ml in solution after exposure to soi1 from Co. The vials were treated in the 

same manner as those in the equilibriurn studies. 

The ECI was graphically constnicted using values for dm and C at each soi1 

solution ratio. Points were the average of tn'plicate sarnples of each soil:solution 

ratio. 

3.2.4.4 DCPD Retardation Factor in Glacial Till 

Retardation factors were deterrnined assuming Iinear adsorption using the 

relationship descn'bed by Freeze and Cherry (1979). The retardation factor can 

be defined as the ratio of the velocity of the leachate to that of the solute (Roy et 

al., 1992). If the targeted solute is not retained in the soi1 matrix the retardation 

factor is 1. Empirically the relationship is as follows: 

Equation 3.5 R = 1 + ph (Kd)  
6 

where pb = dry bulk density of the soi1 

kd = distribution coefficient 

= volumetric water content of the soil. 

The soi1 is assumed to be water saturated so 0 becomes the porosity of the soil. 

3.3 Results 

3.3.1 Soil Characteristics 

The p hysical characteristics of the glacial till sarnples are presented in Table 3.1 . 

Sieve analysis indicates the till is well graded materiai with a significant clay 

content. Soil particle size is divided into four categories; gravel, sand silt and 

clay. These categories have the foliowing sizes - gravel is al1 particles ~ 4 . 7 5  

mm, sand ranges from 4.75 mm to 0.075 mm, silt ranges from 0.075 mm to 

0.002 mm, and clay is particles <0.002 mm. Two samples of the silt and clay 

fractions were submitted for X-ray diffraction analysis and both samples had 



Table 3.1 Parameters of glacial üII samples. 

CEC PH* TOC Conductivity 

Sample Gravel Sand Silt Clay meqllOO g ?'O mS* 

1 3 35 39 23 12 7.86 7.1 0,21 

2 9 46 26 19 18 1,3 

3 9 37 3 1 23 10 1.5 

4 4 40 33 23 16 1.1 

5 5 34 37 24 23 1.4 

Average 6 38 33 22 16 1.3 

Standard Deviation 2.8 4.8 5.1 1.9 5.1 0.2 

*Determined for Sample 1 only 

Clay Mineralogy 

Sample Quartz Dolomite Calcite Mite K f 8idspar Kaolinite Smectite Plagioclase 

1 15 1 trace 22 7 5 46 4 

3 20 1 trace 21 2 4 47 5 

Average 18 1 trace 22 6 5 47 5 

Standard Deviation 3.5 O O 0.7 3.5 0.7 0.7 0.7 



similar mineralogy. Results shown in Table 3.1 indicate the till at this site is 

unifonn in structure and composition. 

3.3.2 Adsorption Equilibrium 

The equilibriurn time for DCPD adsorption on soi1 is illustrated in Figure 3.1. At 

zero time 94% of the initial label was counted indicating 6% adsorption on acid- 

washed glassware. In the next hour. another 13% was adsorbed and the total 

for the first 24 h was 23%. In the next 60 h only 0.7% more was adsorbed. 

3.3.3 Soil:SoIution Ratios 

Soil:solution ratios having between 10 and 30% DCPD adsorption were 

detennined from Figure 3.2. The percentage of DCPD sorbed at each ratio is as 

follows: 1 :2 was 61 -5%. 1 :4 was 43.3%. 1 :7 was 27.8%. 1 :10 was 20.7%. 1 :15 

was 1 5.2%, 1 :20 was 1 1 -4%. 1 :30 was 8.4%. and 1 :40 was 6.7%. 

3.3.4 DCPD Adsorption lsotherms 

The numerical values used ta plot the environrnentally conservative isothemi is 

found in Table 3.2. The environmentally conservative isotherm is plotted in 

Figure 3.3. 

3.3.5 Benzene and Toluene Adsorption lsotherms 

As a cornparison the constant soi1 isotherms (Roy et aL, 1992) for benzene and 

toluene were deterrnined on the same soil. Numerical values for benzene and 

toluene adsorption coefficients are found in Table 3.3. Only a 111 2 soil:solution 

ratio at three hydrocarbon concentrations was used to determine the benzene 

and toluene adsorption isotherms. 





Figure 3.2 Adsorption of DCPD on Alberta Glacial Till as a Function of Soil Quantity 

0)  

Soil in Slurry (% weight) cn 



Table 3.2 Data points for OCPD adsorption isothenns. 

Axis 

Units 

Soil ratio 1 :2 

Soil ratio 1 :4 

Soil ratio 1 :7 

Soil ratio 1 : 1 O 

Soil ratio 1 :15 

Soil ratio 1 :20 

Soil ratio 1 5 8  

Soil ratio 1 :40 

Linear Regression 

Slope Intercept 





Table 3.3 Numerical values for benzene and toluene adsorption 

isotherms at a soil:solution ratio of 1:12. 

Concentration x axis y axis 

~i91ml PS/S 

Benzene 

1.5 rng/ml 0.8 0.9 

0.74 mgfml 0.5 0.6 

0.15 mg/ml 

Toluene 

0.51 mglml 

0.26 mg/ml 

0.07 rng/ml 

Linear Regression 

Benzene 

dope interce pt r' 

1.18 O 0.99 

Toluene 



3.3.6 Retardation of DCPD in Glacial Till 

Retardation factors for DCPD, benzene, and toluene in Alberta glacial till, as 

described in 3.2.4.4, are calcubted for two soi1 bulk densities in Table 3.4. 

3.4 Discussion 

3.4.1 Physical and Chernical Characteristics of Soil 

The physical and chemical parameters measured in this study indicate the soi1 is 

uniform across the petrochemical plant site. Uniform soi1 across a site enables 

contaminant transport to be modeled and predicted w ih  some confidence. If the 

soi1 has a high degree of heterogeneity it is difficult to mode1 contaminant 

transport because of the uncertainty of which soi1 parameters will affect transport 

at any particular point. The sail characteristics that influence transport of 

contaminants are those that alter the solute. Parameters measured in this work 

that have an effect on the solute are pH, conductivity, cation exchange capacity, 

total organic carbon, and mineralogy. 

The pH of soi1 matrices has been shown to affect sorption of contaminants on 

soi1 (Kan and Tornson, 1990). Kan and Tomson (1 990) found that at more basic 

pH, the sorption of naphthalene decreased slightly and proposed the following 

modification to the Freundlich isothem to account for pH differences: 

Equation 3.6 q = 2.77(7 - 0.7 ApH)C 0.81 

where q = pg contaminantfg of soi1 

ApH =pH - 7  

C = pg contaminantrml water. 

This equation was specific for the contaminant, naphthalene, and soi1 used 

which had very low silt and clay content (6% and 2% respectively) when 

compared with the soi1 used in this study. However, it does indicate when the 

soi1 has a pH significantly different than neutral the effects must be determined to 



Table 3.4 Retardation Factors for DCPD, Benzene and Toluene on 

Alberta Glacial Till. 

Hydrocarbon Soil Bulk Porosity* Retardation 

Density* Factor 

glml mllml 

DCPD 1.8 0.3 18 

2.3 0.1 67 

Benzene 

Toluene 1.8 0.3 I O  

2.3 0 - 1 34 

* Estimated bulk densities and porosities from corn puter assisted 

tomography (personal communication Michael Aikman, University of Calgary 



properly evaluate solute transport Table 3.1 indicates soi1 pH is slightly basic 

which could increase the in situ adsorption coefficient a small arnount. 

The petrochernical site used for this study does not have highly saline soils or 

groundwater as indicated by the low conductivity measurement in Table 3.1. 

The implications of high salt content in the subsurface are clays with saturated 

ionic binding sites. This decreases adsorption of the solute if it is also ionic. 

Neutra1 solutes such as DCPD do not compete with ionic species and the effect 

of salt is the opposite. Salt increases sorption onto soi1 as 'salting our or a 

decrease in the affinity of the solute for water occurs (Karickhoff. 1984). This 

relation can be explained by the following equation: 

Equation 3.7 log xs('2J = -&(12 - 1,) 
x s  (11 1 

where l2 and II = salt concentrations 

Ks = the Setschenow constant for a given salt 

xs = mole fraction solubility. 

At this site the sorption of DCPD is not affected by the ionic composition of the 

subsurface, 

The cation exchange capacity is a measurement of the excess counter ions in 

the zone adjacent to the charged surface of the soi1 which can be exchanged for 

other cations (Freeze and Cherry. 1979). The CEC is normally expressed as the 

number of milliequivalents of cations that can be exchanged in a sample of soi1 

with a dry mass of 100 g. The significanœ of this number is an indication of the 

surface area per unit mass. Knowledge of the surface area gives an indication 

of potential sorption of solutes by the so t  Exchange of cations will also affect 

the permeability of the subsurface. For example, an exchange of ~ a '  for ~ a ' ~  

causes montrnorillonite clays to swell because the hydrated radii of two ~ a '  

require more space than one ~ a * '  and thus soi1 permeability is significantly 



decreased as the mineral crysta! lattice increases in size (Freeze and Cherry, 

1979). Tabie 3.1 indicates there are significant quantities of smectiie clays at 

this site and smectites include montïnorÏllonite and other swelling clays (Grim. 

1968). 

Soil organic rnatter at this site is low (Table 3.1). Dunng construction of the 

petrochemical plant the A and B horizon layen of soi1 were stnpped off and the 

plant was built on the C horizon which consists prirnarily of till-type soil. The 

TOC of A and B horizon soils found outside the plantsite is nomally 4% to 5% 

(Alberta Agriculture, Edmonton, AB). The results in Table 3.1 indicate soi1 

organic matter is approximately 1%. The detection Iimit for the Walkley Black 

oxidation rnethod is t l %  (AGAT Laboratones. Calgary, AB) indicating the soi1 

organic content of this sail is very low. 

The effect of TOC on span'ngly soluble solutes (<Io5 M water solubility) has 

been well documented (Karickhoff, 1984; Voice and Weber, 1983; Karickhoff et 

ai., 1979). Natural organic carbon functions as a partition phase for the 

dissolution of these organic contarninants and this is a controlling mechanism for 

attenuating organic movement in soils. However. in mineral soils there is a 

critical level of organic matter where organic partitioning or adsorbing ont0 the 

rnineral surface are equal (McCarty et al., 1981). These authors proposed a 

relationship based on mineral surface area and the octanol-water partition 

coefkient. For DCPD the critical level of organic carbon (f,) in these soils could 

range from 0.015% if the surface area of silica is used (13 m2/@ to 0.23% if the 

surface area of montrnorillonite is used (200 m2/g). This is based on the 

following equation 

where (f,,*) = critical organic fraction for the solute i 



S = mineral surface area 

K,, = octanol water partition coefficient. 

This indicates organic carbon can strongly influence DCPD adsorption. Because 

of the insenslivity of the organic carbon measurements it precludes using 

theoretical equations based on organic carbon to detemine K, values. 

However, the particle size analysis for these soils (Table 3.1) suggests a high 

percentage of the soil, >50%, is less than 75pm in size. Mineralogy (Table 3.1) 

indicates almost 75% of this fraction is clay minerals. Clay minerals have large 

surface areas (750 to 1 O00 m2/g. Freeze and Cherry, 1979) which can influence 

sorption. KarÏckhoff (1984) suggests that when the ratio of clay to organic 

carbon is less than 30, minerals will have no affect on sorption. The clay to 

organic carbon ratio (based on 1% TOC) found for the petrochemical site was at 

minimum 50 and may be higher, indicating mineral surfaces do play a role in 

DCPD sorption. This suggests that the organic carbon measurements are 

reasonable and hig h sensitivity is not necessary in clayey soils. 

3.4.2 Sorption lsothems 

An adsorption isothem is a graphic representation showing the amount of solute 

adsorbed by an adsorbent as a function of the equilibriurn concentration of the 

solute. The relationship is defined quantitatively by some type of partition 

function or adsorption equation that is statistically applied to the adsorption data 

(Roy et al., 1992). The use of an €CI requires the proper soi1:solution ratios and 

adsorption equilibriurn tinte to be determined. Ratios of 1 :7 to 1 :20 (Figure 3.1) 

yielded adsorption percentages between 10% and 30% which gives a discernible 

decrease in solute that is statistically acceptable with respect to the initial 

concentration (Roy et a/., 1992). Soil:solution ratios can also be detemined from 

the organic content of the adsorbent and the organic carbon partition coefficient 



when the solute is nonionic (ASTM, 1988). The soil:solution ratio determined 

from this relationship was 1 A0 supporting the values obtained in Figure 3.1. 

Equilibrium time is the time interval in which the system reaches chemical 

equilibriurn and the concentrations of solute sorbed ont0 soi1 and present in the 

water phase cease to change with respect to time (Roy et al., 1992). It is 

important that adsorption measurernents are taken when the system has 

equilibrated. Figure 3.2 indicates aiat in this test system afîer 24 h the DCPD 

concentration found in the water did not decrease more than 1%. Roy et al. 

(1992) suggest that less than 5% change in 24 h indicates the system is at 

equilibrium. Recently (Pignatello and Xing, 1996) have suggested true in situ 

sorption equilibrium may not occur until after many weeks. They conclude that 

there is an initially fast sorption followed by a slow sorption that is retarded by 

organic matter diffusion and pore size. The resuits presented here show the 

trend for 3.5 days only. In the first hour, DCPD was sorbed to glacial till at a rate 

of 3.3 x 1 o ' ~  rng/glh, in the next 23 h the rate decreased to 2.8 x 1 o4 rng/g/h, and 

over the next 60 h the rate was 9.5 x 10" mglglh. The adsorption rate 

decreased by a factor of over 3000 in 84 h. This suggests, that in this system. 

non-equilibrium will not be an artifact in the adsorption coefficient measurernents. 

The data presented in Figure 3.3 suggests that adsorption of DCPD to Alberta 

glacial till at the concentrations used is linear. The linear regression correlation 

coefficient for the isotherm was 0.95. Voice and Weber (1 983) suggest that most 

isotherms at low concentrations are linear and that caution should be used when 

extrapolating isothemis outside the measured conditions. Karickhoff (1 984) 

stated that if the concentration of C is less than one half of its aqueous solubility 

and below 10" M then sorption isothems would be linear. The aqueous 

solubility of DCPD is 0.19 mglml (Table 2.1) and the value of C ranged from 

0.1 1 rnglml to 0.1 3 mglml (values for soil:solution ratios having between 10% 



and 30% adsorption, Roy et al., 1992). The molar concentrations of C ranged 

from 8.0 x 1 O-' to 9.8 x 1 O-' indicating borderiine linearity. 

Batch-adsorption data have been successfully applied as input parameters for 

models used to descnbe the movement of chernicals in soi1 (Dragun. 1988). The 

retardation factor is a key parameter to describe contaminant rnovement in soi1 

(Roy et al., 1992). In Table 3.4 a cornparison is made among three 

contaminants at two bulk densities that have been suggested as being an 

appropriate range for the contaminated glacial till (University of Calgary 

Computer Assisted Tomography Laboratory). Bulk density and porosity have 

strong influence on contaminant retention as shown by the 350% increase in 

retardation factors wlh  only a 28% increase in soi1 bulk density. This result 

contradicts the conclusions of PatrÏck et al. (1985) who found that small changes 

in bulk denstty and porosity did not have great effects on their retardation factors. 

However, the soi1 characteristics at their study site were quite different. 

The retardation of DCPD transport through soi1 is also much greater than for the 

arornatics, benzene and toluene as indicated by an approximate doubling of the 

retention factor for DCPD. Patrick et al. (1995) measured retention factors for 

benzene and toluene at CFB Borden and obtained results of 2.4 and 2.1, 

respectively. The soil at their site consisted of 96% sand and 4% silt and clay. 

The mineralogy was primarily quartz (50%) and only trace amounts of clay 

minerals (biotite and ch lorite). This contrasts strongly with Table 3.1 which 

indicates that in Alberta glacial till, silt and clay account for greater than 50% of 

the soil. Table 3.1 also indicates almost 70% of the rninerals analyzed were clay 

minerals (smectite, kaolinite, and illite). As seen in Table 3.4, the combination of 

higher bulk density, lower porosity, and different mineralogy has quadnipled the 

retardation factors for benzene and toluene. 



3.4.3 Implications of Sorption on Soil 

This work has the following implications for the fate of DCPD in Alberta glacial 

till. 

Adsorption coefficients indicate DCPD sohs to the sampled glacial till twice 

as strongly as benzene and toluene. 

The transport of DCPD in saturated glacial tif1 will be a factor of two slower 

than benzene and toluene. In basal till where groundwater flow ranges from 

0.3 m to 0.003 rdyear, DCPD will travel at 0.05 m/year to 4.5 x IO" m/year. 

Rates of benzene and toluene migration will be proportional* 

When a spill of pyrolysis gas occurs there will be a chromatographie effect in 

the subsurface because of the different adsorption coefficients. This will set 

up dïfFerent zones of remediation dependent on substrate and microbial 

ecology. 

Cornparison of results obtained on Alberta glacial till with published results for 

sandy soils at CF0 Borden, ON, suggest clayey soils can decrease the 

transport of benzene, toluene and presumably DCPD by approximately four 

times. 

The strong sorption of DCPD to glacial till may decrease bioavailability and 

slow down remediation. 

The strong sorption of DCPD to soit provides time to naturally attenuate the 

subsurface as DCPD equilibrates with groundwater. 

Biological degradation of water dissolved contaminant will enhance 

desorption and may enhance rernediation by promoting a concentration 

gradient to groundwater. 



CHAPTER FOUR 

IN WTRO DEGRADATION OF DICYCLOPENTADIENE BY MICROBIAL 

CONSORTIA ISOLATED FROM WDROCARBON CONTAMINATED SOlL 

4.1 Introduction 

Dicyclopentadiene (Figure 4.1, compound 1) is a dimer of cyclopentadiene and is 

produced as a pyrolysis by-product in the production of hydrocarbon feed stocks 

in petrochemical plants (Szekeres et al. 1977). This stream. commonly referred 

to as CS+ or pyrolysis gas. contains a variety of petrochemicals of which DCPD 

usually constitutes 5% to 13% (w/w) (Stehmeier et al. 1995). 

The pervasive odor of DCPD has been the stimulus to detemine the fate of 

DCPD in the environment. Because the odor threshold is so low (5.7 ppb. 

Amoore and Hautala, 1983) and imtating, public perception of its seriousness is 

often dramatic. In a toxicity study using Fischer rats. Bevan et al. (1992) found 

that exposure to DCPD vapors for 13 weeks resulted in an overall low degree of 

systemic toxicity. The only effed observed was a male rat-specific nephropathy 

that is characteristic of the hyaline droplet nephropathy produced by a diverse 

group of cornpounds. Characteristics of this disease are the binding of low 

molecular weight proteins to DCPD that are then prevented from being degraded 

by lysosomes in tubular cells of the kidney. The relevancy of this nephropathy 

has been questioned because humans excrete urinary proteins that are of a 

much higher molecular weight and only about 1% of the amount excreted by 

male rats. This suggests that even though DCPD is an irritant its toxicity to 

humans is not as acute as its odor causes people to perceive. 

The quality and intensity of odor are known to be a function of the molecular 

structure of the chernical (Egolf and Jurs, 1993). One method of changing odor 

is to change the molecular structure by biooxidation or degradation. Published 



Figure 4.1. Structures of OCPD and oxygenatmâ DCPD derivatives 
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laboratory work on the biodegradabilÏty of DCPD has been limited to work 

initiated at the Rocky Mountain Arsenal in Colorado where DCPD was used as 

the precursor for a variety of insecticides Spanggord et al. (1979) studied the 

effect of photolysis and biodegradation on DCPD in soi1 and groundwater. They 

found that photolysis by sunlight of DCPD in extracted groundwater would 

reduce the concentration by 50% in 760 h (or 76 days. assuming 10 h of sunlight 

per day). When they examined biotransfonnation of DCPD in water and soil they 

concluded that biotransfonnation in water would be slower than photolysis. They 

also suggested that 50% conversion of DCPD to CO2 would take between 4 and 

7 years at 25°C in soil based on the evolution of 14c0, from radiolabeled DCPD 

(Spanggord et al. 1979). Williams (1986) also found that a low percentage of 
14 14 C-labeled DCPD was converted to CO2 in soi1 media from the Rocky 

Mountain Arsenal after extended incubation. His study further suggested the 

number of rnicroorganisms capable of degrading DCPD to be very limited. van 

Breemen et al. (1987) studied the fate of DCPD at the Rocky Mountain Arsenal 

and extracted a variety of oxygenated derivatives of DCPD from groundwater. 

Two ketone derivatives of DCPD were identified (Figure 4.1: compounds VI and 

VII) and were suggested to be of bacterial origin. The organisms responsible for 

the formation of these compounds were not isolated. 

The present study was undertaken in order to futther characterize the potential 

for DCPD biodegradation in the environment. The results confirm that DCPD is 

slowly biodegraded prirnarily by mixed populations of microorganisms from a 

variety of sources. Attempts to find single strains of microorganisms capable of 

rapidly degrading DCPD were unsuccessful. Biodegradation rates can be 

en hanced by pre-exposure to DCPD. Oxygenated derivatives whose mass 

spectrum is very similar to those of compounds II and V (Figure 4.1) are 

reproducibly found in extracts of in vitro cultures. 



4.2 Materials and Methods 

4.2-1 Media 

Hydrocarbon Degradation Medium (HDM) consists of 1 g K2HP04. 1 g KH,P04, 

2 g NH4N0,. 0.3 g MgS0,-7H20. 0.001 g CaC1,-2H,O. 0.001 g FeS04.7H20. and 

1000 ml H,O (pH 7). Rich medium used in this work consisted of 1 g peptone. 1 

g tryptone, 2 g yeast extract, 2 g glucose, 0.6 g MgS04-7H,O. 0.07 g 

CaCIZ.2H20, 1000 ml H20. Agar (15 g per liter) was added to the media for 

plating. Ail incubations were done at room temperature (ca 22°C). 

4.2.2 Inocula for DCPD Degradation 

Microbial consortia were collected to test for DCPD degradation from a variety of 

sources as described in Table 4.1. lnocula were prepared for use by mixing 5 g 

of the source material with 50 ml of HDM and incubating with shaking at 150 rpm 

for 2 days. These inocula (also referred to as slurries) were then used as mixed 

cultures or were further diluted and then plated on rich medium to obtain single 

colony isolates. Cultures previously screened for hydrocarbon degradation were 

obtained from colIedions held at Florida State University (Tallahassee, FL) and 

Alberta Environmental Center (Vegreville, AB). 

4.2.3 Screening for DCPD Degradation 

Over 100 isolated microorganisms and cultures were screened for DCPD 

degradation, using a method developed at Oak Ridge National Laboratory 

(Strong-Gunderson and Palumbo 1994). This method uses BIOLOG" MT 

plates (BIOLOG Inc., Hayward, CA.) incubated in an atmosphere containing the 

test hydrocarbon. The MT plates contain a proprietary minimal salts medium 

(BIOLOG Inc.) and a tetrazolium indicator which turns purple when electrons are 

released upon hydrocarbon metabolism (Bochner 1989). The test hydrocarbons 

were DCPD and C5+. A control was established by incubating a plate in air only. 



Table 4.1 Name and source of consortia tested for DCPD degradation. 

Name Source 
Bonnybrook 

Bac Filter 

McCall Lake 

Lumber Yard 
Purple Bacteria 

Stopper 

Garden Compost 

Heritage Compost 

Money's Compost 

Thorlakson's Manure 
Naphthenic Acid 

Retention Pond 
Camphene 

Activated sludge from sewage treatment plant. Calgary. 
AB 
Creosote contaminated soil from Domtar plant, 
Cochrane. AB 
Activated charcoal filter used on oily water stream. 
polyethylene plant, AB 
Sediment frorn a pond receiving runofF frorn an airport 
tarmac and a golf course 
Oil-contaminated soil from a lumber truck loading depot 
Mixed community of hydrocarbon degraders enriched on 
hexadecane 
Fungal and bacterial mixed culture growing on DCPD- 
saturated neoprene stopper 
Flammulina velutipes received from Steve Davies , 
Alberta Environmental Centre. Vegreville. AB 
Phanerochaete chrpsponum received from Steve 
Davies, Alberta Environmental Centre, Vegreville. AB 
Neig h borhood compost pile receiving kitchen and yard 
organic matter 
Mushroom compost obtained from Heritage Mushroom, 
Airdrie. AB 
Mushroom compost obtained from Money's Mushroorn, 
Airdrie, AB 
Cattle manure from Thorlakson's feed lot. Calgary, AB 
Culture enriched on naphthenic acids ffom Suncor Oil 
Sands settling ponds. Fort McMurray, AB 
Sediment frorn a retention pond, petrochemical plant. AB 
Culture enriched on carnphene from contaminated soil. 
petrochemical plant, AB 

Digout C5+ contaminated-soil, petrochemical plant, AB 

a FC310 and FC322 are pure cultures; al1 others are consortia 



Hydrocarbon test plates were incubated in glass dessicaton containing an open 

beaker of the hydrocarbon. The plates were inoculated with pregrown washed 

inocula resuspended in 0.85% NaCl to an OD,, of 0.6. After 72 h of incubation, 

increased color was determined by placing the three plates (incubated in air only. 

in air with DCPD. or in air with C5+) adjacent to each other and visually 

comparing them. 

4.2.4 Mineralization of DCPD 

Mineralization of DCPD to carbon dioxide was monitored using radiolabeled 

DCPD. [ ' 4 ~ ] - ~ ~ ~ ~  was made from universally labeled cyclopentadiene (0.56 

mCilmmol) obtained from Wizard Laborator& (Davis, CA). The total activity 

received was 1.5 mCi with a radiochernical purity of 99.4%. Cyclopentadiene 

was dirnerized by heating in an oven at 90°C for 6 h. Gas chromatography with 

flame ion ization detection after dimerkation indicated the rnixtu re contained 97% 

DCPD, 0.78% tricyclopentadiene, 0.77% cyclopentadiene, 0.39% CIO's, 0.33% 

C5's, and 0.23% C l  1+. Labeled DCPD was diluted with DCPD obtained fram 

Aldrich (St. Louis, MO) to a specific activity of 0.02 mCilrnmol. 

Biometer flasks (250 ml; Bartha and Prarner 1965) were used to demonstrate 

mineralization. Aluminum foi1 was wrapped around the neoprene stoppers to 

reduce absorption of DCPD. Typical mineralization experiments were done using 

15 ml of inoculum (slurry as described above) added to 35 ml of HDM. Two 

microliters of (0.02 mcilmmol) were adsorbed to activated charcoal 

(-15 mg; Fisher Scientific Co., 6 to 14 Mesh) to decrease substrate loss by 

volatility. The charcoal with the DCPD was placed in the medium. Total 

radioactivity per flask was approximately 0.25 pCi  The fiasks were incubated at 

room temperature (22 OC) without agitation. In the biometer flask side am, 10 ml 

of 0.1 M KOH were placed as a carbon dioxide trap. A stainless steel hollow 

needle penetrated the stopper with the end submerged in KOH. This needle 



was never removed and allowed recovery and replacement of KOH. The side 

a m  was rinsed with distilled water three times before replacing the KOH with a 

glass syrïnge. Measurement of I4c0, was done by placing 1 ml of the KOH 

solution in a scintillation via1 with 10 ml of Aquasol (NEN" Research Products, 

Boston, MA). After shaking, vials were kept in the dark for 24 hous before 

counting . The biometer fiask assays were tested by measuring mineralization of 

[14~]-hexadecane and ['4~]-glutamic acid. which were found to be efficiently 

converted to l4co2 by the Bac Filter inocula (1.2% and 5% of the total label 

recovered as CO, after 3 days, respectively). 

A pre-incubation was canied out with a 1:1 mixture of DCPD and CS+ (25 pl per 

50 ml of slurry) for at least 6 days in those minerakation experiments that 

indicate the inoculum was induced. A 1 5 4  portion of this slurry was then added 

to the flask as descflbed for typical mineralization experiments. 

To distinguish possible solubilization of volatile DCPD in the KOH solution from 

carbon dioxide absorption. a control was set up without inoculum. Counts 

obtained in this fiask were subtracted from those fiasks containing inocula. 

Further verification that the counts in the KOH were CO2 was done by 

precipitating the CO2 with BaCI, as described by Spanggord et al. (1 979). 

4.2.5 Fate of l4c 
The 14c was recovered in seven fractions as follows. (1) A 5-ml aliquot was 

withdrawn from the biometer fiask head space and slowly injected into Aquasol 

for measurement of volatile DCPD. (2) Water soluble metabolites were measured 

by withdrawing 1 ml of medium and counting in a liquid scintillation counter. (3) 
14 CO, absorbed in the KOH solution was measured as indicated above. (4) 

Adsorbed DCPD and charcoal-adsorbed metabolites were detemined by 

extracting the charcoal for 48 h with 10 ml of acidic ethanol foilowed by (5) 10 ml 



of toluene and then (6) 10 ml of chloroform- A ?-ml aliquot of each extraction 

was counted. (7) Stopper-adsorbeci DCPD was rneasured by extracting 2 mm 

slices of the neoprene stoppers with 10 ml of Aquasol followed by 10 mi of 

toluene for 48 h. An aliquot of 1 ml from each extraction was counted. 

4.2.6 Oxygen Use During DCPD Mineralization 

Culture vials (120 ml, crimp top seals with Teflon-lined septa) were set up with 

13 mI of HDM and 2 ml of inoculum. The inoculurn was Digout (Table 4.1) and 

had been enn'ched for biomass by bubbling methane through the fiask. The test 

via1 received 50 FI of DCPD as the carbon source and the control received none. 

The vials were analyzed for oxygen consumption and carbon dioxide production 

using a Fisher Scientific Gas Partitioner Model 1200 equipped with two columns, 

a 801100 Porapak Q 6Stx1/8" Supelco column and a 60180 Mol Sieve 13X 

1 l'x3116" Supelco column. The gas partitioner oven temperature was 50°C. 

Peaks were analyzed with a Hewlett Packard 3390 integrator. Samples of 0.5 ml 

were injected with a gas tight syringe. Calibration curves were made by injecting 

pure gas into a 500 ml glass gas sampling bomb to make appropriate dilutions. 

The values measured in the test via1 were corrected by subtracting those 

observed in the control vial. 

4.2.7 Analysis of DCPD Derivatives 

For batch culture incubations the following was placed in a 500-ml Erlenmeyer 

flask: 200 ml HDM medium, 50 ml of inoculum (Table 4.1: Digout or Domtar) and 

1 ml of DCPD. The flasks were closed with foil-covered stoppers and incubated 

in the dark at room temperature (22OC) without agitation for 3 to 62 days- No 

inoculum was added to control incubations. 

For continuous culture incubations, a 4000 ml cylindrical reaction vesse1 

(diameter 15 cm, height 25 cm) was filled with 1000 ml of HDM and inoculateci 



with 20 ml of the Digout consortium. HDM was purnped into the stirred reaction 

vessel at a rate of 200 ml/day to a final volume of 2000 ml. An effluent line 

maintained the volume at 2000 ml. CS+ or DCPD (10 g, in a dialysis bag placed 

in the center of the stirred reaction vessel), served as the carbon and energy 

source. The effluent was collected in 2000 ml volumes numbered consecutively 

1 to 35, each representing a 10day perïod (one reaction vesse1 volume). After 

60 days of incubation (volumes 1 to 6), the C5+ had dialyzed out into the 

medium and the culture was switched to DCPD alone (volumes 7 to 35). 

Whenever the dialysis bag was empty it was replaced with a fresh one to provide 

a relatively constant concentration of DCPD. 

Volumes 13, 19, 22, 33 and 35 were extracted and analyzed by GC-MS. 

Culture broth was centrifuged to remove bacteria. The supernatant was 

saturated with NaCI, acidified with concentrated HCI to pHc3.5, and extracted 

three times with a third volume of ethyl acetate by shaking vigorous[y in a 

separatory funnel for 2 min. Extracts were combined and concentrated using a 

rotary evaporator. Concentrated extract was injected in a Varian 3400 GC with a 

Saturn ion trap MS using a DB-5ms column (60 m x 0.25 mm id, 1 Pm film 

thickness), ultra-high purity heliurn as the carrier gas, and a temperature 

prograrn of 15 min at 60°C, then ramped from 60°C to 260°C at lU°C/min, and 

then held for 5 min at 260°C. The injector temperature was 160°C, the transfer 

line was 220°C. and the ion trap was at 210°C. Two standards, compounds III 

and IV (Figure 4.1), were synthesized from cornpound II (Figure 4.1) according to 

the procedure outlined by Waddell et al. (1992). The latter was a gift from T. 

Waddell, Department of Chemistry, University of Tennessee, Chattanooga, T N. 

Synthesized structures were confimied using GC-MS and NMR by Fung Sun at 

the University of Calgary, Department of Chemistry. Compounds VI to Vlll 

shown in Figure 4.1 were purchased from Aldrich. GCJMS analyses were done 

for ail of these. Spectra for compounds IX and X are described in van Breemen 



et al. (1987) The spectnim for compound V (Figure 4.1) was obtained from the 

Wiley 138K Mass Spectra data base (1 990). 

Additional analysis for the production of oxidized metabolites was made by 

scanning filtered culture broth using a Shimadzu UV-265 spectrophotometer. 

The inocula was Digout that had been incubated previously with sodium acetate 

to increase biomass. After incubation with and wlhout DCPD, the culture broth 

was filtered with a 0.5-pm PTFE syringe filter (Chrornatographic Specialties Inc., 

Brockville, ON) into a 1-cm quartz cuvette. Scanning was from 190 nm to 700 

nm. UV-visible spectra were also obtained for DCPD and endo- 

tncyclo[5.2.1.0~*~]deca-8-en-3-01 in HDM without inocula. 

4.3 Results 

4.3.1 Screening of Inocula for DCPD Degradation 

Eighty three single colony isolates and 42 mixed cultures were screened using 

the B IOLOG~ system. Of these 125 cultures. 34 produced more color than the 

control plates on DCPD and or C5+ (Table 4.2). Of the 42 mixed cultures. 16 

cultures gave positive results. The majority of these represented samples from a 

CS+-contaminated retention pond (Table 4.2, Retention Pond and Compost Pile) 

or from Cd+-contarninated soi1 collected nearby (Table 4.2. Digout and Stopper). 

The Domtar inocula were not tested using the B I O L O G ~  system because their 

capacity towards ' 4 ~ - ~ ~ ~ ~  minerakation had already been demonstrated in 

biometer fiasks. 

Colony purified strains, obtained from C5+ contaminated soil, were grown either 

on rich medium or on HDM plates using C5+ vapor as the carbon and energy 

source (Table 4.2, 2 to X). These generally showed some trace to strong color 

development using C5+ but were not capable of DCPD metabolism, indicating 

that these colony purified isolates must have grown on components from the 

C5+ fraction other than DCPD. Only two purified isolates obtained from a 



Table 4.2. B IOLOG~ Screening of Cultures for DCPD and CS+ 
Degradation 

ID a Source DCPD CS+ 
Single Colony Isolates 

2 
15 
i5B  
16 
17 
18 
19 
27 
28 
29 
30 
32 
34 
III B 
v 
X 
A562 
H215 

1 
2 
3 
5 
11 
13 
15 
17 
19 
20 
22 
24 

25 
30 
31 
32 

Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Digout 
Florida State University Culture Collection 
Florida State University Culture Collection 

Mixed Cultures 
Retention Pond (30-45 cm sediment depth) 
Compost Pile (C5+ contaminated sludge) 
Compost Pile (CS+ contaminated sludge) 
Retention Pond (1 8-26 cm sediment depth) 
Retention Pond (26-44 cm sedirnent depth) 
Digout 
Retention Pond (18-26 cm sediment depth) 
Retention Pond (1 8-26 cm sediment depth) 
Retention Pond (26-44 cm sediment depth) 
Digout 
Digout (north side of soi1 pile, 60 cm depth) 
Retention Pond (66-81 cm depth, enriched 
at pH 4.6) 
Stopper 
Retention Pond (30-45 cm sediment depth) 
Retention Pond (30-45 cm sediment depth) 
Digout (south side of soi1 pile, 60 cm depth) - ++ 

a Identification number 
b See text and Table 4.1. Some mixed cultures were taken at different depths or 
enriched as indicated. 



different source appeared capable of both DCPD and C5+ metabolism (Table 

4.2, A562 and H215). However, their characterization was not further pursued 

because growth of these isolates on DCPD as sole carbon and energy source 

was not obsewed. Taken together, the results obtained with the BIOLOG' 

plates support the data from the literature that DCPD is not readily used by 

isolated bacterial strains. It is much easier to isolate bacteria with the ability to 

grow on CS+. 

4.3.2 Mineraliution of f4c]-DCPD 
Thirty-two experiments using 17 different inocüla (Tables 4.1 and 4.3) were 

conducted to detemine if the ability to mineralire DCPD was widespread 

throughout contaminated environrnents- These experiments were conducted at 

different total DCPD concentrations (Ç in Table 4.3) as determineâ frorn the 

initial counts measured in each experiment and the volume of added unlabeled 

DCPD, when using induced inocula. 

Typical experimental data in which the fraction of total radioactivity recovered as 

CO, is plotted as a function of time are shown in Figure 4.2. A continuous 

increase in CO2 with tirne was observed in essentially al1 experiments. The final 

values obtained at the condusion of the experiments (Figure 4.34, B and C: 21, 

26 and 25 days, respectively) are entered in Table 4.3. Average mineralization 

rates can be calculated from the data in Table 4.3 according to equation 4.1: 

% Fraction Recovered as CO2 7 
Equation 4.1 R = x - xCT 

700 t 

where t is the time in days and Ç is the total DCPD concentration (mM). The 

highest rates of mineralization were seen with two consortia, Stopper and 

Domtar, that had been pre-exposed to DCPD. Carbon dioxide production from 

DCPD at relatively high rates was also obsewed for the pure fungal cultures 

FC310 and FC322 (Table 4.3). As indicated in Table 4.3, most consortia were 



Table 4.3. Summary of Minerakation Experi'mentsa 
tnocu~urn~ F~ ta Ge R~ 
Bac Filter 
Retention Pond 
Napthenic Acid 
Bonnybrook 
Bonnybrook 
Heritage Compost 
Heritage Compost 
Money's Compost 
Money's Compost 
Thorlakson's Manure 
Thorlakson's Manure 
Purple Bacteria 
Purple Bacteria 
Purple Bacteria 
Purple Bacteria (induced) 
McCall Lake 
McCaII Lake 
McCaIl Lake (induced) 
Garden Compost 
Garden Compost 
Garden Compost (induced) 
Lumber Yard 
Lumber Yard 
Lumber Yard (induced) 
Domtar 
Domtar 
Domtar (induced) 
Camphene 
Stopper 
Stopper (ind uced) 
FC3 10 
FC322 0.09 
a Typical experimental data are shown in Fig. 4-2 

See Table 4.1. lnduced inocula were pre-incubated with DCPD. 
Fraction of OCPD (%) recovered as CO2. Values from a control lacking 

inoculum were subtracted. 
Time at conclusion of biometer flask experiment in days. 
' Total concentration of DCPD (rnillimolar) 

Average mineralization rate (millimoles of DCPD converted to C021Uday) 
calculated according to equation 4.1. 



Figure 4.2. Mineralkation of DCPD as deduced by biometer fiask 

experiments. The percentage of [ ' 4 ~ ] - ~ ~ ~ ~  recovered as f4c]-co2 (F) is 

plotted as a function of time. A) Fungal cultures; 6) selected microbial consortia 

(see Table 4.1); C) Oomtar consortia. The dotted iine represents the maximum 

rate reported in the literature (Spanggord et ai. 1979). 









able to produce CO2 from DCPD at low rates. 

Pre-incubation with DCPD had no effect on the CO, production rate in the case 

of four consortia (Table 4.3: Purple Bacteria, McCall Lake, Garden Compost, and 

Lumber Yard). Two of the consortia showed pronounced stimulation by pre- 

exposure tu DCPD. The induced Stopper consortium yielded a rate 4-fold 

greater than the non-induced consortium and the induced Domtar rate was 4.5- 

fold greater than that of the non-induced culture. The effects of induction on the 

Stopper and Domtar consortia are shown in Figure 4.2A and C. respectively. The 

quantity of DCPD mineralized by the non-induced Domtar culture is similar to 

that of other inocula capable of mineraking DCPD that were tested (Figure 4.28 

and Table 4.3). 

lncreasing amounts of I4co, were found to be produced by the induced Dorntar 

consortium over a more extended time petiod. After 150 days 4.8% of the total 
14 added label was found as CO,. Total isotope recovery from the induced 

Domtar. Domtar. and control flasks was low 24%, 19% and 13%. respectively. 

Largest recovery of the isotope was where biological activity was greatest. The 

distribution of the recovered radioactivity is shown in Figure 4.3. The low 

recovery from the control fiask suggests that DCPD is tightly adsorbed to the 

charcoal and is not easily extracted. 

4.3.3 Degradation Stoichiometry 

Measurement of carbon dioxide production and oxygen use by the Digout culture 

grown on DCPD in HDM by GC over a period of 51 days indicated that for every 

mole of carbon dioxide produced from DCPD an average of 19 moles of oxygen 

were consurned (Figure 4.4). Figure 4.4 indicates approximately 0.02 moles of 

oxygen are used before the production of any CO,. The lag time for this 

experiment was 8 days. Linear regression for the relationship between 19 moles 



Figure 4.3. Recovery of ["CI-Ïsotope Rom biometer fiasks inoculated with 

induced and non-induced Oomtar consortia and from a sterile control after 

150 days of incubation. Fractions are (i) the head space, (ii) the medium, (iii) 

the KOH absorbed activity, (iv) the ethand extract of  charcoal, (v) the toluene 

extract of charcoal, (vi) the chloroform extract of charcoal and (vii) the stopper as 

described in the text. Data reported in Table 4.3 are for fraction (iii) corrected for 

the control. 
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Figure 4.4 Oxygen use and carbon dioxide production during in vitro DCPD degradation 

0.004 0.006 0.008 

mmoles of Carbon Dioxide Produced 



of oxygen consurned for every mole carbon dioxide produced for days 8 to 51 

gave a correlation coefficient of 0.98. The theoretical number for complete 

conversion of DCPD to CO, and H,O is 1.3 moles of O, consumed per mole of 

CO, produced as illustrated in the theoretical balanced equation. 

CIOHf2 + 1 302 + 10C02 + 6H20 

The large excess of oxygen used points to the fornation of oxidized derivatives 

of DCPD (see below). The large difterence between the theoretical and 

experimental nurnben is in agreement with the low percentages of CO, 

produced in the biometer flask assays. 

4.3.4 DCPD Derivatives 

The presence of oxygenated metabolites was indicated in UV spectrophotometer 

scanç of culture broth from inoculated flasks grown in fhe prssence and absence 

of DCPD (Figure 4.5). The large difference in absorbance between cuitures with 

and without DCPD is not due to the absorbance of DCPD as Figure 4.5 indicates 

but is most likely is due to oxidized derivatives such as Compound III (Figure 

4.1 ). 

Oxidized DCPD derivatives were extracted from centrifuged culture broth using 

ethyl acetate and identified by gas chromatography and mass spectrometry. The 

spectra obtained were compared with those for reference compounds obtained 

OF synthesized in this study (Figure 4.1, cornpounds I - IV and VI - VIII), with 

spectra from a mass spectra library (Figure 4.1, compound V), and with spectra 

for reference compounds described elsewhere (Figure 4.1, compounds IX and 

X). The spectra for the reference compounds al1 have a major fragment at 66 

de. corresponding to the monomer, cyclopentadiene. Due ta instability under 

MS conditions anly minor amounts of the rnolecular ion (132 to 150 amu) were 

observed in many cases (not shown). 



Figure 4.5 Ultraviolet spectrophotometry of filtered media from culture 

grown on DCPD. Spectra are presented for DCPD dissolved in HDM 

(DCPD), Compound III (Figure 4.1) dissolved in HDM (Compound III), and 

from a culture inoculated with Domtar (Table 4.1) and grown in the 

presence (DCPD +) and absence of DCPD (DCPD -). 





Flasks with DCPD in HDM only and no bacterial inocula gave the results shown 

in Figure 4.6A, B. After 3 days of incubation only a single GC peak was 

observed. The molecular ion at 132 amu identified this peak as DCPD (Figure 

4.6A). After 62 days of incubation GC analysis still showed only a single peak, 

but with an increased retention time. The mass spectrurn indicated this 

cornponent corresponded to tncyclopentadiene with the molecular ion at 198 

amu (Figure 4.68). Batchwise incubation with either the Domtar or Digout 

consortia gave a large number of peaks with scan numbers of 1200 to 1700 

(Figure 4.6C, D). The masç spectra of these peaks indicated them to be either 

pentadiene oligomers or oxygenated derivatives. All showed the diagnostic 

pentadiene fragment at m/e=66. The mass spectrurn of a prominent GC peak 

fonned by batchwise incubation with both the Domtar and Digout consortia is 

shown in Figure 4.6C. D. Both have major fragments at mle 66, 82. 91 and 117. 

Those of mle 66, 82 and 91 correspond to cyclopentadiene. a mono-oxygenated 

derivative of cyclopentadiene and norbornene, respectively. Little remains of the 

molecular ion at 147 or 148 amu. Cornparison of mass spectra indicates that 

this component closely resembles compound V (Figure 4.1). This oxygenated 

derivative was also fomed as a major component in volume 19 of the continuous 

culture (Figure 4.6E). A second less prominent GC peak fonned in both batch 

and continuous culture incubations had a molecular ion at m/e 146 and a 

prominent fragment with mle 1 17 (Figure 4.6F) and corresponded most closely 

to compound II (Figure 4.1). Essentially the same results were obtained when 

extracts from volumes 13, 22. 33 and 35 were extracted and analyzed by GC- 

MS. 

4.4 Discussion 

4.4.1 Biodegradability of DCPD 

The structure of DCPD suggests that biodegradation of this chernical will be 

difficult. Chernical modeling by quantitative structure-activity relationships 



Figure 4.6. GC-MS analysis of oxygenated derivatives formed by microbial 

metabolism of DCPD. The mass spectra are for peaks marked with the arrow 

(&) in the GC diagram. (A) Flasks incubated for 3 days with DCPD only. (B) 

Flasks incubated for 62 days with DCPD only. (C) Domtar consortium incubated 

for 15 days with DCPD. (D) Digout consortium incubated for 49 days with DCPD. 

(E ) Volume 19 of the enrichment culture with DCPD as the only substrate. (F) 

Same sample as (E). 





(QSAR) can be used to determine the fate of chernicals in the environment 

(Hansch and Leo, 1995). The results from an ASTER (ASTER, 1991) 

Ecotoxicity Profite (Bob Hunter, University of Minnesota) indicated that the 

biological half Iife of DCPD could be in excess of 35 days in soit. This category 

is the longest biological half life that can be calculated with this program which is 

based on the biochernical oxygen demand procedure descnied by Niemi et al. 

(1 987). 

The experimental evidence presented by this work supports the difficulty of 

biological DCPD degradation suggested by chernical modeling, but also 

indicates that DCPD c m  be degraded by microbial communities in measurable 

quantities. Part of the reason for slow degradation may be the experimental 

procedure, where [ 1 4 c ] - ~ c p ~  was adsorbed to activated charcoal. Biometer 

flask assays on ['*CI-DCPD not adsorbed to charwal were found to be 

irreproducible and to give even lower isotope recoveries probably due to 

volatilization losses. The degradation rates measured by this protocol may be 

representative of those expected in soils or sediments where OCPD rnay also be 

particle adsorbed. The conversion of DCPD into tricyclopentadiene (TCPD) (and 

possibly higher order oiigomers) in the absence of bacteria (Figure 4.6 A, B) 

could contribute further to its poor extractability. From a comparison of the 

experimental degradation stoichiometry (19 moles of O, used per mole of CO2 

formed, Figure 4.4) with the theoretical value for complete conversion to CO2 

(1 -3 moles of O, used per mole of CO2 formed) it can be derived that when 1 % of 

DCPD is converted to CO2 approximately 25% is converted into mono- 

oxygenated DCPD derivatives. Although this ratio is not a constant, the 

implication is that in cultures in which 5% of DCPD has been converted to CO, 

very little DCPD is likely to remain and most of the remaining 95% will be present 

as oxygenated derivatives. GC analysis indicates that in batch cultures little 

DCPD or TCPD remained after 15 to 49 days of incubation with a microbial 



consortium (Figure 4.6C. O). In contrast TCPD could readily be identified in the 

extracts from a culture, which is continuously supplied with fresh DCPD from a 

dialysis bag (compare Figure 4.6Et F with Figure 4-68). 

ldeally bioremediation shouid mineralize a cornpound to water and CO2 The 

data in Table 4.3 suggest that this is occumng at slow rates. comparable with 

other recalcitrant hydrocarbons (Howard et al., 1991). However, because of the 

impurity of the radioactive DCPD it can be argued that the low amounts of 1 4 ~ ~ ,  

were from other components. The induced Dorntar consortium produced ' 4 ~ ~ 2  

equal to 4.8% of the initial radioactivity. This quantity is significantly greater than 

the combined impurities found in the labeled DCPD. This suggests that DCPD 

can and was rnineralized. Both the induced Domtar and the mixed fungal and 

bacterial Stopper consortium had higher rates of DCPD mineralkation than those 

reported in the literature (Spanggord et al., 1979). This suggests in vitro 

biodegradation of OCPD may be enhanced by establishing an optimal microbial 

consortium. 

4.4.2 DCPD Derivatives 

The production of substantial amounts of oxygenated OCPD derivatives by 

microbial consortia is supported by UV spectrophotometry (Figure 4.5) and GC- 

MS analysis (Figure 4.6). The absorbance seen in Figure 4.5 indicates other 

compounds have been produced in the culture medium. The large hump at 350 

nm is not present in DCPD (Figure 4.5A) and was not seen when a culture 

without DCPD was scanned. The strong absorbance of Cornpound III at 300 nm 

suggests the intemediates prod uced by bacteria may be oxygenated and 

absorbing in the 350 nm region. MS indicated that most of these derivatives, 

found in the medium after cells were removed by centrifugation, were mono- 

oxygenated alcohols or ketones. The structure that appeared most regularly has 

a mass spectnirn similar to hydroxylated DCPD (Figure 4.1, compound V). Other 



peaks were seen in the gas chromatogram that, when analyzed by MS, had a 

sirnilar ionization pattern. The fragments corresponding to m/e 66 and 91, 

indicating cyclopentadiene and norbomene-like structures. were found in most 

derîvatives. These structures are the backbone of DCPD- van Breemen et al. 

(1 987) found, using GC-MS, that DCPD-contaminated groundwaters at the 

Rocky Mountain Arsenal contained mono-oxygenated compounds VI and VII. in 

which the oxygen is incorporated in the 8-position. The presence of these 

compounds was ascribed to microbial metabolism. These workers also found 

that the action of rabbA liver cytochrome P450 on DCPD gave n'se to the 

formation of epoxides (Figure 4.1, compounds IX and X), distinctiy different Rom 

the compounds present in groundwater. The primary monooxygenated 

derivatives identified in this work have the oxygen incorporated in the bposition 

(Figure 4.1, compounds II and V). Assuming that the mono-oxygenated 

derivatives identified by van Breemen et al. (1987) did indeed result from 

microbial metabolism. one may conclude that microorganisrns can introduce the 

first mygen into at least two positions of the DCPD skeleton. 

The first steps of a degradation pathway can be proposed using the oxygenated 

derivatives most commonly seen in vitro (Figure 4.7). These steps are most 

likely carried out by a hydroxylase to introduce the hydroxyl group followed by a 

dehydrogenase to produce the ketone (Trudgill, 1990). The next step would 

most likely be the introduction of an oxygen using a Baeyer-Villiger mono- 

oxygenase (Trudgill, 1990). This intemediate was never found but the lactones 

formed through Baeyer-Villiger oxygenations spontaneously decompose 

(Trudgill, 1990). 

4.4.3 Pievalence of DCPO Biodegradation and Potential 

Applications 



Figure 4.7 Proposed initial steps in DCPD degradation as detennined 

from oxygenated derivatives found in culture broth from cultures incubated 

with DCPD. Compounds refer to Figure 4.1 and enzymatic steps are 

explained in the text. Mass spectta are shown for each compound. 
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Samples obtained from a variety of sources such as sewage, creosote- 

contaminated soil, motor- and machine oil-contaminated soil, golf course 

drainage ponds, and household compost al1 showed some capability of 

rnineralizing radiolabeled DCPD (Figure 4.2, Table 4.3). However, no single 

colony isolate has given conclusive evidence of carrying out efficient DCPD 

mineralization (Table 4.2 and text). A high amount of transformation relative to 

mineralization of DCPD is suggested by (1) the biometer flasks experiments, 

showing low CO, production, (2) the oxygen uptake studies, showing a large 

amount of oxygen uptake per mole of CO, produced, and (3) the GC-MS studies, 

showing extensive production of oxygenated internediates. 

The fact that a large fraction of DCPD is transformed to oxygenated derivatives 

does not preclude application of bioremediation as a method for DCPD removal 

from the environment. In the case of DCPD, odor removal is the driving force for 

remediation. The oxygenated derivatives are Iikely to have odor characteristics 

very different from those of DCPD. If bioremediation can remove the odor 

caused by this chemical then the main objective of the process has been met, 

assuming that the oxygenated derivatives pose no additional risk. The results 

from induced Domtar culture indicate that in the presence of HDM nutrients 

biotransformation of DCPD to CO, and oxygenated derivatives can be achieved 

in less than 6 months. 



CHAPTER FIVE 

FIELD STUDIES ON THE BIODEGRADATION OF DICYCLOPENTADIENE 

5.1 Introduction 

Environmental degradation of petrochemical pollutants cornmonly occurs as the 

result of biological and/or photochernical action (van Breemen et al., 1993). 

Numerous organisms exist in the terrestrial and aquatic subsurface that are 

capable of producing enzymes that can oxidize petrochemicals to CO2 and H20. 

Since the first well publicized North Amencan case by Raymond et al. (1976). 

biodegradation of petrochemicals as a method for soi1 and aquifer remediation 

has gained popularity. Numerous books and symposia have been dedicated to 

this subject and many field cases have been presented (Cookson, 1995; Riser- 

Roberts, 1992; Hinchee et al., 1995; Alleman and Leeson. 1997). 

The market for DCPD as a petrochemical precursor for a variety of consumer 

goods has increased steadily in the last 20 yean. Production of DCPD in the 

United States in 1975 was 3.5 x 1 o7 kg and estimated to be in excess of 7.0 x 

lo7 kg for 1994 (Stahl, 1995). The risk of spilling any commodity increases with 

elevated production and use. Exports in 1994 from Canada to the United States 

were in excess of 1.6 x Io6 kg (Stahl, 1995) suggesting the chance of a spill of 

DCPD in North Amerka has been increasing continually for DCPD. For this 

reason it is important to understand the fate of this chemical in the environment- 

Biotransfomation of soi1 hydrocarbon contaminants like DCPD is infiuenced by 

soi1 pH, redox potential, temperature, water potential, salinity, sorption 

coefficients of the contaminants to soil, and the availability of oxygen, nitrogen 

and phosphorus (Leahy and Colwell. 1990). Frorn work at the Rocky Mountain 

Arsenal in Colorado where DCPD and other hydrocarbons had been stored in 

shallow unlined ponds for more than 15 years. Spanggord et al. (1979) 



concluded that biotransfomation of DCPD in soil was slow. They found that 

50% conversion of DCPD to carbon dioxide required from 4 to 7 years at 25°C. 

Van Breemen et al. (1987 and 1993) studied DCPD contamination in the 

groundwater at the Rocky Mountain Arsenal and detected many oxygenated 

derivatives. They concluded that the origin of these derivatives was from 

photolysis and enzyrnatic action. Their observation gave rise to the suggestion 

that DCPD may not be extensively rnineralized in situ. In vitro studies of DCPD 

biodegradation have amved at similar results and conclusions (Chapter 4). 

Normally at petrochemical sites. spills of DCPD do not occur in the pure form. 

DCPD is produced as a CO-product in the quenching step following high 

temperature cracking of hydrocarbons. The mixed contaminant in this study is 

called pyrolysis gas or CS+ and consists of benzene, DCPD, cyclopentadiene. 

toluene. styrene, naphthalene, indene and others. The fate of DCPD released 

into glacial till as part of a C5+ spill is examined in this study. 

5.2 Materials and Methods 

5.2.1 field Studies 

Two field studies were performed to detemine the loss of DCPD at sites A and B 

within a petrochemical facility located in Alberta, Canada. 

5.2.1 .l Ex situ Remediation, Site A. 

At site A, 148 rn3 of excavated soil, contaminated by C5+ leaking from a cracked 

containment basin under a storage vessel, was placed in a lined pit to form a 

rectangular pile approximately 1 m in depth. The site was divided into three 

blocks (Figure 5.1A; 1, 2 and 3). Nutrients (14 kg Winterizer Lawn Food 12-3-5. 

Canadian Industries Ltd.; 4 kg So Green Ammonium Nitrate 33-0-0, So Green 

Corp.; 500 g NaH2P0, and K,HPO,, Fisher Scientific) were spread evenly over 



Figure 5.1 Survey of sites A and B. Site A represents an ex situ remediation 

and Site B is an example of in situ remediation. At site A excavated soi1 was 

placed in a 1 m deep, rectangular pit. Block 1 was amended with organic bulking 

agents (straw and peat) and inorganic nutrients, block 2 with inorganic nutrients 

only, and block 3 was unamended. Soil contaminated with C5+ at site B was 

augered following nutrient addition. Blocks 4 through 7 were chosen on the basis 

of hydrocarbon concentration. Striped squares represent boxes for colfecting 

volatile hydrocarûons. The open circles represent pipes used to collect and trap 

soi1 gas. The solid circles represent sampling points 
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the surface of blocks 1 and 2 with a lawn spreader then mixed into the soii with a 

tractor-mounted backhoe. It c m  be calcu!ated from the nutrient composition that 

5.1 kg of nitrogen (as urea and ammonium nitrate) and 0.6 kg of phosphorus 

was added to blocks 1 and 2, which contained a total of 39.5 kg hydrocarbon at 

the start of the experiment (Table 5.1). Assuming the hydrocarbon to be present 

as CH2 a molar ratio of 148:19:1 w n  be calculated for C:N:P. Block 1 was alço 

amended with organic bulking agents (3 X 60 L bags of Oclansorb. a heat- 

treated peat product, Hi Point Industries. and 4 bales of straw). Block 3 did not 

receive organic bulking agents or inorganic nutnents. Soil pile construction and 

amendment with nutrients and bulking agents was completed within a 10-h 

period on September 3, 1992. 

Two volatile-collection boxes (50 cm x 50 cm; 17 L) were placed in each block 

(Figure 5.1). Six pairs of capped pipes (15 cm diameter) were placed along the 

north and south sides of the soi1 pile to monitor qualitatively, whether carbon 

dioxide was generated in the soil. The open end of each pair of pipes was set at 

a soi! depth of 30 cm and 60 cm allowing diffusion of soi1 gas into the pipe. 

5.2.1.2 In situ Remediation, Site B. 

Site €3 was on soi1 contaminated when C5+ spilled from an open valve. As a 

result the hydrocarbon concentrations at this site were not uniform. The site was 

divided into blocks 4, 5. 6 and 7 (Figure 5.1 B) based on hydrocarbon 

concentration, which was high in block 4 and much lower in blocks 5 to 7 (Table 

5.1). The remediation objective at this site was to enhance air and nutrient 

access to the soi1 and achieve degradation without soi1 removal. The site was 

augered in sections from east to west on July 20 to 24, 1995 resulting in an 

approximately 8 x 10 m area of well loosened soi1 (Figure 5.16). Before 

augenng nitrogen and phosphorus nutnents were spread over the entire surface 

(30 kg of ammonium nitrate and 4 kg of ammonium hydrogen phosphate; Alberta 
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Wheat Pool). The arnounts added to each block were varied depending on the 

amount of hydrocarbon contamination present. From the data in Table 5.1 a total 

hydrocarbon contamination at site B of 6.2 kg is estimated. The ratio of C:N:P 

was therefore 13:11:1 at site B. Five volatile-collection boxes were placed on the 

surface of the site as indicated in Figure 5.1 B. No sampling pipes for carbon 

dioxide were included at site B. 

5.2.2 Analyses 

5.2.2.1 Physical Parameters 

Three physical parameters were measured; temperature, moisture, and redox 

potential- Soif temperature was rneasured at 30 and 60 cm depth with Reo- 

Ternp Model J dial thermometers (Al Temp Sensors, Edmonton, AB) placed at 

various points over the sites. These probes remained in the soi1 during the 

analysis period. Soil moisture was determined by weighing freshly collected 

sarnples onto aluminurn weigh boats and then heating the samples at 105 to 

710°C to a constant weight in approximately 72 h. Redox potential was 

rneasured using the NOVA Probe as outlined by Wilmott et al. (1 995). 

5.2.2.2 Chemical Parameters 

Soil sarnples of 250 ml were taken with a split spoon soi1 auger (Hoskin Scientific 

Ltd., Vancouver, BC) at evenly spaced intervals and at depths of 30 and 60 cm 

at site A and of 30, 60 and 90 cm at site B. The sampling points are indicated by 

dots in Figures 5.1A and 5.18. Hydrocarbons were measured in the soi1 

headspace using a modification of EPA Method 3810 (EPA, 7986a). Five grarns 

of soi1 were weighed into a 40-ml crimp top via1 and deionized water was added 

to a 1 O-ml volume. The via1 was then crimped and incubated at 90°C for 30 min 

before autosampler injection of a 1 ml headspace sample. Gas chromatography 

was performed using EPA Method 8260 for analyzing volatile 



organic compounds on a capillary column coupled to a mass spectrometer (EPA, 

1986b). Hydrocarbon concentrations were calculated from these data in mgkg of 

soii for OCPD (C,,,) and other hydrocarbons (C&. Volatile hydrocarbons 

escaping from the soi1 surface were collected using metal boxes (50 cm x 50 cm; 

17 L) placed on each site (squares in Figure 5.1). They were removed from 

each box by passage through a charcoal tube (SKC Inc.. Eighty Four, PA, Part 

#226-09) using a Gilian personal air sampler (LeavitSafety, Calgary, AB) at a 

flow rate (F) of 50 to 100 mumin for a time (t) of 60 to 180 min. Adçorbed 

hydrocarbons were extracted from the charcoal and analyzed using Method 127 

(NIOSH. 1972) to yield the amount of (1) total volatile organic carbon (W,,) and 

(2) volatile DCPD OrV,,,). Amounts of VOC components other than DCPD (e-g. 

benzene. toluene and styrene) were detennined but will not be reported here. 

The boxes were left in place at al1 times and had a 9.5 mm diameter 30 cm 

chirnney left open continuously. Samples were taken through a 8 mm side port 

which the pump tubing was connected at the time of sample collection. This vent 

was left open in behnreen sampling times. Concentrations of volatiles in the 

boxes (VDcp, or V,,,,, in mg/L for OCPD or other hydrocarbons) were calculated 

with equations 5.1 and 5.2 under the assumption that concentration changes due 

to influx of volatiles from the soi1 and due to influx of air during the collection time 

were srnall: 

Soil nutrients were analyzed by a commercial laboratory using established 

methods (APHA, 1992) on the samples used for hydrocarbon analysis. Nitrate 

was analyzed following CaCI, extraction by autornated colofimetry and 

ammonium was analyzed following KCI extraction by phenate automated 



colorimetry. Phosp horus was extracted with ammonium acetate/acetic fluoride 

and analyzed using automated molybdate colorimetry. 

5.2.2.3 Biological Parameters 

Hydrocarbondegrading microorganisms were enumerated using a most 

probable number technique and applying standard probability tables to the 

number of tubes exhibiting growth (Rodina. 1972). Medium (HDM, Chapter 4) 

was dispensed in 4.5 ml aliquots in triplicate. capped, glass test tubes to allow a 

soi1 dilution of IO*. Each tube of the first dilution series was inoculated with 0.5 

g of soi1 and vortexed for 10 sec and then 0.5 ml of that slurry was transfered to 

the next dilution series. After the serial dilution was completed each tube was 

amended with C5+ (25 pVtube). 

As an additional indicator of biological activity, carbon dioxide concentrations 

were determined in the capped pipes installed at site A (Figure 5.1A). This 

system is not closed and steady state concentrations are obtained because the 

gas in the soi1 is free to exchange wlh  atmospheric gases above Site A and with 

soi1 below the pipe openings. Samples were collected in evacuated Tedlar bags 

(SKC Inc., Eighty Four, PA) by using Gilian personal air sarnplers (Leavit-Safety, 

Calgary) to first create a vacuum in the bag. which was then opened to the soi1 

gas. Nitrogen, oxygen, and carbon dioxide concentrations were measured using 

a Fisher Gas Partitioner Model 1200 (Fisher Scientific Ltd., Edmonton). The 

collected data did not allow calculation of oxygen consumption and carbon 

dioxide evolution rates. 

F luorescein diacetate (FDA) hydrolysis (Song, 1988) was rnonitored as an 

additional indicator of microbiological activity at site B. This assay measures the 

production of fiuorescein du ring a timed incubation. Fluorescein is produced 

when FDA is cleaved by a variety of common enzymes (proteases and lipases) 



and is a good indicator of general microbial activity. Soil (1 g) was added to 25 

ml of sterile phosphate buffer (60 mM, pH 7.6) and 0.5 ml of 2 mg FDA per ml of 

acetone) in a 50-ml Erlenrneyer flask. The test flasks and control were shaken at 

room temperature for 1 h at 200 rpm in a Lab-Line shaker (Fisher Scientific Ltd., 

Edmonton, AB). The reaction was stopped with the addition of 25 ml of acetone. 

Five milliliters were withdrawn in a 5-ml disposable syringe and filtered through a 

non-sterile 25 mm, 0.5 Fm PTFE syringe filter (Chrornatographic Specialties Inc., 

Brockville, ON). The absorbance of the filtrate was recorded at 490 nrn in a 

Turner Mode1 330 spectrophotometer. A calibration curve of absorbance versus 

hydrolyzed FDA was constnicted for thermally hydrolyzed FDA (O to 8 pg)- 

Toxicity of the soil, as detemiined by MICROTOX~~ analysis perfomed using 

laboratory protocols developed by Environment Canada (1992). was also 

measured at site B. Reagents and lyophilized indicator bacteria were purchased 

from MICROTOX~~ (Microbics Inc., Carlsbad, CA). 

5.3 Results 

5.3.1 Fate of hydrocarbon at sites A and 6 

Initial and final hydrocarbon levels of DCPD and other hydrocarbons are reported 

in Table 5.1. The time intenral covered for Site A is October, 1992 to July, 1993. 

Values for July, 1994 are not included in Table 5.1 because they are composite 

samples with only one measurernent per block at only one depth. The initial and 

final concentrations for the analyzed components for both sites are shown in 

Figure 5.2.. However, July, 1994 data is the final point in Figure 5.2. 

The initial and residual concentrations of hydrocarbon during this time interval (Ci 

and Cr, Table 5.1) were determined by averaging the headspace analyses taken 

at each depth within each block. The number of analyses, n, are presented in 

Table 5.1. Because of the heterogeneous nature of hydrocarbon distribution in 



Figure 5.2 Hydmcarbon concentration profiles for sites A and B. Bar 
values represent the estimated total weight for that particular component at site 
A on October 22.1992 and July 6. 1994 and at site B on July 24.1995 and 
Novernber 16,1995 
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the soil, a statistical test was perfomed to detemine if a significant difference 

was seen between C i  and Cr. The one-tailed Student's t test for h o  samples 

assuming unequal variances was chosen because this test corrects for small 

sarnple size by associating the distribution to the number of analyses (Schefier, 

1979). The blocks and sites where Ci was significantly greater than Cr are 

indicated in Table 5.1, 

Equation 5.3. 

t = Student's t distribution, 

Ci - Cr = sample statistic or difference between the means. 

O = mean of the sampling distribution. nuIl hypothesis is initial population 

mean and residual population mean are equal. 

s ci - = standard error of the statistic. 

Equation 5.4. 

S& = sample variance calculated by 
n x  x2 - (z 

where x is a 
n2 

headspace analysis. 

n = number of analyses. 

Variances (Table 5.1) were large between initial and final samples. indicating 

assumption of unequal variances was correct. F tests on several blocks 

confirmed this assumption (data not shown). 

5.3.1.1 Ex situ Remediation - Site A. 

Site A was constructed on September 3, 1992 from previously excavated, 

contaminated soil piles. Mixing of these piles during construction of site A 

explains the relatively uniform contaminant concentrations in blocks 1. 2 and 3 

(Table 5.1) when the first measurements were taken on October 22. At that tirne 



the composition of the contaminating hydrocarbon had already changed 

significantly from that of the CS+ mixture spilled initially into the soil. DCPD was 

the main component and remained so during the course of the rernediation 

process. Smaller amounts of cyclopentadiene and higher molecular weight 

hydrocarbons (Cl 1+) were also present (Figure 5.2). 

The concentrations of DCPD and other hydrocarbons in the sail are plotted as a 

function of tirne in Figure 5.3 for a 623day period. On a per block basis, Table 

5.1 indicates during a 2804ay period there was a significant decrease between 

initial and final concentrations for both DCPD and other hydrocarbons in block 2. 

Block 1 showed no significant decrease even though rates appear high (Figure 

5.3 and Table 5.2). This is most likely due to small sample size (Table 5.1). 

Overall, Site A showed significant results. The concentrations measured on 

October 22 and November 5 of 1992 were on average 2- to 5-fold higher than 

those found on July 6, 1994. The data in Figure 5.3 also suggest that the rates 

of hydrocarbon loss were higher in the first year than in the second year. Linear 

regression of hydrocarbon loss over a 2804ay period (Figure 5.3) is compared 

with the decrease in the next 343 days (Table 5.2). These rates decreased 

between 3- and 10-fold in the second year (Table 5.2). 

Nutrient addition appeared to stimulate the DCPD degradation rate. Initially the 

rates in blocks 1 and 2 were 1.5 fold greater than biock 3 at 30cm depth. In the 

second year (Table 5.2) the rate in blocks 1 and 2 was less than block 3. At 60- 

cm depth the DCPD rate was 5 fold greater than block 3 in the first year and also 

was less in the second year. At 30cm depth the rate for other hydrocarbons in 

blocks 1 and 2 was lower than block 3 during the first and second year. At 60- 

cm depth during the first year the rate for other hydrocarbons was 1.5 fold 

greater than block 3 while during the second year rates were approximately 

equal. Nutrients were measurable in the first year but were not detectable during 



Figure 5.3 Fate of DCPD and other hydrocarbons at site A. Following 

construction of the soi1 pile on September 3, 1992 measurements of soi1 

hydrocarbon concentration were done on October 22 and November 5 of 1992, 

on July 28 of 1993 and on July 6 of 1994. The calculated concentrations at 30 

and 60 cm depth are plotted versus time. Boxes far measurement of 

concentrations of volatiles were installed on November 5, 1992. These were 

sampled on this same day and in 1993 on April29, June 14, July 28, and 

October 27. Average concentrations observed in the boxes for each block are 

plotted versus time. 







the second year (Table 5.3). The supply of bulking agents in addition to 

nutnents had Iittle extra benefit Fable 5.2: data for block 1 versus those for block 

2) - 

The rate of hydrocarbon volatilization from site A was too low in alt three blocks 

to be rneasured reliably. Ideally, boxes should be installed a t  zero tirne and 

pumping should be initiated imrnediately in order to trap volatiles escaping from 

the surface if an accurate rate is to be calculated. This procedure was adopted 

on Novernber 5, 1992, the first day that volatiles were collected, but yielded very 

little material adsorbed to the charcoal tubes (Figure 5.3). Boxes were therefore 

left in place at al1 times and the steady state hydrocarbon concentration that 

accumulated was determined as a qualitative measure of the degree of 

volatilization. The data obtained showed that volatilization was highly seasonal. 

Maximum volatilized concentrations for DCPD and other hydrocarbons were 

observed on July 28, 1993 in al1 three blocks (Figure 5.3). The volatilized 

concentrations in boxes installed in block 3 were 6- to 7-fold lower than those 

found for blocks 2 and 1. Table 5.3 indicates a higher soi1 moisture content in 

block 3 and this maisture content was sustained (data not shown) because of 

water being dumped in the eastern portion of the containment basin holding the 

soi1 pile. The average soi1 temperatures at 30- and 60-cm depth were very 

similar and peaked also during the summer months (Figure 5.4). 

5.3.1.2 In Situ Remediation at site B. 

Site B represented a spill of CS+ that had entered an undisturbed day till at the 

south end of blocks 4 and 5 (Figure 5.1 8). The initial hydrocarbon profile for site 

B showed benrene as the main component (Figure 5.2), while significant 

amounts of toluene and styrene were also present. This profile was sirnilar to 

that of the originally spilled CS+ fraction. The difference in hydrocarbon 

contamination levelç between bIocks was high in site B (Table 5.1). These 



Figure 5.4 Soi1 temperature measured at site A as a function of time. 

O Average temperature at 30 cm depth 

r Average temperature at 60 cm depth 



concentrations decreased in the order block 4, 5, 6 and 7 (Table 5.1) in 

proportion to the distance from the source of the spill. 

Temperature at Site B did not show the cyclic pattern shown in Figure 5.4 

because the project was carried out prÏmarily durÏng the summer. Temperatures 

averaged approximately 15°C for the majority of the project and then declined as 

ambient temperatures declined but remained above freezing until the end of the 

project. Moisture levels were hig h during the first 80 days of the project (16 to 

17%) but then declined as summer rains decreased. The redox potential shows 

a trend towards aerobicity dunng the course of the project (Figure 5.5). Because 

studies at site A indicated a potentially beneficial effect of addition of nutrients. 

but not of bulking agents, nutrients were added in proportion to the 

contamination level. A control block to which no nutrients were added was not 

included. Remediation at site B was started by nutrient addition and augehg 

from July 20 to 24, 1995. Subsequent measurements were done on seven 

dates, ending on November 16, 1995. The composition of the hydrocarbon 

contamination at site B changed drastically during this period (Figure 5.2). After 

116 days DCPD was the primary contaminant with significant amounts of Cl 1+ 

also present (Figure 5.2). The profile at site B, following 116 days of treatment, 

strongly resembled that found at site A throughout the remediation process 

(Figure 5.2). 

The concentrations of DCPD and other hydrocarbons were monitored at 300, 60- 

and 90-cm depth and are plotted as a function of time in Figure 5.6 for the 1 16- 

day period. ln block 4, which had the highest hydrocarbon contamination levels 

of the site. a rapid decrease in the concentration of other hydrocarbons was 

seen at al1 three depths in a three week period (Figure 5.6, Block 4: 30, 60 and 

90 cm). This was due primarily to the removal of easily degradable C5+ 



Figure 5.5 lncreasing redox potential at 90 cm over the duration of the 

test as measured with the NOVA Probe. Four sampling points are 

presented from blocks 4 and 7 at site B. 





Figure 5.6 Fate of DCPD and other hydrocarbons at site B. Following 

nutrient addition and augering from July 20 to 24, 1995 measurements of soi1 

hydrocarbon concentration were done on July 24, August 7 ,  8, 15 and 22, 

Septernber 5 and 28, October 17 and November 16. The average hydrocarbon 

concentrations at 30-, 60-cm and 90-cm depths are plotted for blocks 4, 5, 6 and 

7. Boxes for measurement of concentrations of volatiles were installeci on July 

24. Measurements of concentrations of volatiles were done on these same 

dates. Average concentrations abserved in the boxes for each block are plotted. 
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components (benzene, toluene and styrene). DCPD concentrations decreased 

at 30 cm, but not at 60 and 90 cm. 

Boxes for rneasu ring volatiles were installed on July 24, immediately following 

completion of  augering. In block 4, the volatilized concentration of other 

hydrocarbons was highest on day 1 and dropped off sharply aftewards. A 

similar effect was seen in block 5, but not in blocks 6 and 7 (Figure 5.6). The 

concentration of volatilized DCPD decreased with time in block 4, but not in 

blocks 5, 6 and 7. At day 1 in block 4 the ratio of volatilized concentrations 

(VDCPflOTHER) was higher than the ratio of concentrations in the soi1 

(CDcpdCmEd, indicating that DCPD volatilization appeared to be enhanced. 

The significant decrease of CornER at 60 and 90 cm in block 4 at essentially 

constant CDoD indicates that volatilization made no significant contribution to the 

disappearance of DCPD at these depths. 

5.3.1.3 lsopleths of Hydrocarbon Concentration at Site B. 

Because of the variability in hydrocarbon concentrations at site B, the 

presentation of data in terrns of blocks with a supposedly constant concentration 

throughout is not accurate. Isopleth diagrams were, therefore, constructed with 

SigmaPlotB (Jandel Scientific Software, San Rafael, CA) to better illustrate 

hydrocarbon loss using the values for CornER and CD,,, at 30- and 90-cm depths 

obtained on day 1 and day 116. Isopleths were constructed by interpolating 

three times between the data points. Examination of Figure 5.7 shows that 

CocPo was reduced significantly at 30-cm depth after 1 16 days, but changed very 

little at 90-cm (Figure 5.8). In contrast. CornER decreased significantly both at 30 

and at 90 cm. These isopleths therefore confim the earlier conclusion that 

significant loss of other hydrocarbons, which may be due in part to 

biodegradation, but not of DCPD was occum'ng at site B. 



Figure 5.7 lsopleth diagrams for DCPD and other hydrocarbons at 30-cm 

depth at site B. Isopleths were created by interpolating three times between 

sampling points shown in Figure 5.1, site B. Intervals are labeled and represent 

m g k g  soil- 





Figure 5.8 lsopleth diagrams for DCPD and other hydrocarbons at 90cm 

depth at site 8. Isopleths were created by interpolating three times between 

sampling points shown in Figure 5.1. site B. Intervals are labeled and represent 

mgkg soil. 
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5.3.2 Evidence for Biological Degradation of DCPD 

CS+ hydrocarbon degrading bacteria were present at both sites throughout the 

testing period at 105 to 108 cells/g of soil. No correlation was found between cell 

numbers and rate of DCPD removal. block location or treatment- 

CO, concentrations were rnonitored at site A as an indication of biological 

activity. In Figure 5.9 the carbon dioxide concentrations in ppmv are plotted with 

DCPD and other hydrocarbon concentrations (mg/kg) for each block. Carbon 

dioxide concentrations fluctuated with the season, with the highest values seen 

in the sumrner months. The hydrocarbon concentrations continued to fall 

steadily throughout the sampling period. An estimate of the incremental carbon 

dioxide produced from April to August for each block was made based on the 

concentrations measured in the pipes. For block 1 this value was 121 0 g. block 

2 was 1410 g and block 3 was 233 g. The theoretical value of carbon dioxide 

produced for each gram of DCPD mineralized is 3.3 g. For block 1 this would 

indicate approxirnately 367 g of DCPD would be degraded if the incremental 

1210 g of CO2 in block 1 was 100% fiom DCPD. The loss of DCPD during this 

time was approximately 765 g. In block 2 and 3 the theoretical values were 

respectively 427 g and 71 g and the actual values were 3957 g and 1098 g. 

Chapter 4 suggested DCPD is readily transfoned but not mineralized. These 

results support this statement showing a large loss of DCPD that can not be 

accounted for by carbon dioxide alone. 

The presence of oxygenated derivatives of DCPD could be shown by extraction 

of soi1 and groundwater from site B. GC-MS analysis indicated the presence of 

endo-tricycl0[5.2.1.0~~~]deca-4,8diene-3-01 (Compound III, Figure 4.1) and endo- 

tricyclo[5.2. 1.0~*~]deca-4,8diene-3-one (Compound II. Figure 4.1 ). These 

intermediates were previously found in in vitro incubations of contaminated soi1 

taken from the same area (Stehmeier et al, 1996). They were not produced in 



Figure 5.9 Carbon dioxide production and hydrocarbon loss at site A from 

1992 to 1993. Carbon dioxide was measured by gas chrornatography as 

described and hydrocarbons were measured by headspace, as described. Plots 

are shown for Blocks 1, 2, and 3. Block 1 was treated with straw and Oclansorb 

(heat-treated peat) and inorganic nutrients. Bock 2 was treated with inorganic 

nutnents and Block 3 was not treated. 
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sterile controls. Van Breemen et al. (1993) found that endo- 

tricyclo[5.2.1 .0~6jdeca-4,8-diene-3-0ne could be fonned by photooxidation; 

however, in the dark the cornpound did not appear. In soil, light would not be a 

factor. There is evidence that oxygenated compounds found in Site B are of 

microbial origin, 

Biological activity at site B also was monitored by FDA hydrolysis. The total pg 

of FDA hydrolyzed increased 200% from day O to 15. At 116 days, FDA 

hydrolysis in block 4 had increased over 600%. block 5 and 6 had maintained 

hydrolysis at just over 200%, and block 7 had increased over 400%. The 

increase in FDA hydrolysis for site B on the final sarnpling date was almost 

400%, suggesting that an active microbial population was sustained even though 

DCPD had become the predominant substrate. 

Toxicity testing of soi1 taken at 30-cm depth from block 4, site B, generally 

indicated a 5- to 6-fold decrease in toxicity (defined as the arnount of aqueous 

extract needed to reduce the luminescence of P. phosphoreum by 50%. as 

compared to a control) between start and final sampling points. This may reflect 

removal of the toxic, low rnolecular weight hydrocarbons benzene and toluene, 

rather than the remaval of DCPD. 

5.4 Discussion 

Direct proof of biodegradation in the field is often difficult. A general strategy for 

demonstrating that in situ bioremediation is proceeding should include, (1) 

documented loss of contaminants from the site, (2) laboratory evidence 

indicating microorganisrns in site samples have the potential to transfomi 

contaminants under expected site conditions, and (3) analyses showing the 

biodegradation potential is actually being realized in the field (National Research 

Council, 1993). 



5.4.1 Contaminant Loss at Site A 

Evidence that DCPD decreased in concentration at site A is provided in Table 

5.1 and Figure 5.3. Performance of the Student's t test on Ci and Cr (Table 5.1) 

indicates that for site A there was a greater than 98% probabiiky that the 

concentration of DCPD was greater initially than at the final sampling date. The 

same probability for other hydrocarbons is 99%. 

The mechanisms which may contribute to contaminant toss in soi1 are 

volatilization, adsorption. transport, and biotic or abiotic oxidation (Riser-Roberts, 

1992). The contribution of volatilization to this decrease at site A is thought to be 

minor for the following reasons: 

(1) Rates of decrease at 60 cm depth were the same (within experimental error) 

as rates at 30 cm. 

(2) Volatilized concentrations in block 3 were 6- to 7-fold lower for DCPD and 2- 

fold lower for other hydrocarbons than in blocks 1 and 2. Yet total Ioss for this 

block was only slightly lower for DCPD and the same for other hydrocarbons. 

(3) Measurement of volatilization rates by installing boxes and starting coIlection 

immediately gave insignificant amounts of material. 

(4) If the volatilization rate is estirnated by making the assumption that the 

concentration of volatiles emerged entirely from the soi1 during the 60 to 180 min 

collection time, a volatilization contribution of 30 to 40% is calculated. If the 

assumption is made that this concentration emerged during the time between 

measurements, then the contribution is calculated as 0%. The actual value is 

likely to be small in view of (3). 

Site A was an old spill and should have reached adsorption equiiibrium 

(Hamaker and Thompson, 1972). Abiotic hydrolysis and oxidation in soi1 is not 

well understood but is generally considered to be slow compared with 



microbiolog ical transformation (Riser-Roberts, 1 992). DCPD is susceptible to 

photooxidation (Spanggord et al. 1979) but in soi1 this would be an unlikely 

contribuüng mechanism. Transport of DCPD was also not a likely mechanism of 

loss at site A, which was completely contained within an impermeable liner and 

had rather uniform concentrations throughout (Table 5.1). In view of these 

considerations it is considered likeiy that the rates reported in Table 5.2 reflect 

the rates at which DCPD and other hydrocarbons are biodegraded by the 

resident microbial cornmunity. 

Adsorption may be responsible for the observation that a residual fraction of c60 

mg of DCPDkg of soi1 is very resistant to further degradation (Figure 5.3). In 

Chapter 3 it was detemined that the adsorption coefficient for glacial till is 2.9. 

In saturated soil, for every pg of DCPD found per milliliter of water, 2.9 pg would 

be adsorbed to a gram of soil. If DCPD saturated the water (20 pglml), then 58 

pg of DCPD would be associated with every gram of soil. At 60 mgkg in 

undisturbed glacial till (bulk density 2.3 glml, 10% porosity) the water would be 

DCPD-saturated. At any concentration below this. water would be 

undersaturated and the DCPD available for microbial degradation would be 

diffusion limited. 

5.4.2 Contaminant Loss at Site B 

The situation at site 6 is very different from that in Site A. First of al1 this is a 

gradient system and interblock transport can therefore not be excluded. As 

discussed before, there appears little doubt that other hydrocarbons (largely 

benzene, toluene and styrene) are bioremediated at this site. However, the 

concentration of DCPD is largely constant except in the surface layen. Lack of 

DCPD bioremediation at site B could be due to: (1) lnhibitory effects of these 

more readily degradable other hydrocarbons, (2) adsorption effects, i.e. the 

DCPD concentrations at site 8 were much lower than at site A and may be in the 





on DCPD biodegradation has not been described and these may be inhibitory as 

explained above. DCPD is clearly not a preferred substrate. 

The rates shown in Table 5.2 for Site A suggest nutnents play a role in DCPD 

loss. A correlation of DCPD loss with nutrients would only occur if biological 

transformation was taking place. The loss of DCPD is 3-fold faster at blocks 1 

and 2 where nutrients were added compared to block 3 where no nutrients were 

added. Volatilization at block 3, as previously mentioned was 6- to 7-fold lower 

than at blocks 1 and 2. 



CHAPTER SIX 

USE OF REVERSE SAMPLE GENOME PROBING FOR IDENTlFlCATlON OF 

BACTERIA ASSOCIATED WlTH THE DEGRADATION OF 

DICYCLOPENTADIENE 

6.j Introduction 

Bioremediation is a technique that has gained wide acceptance in recent years 

and has been suggested as the only method that can actually clean up an 

aquifer (Nyer, 1993). One of the analyses needed to demonstrate that in situ 

bioremediation is working, according to the National Research Council (1993), is 

showing microorganisms in site samples have the potential to transfomi the 

selected contaminants. Often this is done by correlating bacterial number 

increases with contamination. However. when contaminant levels are low or the 

contaminant is recalcitrant (such as DCPD) there may not be enough of a 

population increase for signficant correlation. 

Biodegradation and bioremediation of DCPD contaminated soils has been 

established (Chapters 4 and 5). Extensive screening of hydrocarbon degraders 

(Chapter 4) suggested that DCPD would not be degraded by a single 

microorganism. In situ DCPD degradation studies (Chapter 5) detemined that 

addition of nutrients stimulated DCPD loss. Rates of degradation at these sites 

had two phases, a rapid and slow with the rapid phase being many times faster 

than the slow phase. DurÏng the field study, physical parameters at the site did 

not change drarnatically, suggesting the rate change in DCPD biodegradation 

could be caused by a change in rnicrobial comrnunity structure. White et al. 

(1997) suggested that shms in the microbial community provide the ideal 

assessrnent of the effectiveness of bioremediation. If the change can be 

determined, it not only presents evidence of DCPD degradation but also the 

possibility that enhancement of DCPD degradation could be achieved. 



Reverse sample genome probing (RSGP) is an established technique 

(Voordouw et al., 1991 ; Voordouw et al., 1993; Telang et al., 1995) for identifying 

bacteria in environmental samples. This technique allows simultaneous tracking 

of multiple microorganisms through genomic DNA hybridization. It has been 

used to identify communities of sulfate-reducing bacte ria in oil fields, soil, and 

mining waste water. The process has been described as follows (Voordouw. 

1994): 

(1) Purification of single colony isolates from the target environment. 

Genomic DNA is isolated and cross hybridization of genomic DNAs between 

isolates is detemined. Strains without appreciable cross hybrÏdization are 

referred to as standards. A standard represents a bacterial species with 

genomic DNA that does not cross hybndize with another standard. 

(2) Preparation of rnaster filters containing defined quantities (C,) of 

denatured chromosomal DNA from x standards spotted in a known pattern. The 

master filter also includes a spot of an intemal standard ( i )  containing a defined 

arnount (Ci) of denatured chromosomal DNA. 

(3) Isolation of total community DNA from a sample of the target 

environment. 

(4) Labeling of a defined amount (e.g. 100 ng) of total community DNA 

in the presence of a defined amount of the added intemal standard (e.g. 100 pg). 

The fraction of the intemal standard (fi) should be accurately known. The 

labeling is accomplished by heat denaturing the combined DNA sample, then 

adding an appropriate DNA polymerase. deoxynucleotide triphosphate (dNTP) 

substrates of which one is radioactively labeled, and deoxyoligonucleotide 

prïmers to start synthesis. Labeled dNTPs are incorporated randomly into the 

DNAs of the sample by the poiymerase. 

(5) Following labeling the resulting reverse genome probe is boiled 

and then hybridized under high stnngency conditions (68°C. 6x SSC, 1X SSC is 



0.15 M NaCl plus 0.015 M Na, citrate, pH 7.2) to the master filters prepared in 

Step 2. Hybridization signals with the internal standard serve as a control for the 

labeling and hybridization reactions. Estimates of community composition are 

made by estimating the fraction of standard x (f,. e.g. as percentage of total 

DNA) using the relation: 

Equation 6.1 fx = (lJJ (k{kJ (CJCJ 6 
where I, and lj are the obsetved hybridization intensities of standard x and 

internal standard i, and k, and kx are hybridization rate constants (Voordouw et 

al., 1993). 

Because of its ability to track multiple organisms. use of RSGP presents the 

opportunity to identiQ shifts in the microbial cornmunity once a master filter has 

been constructed. This chapter will describe how the master filter for the 

community present in DCPD-contarninated soil was developed, and how these 

were used to distinguish microbial community shifts in a DCPD enrichment 

culture. The master filter was also used to detemine community shifts occurring 

in batch cultures as a DCPD-enn'ched inoculum was grown on benzene. toluene, 

and C5+. Ex situ and in situ soils were analyzed for the presence of bacterial 

standards shown to be prevalent in DCPD enrichment cultures. 

6.2 Materials and Methods 

6.2.1 Media 

HDM and rich medium used in this work were described in Chapter 4. 

6.2.2 Enrichment Culture Setup 

The culture was grown in an allglass, 3-L cylindrical fermentation flask 

consisting of two side ports sealed with foi1 and a rubber stopper at a volume of 1 

L and 2 L. There were afso two side arrns for medium overfiow at the same 

volumes. The lid had a variety of ports for sampling, air venting, and medium 



entrance. The entire apparatus was tin foil-wrapped to provide protection from 

Iight. Medium was pumped to the flask with a MasterFlex peristaltic purnp. The 

reservoir was a 4-L Erlenmeyer flask with a side port where tubing ran to the 

pump. The medium reservoir was vented with a foam stopper. CS+ was added 

to the culture flask by placing 10 ml in 3500 MW dialysis tubing (Spectrapor, 

Spectrum Medical Industries, Inc., Los Angeles, CA) which allowed diffusion into 

the medium while stirring in the culture flask. The CS+ diffused out in 7-volume 

changes and the substrate was then switched to DCPD. DCPD (10 ml) also was 

introduced to the culture using dialysis tubing or by diffusing from the bottom of a 

5 ml pipette filled to the medium height with DCPD (2.5 ml) as needed. DCPD 

was the only carbon source after volume 7. HDM medium was introduced to the 

culture on a semi-continuous basis. lnoculum consisted of 20 mi of slurry 

derived from CS+ contarninated soil. The inoculurn was placed in 1 L of medium 

and then additional medium was introduced until the 2 L overflow port was 

reached. Medium flow was at a flow of less than 1 ml/min and tfiere were 

periods where the chamber was altowed to incubate and no medium was added- 

6.2.3 Bacterial Isolation and Characterization of RSGP Standards 

Samples from the enrichment culture taken at various intenials were streaked for 

single colonies on rich medium. Isolates were restreaked at least twice before 

final isolation. After restreaking, single colonies were picked and grown in 5 ml of 

rich broth. For further separation the colonial and cellular morphology of isolates 

were examined using descriptors from "Manual of Methods for General 

Bacterïology", (Gerhardt et al., 1 981). Colony morphology description was made 

from bacterial colonies growing on rich medium agar plates. Cellular 

morphologies were observed using standard procedures for phase contrast and 

light microscopy using applicable stains (Gerhardt et al., 1981). Selected 

isolates were inoculated into 500-ml Erlenrneyer flasks containing 300 ml of rich 

medium. They were incubated at room temperature and shaken at 150 rpm- 



Cells were harvested by centrifuging at 16300 g for 15 min. The cells were then 

frozen at -70°C in preparation for fiirther work. 

Additional standards were obtained by enrichment of CS+ contarninated soi1 

using C5+, toluene, naphthalene. benzene. or styrene as the only source of 

carbon and energy. Enrichment took place on HDM agar plates supplemented 

with one of the hydrocarbons mentioned above. Anaerobic standards were 

selected from bacteria isolated from oil-field water samples (Voordouw et al., 

1993). 

6.2.4 Bacterial Isolation from Soil 

Bacterial cells were removed from the soi1 by a modification of the technique 

described by Bakken (1985). Soil samples (20 g) were combined with 4 g of 

acid-washed polyvinylpolypyrrolidone (PVPP, Sigrna Chernical Company. St. 

Louis, MO), suspended in homogenization solution (William et al., 1988), and 

homogenized by stiming with a magnetic stir bar at medium speed for 20 min. 

Soil, sand, and acid-washed PVPP were removed by centrifugation at 1000 g for 

10 min at 4°C. Supernatant was further centrifuged at 15000 g for 20 min at 4'C 

to collect the bacteria. The pellet was resuspended in 0.5% (wtlvol) sodium 

pyrophosphate and then centrifuged at 15000 g for 20 min at 4°C. The bacteriai 

pellet was resuspended in 0.75 M NaCI-0.1 M EDTA buffer for lysis. 

6.2.5 DNA Isolation 

DNA was extracted from cells by the Mamur method (1961) modified to include 

three cycles of freezing and thawing (Tsai and Olson, 1991) for better cell lysis. 

The bacterial suspension in 10 ml of 0.1 5 M NaCCO.1 M EDTA was incubated in 

a 37°C water bath for 30 min. Lysozyme was added to a final concentration of 

10 mglml. The mixture was then brought to 65"C, followed by the addition of 0.8 

mi of 25% sodium dodecyl sulfate (SDS). After three cycles of freezing (-70°C 



for 30 min) and thawing (65°C water bath), 2.4 ml of 5 M sodium perchlorate and 

6 ml of CHCI,:isoarnyl alcohol (243) were added and the sample was briefiy 

vortexed and then mixed by inversion for more than 1 h at room temperature. 

The mixture was centrifuged at 6000 g for 5 min and then the top layer was 

collected and two volumes of 95% ethanol were added and the mixture was 

stored at -20°C overnight. 

DNA from bacteria isolated from soi1 was precipitated and nin on low melting 

temperature agarose gels for separation from humic acids. DNA bands were cut 

from the gel and extracted from the agarose with TE (10 mM Tris-HCI. 0.1 mM 

EDTA, pH 8) saturated phenol and precipitated with ethanol. The precipitated 

DNA was dried to remove ethanol and then dissolved in TE and frozen at -20°C 

for future use. 

6.2.6 Pteparation of Master Filters and Reverse Genome Probes 

The concentration of DNA preparations was adjusted to 60 nglpl by a fluorimetric 

method (Voordouw et al., 1992). The master filter was prepared by spotting 2 pl 

of each DNA preparation on the filter. The filters were dried ovemight and then 

baked for 10 min in an 80°C oven. The DNA was cross-linked to the filter by 

exposing to ultraviolet radiation for 3 min. Probe preparation was done by using 

100 ng of DNA preparation, 100 pg of lambda DNA, 6 pl of primer extending mix, 

2 pl of Klenow fragments, and 2 pl of u - ~ ~ P  dCTP. Total volume of probe mixture 

was 30 pl. The probe mixture was boiled for 5 min and then added to 5 ml of 6X 

SSC, enclosed in a sealed plastic bag with the filter and hybridized at 68°C. 

Hybridization intensity was detemined by exposing the dot Mots to BAS-Ill 

lmaging plates which were scanned with a Fuji BAS1000 Bio-lmaging Analyzer. 

Net hybridization intensiües for al1 dots (1, and li) were detemined in units of 

photostirnulable luminescence by subtracting a Iscal background. 



6.2.7 Microbial Enurneration 

Bacteria were enurnerated using normal plate wunt methodology (Gerhardt et 

al., 1981). The media used was rich and HOM. HOM plates were supplemented 

with DCPD, CS+, or left with out any energy or carbon source (except the agar in 

the plating medium). Plates with between 20 and 200 cotony forming units were 

counted after 24 h for rich medium and 72 h for HOM. Incubation was at room 

temperature. 

6.2.8 Mineralization of DCPD by RSGP Standards 

Mineralization of DCPD was deterrnined by using an infrared gas analyzer 

(Mode1 AOC-225-MR3, Analytïcal Development Company, Ltd., Hoddesdon, 

England) to measure the CO2 generated in 118-ml vials sealed with crimp top 

septa. Each via1 contained 7 ml of HDM inoculated with RSGP standard cells 

grown overnight in 5 ml of n'ch medium and then washed twice in HDM and 

resuspended in 3 ml of HDM for a total volume of 10 ml. Five microliters of 

hydrocarbon was added as substrate for the test vials. Controls contained no 

hydrocarbon. An uninoculated via1 containing only HDM was also measured as 

a baseline for CO2. A headspace sample (1 ml) was taken from each via1 and 

injected into the infrared gas analyzer at different time intervals to determine the 

production of CO, by RSGP standards growing on DCPD. Calibration was done 

with gas mixtures of known CO, concentration. 

6.2.9 Growth of RSGP Standards 

RSGP standards were analyzed for growth on DCPD by inoculating 250 pl of 

washed cells grown in rkh medium into 1.5 ml of HDM in 13 cm tubes. The 

capped tubes were placed in a glass dessicator with a open beaker of DCPD. 

Another set of tubes, treated the same, were placed in a dessicator with an open 

beaker of water for a growth control. After two months, 100 pl of culture was 

diluted with 900 pl of HDM and absorbance measured with a Shimadzu UV-265 



spectrophotometer. Absorbante found in tubes incubated in the control 

dessicator was subtracted from the respective tubes in the test dessicator. 

6.2.1 O Community Shift Determination 

RSGP was used to determine if population shifts occured when an established 

culture was exposed to a different hydrocarbon. Each of the following carbon 

substrates were tested; benzene, toluene, and C5+. DCPD also was used as a 

control to determine the effects of changing environmental conditions on 

microbial communities. Media (500 ml) was mixed with 300 ml of Volume 20 and 

shaken for six days. An aliquot of this culture (200 ml) was mixed with an equal 

volume of fresh media and shaken ovemight A sample was taken for RSGP 

analysis (50 ml) before the respective hydrocarbon (0.1 % v/v) was added. This 

culture was shaken for 1 week then the media and hydrocarbon were renewed 

by pouring off half the volume and replacing it with fresh medium. Media 

changes were camed out four more times and then the culture was centrifuged 

and DNA extracted for RSGP analysis. 

6.3 ResuIts 

6.3.1 Master Filter Standards 

The master filter consisted of 35 bacteria (Table 6.1) that show IiWe or no cross- 

hybridization isolated from environments where hydrocarbons were the primary 

carbon source. Identities, as determined from 16s rRNA sequencing, are given 

in Table 6.2. Tabie 6.1 shows that the majorïty of standards were isolated from 

the DCPD enrichment culture. 

6.3.2 Enrichment Culture 

lnitially the culture was allowed to grow in the presence of C5+ for 7 volume 

changes (14 L) and the number of viable cells pet ml (du/ml) increased almost 

1000 fold (Figure 6.1). The population declined over five volumes with the 



Table 6.1 Origin of genome standards for the hydrocarbon degrader 

master filter. 

Standard Origin 

Enrichrnent Culture Volume 9' (1 O* dilution) 

Enrichment Culture Volume 7 (amended with DCPD and 1 mM 

acetate) 

Enrichment Culture Volumes 6,7, and 8 (10" dilution for volumes 

6 and 7. 1CI4 dilution for volume 8) 

Enrichment Culture Volume O (1 o4 dilution) 

Enrichment Culture Volume O (1 o4 dilution) 

Endchment Culture Volume O (104 diiution) 

Freezer culture of creosote contaminated soi1 (amended with 

DCPD and 1 mM acetate) 

Enrichrnent Culture Volume 8 (1 o4 dilution) 

Enrichment Culture Volume 7 (1 O& dilution) 

Enrichment Culture Volumes 6,7. and 8 (Io6 dilution for volumes 

6 and 7, 1 O' dilution for volume 8) 

Enrichment Culture Volumes 5 and 9 (go6 dilution) 

Enrichment Culture Volumes 4, 5, 6, and 8 (los dilution) 

Enrichment Culture Volume O (1 o4 dilution) 

Enrichment Culture Volume O (1 o4 dilution) 

Enrichrnent Culture Volume 9 (amended with DCPD) 

Enrichment Culture Volume 9 (amended with DCPD) 

Enrichment Culture (sample taken Oct 29, 1993 and grown on 

DCPD and ethanol) 

Enrichment Culture (sample taken Oct 29, 1993 and grown on 

DCPD and ethanol) 

Freezer culture of creosote contaminated soi1 

Freezer culture of creosote contaminated soi1 



Table 6.1 continued 

QI Soil Hydrocarbon Degrader (enriched on benzene) 

Q2 Soil Bacterium" 

Q3 Soil Bacterium 

Q4 Soi1 Bacterium 

Q5 Soil Hydrocarbon Degrader (enriched on naphthalene) 

Q6 Soi! Hydrocarbon Degrader (enriched on styrene) 

Q7 Soil Bacterium 

Q8 Soil Bactedum 

Q9 Soil Bacterium 

QI0 Soi1 Bacterium 

QI 1 Soil Bacterium 

Q12 Soil Bactsrium 

QI3  Soi1 Sacterium 

Q14 Soi1 Bacterium 

Q I 5  Soil Bacterium 

Volume refers to the volume of enrichment culture from which the standard 

was isolated. The dilution refers to the plate on which that particular dilution 

series was spread. 

** Soii bacterium were isolated prirnarily from CS+-contarninated soi1 diluted and 

spread on HDM plates with C5+ incorporated into the medium. 



Table 6.2 Identification of RSGP master filter isolates by 16s rRNA 

sequences? 

Code Standard Identification Code Standard Identification 

Bordetella sp. 21 QI Rhodococcus sp. LQ1 

LQ5 

LQ6 

LQiO 

LQl 1 

LQ14 

LQ15 

LQ16 

LQ17 

LQ19 

LQ20 

LQ21 

LQ26 

LQ27 

LQ29 

LQ30 

LQ33 

LQ34 

LQ35 

LQ36 

n. d. 

n. d. 

Sphingomonas sp. 

Bacillus sp- 

Xanthomonas sp. 

Bacillus sp. 

Pseudomonas sp. 

Agrobactenum sp. 

Xanthomonas sp. 

Pseudomonas sp. 

Bordetella sp. 

Bordetella sp. 

n. d. 

Bordetella sp. 

Sphingomonas sp. 

n. d. 

Pseudomonas sp. 

Pseudomonas sp. 

Pseudomonas sp. 

Bacillus sp. 

Nocardioides sp. 

n. d. 

Pseudomonas sp. 

Rhodococcus sp. 

Pseudomonas sp. 

Bacillus sp. 

Bacillus sp. 

Bacteroides sp. 

Bacteroides sp. 

Clostridum sp. 

Clostridium sp. 

Desulfovibrio sp. 

Desulfo vibrio sp. 

* All identifications were done by Ms. Yin Shen; 

n. d.. has not vet been detemiined 





introduction of DCPD from 1 o8 &/ml to 10' cfu/ml. At volume 13 the population 

began to increase and the cell number reached its highest level(3.2 x 1 o7 cfulrnl) 

with DCPD as carbon and energy source at Volume 20. Viable counts fl uctuated 

around 1 o6 cfdrnl for the remainder of the experiment. 

6.3.2.1 Community shift during enrichment on DCPD 

Labeled community DNA, isolated from the enrichment culture at each media 

change, was hybridized to the master filters. Bar diagrams, representing the 

hybridization intensity of the standards to the isolated community DNA, for each 

volume of medium are presented in Figure 6.2. A cornparison of the 

hybridization pattern at those volumes with the highest ceIl counts for each 

substrate, C5+ or DCPD, are shown in Figure 6.3. The hybridization pattern for 

volume 6 indicates that 12 standards, all with f, >2.5%, account for 81% of the 

hybridized DNA. Volume 20 has 16 standards with f ,  >2.5% that account for 

73%. Five of these had f x  ~ 2 . 5 %  in volume 6. There is only one standard in 

volume 6 that has f x  >2.5% that has f X  ~2.5% in volume 20. 

6.3.2.2 Individual standard shifts during enrichment on 

DCPD. 

Shifis in the RSGP pattern of individual standards found at least once with fr  

>5% during enrichment are shown in Figure 6.4. Figure 6.4A presents the fi% 

pattern for seven standards over 25 medium volume changes. These standards 

account for 20% of the defined community and their DNA content averaged 51% 

of the total hybridized DNA while grown on C5+. When the substrate was 

switched to DCPD, the hybridized DNA content for these standards decreased to 

37% of the total. Figure 6.4B shows the pattern for six standards whose F A  

increased when the substrate was DCPD. During growth on C5+ the quantity of 

DNA hybridized that was assignable to these standards, which make up 17% of 

the defined cornmunity, was 18%. In the presence of DCPD the fx% assignable 



Figure 6.2 Bar diagrams representing hybndiution of master filter 

standards to community DNA extracted fiom the enriched culture. The y 

axis represents fx% for each standard as part of the total defined 

comrnunity DNA. The x axis represenb RSGP standards as defined by 

Table 6.2. 
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Figure 6.3 Cornparison of RSGP patterns for volumes 6 and 20 which had 

the highest cfulml during enrichment on C5+ and DCPD, respectively. The 

y axis represents fr% for each standard as part of the total defined 

community DNA. The x axis represents RSGP standards as defined by 

Table 6.2. 





Figure 6.4 A. Profile of standards with F A  above 5% when grown on CS+ 

for volumes O to 25. 

B. Profile of standards with fk% above 5X when grown on 

DCPD for volumes O to 25. The y axis represents &% for each standard as 

part of the total defined community DNA. The x axis is the respective 

volume of enrichment culture. 
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to these cultures was 32%, an 89% increase. 

Further examination of Figure 6.2 indicates 71% of the 35 standards had higher 

fx% (cornparison of averages for volumes O to 7, CS+, and 8 to 25, DCPD) when 

grown on DCPD than when grown on C5+. However, only 58% of the total 

hybridized DNA from volumes 8 to 25 was attributable to these standards. 

Those standards (10 of 35) whose average W ?  were higher during growthon 

C5+ (volumes O to 7) accounted for 64% of the total hybridized DNA. 

6.3.2.3 RSGP standards associated with growth on or 

minerakation of DCPD 

Those standards that had f, >5% at least once during enrichment were tested for 

growth, by absorbance, or production of CO2 from DCPD using a CO2 analyzer. 

These results are summarized in Table 6.3. The ability to mineralize C5+ or 

DCPD was tested with 16 standards over a 7 day period. An increase in CO, 

concentration with CS+ as the substrate was seen in 13 of 16 standards within 

24 h while only 5 standards produced rninimally more CO2 than the control vials 

with DCPD as the substrate after 1 week. lncrease in absorbance with DCPD as 

the only carbon substrate was tested for 12 standards and t O  of the 12 had 

increases in optical density at 600 nm of 5 to 76 fold. 

6.3.3 Shifts in the DCPD Enrichment Culture When Grown on 

Different Substrates 

At Volume 20, the capability of the DCPD-enriched cornrnunity to adapt to 

another carbon source was tested. RSGP results of before and after for C5+, 

benzene, toluene and DCPD are shown in Figure 6.5A to D. 

In the CS+ flask only #1 and #25 (Figure 6SA) had a change in f x  of >5%, #1 

decreased and #25 increased. Figure 6.58 had three standards change, #il 



Table 6.3 Cornparison of RSGP standards mai Wh values above 5% at 

least once when DCPD was the only catbon source with growth as 

detemined by turbidity and production of CO2. Values are the difference 

between inoculated cultures without hydrocarbon and culaires with 

hydrocarbon. 

Standard A [COJ CS+ A [Cod DCPD A OD,, DCPD 

( m m  ( W L  

headspace) headspace) 

LQ1 65 34 0.074 

LQb 582 O 0.113 

LQ14 O O ND 

LQf 6 640 O 0.002 

LOI 9 O O ND 

L a 0  185 O 0-128 

LQ2i 19 O 0.007 

LQ26 15 O ND 

LQ29 O 52 ND 

LQ30 199 O 0,151 

LQ34 117 O 0.124 

LQ3S 206 34 0.179 

LQ36 143 47 0.192 

Q5 700 O 0,142 

Q6 34 40 0.144 

Qf 71 O 0.066 

ND not done 



Figure 6.5 A. RSGP pattern shifts afkr inoculum from enriched DCPD 

culture (Volume 20) is exposed to CS+. 

B. RSGP pattern shifts after inoculum from enriched DCPD 

culture (Volume 20) is exposed to benzene. 

C. RSGP pattern shifts after inoculum from enriched DCPD 

culture (Volume 20) is exposed to toluene. 

D. RSGP pattern shifts after inoculum from enriched DCPD 

culture (Volume 20) is re-exposed to DCPD in a batch culture. The y axis 

represents W!? for each standard as part of the total defined community 

DNA. The x a i s  represents RSGP standards as defined by Table 6.2. 



Figure 6.5A 

Initial 
F i n a l  

Figure 6.58 

Benzene 

o initial 
Final 



Figure 6.5C 

Toluene 

O Initial 
Final 

Figure 6.50 

14 

DCPD 

Initial 
Final 



and #25 increased and #26 decreased. The changes in Figure 6.5C were minor 

with only #25 decreasing >5% and #1 increasing 4%. The changes in Figure 

6.5D were also minor as would be expected. The change from the enrichment 

apparatus to a fiask caused #16 to increase 5%. #A0 to increase 2.5% and Ps 

11 and 25 to decrease approximately 4% indicating the sensitivity a change in 

the environment has on a consortium presumably at steady state. 

6.3.4 DCPDContaminated Soil Analysis by RSGP 

6.3.4.1 Soil Pile Analysis 

RSGP patterns are shown for Blocks 1 to 3 in Figure 6.6 from samples taken at 

60 cm depth after the soi1 pile had been operating for nine months and then 1 

year later. Ver-  little difference is seen between the 1993 samples and the 1994 

samples. There appears to be little difference between blocks within Site A. 

6.3.4.2 Augered Site Analysis 

RSGP patterns from three samples at Site 6 are shown in Figure 6.7. Two 

samples were in Block 4 at 30- and 90-cm depth and one sample was in Block 5 

at 90-cm depth. The pattern in Figure 6.7 shows the differences between 

August and November sarnples. but significant differences were not seen 

between Block 4 and Block 5 at 90-cm depth. There was a difference between 

90-cm and 30-cm depth. especially #35. which according to 16s rRNA analysis 

is a Desulfovib/ïo. 

6.4 Discussion 

6.4.1 Enrichment Culture 

An enrichment culture inoculated with CS+ contaminated soi1 was set up to 

establish a consortium capable of degrading DCPD. The culture was given C5+, 

which contains 9 to 15% DCPD. as the initial substrate and colony foning units 

increased by 1 O00 fold. When DCPO was the only substrate, colony foming 



Figure 6.6 RSGP patterns in Blocks 1 to 3 from samples taken in July of 

1993 and July of 1994. The first samples were taken after the soi1 pile had 

been operating for nine months. The y aUs represents fxOA for each 

standard as part of the total defined community DNA. The x axis 

represents RSGP standards as defined by Table 6.2. 
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Figure 6.7 RSGP patterns from airee samples at Site 8, two samples at 

Block 4 at 30 and 90 cm depth and one sample at Block 5 at 90 cm depth. 

Sampies were taken at 3 months apah The y axis represents fx% for each 

standard as part of the total defined community DNA. The x axis 

represents RSGP standards as defined by Table 6.2. 
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units decreased and then established a stable communty of approxirnately 1 o6 
hydrocarbon degrading organisms per milliliter. 

Single colony isolates were selected fiom a variety of sources with the majority 

coming from the DCPD enrichment culture. All isolates were checked for cross 

hybridization under high strïngency conditions and a master filter containing 35 

non-cross hybridizing standards was constructed. Once the master filter was 

established it was used to analyze mmmunity DNA extracted from a variety of 

SOU rces. 

A concem with the RSGP technique is selection of relevant and representative 

standards. The cornmunity defined by the master filter when DCPD was the only 

carbon substrate (enrichment culture volumes 8 to 25) was shown by RSGP to 

have 15 of 35 standards with hybridization percentages of at least 5% of the 

'total defined community DNA" (Figure 6.2). A third of those standards appeared 

at this level only when DCPD was the substrate. Overall 71% of the standards 

had increased fXO/o, when grown on DCPD rather than on C5+. These results 

suggest that DNA synthesis increased in the presence of DCPD (White et al., 

1997) and that the standards found on the master filter can metabolize DCPD as 

the only carbon substrate. 

More direct correlation was made with the measurement of optical density and 

CO2 production. lncrease in turbidity is a cornmon method for measuring 

microbial growth (Gerhardt et al., 1981). Production of CO, also can be used as 

an indicator of metabolism and presumable growth (Watts et al., 1993). Thirteen 

of the fifteen standards with fx% values greater than 5 were teçted and more 

than 75% had increases in turbidity of 5- to 16-fold. Only slightly over a third of 

those gave increases over the controls when CO, production was the criterion. 

This is not surprising because minerakation of DCPD is not a common path for 



DCPD degradatim (Spanggord et al., 1979: Chapter 4). The results presented 

in this study suggest the standards selected for the master filter can be used as 

indicators of DCPD degradation. 

6.4.2 Composition of DCPD Degrading Consortia 

At volume 20 the highest number of colony forming units was found per milliliter 

of medium with DCPD as the only source of carbon. The standards most 

prevalent ( ~ 5 %  f i)  in the extracted DNA from this volume were LQ1, LQ19, 

LQ29, and LQ30 (Figure 6.3). In comparison, there were 8 standards in volume 

6 with f x  >5% where the carbon substrate was mixed with benzene being the 

primary component If the standards are examined at a lower fx value (>2.5%) 

in volume 6 there are 4 more standards meeting this criterion. In volume 20, by 

contrast, 12 more standards meet this criterion. Table 6.2 indicates that the 

most prevalent standards ( fx  ~ 5 % )  with DCPD as the only substrate were 

identified as a Bordetella sp., Xanthomonas sp., and Sphingomonas sp. At the 

less prevalent criterium ( fx  >2.5%) the additional standards are priman'ly 

Pseudomonas sp. The Pseudomonas sp., Xanthomonas sp. and Sp hingomonas 

sp. have al1 been well documented as versatile hydrocarbon degraders (Atlas, 

19W; White et al., 1997). 

Further examination of Figure 6.3 shows that the prevalent standards in volume 

6 have a much higher f x  value than the standards in volume 20. This suggests 

that, even though the available energy in DCPD is adequate, because of other 

constraints, such as, water solubility and structural hindrance, DCPD does not 

provide a nutrient and energy source that can be easily assimilated by 

microorganisms in comparison with substrates such as benzene and toluene. 

This pattern is also seen in Figure 6.5 where volume 20 was grown on C5+, 

benzene and toluene. After four changes of media, the community which had 

consisted of 16 standards (Figure 6.3, f x  >2-5%) accounting for 73% of the 



defined community DNA, was replaced by 8 standards cornprising 59% for C5+. 

12 standards cornprising 77% for benzene and 11 standards comprising 53% of 

the defined community DNA for toluene. Futther examination of Figure 6.5 

shows the Wh for C5+, benzene and toluene is dominated by two standards that 

account for 38% (C5+), 42% (benzene), and 23% (toluene) of the total defined 

cornmunity DNA. 

Hydrocarbon substrates are often degraded by consortia rather than a single 

organism (Slater and Lovatt, 1984). In order to isolate that community. care 

must be given to isolate the community as a whole. Normally communities are 

best isolated using open systems. such as continuous f!ow. so that interactions 

can be maintained and organisms not associated with the cornmunity can be 

eliminated. The enrichment culture allowed this to occur. In the first 7 volumes 

organisms that had a high specific growth rate for the easily assimilated 

hydrocarbons were selected. When the substrate was replaced exclusively w lh  

DCPD, which because of low solubility and high partitioning coefficient to the gas 

phase. made substrate levels very low, standards were selected that could 

compete for very small amounts of hydrocarbon. Generally CS+ selects a 

community of r- strategists and DCPD selects K-strategists. This phenomenon is 

seen in the RSGP patterns of Figures 6.2 and 6.3. The shift experiment 

described above (Figure 6.5) also shows how the r-strategist will dominate when 

the substrate is easily assimilated, Le. CS+, benzene, and toluene. 

6.4.3 Analysis of Soil DCPD Degraders 

Use of RSGP to detenine if a selected community is present at a target area is 

one of the documented uses of the technique (Telang et al., 1994; Voordouw et 

al., 1991). In this work, soi1 from a CS+-contaminated soi1 pile and an in situ 

augered site was examined for the presence of bacteria that presented 

significant fX% when grown in the presence of DCPD. The soi1 pile (previously 



referred to as Site A, Chapter 5) consisted of weathered CS+ with the primary 

constituent being DCPD. The hydrocarbon pattern did not change dramatically 

over the course of remediation for this site. The RSGP pattern (Figure 6.6) 

refiected this as well. At Block 1 there were 20 standards in 1993 with f i  >2-5% 

for a total of 73% of the defined comrnunity DNA and 1 year later the nurnber of 

standards meeting this criterion was 22 for a total of 74%. Block 2 had a total of 

19 standards for 74% in 1993 and 21 standards for 7 I  % in 1994. Block 3 in 

1993 had 22 standards that accounted for 80% of the defined community DNA 

and in 1994 21 standards for 70%. Very few standards had f x  >5% at Site A but 

of those that were (Q5, Q7. LQ33, LQ19) only LQ33 was not found at tir values 

above 5% in the enrichment culture when DCPD was the only substrate (Figure 

6.2). LQ33 was prevalent in al1 samples studied at the petrochemical plant 

indicating its importance in C5+ and DCPD degradation under in situ conditions. 

At Site B only three samples were taken for RSGP analysis, two in Block 4 and 

one in BIock 5. At this site a stable environment where a C5+ spill had been 

existing for approxirnately 3 years was suddenly disrupted with the introduction 

of nutrients and oxygen. Over a Srnonth penod the hydrocarbon pattern at Site 

B changed from C5+ to predominantly DCPD. The results in Figure 6.7 indicate 

for Block 4 at 30 cm depth initially there were 22 standards with f i  >2S% for a 

total of 87% and 3 months later, 18 standards accounted for 87% of the total 

defined community DNA. In August, three standards accounted for 22% of the 

DNA while in Novernber, seven standards accounted for 44% of the DNA. The 

standards at the 2.5% level are essentially the same for both time periods but at 

5% the November standards are different. Five of the seven standards 

increased to this level from August to November as the prevalence of DCPD 

increased. One of the standards was only found in the enrichment culture at fr  

values above 5% when DCPD was the exclusive substrate. 



At 90 cm in Block 4, 18 standards accounted for 78% of the DNA in August and 

17 standards accounted for 79% of the DNA in November. At the 5% Ievei in 

August, four standards accounted for 25% of the DNA while in November. 42% 

of the total DNA was accounted for by six standards. Four of these standards 

increased in f x  only as the non-DCPD hydrocarbons present in August 

decreased in concentration- 

In Block 5 at the 90-cm depth, 19 standards were found that accounted for 83% 

of the DNA hybridized for the August sample. In November, the standards at 

2.5% remained the same and the total DNA hybridized was 85%. Standards 

were essentially the same at this level. At the 5% level there was only one 

standard unique to the November sampling and 1 was prÏmarily found when C5+ 

was being degraded in the enrichment culture. In November, the non-DCPD 

hydrocarbon was at a greater concentration than DCPD (Figure 5.6). 

The August samples from Block 5 at 90 cm had three unique standards above 

5%. Two of the standards were isolated from al1 volumes of the enrichment 

culture but one, #15, was more prevalent while DCPD was the only carbon 

source and one, #2, while C5+ was the carbon source. On August 8, at this 

sampling point the hydrocarbon concentration indicated that the DCPD 

concentration was similar to non-DCPD hydrocarbon, 7 mgkg to 11 m g k g  

(Figure 5.6). The third unique standard, #35, which was seen at this level only 

once, was a Desulfovibno. This may have indicated the anaerobicity of the site 

at this depth. This standard decreased in prevalenœ as oxygen increased in 

concentration as a result of the soi1 structure being opened up through augering. 

This sample illustrated the ability of RSGP analysis to suggest, by using the 

pattern of its standards, what parameters are affecting the in situ community. 



CHAPTER S N E N  

CONCLUDING REMARKS 

The focus of this study was to investigate the fate of dicyclopentadiene in the 

environment. Very Iittle Iiterature has been published on DCPD and what occurs 

when it is spilled in sail. The production of DCPD has increased steadily over 

the last 20 years and current production in North America is over 70 million kg 

per year. Wîth this quantity of chernical being manufactureci, the chances of it 

being spilled sornewhere are very high. When this event occurs it will be 

necessary to determine the quantity rernaining, the direction of travel, the rate it 

is traveling and whether it is degradable. 

A factor in each of the above parameters is the tendency of DCPD to adsorb to 

soil. The soi1 encountered thraughout this work was Alberta glacial till. t o  

accurately measure adsorption of chernicals to soil, the equilibriurn time for 

sorption of that chernical to the target soi1 rnust be detennined. DCPD 

adsorption to till in the first 24 h was 23% and in the next 60 hours an additional 

0.7% indicating equilibriurn had been reached. Adsorption of DCPD to glacial till 

at the concentrations used, which were less than DCPD water solubility, was 

linear. The adsorption coefficient was 2.9 suggesting for every mg of DCPO 

found in water there would be 2.9 sorbed to the soil. As a cornparison the 

adsorption coefficients for benzene and toluene on the same soi1 were 1.2 and 

1.4, respectively. Calculated retardation factors for undisturbed Alberta glacial till 

having a bulk density of 2.3 g/ml and a porosity of 10% suggested DCPD would 

be transported in the till 67 times slower than groundwater. Benzene and 

toluene would be 28 and 34 times slower than groundwater. In the undisturbed 

glacial till studied. assuming hydraulic conductivities of 1 o4 to 1 0" cmlsec. 

transport of DCPD in the groundwater would range between 4.7 cm/year to 0.47 



mmlyear. At this low rate of transport, diffusion may becorne the dominant force 

spreading the contaminant plume (Johnson et al., 1989). 

This work has shown that transport of DCPD in glacial till is very slow. However, 

if DCPD is not degraded as it travels through the soil. it presents a Iiability to 

whoever is exposed to its odor. To determine the biodegradability of DCPD. 125 

isolated organisms and cultures were screened for DCPD degradation using the 

~ 1 0 1 0 ~ ~  system. Two percent of the single isolates produced a reaction 

greater than the control but attempts to cuiture these isolates on DCPD in shake 

flasks failed. Thirty-eight percent of the mixed cultures gave positive reactions 

and subsequent biodegradation work concentrated on using mixed cultures. 

Mineralization of DCPD using mixed cultures and radiolabeled DCPD was 

attempted using isolates from sewage treatment plants. industrial hydrocarbon- 

contaminated soils, compost piles, and manure. Twenty-eight percent of these 

experiments produced no radiolabeled CO, but 6% were able to mineralize 

DCPD at rates that exceeded the fastest literature values by 20 to 100%. Even 

at these rates remediation of DCPD to CO2 would require years assuming it 

proceeded to completion. 

However, examination of the DCPD degradation stoichiornetry indicated that 

large amounts of oxygen were being consumed and a large fraction of DCPD 

was being transformed into other metabolites (25%) for every 1% converted to 

CO,. Oxygenated DCPD derivatives were found and two were identified by GC- 

MS as plausible intermediates in a postulated DCPD biodegradation pathway. 

This suggested that the degradation rates measured by mineralization would be 

increased by a factor of 4 if DCPD remediation was defined as transformation 

rather than mineralization. 



Production of large amoonts of intermediates presents several scenarios that 

need to be examined for Mure research. Intemediates may travel faster than 

the original compound or may be more toxic (Evans et ai., 1992; Okuyama et a/., 

1986). The complete degradation pathway for DCPD is unknown and it should 

be investigated. &Lactones that anse from biologieal Baeyer Villiger oxidations 

have been identified as possible carcinogens (ASTER. 1991). Biological Baeyer 

Villiger oxidations are a plausible mechanism for breaking rings dun'ng DCPD 

biodeg radation. 

Knowing that DCPD was able to be transfomed biologicaily at rates that would 

maintain a stable plume volume, given its transportation rate in glacial til. 

suggested in situ biorernediation was an acceptable method of cleaning up 

DCPD spills in Alberta glacial till. Two sites at a petrochemical plant that had 

been contaminated with C5+ containing approximately 9 to 15% DCPD were 

examined for DCPD biodegradation. One site contained excavated soi1 placed in 

a soi1 pile from a cracked underground containment system. The other site had 

received surface contamination when a valve was left open. This contamination 

had penetrated to about 1 m in depth and affected an area of about 8 x 10 m. 

To enhance the entrance of nutrients and oxygen to this site it was augered with 

a 30-cm auger mounted on a Bobcat. 

At site A, contaminant concentrations were homogenous because of soi1 mixing 

during construction of the soi1 pile. Additionally, the concentrations of DCPD and 

non-DCPD components were sirnilar because of volatilization during soi1 pile 

construction. Measurements at the beginning and end of the study showed 

statistically that loss of DCPD had been significant at this site. Volatilization of 

hydrocarbons was monitored and could not account for the loss of DCPD and 

other hydrocarbons. Rates were determined for the loss of DCPD and other 

hydrocarbons at this site and average initial rates across the site suggested soi1 



contaminated with 100 mg DCPO per kg would take Iess than 2 years to 

remediate. Nutrients appeared to enhance DCPD degradation at this site- 

In the second year, DCPD concentration had been reduced to between 20 and 

60 mgkg and rates slowed down dramatically. This work suggests at low tevels 

of DCPD contamination, preferential adsorption of DCPD to soi1 will scavenge 

DCPD from the groundwater. Microorganisms will have to compete with soi1 

adsorption for dissolved DCPD and this will slow biodegradation. This is an area 

that must be investigated to detemine to what extent bioremediation can clean 

up DCPD contamination. 

At site B. the contamination profile was very different. Non-DCPD hydrocarbon 

concentration was much greater but total hydrocarbon concentration was much 

less. Hydrocarbon concentrations spread in a gradient with highest 

concentrations where the spill entered the soil. Non-DCPD hydrocarbons at site 

B were degraded significantly during the 116 days of testing. DCPD 

concentrations did not statistically change during the sampling period at this site 

and several reasons were postulated. The presence of higher concentrations of 

non-DCPD hydrocarbons such as benzene and toluene may have inhibited 

DCPD degradation because of substrate preference. Low concentrations of 

DCPD could also be inhibitory because of inaccessibility due to adsorption, as 

suggested by the results from site A. The shorter time period did not allow 

significant DCPD degradation or the microbial population to change from BTEX 

type degraders to DCPD degraders. 

To validate in sifu biodegradation, loss of hydrocarbon and biological activity 

must be associated as well as evidence that the biological activity is appropriate 

for the target contaminant. At both sites there was evidence of increased 

biological activity as hydrocarbon concentration diminished. At site A, the 



DCPDlother hydrocarbon ratio remained constant over 266 days while the total 

hydrocarbon concentration was reduced by 68%. During the same period 0.1 to 

0.2 g of CO, were produced for every gram of DCPD remediated. The constant 

ratio indicates some of the C Q  was a product of DCPD carbon. At site 6, even 

though DCPD concentrations were not significantly reduced, oxygenated 

denvatives, which had been previously identified in in vitro cultures, were 

extracted from groundwater and soil. General enzyrnatic activity increased and 

was sustained at almost 400% of the acüvity measured initially. At both sites 

hydrocarbondegrading bacteria were measured at over 1 o5 organisms per gram 

of soil. Previous lab work had shown that these bacteria were capable of 

biodegrading DCPD and CS+. 

To better understand the microbial community involved in DCPD biodegradation 

a RSGP master filter containing genomes of bacterial standards associated with 

DCPD degradation was developed. As part of this process an enrichment 

culture was started with CS+ as the substrate and then switched to DCPD. 

Reverse sample genorne probing was able to demonstrate a shift in the microbial 

community memben as hydrocarbon substrates changed. Key bacterial species 

were detenined for C5+ and DCPD. The community profile for DCPO consisted 

of a greater variety of species but no dominant member. Once an enriched 

culture had been established on DCPD, this consortium was challenged with 

CS+, benzene or toluene. The microbial community was able to adapt and key 

bacterial species were again distinguished for each substrate. With these more 

easily metabolized substrates the cornmunity profile consisted of two or three 

dominant species. This suggests the community capable of degrading DCPD 

may be quite interdependent for metabolic processes. This contrasts with the 

other cultures where a few dominant specks are seen. These organisms 

obviously have al1 the metabolic capabilities to grow on these carbon sources 

without relying on community rnemberç for some of the processes. 



Use of the master filter to examine the soil community supported the results 

obtained through more conventional methods. In site A. the community was 

stable, consisting of many species but no dominant ones. The hydrocarbon 

profile indicated primarily recalcitrant compounds. At site B, the community was 

again diverse but initially three species accounted for almost 25% of the 

community. as defined by DNA hybridized. After 116 days the community had 

shifted and seven species now accounted for 44% of the hybridized DNA. The 

hydrocarbon profile initially showed high percentages of easily metabolized 

substrates such as benzene and toluene while at the end of 116 days most of 

these compounds were gone. leaving DCPD and other hydrocarbons with higher 

rnolecular weight. The initial sample also showed anaerobic bacteria, such as 

Desulfovibnb, were prevalent. After 116 days, these species had diminished in 

f,. AAer augering, the redox potential at this site became progressively more 

positive. The RSGP patterns were able to predict the in situ environment. 

The mechanisms that cause DCPD to be recalcitrant need to be investigated. 

The RSGP standards can be used to examine the intermediates produced by 

key members of the community dunng degradation. The microbial cornmunity, 

as selected by RSGP analysis, can be closely monitored to detemine rates of 

growth in the presence and absence of C5+ components and to detemine what 

role other hydrocarbons have in DCPD degradation. Degradation at 90-cm 

depth as compared with 30-cm depth did not readily occur. The ability of soi1 

microbial consortia to degrade DCPD anaerobically rernains an important issue 

to resolve. 
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