
TEMPERATURE EFFECT ON BlOREMEDlATlON 

OF 

DIESEL FUEL CONTAMINATED WINNIPEG CLAY 

ALEX G. MAN 

A Thesis 

Submitted to the Faculty of Graduate Studies 

in Partial Fulfillment of the Requirements 

for the Degree of 

MASTER OF SCIENCE 

Department of Civil and Geological Engineering 

University of Manitoba 

Winnipeg, Manitoba 

O October 1998 



National Library Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395. rue Wellington 
OttawaON K 1 A W  OttawaON K1AON4 
canada Canada 

The author has granted a non- L'auteur a accordé une Licence non 
exclusive licence allowing the exclusive permettant à la 
National Library of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distribute or seil reproduire, prêter, distribuer ou 
copies of this thesis in microform, vendre des copies de cette thèse sous 
paper or electronic formats. la forme de microfiche/nim, de 

reproduction sur papier ou sur fonnat 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fiom it Ni la thése ni des extraits substantiels 
may be printed or othemise de celle-ci ne doivent être imprimés 
reproduced without the author's ou amernent reproduits sans son 
permission. autorisation. 



FACULTY OF GRUXATE STt?)lES 
*+te* 

COPIRIGHT PERhUSSIOS PAGE 

TEWEEATUBE KFFECT ûN B I O ~ I A T I O R  OF DIESEL PUEL 

CON'ïAHIHATED WINMIPEG CLAY 

A ThesidPncticum kbmitted to the Faculty of Graduate Studia of The University 

of Manitoba in partial fulûllment of the requirements of the degree 

of 

Permission has been granted to the Library of The University of Manitoba to lend or seil 
copies of this thesidpracticum. to the National Libnry of Canada to microfilm this thesis 

and to lend or se11 copies of the füm, and to Dissemtions Absmacts International eo publish 
an abstract of this thesis/practicum. 

The author reserves other publication rights, and neither this thesis/pracdcum oor  
extensive estracts from it may be printed or othemire reproduced without the author's 

written permission. 



Abstract 

The purpose of this study was to detemine effect of temperature on 

bioremediation of a diesel fuel contaminated heavy clay soi1 under sirnulated 

landfarming conditions. The Arrhenius temperature coefficient, 8, was 

detennined to quantify the effect of temperature on biodegradation rate. 

Biodegradation was measured in soi1 microcosms by monitoring headspace 

oxygen concentration and 14c02 evolution from the mineralization of 14c- 

octadecane. Zero-order biodegradation rates, calculated from oxygen 

consumption on a tetradecane (n-C14) equivalent basis, were found to range 

from 0.1 3 mg kg'lday-' at 3°C to 9.8 mg kg-'day-' at 22OC (on a dry weight 

basis). The average temperature coefficient was 1.1 9 for the biodegradation 

rates based on oxygen consurnption and 1.1 1 for the biodegradation rates 

based on I4co2 evolution. 

The diesel range n-alkanes remaining in the soi1 (active and abiotic samples) 

at the end of the experiment were analyzed by gas chromatography (GCIFID) 

and compared to fresh unweathered standards to determine the effect of 

temperature on the final hydrocarbon depletion. Relative chromatographic 

response of the n-alkanes (CIO to Cia, inclusive) from biologically active, 

abiotic and fresh unweathered soi1 samples indicated that abiotic losses 

increased at higher temperatures. This limited the total amount of 

hydrocarbons available for biodegradation at the higher end of the 

temperature range examined. The maximum amount of biological depletion 

was observed at 10 O C  for the CIO to Cia carbon range. Total n-alkane 

depletion was similar over the 10 OC to 22OC temperature range. The reduced 

abiotic losses at the lower temperatures was equally off-set by increased 

biodegradation over the tirne frame of the experiment. This suggests that 

overall n-alkane depletion may be expected to be similar regardless of 

temperature as long as the operation takes place in the 10 OC to 22°C range. 



Total extractable hydrocarbons remaining in the soi1 at the end of the 

experiment were estimated at approximately 1257 ppm, 2820 ppm, 3038 ppm 

and 41 45 pprn for 22, 16, 10 and 3°C , respedively. Estimates were based on 

the total quantity of hydrocarbons biodegraded from the tetradecane 

equivalent mineralkation curves and an estirnate of the total percent abiotic 

depletion at each temperature. The direct measurement of total extractable 

hydrocarbons at the end of the experiment was not possible since the 

integration program was not set up to only integrate the n-alkane peaks. 
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INTRODUCTION 

1.1 Problem Statement 

Manitoba Hydro has identified many sites where diesel fuel and other petroleum 

hydrocarbons have leaked or been spilled resulting in contamination of the 

subsurface soi1 and groundwater. The problern is cornmon to diesel generating 

sites and other petroleum storage and transfer facilities. 

Some specific remediation challenges arise at typical Manitoba Hydro sites with 

petroleum hydrocarbon impacted soils. Often the sites are located at remote 

locations in areas characterized by a cold northem climate. Logistical problems 

are evident, and winter temperatures can create problems for remediation 

systems relying on Ruid movement above or near ground surface. Additionally, 

the stratigraphy of many locations in Manitoba include low permeability clays 

and silts. Figure 1.1 is a conceptual model for a typical petroleum hydrocarbon 

impacted site in the Winnipeg area. 

Liquid hydrocarbons released in such conditions will preferentially migrate along 

silt layers or laminations and along fissures or fractures within heavy clay soils. 

Fractures within a mass of clay soi1 can increase hydraulic conductivity by 

several orders of magnitude relative to intact blocks of soi1 between the 

fractures. Low effective porosity of fractured heavy clay soi1 results in relatively 

large volumes of soi1 being impacted by relatively small amounts of contaminant 

(Grady & Johnson, 1996). Due to high water contents of the bulk matrix 

between the fractures, free phase hydrocarbons remain almost exclusively in the 

fractures where advective transport may dominate (Grady & Johnson, 1995). 

The bulk clay matrix becomes impacted by diffusion of dissolved phase 

contaminants away from the fracture (Walden, 1993). Seasonal groundwater 
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Figure 1.1 Conceptual mode1 of petroleum hydrocarbon contaminated soi1 
in the Winnipeg area. 

table fluctuations result in the formation of a smear zone of residual saturation 

where light non-aqueous phase Iiquids (LNAPLs) are present. 

The hazard associated with petroleurn hydrocarbon contaminated clay may not 

be obvious since low water yields preclude such soils as a water resource. 

Generally. reduced mobility of contarninants in heavy clay soif should 

subsequently reduce exposure potential. There is, however. human risk 

associated with petroleum hydrocarbon impacted clay in many situations. For 

example, a contaminated fractured clay unit overlying a potable aquifer provides 

a long t e n  source of groundwater contamination (Grady & Johnson. 1995). 

Also, vapour migration via fractures in the unsaturated zone provides a potential 

pathway for human exposure or explosion hazard in nearby structures. 



Low permeability soils, in general, that are wntaminated with petroleum 

hydrocarbons have a number of characteristics that make them difficult to 

remediate. Primarily, the low permeability and low effective porosity of ciay 

greatly limits mass transfer rates necessary for most remediation alternatives. 

Sorption of the contaminants to the clay particles further limits mass transfer and 

bioavailability. Ex situ remediation techniques are therefore common for low 

permeability soils since the mass transfer limitations can be reduced relative to 

in situ conditions by rnixing. 

Bioremediation is fast becoming the method of choice for clean-up activities: 

primarily ex situ (landfaning, biopiles, etc.) for low permeability clays, silts and 

tills, and in situ for more permeable sands and gravels. The potential for 

successful biorernediation in northern climates has been demonstrated (Atlas, 

1975; Braddock et al. 1997; CAPP et al. 1995; Haines et al. 1994; Loynachan, 

1978; Margesin & Schinner, 1 997; Samson ef al. 1992; USEPA, 1995a; Whyte, 

1996). However, few studies have addressed the biotreatability of petroleum 

hydrocarbon contaminated fine grained soils and most enhanced land treatment 

operations have concentrated on sandy soils (Pollard et al. 1994). As the 

knowledge base on the important characteristics, processes and process 

kinetics involved in petroleum hydrocarbon impacted soi1 grows, continued 

improvement will be made in the design and application of biorernediation 

systems operating under challenging conditions. 

1.2 Research Objective 

The overall objective of this study is to investigate the effect of temperature on 

the bioremediation of a diesel fuel contaminated heavy clay soi1 under 

landfaning conditions. Knowledge of the temperature effect on bioremediation 

perrnits improved remedial systern design, more efficient monitoring and 

maintenance programs and more accurate cost estimates. For example, 



temperature effect on biorernediation kinetics are involved in answering 

questions such as: 

what is the expected operating life of the project? 

will insulating or heating the system help reach time and budget restrictions? 

will freezing help or hinder the project? 

what screening and sampling interval shouid be budgeted for? 

1.3 Methodology 

i )  Consolidate background information available in the literature on the 

important characteristics and processes involved in bioremediation of 

diesel fuel impacted clay soi1 and the effect of temperature on the 

characteristics and processes. 

ii) Review the available literature on aerobic petroleum hydrocarbon 

bioremediation kinetics and the effect of temperature on bioremediation 

kinetics 

iii) Examine the current methods for measuring petroleum hydrocarbon 

biodegradation in soils, and design an in-house protocol for conducting a 

bench-scale biotreatability experiment suitable for the objective of this 

study. 

iv) Perform a bench-scale biotreatability experiment to detemine the effect of 

temperature on bioremediation kinetics and on final hydrocarbon 

depletion of diesel fuel contaminated heavy clay soi1 under simulated 

landfarming (ex situ) conditions. 



1.4 Limitations of the Study 

The study is limited by the necessity of homogeneous soi1 mixtures with respect 

to soi1 aggregate particle size and spatial variability. This is achieved through 

unrealistic mixing energies applied to the experimental soil, relative to actual 

landfaming practices, in an attempt to create identical replicates. In large scale 

landfaming facilities, clay soi1 aggregate size can range from dust size to 0.3 m 

in diameter. Other environmental factors such as temperature, pH, moisture 

content, contaminant distributions and rnicroorganisrn concentrations will 

inherently have a greater degree of variability under field scale conditions. 

Therefore, Gare should be taken when extrapolating biodegradation rates from 

laboratory to field scale. Rates estimated from laboratory studies have been 

found tu be higher than those observed under field conditions (Cookson, 1995; 

Woodward, 1988). 



2.1 Characterization of Diesel Fuel Contaminated Clay 

The conceptual model presented in Figure 1.1 introduced the problem of 

petroleum hydrocarbons in a low penneability subsurface environment. 

Successful imestigation and remediation of such sites requires an 

understanding of how the hydrocarbons interact and distribute within the 

subsurface media. Characteristics of the hydrocarbons and the soi1 control the 

transport and fate processes which combine to affect bioremediation kinetics. 

Figure 2.1 is a schematic representation of phase equilibrium and partitioning 

between soil solids, non-aqueous phase liquid (NAPL), soi1 vapour, grounbnrater 

and microorganisms living in the aqueous phase. NAPL may exist as a separate 

mobile liquid phase or held as residual saturation in soil pores. From the NAPL 

phase, hydrocarbon compounds may partition into the vapour, aqueous, or 

sorbed phase. Bioremediation of contaminated soi1 is therefore a multiphase 

problem. The phase interfaces across which hydrocarbon compounds may 

partition and their significance to bioremediation are included in Table 2.1. 

Many simultaneous interactions are possible within this rnultiphase system that 

have the potential to limit bioremediation rates. Three categories of potential 

rate limiting processes in the overall sequence of biodegradation in soi1 are as 

follows: 

1. substrate sequestering limiting bioavailability (e-g. sorption), 

2. substrate and electron acceptor mass transportldelivery processes, and 

3. microbial processes. 



Figure 2.1 Schematic of phase partitioning in a diesel fuel contaminated clay 
(Modified after Mariner et al. 1997 & Mott, 1995). 

Biodegradation rates can be controlled by processes that limit substrate or 

electron acceptor bioavailability (Wiedemeier et al. 1995). For biodegradation to 

take place, the compound must first partition into the aqueous phase in which 

the microorganisms exist (Pollard et al, 1994; USEPA, 1995b). This rnay be 

influenced by sorption of a compound to soi1 solids, dissolution from the NAPL 

phase or volatilization. Due to high surface area and hydrocarbon 

hydrophobicity, sorption is of particular importance in fine grained, low 

permeability soils. 



Table 2.1 : Phase Interfaces and Their Significance ?O Bioremediation 

Interface Important Processes Significance to Bioremediation 

NAPL - Soit Vapaur Volatiluationivapour pressure 

Groundwater-Soil Vapour Henry's Law 

NAPL-Soif Solids Clay structure changes 

Groundwater-Soil Solids Sorption-desorption 

Soit Sotids-Soil Vapour Oxygen diffusion 

Groundwater-Micrwrganism Membrane uptake. enzyme cornplex, 

metabolkm 

Affects substrate bioavailability/abiatic l o s  

Affects substrate bioavailability 

Hydrautic conductMty changes 

Affects substrate bioavailability 

Electron acceptor biaavaifability 

Biotransfomation/biodegmdation of 

petroleum hydrocarbans 

Sorne mass transport mechanisrn, such as advection, dispersion or diffusion 

must then be responsible for carrying the substrate cornpound into and within 

the aqueous phase to the microorganisms with the necessary enzymes. The 

same mass transport processes apply to the supply of terminal electron 

acceptors and nutrients. For example, oxygen diffusion through soi1 gas. After 

depleting a given available electron acceptor, either replenishment of that 

electron acceptor to the site of metabolizm must occur or an altemate electron 

acceptor must be utilized. The rate of biodegradation is generally limited by the 

degree of aeration in aerobic bioremediation systems and electron acceptor 

limitations under anaerobic conditions rather than by the lack of nutrients such 

as arnmonia, nitrate or phosphate (Wiedemeier et al. 1995). 

Mass transport of substrate and terminal electron acceptors between various 

interfaces in clay soi1 is generally diffusion dominated due to low hydraulic 

conductivity. However, advection may occur along fractures. The rate at which 

substrate and/or electron acceptor(s) are supplied to soi1 microorganisms rnay 



conceivably be the rate limiting step for biodegradation in low permeability soi1 

where mass transport occurs at much slower rates relative to materials with 

higher permeabilities. Intra-aggregate (bulk clay) diffusion has been assumed to 

be the rate limiting removal mechanism during remediation of clay soils 

(Carpenter et al. 1993). 

Once the compound is in physical contact with the microorganism, various 

rnicrobiai processes may limit overall bioremediation rates. Uptake across the 

cytoplasmic membrane into the interior of the cell must first occur (unless extra- 

cellular enzymes are present). Finally an enzyme-substrate cornplex must form 

for the enzyme mediated biodegradation reaction to proceed. 

A number of environmental factors such as temperature, pH, moisture content 

and nutrient status can influence the entire system and ultimately affect 

biodegradation rates. Temperature is of particular importance especially when 

bioremediation is considered in cold climates. A number of contaminant 

characteristics and processes influencing substrate and/or electron acceptor 

bioavailability are temperature dependent. 

The foilowing five sections summarize the basic information that characterizes 

the components of, and processes occurring within a diesel fuel contaminated 

clay. The first WO sections look at the characteristics of diesel fuel and Winnipeg 

clay that influence transport and fate, respectively. The following three sections 

look at substrate sequestering due to sorption, diffusion as a substrate and 

electron acceptor mass transporVdelivery process and microbial biodegradation 

processes. Special attention is given to the effect of temperature on the various 

characteristics and processes where applicable. 



2.1 1 Characteristics of Diesel Fuel 

2.1.1 .l Chernical Composition 

Diesel fuel (or No. 2 fuel oil) is a composed of carbon numbers primarily in the 

CIO to Czo range, with boiling points ranging between 160°C and 360°C (Millner 

et al. 1992). Aliphatic hydrocarbons (paraffins) including normal, branched and 

cyclic alkanes (napthenes or cycloparaffins) are the primary components of 

diesel fuel. These compounds comprise between 65% and 85% of a given 

volume of diesel fuel with aromatic and mixed arornatic cycloalkane compounds 

representing the majority of the remaining portion (Block et al. 1991). The 

composition of diesel fuel based on relative percentages of paraffins, 

cycloparaffms and aromatics per carbon number is presented in Table 2.2. 

Table 2.2: Composition of Diesel Fuel No. 2 (After Riser-Roberts, 1992). 

Carbon Number Concentration (% Volume) 

Paraffins Cycloparanins Arornatics 

G o  0.9 0.6 0.4 

Cl 1 23 1.7 1 .O 

C1z 3.8 28 1.6 

ci3 6.4 4.8 28 

Ctr 8.8 6.6 3.8 

c 1s 7.4 5.S 3.2 

c i s  5.8 4.4 25 

Clt 5.5 4.1 2.4 

Cls 4.3 3.2 1.8 

CIO 0.7 0.6 0.3 

The more predominant peaks of a diesel fuel gas chromatogram are nomal 

alkanes (Figure 2.2). Tetradecane (n-Cir) is commonly one of the tallest peaks 

of diesel fuel gas chromatograms. Estimating the average chemical structure of 

diesel fuel using total molecular atomic weight contribution of carbon and 

hydrogen yields the chemical formula of tetradecane (C14H30) (Cookson, 1995). 



Tetradecane is therefore used in the analysis of the results to calculate total 

diesel concentration on a tetradecane basis. 

Specific individual branched alkanes including pristane (iso-Ci7 ; 2, 6, 10, 14- 

tetramethylpentadecane) and phytane (iso-Cls ; 2,6, 10, 14- 

tetrarnethylhexadecane) are also easily identified by gas chromatography (Block 

et al. 1991). Since the branch alkanes are more resistant to biodegradation, gas 

chromatography can be used to detemine if the diesel fuel has been biologically 

degraded (Nyer, 1993). The ratio of the normal alkanes heptadecane (n-C17) 

and octadecane (n-Ci8) to the branched alkanes pristane (iso-Cl,) and phytane 

(iso-Cls), respectively, decrease during biodegradation (Nyer, 1 993) (Figure 

2.3). 

The cyclic alkanes comprise a significant portion of the diesel fuel hydrocarbon 

mixture. However, due to the low concentration of individual compounds and 

their poor analytical behavior, specific compound identification is diffÏcult (Block 

et al, 1991). The properties of cyclic alkanes are similar to straight or branched 

chah alkanes. 

The boiling point range of diesel fuel is high enough to preclude high 

concentrations of alkyl benzenes such as benzene, toluene, ethylbenzene and 

xylenes (BTEX) compounds. Due to the toxicity of the BTEX compounds, they 

are frequently included as target analytes when investigating petroleum 

hydrocarbon impacted sites (Block et al. 1991 ). Generally, diesel fuel contains 

less than 0.02 Oh benzene and from 0.25 % to 0.5 % toluene, xylene(s) and 

ethylbenzene (Millner et al. 1992). 



Figure 2.2 GClFlD chromatogram of fresh diesel fuel 
(After Douglas et al. 1991). 

Figure 2.3 GClFlD chromatogram of weathered diesel fuel 
(After Douglas et al. 1991). 



In addition to trace amounts of the BTEX compounds, small amounts of 

polynuclear aromatic hydrocarbons (PAHs) make diesel fuel a potential 

carcinogen. PAHs with 3 to 7 rings generally comprise less than 5% of diesel 

fuel, but can reach up to 10% (Millner et al. 1992). Table 2.3 lists the 

concentrations of several individual PAHs found in a sample of diesel fuel. 

Table 2.3: Concentration of Polynuclear Aromatic Hydrocarbons in No.2 Fuel 

Oil (After Millner et al. 1992) 

Compound Concentration (ppm) 

Phenanthme 429 

2-Methylphenanthrene 7677 

Each of the specific organic compounds found in diesel fuel has its own 

properties and behavior when in contact with subsurface media. Examples of 

the properties discussed in the following sections will consist of ranges of values 

for aliphatic and aromatic hydrocarbons that comprise diesel fuel. The aliphatics 

(including straight, branched, and cyclic paraffins), will be represented by the n- 

alkanes. which represent the bulk composition of diesel fuel. The aromatic 

portion will be represented by several PAHs and alkylbenzenes. The BTEX 

compounds will be included in the discussion as consemative representatives of 

the alkylbenzenes. As stated above, these specific compounds do not 

individually comprise a large portion of diesel fuel, however they are pefhaps the 

most significant components with respect to the toxicity of diesel fuel and other 

petroleum products. 



Physical Properties 

Specifications and the normal properties of No. 2 diesel fuel are presented in 

Table 2.4. Diesel fuel specifications are based on laboratory analyses of 

various physical properties that distinguish one petroleum product from another 

(Block et al, 1991). Of particular concern to environmental fate and transport are 

specific gravity and viscosity. 

Specific gravity is the ratio of the density of a compound to the density of water 

at a given temperature. A temperature of 4°C is usually referenced since the 

density of water at 4" C is 1 .O glmL. This parameter is important since it 

detemines whether a liquid will Roat on or sink through the groundwater table 

(Nyer, 1993). In other words, it distinguishes light nonaqueous phase liquids 

(LNAPLs) from dense nonaqueous phase liquids (DNAPLs). Diesel fuel 

normally has a specific gravity ranging from 0.85 to 0.87, indicating that it is less 

dense, as a bulk liquid, than water. 

Viscosity and surface-wetting properties affect how a nonaqueous phase liquid 

migrates in soi1 (Riser-Roberts, 1992). Liquids with higher viscosity's will tend to 

be more readily retained in unsaturated soils as residual saturation compared to 

less viscous fluids. For example, approximately four times the volume of diesel 

fuel would be retained by a given soi1 relative to gasoline which has a lower 

viscosity than diesel fuel. Lower viscosity fluids would also spread over a larger 

area of the water table compared to a higher viscosity fluid (Riser-Roberts, 

1992). This behavior is reflected by the Darcy proportionality constant (K) which 

is inversely proportional to the viscosity of the permeating fluid (Domenico & 

Schwartz, 1990). 

In general, viscosity of a Ruid is invenely proportional to temperature so as 

temperature increases viscosity decreases. Similarly, petroleum hydrocarbons 



becorne more viscous and flow less readily at low temperatures (Pollard et al, 

Table 2.4: Specifications and Normal Properties of No.2 Diesel Fuel 

(After Block et al. 1991 ) - - i 

Parameter Specifications Normal Properties 

API Gravity (unitless) 30-39 31 -834.0 

Specific Grawty (unitless) 0.830-0.878 0.85-0.87 

Fiash Point. 'F 135 (minimum) 1 45- 1 65 

Pour Point, O F ,  Summer 410 (maximum) O-+5 

, Winter O (maximum) 50 

Viscosity. cSt (mm21s) @ 100 O F  1 3 4 . 1  3.5-3.8 

Suiphur. wt % 0.50 (0.1 0 after 1 993) 0.42-0.48 

Colour. SayboR 20 (maximum) 1 -0-1.5 

Corrosion, Copper Strip 

Distillation. ASTM D86 PR 
Initial Boiling Point 

10% Point 

50% Point 

90% point 

Final Boiling Point 

Conradson Carûan on 10% Bottoms (unitles) 

Cetane Number (unitless) 

#1 (maximum) 

0.1 5 (maximum) 

42 (minimum) 

2.1.1.3 Solubility: NAPL-Groundwater Interface 

Solubility is one of the rnost important properties infiuencing the fate and 

transport of contaminants in the environment (Nyer, 1993). The water solubility 

of a compound is defined as the concentration of a compound in the aqueous 

phase when the solution is in equilibrium with the pure compound in its solid, 

liquid or gaseous state, at a specific temperature and pressure (Schwarzenbach 

et al. 1993). Compounds with higher solubilities are generally more available to 

microorganisms and therefore more biodegradable (Riser-Roberts, 1992), since 

there is less of a mass transfer limitation into the aqueous phase, where 

metabolism takes place. However, compounds with higher solubilities may also 

be more toxic to the microorganisms. Compounds with higher solubilities are 



also more readily transported with groundwater flow and are not as readily 

adsorbed by soils. 

Many constituents of petroleum products (e.g. alkanes and aromatics) are 

nonpolar compounds and have limited solubility in water (Nyer, 1993). The 

solubility of aliphatic hydrocarbons ranges from 10" mol C' for octadecane (n- 

Cia) to 1 04.6 mol L" for decane (n-CIO) (Schwarzenbach et al, 1993). In general, 

as the carbon number increases, solubility decreases (Nyer, 1993). 

PAH solubility generally decreases as the number of aromatic rings increase. 

Naphthalene (2 rings) has a solubility of 10-"~ mol L" while benzo[a]pyrene (5 

rings) has a solubility of 1 mol C' (Schwarzenbach et al. 1993). 

The most soluble compounds of concern that may be associated with diesel fuel 

are the alkyl benzenes. The BTEX compounds have significant water solubility 

relative to the majority of cornpounds that comprise diesel fuel. Water solubility 

of these compounds decrease as carbon number decreases (Bruya, 1994), with 

benzene (CG) being the most soluble at IO-'." mol (or 1780 mg L") at 20%. 

Due to itç high solubility (relative to the majority of petroleurn hydrocarbons), 

benzene is commonly the first compound detected at a dissolved phase plume 

front. Due to their toxicity and potential to impact potable groundwater, the 

BTEX cornpounds are cornmon target analytes associated with petroleum site 

investigations. 

Temperature effects on the solubility of liquid organic compounds is srnall over 

ambient temperatures, varying by less than a factor of 2 (Schwarzenbach et al. 

1993). A rise in temperature will generally decrease solubility due to an 

increase in water vapour pressure at the gas-liquid interface (Nyer, 1993). The 

following expression relates solubility to temperature: 



- AH: 
log = 2.303RT 

+ constant 

where: C:* = aqueous solubility (mol c'), AH: = enthalpy of solution (kJ mol"), 

R = ideal gas constant (~tC'rnol~')~ and T = absolute temperature (K) 

(Schwarzenbach et al. 1993). Changes in sign and magnitude of AH: over 

ambient temperatures result in a fairly flat slope, indicating little effect, for curves 

of solubility as a function of temperature for organic compounds. 

2.1.1.4 Vapour Pressure: NAPL-Soil Vapour Interface 

Vapour pressure is the pressure exerted by a compound's vapour phase at a 

given temperature when it is at equilibrium with its pure liquid or solid condensed 

phase (Schwanenbach et al. 1993). It can be thought of as a measure of a 

compounds tendency to volatilize. Compounds with low vapour pressures do 

not easily volatilize, whereas compounds with high vapour pressures readily 

volatilize. 

The vapour pressures of the majority of diesel fuel hydrocarbons are relatively 

low (Le., diesel fuel is considered semi-volatile). Therefore diesel fuel 

contamination is not associated with high concentrations of hydrocarbon 

vapours in the soi1 gas. 

As alkane carbon numbers increase, vapour pressures decrease (Nyer, 1993). 

This is presented graphically in Figure 2.4. Vapour pressures of the normal 

alkanes commonly found in diesel fuel range frorn IO"-" atm (at 25OC) for 

decane (n-CIO) to 1 06.4 atm (at 25°C) for octadecane (Schwarzenbach et al. 

1 993). 



1 n - alkanes 

number of carbons 

Figure 2.4 Normal alkane vapour pressures as a function of chain length, 
at 25OC (After Schwarzenbach, et al. 1993). 



The vapour pressure of PAHs decreases as the number of fused rings 

increases. Vapour pressures range from 1 0-"-l4 atm (at 2S0C) for 

benzo[a]pyrene (5 rings) to 1 03-" atm (at 25OC) for naphthalene (2 rings). 

Despite the low vapour pressures of compounds such as benzo[a]pyrene, 

partitioning into the vapour phase does occur when present in the aqueous 

phase due to very low solubility (Schwarzenbach et al. 1993). 

The BTEX compounds are considered volatile organic compounds (VOCs), with 

vapour pressure ranges from 1 04.' atm (at 25OC) for benzene to 1 O"." atm (at 

25°C) for O-xylene. This results in a significant human exposure potential via 

inhalation. However, the high vapour pressures of these compounds irnpart a 

low boiling point, which as stated earlier precludes large concentrations in diesel 

fuel. 

Vapour pressure is dependent on temperature and may Vary by more than an 

order of magnitude over a range of ambient temperatures (Schwarzenbach et ai. 

1993). In general, as temperature decreases, vapour pressure decreases. Soil 

heating through soi1 venting has been used to increase partitioning into the 

vapour phase and diffusion rates of VOCs by increasing vapour pressure 

(Walton & Anker, 1996). If the change in volume after evaporation is assumed 

to be approximated by the molar volume of the gas (AV = V- - Vliquid) and the 

vapour is assumed to obey the ideal gas law (V, = RTIPO, where Po is vapour 

pressure (atm) or partial pressure of the compound in the atmosphere), the 

vapour pressure-temperature relationship can be written as: 



where AH is the heat of vapourization (kJ mol") (the energy required to convert 

one mole liquid or solid into a vapour without an increase in temperature) 

(Schwarzenbach et al. 1993). lntegrating and assurning AH is constant over 

arnbient temperatures yieids: 

8 
In Po = - - + constant 

T 

where B = AHIR. This equation can be used to calculate vapour pressures at 

other ambient temperatures as long as no other phase change takes place over 

the subject temperature range (Schwarzenbach et al. 1993). 

Henry's Law Constant: Groundwater-Soil Vapour Interface 

Henry's Law quantifies the equilibrium partitioning of a compound at the 

interface between the aqueous and the gas phase at dilute concentrations. 

Henry's Law states that the vapour pressure of a compound is directly 

proportional to its aqueous concentration: 

where P is the vapour pressure (atm) of the compound, C is the aqueous 

concentration (mol c') of the cornpound and KH is the Henry's Law Constant 

(atm ~rnol-') (Dragun et al. 1991). In other words, the Henry's Law Constant is 

the ratio between the amount of a compound in the gas phase to the aqueous 

phase. Henry's law can be thought of as a compound's escaping tendency 

(fugacity) from being dissolved in water to existing as a vapour (Schwarzenbach 

et al. 1992). 



Henry's Law Constants of the diesel fuel range aliphatics range from IO'"' 

atmlrnol" (at 25OC) for octadecane to 1 oX8' atmlrnol-' (at 2S°C) for decane 

(Schwarzenbach et al, 1993). These relatively high Henry's Law Constants 

relate to the low solubilities and high fugacities in the aqueous phase of these 

compounds. 

PAHs exhibit high fugacities in both the vapour and aqueous phases. Henry's 

Law Constants range from 1 atmlmol-' (at 25OC) for benzo[a]pyrene to 

1 04.37 atmlmol*' (at 25OC) for naphthalene. 

Henry's Law Constants for the BTEX compounds range from 1 OO-'~ atrn~mol~' (ai 

25°C) for benzene to 1 0°-90 atm~mol" (at 25%) for ethylbenzene. The high 

solubilities of these compounds result in lower Henry's Law Constants relative to 

the aliphatics mentioned above. 

Relationships describing temperature effect on solubility and vapour pressure 

were presented in Sections 2.1.1.3 and 2.1.1 -4, respectively. Substituting these 

relationships into P=K& yields the following relationship describing the effect of 

temperature on the Henry's Law Constant: 

In KH = v a  - A  1 - + constant 
R T 

The effect of temperature on & is similar or smaller than the effect of 

temperature on vapour pressure (Le. as temperature decreases, & also 

decreases) (Schwarzenbach et al. 1993). 



2.1.1 .ô Hydrophobicity 

Hydrophobicity can be simply described as a compounds dislike for water. The 

hydrophobicity of nonpolar organic compounds (e.g. diesel fuel hydrocarbons) 

determines the partitioning characteristics of the compound between the 

aqueous phase and sorption to solid surfaces (Domenico & Schwartz. 1990). 

Common measures of a compounds hydrophobicity include the parameters: 

octanollwater partition coefficient (L) and the organic carboniwater partition 

coefficient (L). These related parameters are important for predicting the 

environmental fate of organic compounds. They have been determined to be 

related to bioconcentration factors, soil/water distribution coefficients (&, 

unitless) and solubility. The K, and K, will be used later along with soi1 

properties, to determine the tendency of a compound to be adsorbed in the 

subsurface (i-e. Kd). 

The octanol water partition coefficient (L) is defined as the ratio of the 

compound concentration in the water-saturated n-octanol phase to the soiute 

concentration in the n-octanol-saturated water phase (Montgomery, 1996). 

There is a lack of reliable K, values for highly hydrophobic compounds since 

the concentration in the aqueous phase is too low to be measured accurately. 

This is the case for n-alkanes and PAHs in the diesel range. Available K, 

values for several compounds found in diesel fuel are presented on Table 2.5. 

The organic carbon/water partition coefficient (&) is defined as the ratio of 

adsorbed compound per unit weight of organic carbon to the aqueous 

concentration of the compound. Due to the similarity to the K, measurement, a 

strong correlation exists between the K, and K, of a given compound. 

Available K, values for several compounds found in diesel fuel are presented in 

Table 2.5. 



Table 2.5: & and K, for Selected Petroleurn Hydrocarbon Compounds 

Compound log LW Source log KK Source 

Octadecane 9.00 b2 a 

Naphthalene 3.36 b 2.53-5.00 a 

O-Xylene 3.12 b 1.92-241 a 
- .  1 

a Montgomery. 1996 
b (Schwarzenbach et al, 1 992) 
1 unavailable; expertmental methods for estimation of bis parameter for 

aliphatic hydrocarbons are iacking in the literahrre (Montgomery, 1996) 
2 empiricalty derived 

Several equations exist that describe the correlation between K, and K, 

(Domenico and Schwartz, 1990): 

log K, = -0.21 + log K, (KarickhofF et al. 1979) (2.7) 

log K, = 0.49 + 0.72 log K, (Schwarzenbach and Westall, 1981 ) (2.8) 

log K, = 0.088 + 0.909 log K, (Hassett et a/. 1983) (2.9) 

can also be calculated knowing solubility (Sc in mole fraction, Sz in mglL), 

using the following empiricai equations listed by Domenico and Schwartz, 1990: 

log K, = 0.44 - 0.54 log Sc (Karickhoff et al, 1979) 

log K, = 3.64 - 0.55 log S2 (Kenaga, 1980) 

log K, = 3.95 - 0.62 log Sz (Hassett et al, 1983) 



2.1.2 Characteristics of Winnipeg Clay 

2.1.2.1 Stratigraphy in the Winnipeg Area 

Winnipeg is situated on sediments that were deposited by Glacial Lake Agassiz 

between approximately 11,500 and 8,500 years ago (Teller, 1985). The 

stratigraphy of the area consists of an upper complex zone of mixed clays, silts, 

organic soils and urban fil1 materials to depths ranging from 0.5 rn to 4.5 m below 

grade (Baracos et al. 1980). The upper cornplex zone is underlain by a 

glaciolacustrine silty clay unit that generally ranges in thickness from 9 m to 12 

m. The top 1.5 m to 4.5 m of this unit is weathered, having a brown or rnottled 

gray-brown colour resulting from oxidation. This weathered zone, comprised of 

what is known as Winnipeg upper brown clay, is where the soi1 used for this 

study was obtained. The clay beneath the weathered zone is unoxidized, 

imparting a gray colour and becomes softer with depth. The two clays have very 

sirniiar rnineralogical composition and clay size fraction (Baracos et ai.1980; 

Baracos & Graham, 1980). The clays overlie a silty glacial till, which generally 

ranges from 3m to 6m in thickness, beneath which is Paleozoic carbonate 

bedrock (Baracos et al. 1980). The upper portions of the bedrock forms an 

important aquifer in the region. Extensive pumping of the upper carbonate 

aquifer in the Winnipeg area has resuited in a downward vertical gradient in the 

overlying glacial deposits (Cherry, 1991 ). Figure 2.5 shows a typical 

stratigraphie section for the Winnipeg area. The soi1 used for this study was 

collected from a depth of 3.0 m to 3.6 m below grade. 



Figure 2.5 Typical stratigraphic conditions in the Winnipeg area 
(After Baracos et al. 1980). 



2.1.2.2 Description & Proparties of Winnipeg Upper Brown Clay 

Winnipeg upper brown clay is a laminated, highly plastic clay with a fitm to stiff 

consistency, and may contain silt pockets, trace gypsum inclusions and 

occasional srnall pebbles (Baracos et al. 1980; Loh & Holt, 1974). The 

laminations are defined by altemating clay rich and silt rich layers having a total 

thickness of approximately 2 mm per couplet (Baracos et al. 1980). The upper 

weathered zone is commonly highly fissured with a nuggety structure, resulting 

frorn desiccation and freezefthaw effects. The fissures tend to close and 

spacing increases with depth (Baracos et al, 1980). Several geotechnical and 

environmental properties of Winnipeg upper brown clay are presented on Table 

Table 2.6: Properties of Winnipeg Upper Brown Clay 

Property Typical Reported Values Source 

% Clay size (< 0.002 mm) 70 - 85 1 

% SiR and clay (c 0.06 mm) 98 2 

Moist unit weight (k~ lm? 16.2 - 18.2 1 

Dry unit weight (k~lm') 10.2 - 13.3 1 

Lrquid limit (%) 65- 110 1 

Plastic Cmit (%) 20 - 35 1 

Plasticity index (%) 40 - 75 1 

Hydraulic ConductMty (rns") 10-O - 1 O-" 3 

Fraction of organic carbon 0.0028 4 

Water content (=l%,.&ll-) 42.9 - 55.1 2 ,5  

Bulk density (kglm3 1653 - 1851 6 

Porosrty 0.59 6 

Vojd ratio 1.43 6 

Specific gravity 276 7 

1 - Bara- et ai. 1980 
2 - Freeman & Sutherland, 1973 
3 - Yuen, 1995 
4 - this dudy 
5 - Mitak, 1964 
6 - calculateci based on tabulated values 
7 - Crawford. 1 964 



The percent clay size fraction (finer than 0.002 mm) for Winnipeg upper brown 

clay generally ranges from approximately 70 % to 85% (Baraws et al. 1980), 

with the remainder being compromised mainly of silt and some fine sand. Total 

percent silt and clay (finer than 0.06 mm) have been reported to comprise 98% 

of the upper brown clay. 

Field slug tests conducted on the upper brown clay have indicated an average 

hydraulic conductivity on the order of 1 O-'' ms*' to 1 O-' ms-' (Day, 1977). 

Laboratory tests of intact upper clay samples produced hydraulic conductivity 

values on the order of 1 O"' ms" (Yuen, 1995). The effect of fissures at the field 

scale can be attributed to the relative increase in hydraulic conductivity. 

Hydraulic conductivity values for similar low penneability, clay rich soils have 

been reported to be 3 orders of magnitude greater in the field than in laboratory 

tests on the unfractured matrix (McKay & Fredericia, 1995). 

2.1 -2.3 Mineralogy 8 Structure 

The clay sized fraction on Winnipeg upper brown clay is composed of 

approxirnately 75% montmorillonite, 10% illite, 10% kaolinite and 5% quartz (Loh 

8 Holt, 1974; Baracos, 1977), with the silt sized particles being composed 

primarily of limestone and dolomite (Baracos and Graham, 1980). Overall the 

clay minerals (montmorillonite, illite and kaolinite) account for between 67% and 

81% of the total composition of Winnipeg upper brown clay. 

Clay minerals are layer silicates formed of alternating silica and alumina sheets. 

The silica and alumina sheets are composed of linked silica tetrahedron and 

alumina octahedron, respectively. Figure 2.6 shows the basic units of clay 

minerals. Different clay minerals result from different arrangements of the silica 

and alumina sheets (Craig, 1992). Sheet arrangements for kaolinite, iIlite and 

montmorillonite are shown in Figure 2.7. Kaolinite is a 1 : 1 layer silicate with 



each layer being constructed from one silica sheet and one alumina sheet. The 

sheets are held together by hydrogen bonding. Mite is a 2:l layer silicate with 

each layer being constructed from an alurnina sheet between two silica sheets. 

The layers are held together by relatively weak bonding between non- 

exchangeable potassium ions and adjacent layers. Montrnorillonite is also a 2:l 

layer silicate with the sarne layer structure as illite. The difference is that 

adjacent layers are held together by very weak bonds between water molecules 

and exchangeable cations between the layers, instead of potassium ions. The 

ease of adsorption of additional water between layers imparts the high swelling 

potential of montmorillonite (Craig, 1992; McBride, 1994). 

c 
Silica sheet 

Aluminium 
O Hydroxyl 

Alumina octahedron 
(a) 

n 
Alumina sheet 

(b) 

Figure 2.6 Basic units of clay minerals (After Craig, 1992). 



H bond 

H bond 

H bond 

Figure 2.7 Clay mineral structure for kaolinite (a), illite (b), and 
montmorillonite (c) (After Craig, 1992). 

Partial substitution of aluminum by magnesiurn and iron, and of silicon by 

alurninum (isomorphous substitution) results in the surface of a clay particle 

carrying a negative charge. Cations in the pore water are attracted to the clay 

surface fonning what is known as the double layer. The extent of the cation 

layer is on the order of 10 A away from the clay particle and is a function of the 

valence and concentration of the cations (Craig, 1992). 

Since water molecules are polar, they are also attracted to clay surfaces, 

foming a layer of adsorbed water. Hydrogen bonds form between the 

negatively charged surface and the net positive end (the hydrogen atom) of 

water molecules. The strength of the bond depends on the magnitude of the 

negative charge and decreases with distance from the surface until the water is 

govemed by gravitational forces (Craig, 1992). 

Changes in interparticle spacing between clay particles can influence structure 

and hydraulic conductivity of clay soils. As interparticle spacing decreases 

hydraulic conductivity increases due to the formation of cracks and fissures. 

Interparticle spacing depends on the type and concentration of ions at the clay 



surface or in the water between particles. Dragun (1988) lists the relationships 

that have been identified: 

As electrolyte concentration between particles increases, spacing 

decreases. 

As valence of ions between particles increases, spacing decreases. 

As the dielectric constant (the ability of a liquid to transmit a charge) 

decreases, spacing decreases. 

As the pH of the water between particles decreases (H' concentration 

increases), spacing decreases. 

As anion adsorption to interparticle surfaces decreases, spacing 

decreases. 

As adsorbed concentration of sodium decreases, spacing decreases. 

The above effects are enhanced in soils with large amounts of swelling 

clay minerals such as montmorillonite. 

Fabric analyses of Winnipeg clays have revealed that a large proportion of the 

montmorillonite platelets lie in the bedding plane as defined by laminations (Loh 

& Holt, 1974). The clay platelet alignment likely resulted from subaqueous fiow 

of slumped margin sediments (Quigley, 1980). As a result, Winnipeg clays have 

displayed strength and hydraulic conductivity anisotropy. Shear strength has 

been reported lower along the bedding plane relative to other directions (Loh & 

Holt, 1974). Hydraulic conductivity of Winnipeg clays is higher in the horizontal 

direction relative to vertical (Baracos, 1977). 

2.1.2.4 Effect of Diesel Fuel on Soil Hydraulic Conductivity: 

NAPL-Soil Solids Interface 

Bulk hydrocarbons, such as diesel fuel, can change the hydraulic conductivity of 

heavy clay soils when they, instead of water, are the primary pore fiuid (Dragun, 

1988). The terrn permeability is perhaps better used here since hydraulic 



conductivity, which depends on fiuid and porous media properties, implies that 

water is the permeating fluid. A number of researchers have reported large 

increases in clay soi1 permeability, ranging from O to 5 orders of magnitude, 

upon contact with organic fluids including components of diesel fuel (Dragun, 

1988; Dragun, 1991 ; Fernandez 8 Quigley, 1985; Budhu, 1990 and Middleton & 

Cherry, 1 994). 

Changes in interparticle spacing, as listed in Section 2.1.2.3, cause changes in 

clay permeability. The dielectric constants of diesel range organics (-2) are 

much lower than that of water (80.1 ). Movement of bulk hydrocarbons between 

particles forces water and ions out, and may either insulate the repulsive forces 

between two particles or not align with the clay particles, thus preventing the 

formation of a double layer. Interparticle spacing decreases, causing cracks and 

fissures to fom and expand resulting in increased permeability (Dragun, 1988; 

Dragun, 1991 ). 

2.1.3 Sorption: Groundwater-Soil Solids Interface 

Sorption is the process whereby compounds in the aqueous phase partition ont0 

the surfaces of soi1 particles. Sorption can be caused by several mechanisms 

including London-van der Waals forces, coulomb forces, hydrogen bonding, 

ligand exchange, chemisorption (covalent bonding), dipole-dipole forces and 

hydrophobic forces (Wiedemeier et al. 1995). 

60th contaminant and soi1 characteristics determine the degree to which a 

compound will be sorbed to the solid soi1 surfaces. Since diesel fuel range 

hydrocarbons are primarily non-polar, they become sorbed primarily through the 

processes of hydrophobic bonding. As previously discussed, under the 

characteristics of diesel fuel, the hydrophobie behavior of an organie compound 

can be estimated by the octanolfwater partition coefficient (L) and the organic 



carbonMater partition coefficient (L). The two components of the soi1 that have 

the greatest effect on sorption are presence of clay minerals and organic matter 

in the soil. The greater the amount of clay minerals or organic carbon present in 

the soil, the greater the potential for sorption. 

Sorption can be described by the Langmuir and Freundlich sorption models, 

however, the most common method is the simple linear sorption isotherm (a form 

of the Freundlich isotherm): 

where: Kd = distribution coefficient (slope of the sorption isotherm), S = sorbed 

concentration (mass contarninanthnass soil) and C = dissolved concentration 

(mass contaminanVvolume solution) (Domenico 8 Schwartz, 1990; Wiedemeier 

et al, 1995; Montgomery, 1996 and Yong et al. 1992). In other words, the 

soil/water distribution coefficient is the ratio of sorbed compound per unit weight 

of soi1 to the aqueous concentration of the compound. The larger the 

distribution coefficient the greater the potential for sorption to the soi1 matrix. 

The distribution coefficient for diesel fuel hydrocarbons is generally controlled by 

hydrophobicity and the total surface area available for sorption, provided 

primarily by clay minerals and organic carbon. In general, the soi1 organic 

fraction is the primary sorptive surface. However, a critical level of organic 

matter exists below which sorption becomes dorninated by mineral-solute 

interactions: 

where: f' = critical level of organic matter (mass fraction), A, = surface area of 

mineralogical component [L'] and K, = octanol/water partition coefficient 



(Wiedemeier et al. 1995). This relationship predicts that organic carbon is less 

important as the surface area of the mineralogic component of the soi1 

increases. 

Estimation of the distribution coefficient, &, is commonly achieved using the 

following relationship: 

where: K, = organic carbonlwater partition coefficient and f, = fraction of total 

organic carbon (mg organic carbonlmg soil) (Wiedemeier et al. 1995). K, can 

be estimated using the relationships to K,,,,, and solubility presented in section 

2.1.1.5. Additionally, the K, can be nomalized to total organic rnatter content 

(K,,,, [mg absorbatelmg organic carbon]). Assuming organic matter contains 

approximately 58% carbon: 

(Wiedemeier et al. 1995). Dragun, 1988, presents a number of other 

relationships between K, and K, for various situations. Care must be taken 

when applying such relations to ensure they are representative of the specific 

situation. Many of the relations were established using soi1 with high organic 

carbon content and do not account for the effects of mineral surfaces. For soils 

with high clay content and low total organic carbon content, such as Winnipeg 

clay, the clay minerals become the dominant sorption sites. In this situation, the 

use of K, to calculate & may underestimate the importance of sorption 

(Wiedemeier et al. 1995: Dragun, 1988). 

The efFect of temperature on sorption of neutral compounds is believed to arise 

from the effect of temperature on solubility (presented in Section 2.1.1 -3). A 



similar expression should therefore apply to the activity coefficient (y,) reflecting 

the incompatibility of the sorbate associated with the organic matter compared to 

in the iiquid phase: 

- I ~ Y  om - AH'm + constant RT 

where: AH:, = the excess enthalpy of the sorbate mixing with the organic 

rnatter, R = ideal gas constant and T = temperature in "K (Schwarzenbach et al, 

1993). Given the above, and since molar volumes of water and organic matter 

Vary only slightly within the temperature range of -5 to 25'C, the following 

relationship should describe the effect of temperature on k m :  

where: y, = aqueous activity coefficient (unitless). However, little data is 

available to confimi this relationship (Schwarzenbach et al. 1993). 

2.1.4 Diffusion 

As the second law of thenodynamics states, the entropy in a system will 

increase until an equilibrium is reached. In t e n s  of a hydrocarbon impacted 

soil, concentration gradients of contaminant compounds and electron acceptors 

develop in both the soi1 vapour (soil solids-soi1 vapour interface) and liquid 

phases. This concentration gradient provides the dfiving force for diffusive mass 

transport within these phases as the system tries to reach a state of equilibrium. 

The flux in one direction is obtained from Fick's first law of rnolecular diffusion: 



-2 1 where: F, = mass flux per unit area per unit time in the x direction [ML T 1, D = 

molecular diffusion coefficient [L*T'] and dCldx = concentration gradient in 
-3 -1 moles per unit volume per distance [ML L ] (Schwarzenbach et al. 1993). Fick's 

law is applicable to diffusion of molecules in fluids including the Iiquid or vapour 

phase as long as the appropriate diffusion coefficient is used for the given 

medium and molecule. 

Temperature effects diffusion by affecting Brownian motion and density. 

lncreased temperature results in a more rigorous random walk and lower 

densities facilitate greater movernent (Schwarzenbach et al. 1993). Semi- 

empirical relationships exist for quantifying the effect of temperature on diffusion 

coefficients in both the vapour and aqueous phase. For example the following 

describes the effect of temperature on the diffusion coefficient of organic 

compounds in air (Da, cm's"): 

where: T = absolute temperature (K), maif = average molecular mass of air (28.9 

gmol-'), m = molecular mass of the organic cornpound (grnol-'), P = vapour phase 

pressure (atm), Vair = average molar volume of the gases in air (-20.1 cm3mol-') 

and V = molar volume of organic compound (cm3mol-') (Schwarzenbach et al. 

1 993). 

2.1.5 Biodegradation 

Many laboratory and field studies have demonstrated that microorganisms 

indigenous to the subsurface environment are capable of degrading petroleum 



hydrocarbons, including those found in diesel fuel (Wiedemeier et al. 1995). In 

fact, al1 of the petroleum hydrocarbons found in diesel fuel can be degraded by 

microorganisms (Nyer, 1 993). The microorganisms responsible for petroleum 

hydrocahon degradation are primariiy bacteria, however, actinornycetes. molds, 

and some algae may participate (Dragun et al, 1991 ). Hydrocarbon degrading 

microorganisms are ubiquitous in nature and it is highly unlikely that any soi1 

would be deficient of such organisms (Autry 8 Ellis, 1992). 

The biodegradation rates of al i phatic, cycl ic alkanes and aromatic compounds 

can be quite fast under the proper conditions (Wiedemeier et al. 1995). Bacteria 

generally degrade the n-alkanes the fastest followed by branched alkanes, 

aromatic hydrocarbons and cyclic alkanes, respectively (Douglas et a/. 1992). In 

general, resistance to biodegradation increases for compounds with higher 

rnolecular weights (Wiedemeier et al. 1995). For aliphatic hydrocarbons this 

holds for chain lengths of CIO and greater with al1 of the n-alkanes in the CIO to 

CZ0 range considered readily biodegradable. Hydrocarbons with chain lengths 

less than Cs can be toxic to microorganisms and are therefore more difficult to 

degrade (Baker 8 Herson, 1994). 

Microorganisms require certain ranges of environmental conditions for optimal 

growth. Potential environmental rate limiting factors include pH, moisture 

content, nutrients and temperature. Cellular functions, cell membrane transport 

and the equilibrium of catalyzed reactions within microorganisms are affected by 

pH (Cookson, 1995). Most bacteria grow best at a pH in the range of pH 6 - 8 

(Dragun, 1988). Soil moisture content (mass water/rnass soil) in the range of 

50% to 70% has been reported to be necessary for petroleum hydrocarbon 

bioremediation (Cookson, 1995). Beyond 70% , transfer of oxygen in soi1 vapour 

space is affected and reduces aerobic activity (Cookson, 1 995). 

Carbon:nitrogen:phospho~s (C:N:P) weight ratios in the order of 100: 10: 1 are 

typically reported for petroleum hydrocarbon bioremediation applications 



(Margesin & Schinner, 1997; Miller et al. 1991 ; Sims et al. 1990; Torpy et al. 

1989; Troy et al. 1994), which is generally based on the composition of microbial 

cells. Other micro-nutrients, such as trace rninerals, are also required for growth 

but are generally present in adequate concentrations in most soi1 environments 

(Cookson, 1995). Respiration data have indicated that temperature has a much 

more significant effect on hydrocarbon biodegradation rates than moisture or 

nutrient status (Miller et al. 1991 ). Optimal temperature ranges Vary for different 

types of rnicroorganisrns. Psychrophilic, mesophilic and therrnophilic bacteria 

grow best in the -OaC to 20°C, 20°C to 45'C and 45OC to 65OC temperature 

ranges, respectively (Prescott et al. 1993). Most bacteria stop growing at 

temperatures just above the freezing point of water, and above 60°C (Cookson, 

1 995). 

Hydrocarbon compound overloading can delay or prevent the biodegradation of 

generally suitable hydrocarbon substrates. At low concentrations, ail 

components are likely to be degraded, whereas at high concentrations, only the 

most easily degraded cornpounds will be metabolized (Riser-Roberts, 1992). 

High initial concentrations have been shown to increase the persistence of a 

compound which may be the result of less available active sites, a toxic effect on 

the microorganisms or enzyme inhibition (Riser-Roberts, 1 992). Liquid 

hydrocarbons containing alkanes, cycloalkanes and aromatic hydrocarbons with 

carbon nurnbers less than ten will dissolve lipid-containing cell membranes, and 

therefore destroy the microorganism (Riser-Roberts, 1992). PAHs, cycloalkanes 

and low molecular weight aromatic hydrocarbons are toxic to microorganisms, 

however they can be metabolized when present in low concentrations (Riser- 

Roberts, 1992). 

Figure 2.8 shows the sequence of events in the overall process of 

biotransformation of a compound, RH: 1) uptake of RH into the bacterial cell, 2) 

suitable enzyme binds to RH, 3) the enzyme mediated rnetabolic reaction 



proceeds, 4) products are released and the enzymes are recycled, 5) represents 

substrate availability as determined by sorptiondesorption discussed earlier, 6 )  

production of additional or more suitable enzymes and 7) population growth 

(Schwarzenbach et a1.1993). The following three sections take a closer look at 

steps 1, 2 and 3 in the above sequence and the effect of temperature on various 

portions of the process. 

4 release & 

other- reactants. 
0.g. o2 

Figure 2.8 Sequence of events in the overall process of biotransformation of a 

compound, RH (After Schwarzenbach et al. 1993). 



2.1.5.1 Membrane Uptake: Groundwater-Microorganism Interface 

The interface between the aqueous phase and the cell membrane represents the 

barrier between the exterior and interior of the cell, where metabolizm takes 

place. The organic molecule must be transported from the aqueous phase into 

the lipid bilayer comprising the cell membrane (cytoplasmic membrane) and 

finaily into the cytoplasm. The outer membrane of gram-negative 

microorganisms behaves as a selective barrier to many compounds including 

hydrophobic compounds (Mihelcic et al. 1995). The uptake rate of organic 

compounds by individual cells may determine the overall biodegradation rate. 

Often the organic compound of interest will be foreign to the microorganisms, 

therefore the cells may not have the necessary systems at their exterior 

membranes enabling them to actively pass the compound to the cell interior. 

Extracellular enzymes may be required to partially break down the compound 

into a form suitable for membrane uptake. If suitable, the lipid-rich cell 

membranes allow hydrophobic compounds to dissolve in and diffuse through the 

membrane into the cell interior. This is known as passive cellular uptake 

(Schwarzenbach et al. 1993). 

Most hydrophobic (lipophilic) compounds are taken up by microorganisms by 

passive means. For nonpolar compounds uptake rate is detenined by the rate 

of diffusive transport across the cell membrane. Factors that are major 

deteninants of membrane uptake include lipid solubility and molecular size. 

Lipid solubility is expressed as a partition coefficient between the membrane and 

the surrounding liquid phase: k = organic (lipid) phase / aqueous phase (Stein, 

1981 ). Leo et al. (1 971) provide extensive listings of partition coefficients for a 

variety of organic compounds. 

Solubility in an organic solvent shows a strong correlation with the peneability 

of cell membranes for that solute. The cell membrane acts as a barrier to solute 



perrneation due to a region with lipid solvent characteristics This region is 

composed of the lipid molecules, the phospholipids and cholesterol which make 

up the bulk of the membrane lipid of most cells. 

The membrane structure consists of a lipid bilayer some 40 to 50 A thick with 

embedded receptors, enzymes and transport systerns comprising the protein 

constituent of the membrane. For a lipid phase separating h o  liquid phases 

(interior and exterior of the cell) acting as a permeability barrier between those 

two phases, the net flux of molecules through the membrane into the cell is given 

b y: 

where: v = net flux [mol al], P= trans-membrane permeability coeffkient [ms-'1 or 

[L T'], Claq, CZaq = aqueous concentrations of pemeant at sides one and two of 

the barrier and A = cross-sectional area of the organic phase [L*] (Stein, 1981). 

If the solute is in equilibrium across the solvent-aqueous phase barrier at both 

faces we can write: 

where k is the partition coefficient for the solute between the organic and 

aqueous phases (Stein, 1981 ). Substituting yields: 

At steady state flux across the membrane, net flux v (across membrane) must 

equal the net flux within the membrane: 



where Ax is the thickness of the barrier to 

(2.24) 

diffusion [LI (Stein, 1981 ). This 

equation is Fick's Law for diffusion within a continuous phase, with O,., being 

the diffusion coefficient for the solute in question. P can then be solved for as: 

which relates the measurable permeability coefficient across a membrane to the 

effective diffusion coefficient within the membrane, the membrane/aqueous 

phase partition coefficient for the solute in question and to the membrane 

thickness. This says that the greater the partition coefficient, k, between the 

membrane and water, the faster will the relevant pemeant will cross the 

membrane (Stein, 1981). One might expect that due to the high k, the solute 

would remain dissolved within the membrane. However, diffusion is a result of 

random movements directed by net molecular displacements in a direction of 

decreasing concentration. The concentration gradient arises from the depietion 

of the compound inside the cell as it is metabolized. As a result. a high 

partitioning k increases the effective concentration gradient of the pemeant thus 

increasing the quantity of molecules moving in the direction of the gradient and 

thus crossing the membrane. 

Molecular size of the solute will affect the diffusion coefficients Dm*, [L*T'] within 

the membrane barrier phase. The dependence of the diffusion coefficient on 

rnolecular weight (M) can be expressed as: 



where Do is the calculated diffusion coefficient for a solute of unit molecular 

weight (Stein, 1981 ). 

Deuticke and Crane (1 977) presented relationships between diffusion and 

temperature for lipid bilayer membranes. Lipid biiayers that comprise the 

cytoplasrnic membrane display temperature dependent properties due to their 

amphipathic (dual properties due to polar and non-polar ends of the lipid) 

nature. The fluidity of a lipid bilayer is a parameter inversely related to viscosity. 

Thus, the fluidity of the bilayer interior will influence the intra membrane diffusion 

coefficient, D (m2s-'), of pemeating solutes. This is analogous to the Stokes - 
Einstein relationship: 

where: r = radius of diffusing rnolecule, q = viscosity [centipoise = 10-~kgm-'s''], k 

= Boltzmann constant = 1.38066 x 1 0-23 JK' and T = temperature [I<1 (Deuticke, 

1977). Here, D is directly proportional to temperature and inversely proportional 

to viscosity. Viscosity of the cell membrane is inversely proportional to 

ternperature so as ternperature increases the diffusion coefficient increases. 

Note that molecular size is also a factor, and as size increases, D decreases. 

In t e n s  of rates, one would expect diffusion rates to increase with increasing 

ternperature. The Absolute Rate Theory applied to diffusion rates supports this 

expectation and can be written as: 



where: K = rate coefficient of transfer, k = Boltzmann's constant, h = Planck's 

constant = 6.62618 x JS and AG: = free energy of activation (Deuticke, 

1977). As temperature increases the rate of diffusion increases. 

2.1.5.2 Enzyme Mediated Bioreaction: Substrate-Enzyme Interface 

After pemeating the ceIl membrane, the enzyme mediated bioreactions are still 

to occur. At this point, limitations which may govem the overall rate of 

biotransfomation remain. Requisite enzymes are essential for interna1 

biochemical processing of a given compound. Production, presence or absence 

of effective enzymes will affect overall biodegradation rates. Initial response to 

the presence of the compound might include production of more enzymes 

suitable for degrading the substance. This increase in enzymes may be a result 

of depression causing the existing enzymes to be modified for the specific 

purpose, induction causing genes to be programmed for enzyme production or 

mutation causing new genetic information which may result in a more effective 

enzyme. If the proper enzyme already exists (constitutive), the bioreaction rate 

rnay then depend on specific interactions of the compound with the enzyme, 

including physical contact and chernical interactions (Schwarzenbach et al. 

1993). 

2.1 -5.3 Metabolism of Diesel Fuel Components 

During metabolisrn, heterotrophic bacteria utilize petroleurn hydrocarbons as 

both an energy source and a carbon source for cell maintenance and 

reproduction. Energy is released during redox reactions involving the transfer of 

electrons from the hydrocarbons (oxidation of the electron donor) to an electron 

acceptor such as oxygen (during aerobic biodegradation). Under aerobic 

conditions, the hydrocarbon cornpound is transformed into carbon dioxide, water 

and cells. The generalized reaction for aerobic hydrocarbon minerakation is: 



HC (hydrocarbon substrate) + O2 + CO2 + H20 + energy + cells 

Once the available oxygen is depletad. other electron acceptors may be used 

including nitrate (NO;). manganese (Mn (IV)), iron (Fe (III)), sulphate (~0~~') and 

carbon dioxide (COz). The dominant terminal electron accepting process used 

depends primarily on which electron acceptors are available to the 

microorganisms and which process is the most thermodynamically favorable. 

The coupled redox reaction that yields the rnost energy generally takes 

precedence over those that yield the less energy (Wiedemeier et al. 1995). For 

active petroleum hydrocarbon bioremediation systems, oxygen is the preferred 

terminal electron acceptor due to the generally higher biodegradation rates 

possible under aerobic conditions (Dupont et al. 1991 ). 

Microorganisms couple a hydrocarbon oxidation reaction with the reduction of an 

electron acceptor to produce an overall energy yielding redox reaction (negative 

net AG,). The sequence of reactions expected to occur begins with aerobic 

respiration (O2) followed by denitrification (NO;), manganese reduction (Mn 

(IV)), iron (III) reduction, sulphate reduction ( ~ 0 ~ ' ' )  and finally methanogenesis 

(COz). As each subsequent electron acceptor is used, the microbes are forced 

to use the next available electron acceptor with a lower oxidizing capacity, and 

the redox potential of the soi1 and groundwater decreases. Therefore, dissolved 

oxygen is utilized first until it is decreased to a concentration less than 

approximately 0.5 r n g ~ ' .  

Although thermodynamically favorable, the hydrocarbon degrading redox 

reactions cannot proceed abiotically (Wiedemeier et al. 1995). These reactions 

require the activation energy provided by enzymes produced by microorganisms 

in order to proceed. A compound will require a specific enzyme to produce an 

enzyme-chernical complex that results in the proper alignment for the reaction to 

proceed. The required enzyme may be located within or outside of 



(extracellular) a microorganism's cell membrane (Dragun, 1988). Extracellular 

enzymes are useful for catalyzing the degradation of cornpounds too large to 

pass through the microorganisms cell membrane. 

In order for a hydrocarbon cornpound to be aerobically mineralized, it must be 

first converted by the microorganism into one of the compounds involved in the 

central metabolic pathways including glycolysis, the Krebs cycle and the electron 

transport system (Baker 8 Herson, 1 994). The relationship between the central 

metabolic pathways is shown in Figure 2.9. Within these pathways cornpounds 

transformed from hydrocarbons are further converted to CO2 and energy is 

released. Finally, the reduction of the terminal electron acceptor at the end of 

the electron transport system completes the series of redox reactions. Different 

groups of microorganisms within a consortium may work together, utilizing each 

others intermediate by-products within these pathways to ultimately perform 

complete mineralkation (Baker & Herson, 1994). 

The n-alkanes with carbon nurnbers ranging from CIO to C20 are perceived as the 

most readily degradable hydrocarbon constituents (Wiedemeier et al. 1995; 

Atlas, 1981). N-alkanes are commonly attacked by oxidation of the terminal 

methyl group (CH3) to an organic fatty acid. This is a three-step sequence 

where the hydrocarbon is initially oxidized into an alcohol, then an aldehyde and 

finally an organic fatty acid (Figure 2.1 Oa). These steps are mediated by 

oxygenase enzymes. The resulting fatty acid is further degraded into acetyl-CoA 

(acetyl coenzyme A) and a new alcohol (fatty acetyl-CoA) through the P- 
oxidation metabolic pathway (Figure 2.1 Ob). The alcohol can be further 

degraded by P-oxidation and the acetyl-CoA can be fumer metabolized by the 

Krebs cycle. The sequential repetition of this series results in complete 

oxidation of the hydrocarbon compound (Baker & Herson, 1994; Dragun, 1988). 



Figure 2.9 lnterrelationships between the central metabolic pathways which 
include: g lycolysis, Krebs cycle, and electron transport system 
(After Baker & Herson, 1994). 

Branched alkanes are generally more resistant to biodegradation than the n- 

alkanes since P cleavage reactions are more difficult (Dragun, 1988; Baker & 

Herson, 1994). Examples, as mentioned earlier include pristane and phytane. 

Cyclic alkanes are metabolized by a similar sequence to that of straight chain 

alkanes following ring cleavage (Dragun et al, 1991 ). These compounds are 

more difficult to degrade since the oxidase enzymes required for the initial 

oxidation, resulting in ring cleavage, are seldom produced in the same bacteria 

(Wiedemeier et al. 1995). 
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Figure 2.1 0 Metabolism of normal alkanes (After Baker & Herson, 1994). 

The transformation of aromatic hydrocarbons including PAHs, benzene and their 

alkylated counter-parts requires dioxygenase enzymes to incorporate oxygen 

into the aromatic ring structure (Dragun et al, 1991 ; Baker & Herson, 1994). 



This results in the formation of a dihydroxybenzene product (catechol or 

protocatechuate). The dihydroxybenzene arornatic ring is then cleaved between 

the hydroxyl groups (ortho cleavage) or adjacent to the hydroxyl groups (meta 

cleavage). Subsequent metabolism results in the formation of acetyl-CoA and 

succinate during ortho cleavage and acetaldehyde during meta cleavage. 

These intermediates then feed into the Krebs cycle (Baker & Herson, 1994). 

2.2 Bioremediation Kinetics of Petroleum Hydrocarbon 

Contaminated Soil 

Knowledge of the bioremediation kinetics of petroieum hydrocarbon 

contaminated soi1 is necessary for predicting contaminant concentration at a 

given time during the life of a remediation project. Biodegradation rates are a 

key parameter for bioremediation process design and project cost estirnates, 

which include considerations such as system operating life, monitoring and 

sampling intervals, aeration frequency, temperature control requirements and 

size and type of bioreactors. Additionally, for in situ applications, biodegradation 

rates are integral in the assessrnent of the potential of an exposure pathway 

being completed. 

The amount of contaminant degradation over time and the shape of the 

degradation curve are controlled by interactions between physical, chernical and 

biological factors. Soil bioremediation kinetics are influenced by contaminant 

characteristics and concentration, soi1 characteristics, electron acceptor status, 

the microorganisms present and environmental conditions such as temperature, 

moisture, nutrient status and pH . Additionally, mass transfer of contaminants 

and electron acceptors in soi1 to the microorganisms can influence the shape of 

biodegradation curves (Scow & Alexander, 1992; Lahvis & Baehr, 1996). 



A number of kinetic models have been formulated to describe observed 

degradation curves for various conditions. Most of the available models have 

been established to describe the degradation of a single dissolved compound by 

a pure bacterial culture in a well mixed system. Monod kinetics is one of the 

most comrnonly used models to describe the growth of bacteria. Models such as 

Michaelis-Menten, zero-order, first-order, logarithmic and logistic equations are 

al1 special cases of the Monod equation (Scow & Hutson, 1992). 

The first-order equation is the most frequently used model to describe 

contaminant biodegradation. However, according to Wiedemeier et al. (1 995), 

first order rate constants are applicable to dissolved hydrocarbons under 

iron(ll1)-reducing, sulphate-reducing and methanogenic conditions and are not 

applicable under aerobic or denitrifying conditions. Their statement is based on 

the availability of electron acceptors being the rate limiting step where the 

microbial processes can be assumed instantaneous relative to the processes 

responsible for transporting electron acceptors. 

The Monod derived models do not aiways adequately describe biodegradation in 

soil. These models assume that substrate mass transfer limitations such as 

desorption and transport into the cell are not the rate limiting step 

(Schwarzenbach et al. 1993; Scow, 1993). In soi1 environments, rnass transfer 

of sorbed and insoluble organic compounds to soi1 microorganisms appear to 

have a strong influence on biodegradation rates and curve shapes. Song ef al. 

(1 990) state that diffusion limitations and increases in the degrading microbial 

population result in kinetics intermediate between first and zero order. The two- 

cornpartment and the three-half-order models were developed specifically for 

providing a better fit to biodegradation in soil. The above rnodels do not, 

however, provide a basis for explaining why a particular model is appropriate or 

when a particular model should be used (Scow et al. 1986; Scow & Alexander, 

1992). 



Scow and Hutson (1 992) fomulated the diffusion-sorption-biodegradation (DSB) 

model which incorporates measurernents of biodegradation. diffusion rates and 

physical properties of the system influencing sorption as input parameters. The 

DSB model successfully simulated the biodegradation of various organic 

cornpounds in synthetic clay aggregates (Scow 8 Alexander, 1992). 

Bioremediation systems airn to achieve maximum biodegradation rates by 

reducing rate limitations (Autry & Ellis, 1992) such as electron acceptor transport 

processes (e.g. diffusion rates), substrate availability (e-g. sorption) and nutrient 

status. This may be achieved by aeration. mixing or nutrient addition, 

respectively, and rnay consist of an in situ (e.g. bioventing, bioslurping or 

enhanced in situ bioremediation) or ex sifu ( e.g. landfarming, biocell or 

bioreactor) system. For aerobic landfarming conditions oxygen transfer into the 

soi1 is generally considered to be the rate limiting factor (Troy et al. 1994). 

Therefore, in weli designed aerobic bioremediation systerns with adequate 

oxygen supply, kinetics based on oxygen utilization are zero-order (USEPA, 

1995b). As such, zero-order kinetics are commonly employed to describe active 

aerobic bioremediation systems. 

For the aerobic biodegradation rates calculated based on respirometry, zero- 

order kinetics have been observed when oxygen transport is not limiting. Zero- 

order kinetics are applicable during linear contaminant degradation, or electron 

acceptor utilization, over time. In other words, during zero-order decay, the 

biodegradation rate does not change as contaminant concentration changes. At 

some point in time during the life of a bioremediation system, when or if 

biodegradation rates begin to decrease, zero-order kinetics will no longer be 

applicable for the entire curve. This affect rnay be indicative of true first order 

kinetics (USEPA, 1995b). Ideally, this change will occur after or close to the 

time at which remediation goals are reached. 



Table 2.7 lists a number of reported aerobic diesel range petroleum hydrocarbon 

bioremediation rates. Zero-order biodegradation rates have been reported to 

range from 0.2 to 93 mg kg-'day". At lower temperatures andlor in fine grained 

soifs, zerosrder biodegradation rates were generally in the 0.2 to 20 mg kg-'day- 
1 range. 

Table 2.7: Aerobic Bioremediation Rates Diesel Fuel Range Petroleum 

Hydrocarbons 

Initial Gross 
Rate Basis Hydrocarbon Comments Source 

(mg kg‘lday") Concentration 

diesel fuel bioventing application in 
sands, gravels and till 

Baker et al, 1993 9100 ppm 

TPH by GCIFID 100-7100 pprn 
diesel range 

gasoline, diesel and JP -5 in Arctic ail 
slumes at 1 O°C 

Braddock et al, 1997 

Dasch et al, 1997 0.41 8 
6.5 average 

fuel oil and gasoline impacted sands 
and gravek with clay layers 

in situ biorernediation of diesel fuel in 
a shallow and  aquifer 

Davis et al. 1995 hexane 

Gan 8 Wright. 1996 

Hinchee 8 Ong, 
1 992 

Kîttel et al, 1993 

Margesin & 
Schinner, 1997 

hexane 

hexane 

No. 2 and No.6 Fuel oils 

various fuel contaminated sites 

four US Air Force sites hexane 

TEH by IR diesel contaminated alpine soi1 
incubated at 1 O°C, indudes abiotic 
loss 

fuel contaminated sands and gravels Miller et al, 1991 

Miller et al, 1 993 

30-23 000 ppm 

2000-7700 ppm 

hexane 

hexane bioventing of fuek at multiple US Air 
Force sites 

SVE and bioventing of fuel ail in a low 
peneabi l i  clay sail 

Mohr & Merz. 1995 air fiaw mode1 

Newman et al. 1993 biopile application for diesel fuel and 
gasoiine in sand and siît 

hexane 

jet fuel bioventing applicaîian Ong et al, 1991 

Samson et al, 1993 

hexane 

clay-loam treated in a heappile 
aerobic bioreactor with soi1 
amendments and nubien&. 

di& fuel, m a s  balance approach van Eyk & Vreeken, 
1 989 

Total Petroleum 
Hydrocafbons 



2.3 Temperature Effect on Petroleum Hydrocarbon 

Bioremediation Kinetics 

The affect of temperature on the biodegradation kinetics of petroleum 

hydrocarbons is an important consideration for designing bioremediation 

systems to be operated in cold climates. In order for metabolic reactions to 

proceed at a satisfactory rate, microorganisms must be supplied with heat. Heat 

is supplied mainly from the environment and partly from the heat released during 

metabolism. In general, rates of chernical reactions increase as the temperature 

is raised, with biochernical reactions being no exception (Rose, 1976). Heating 

and temperature control costs could substantially increase landfarming costs 

(Pollard et al. 1994) and the benefit of system temperature control on 

biodegradation rates with respect to project remediation goals and economics 

must be evaluated. 

Within the biological temperature range (freezing point of water to 60°C), 

temperature variations can affect a variety of biological processes depending on 

the type of microorganism (thenophilic, mesophilic or psychrophilic). The 

optimum temperature for growth of a microorganism is presumably determined 

by the integrated effects of temperature on the numerous reactions that occur 

within the organism. Microbial activity requires liquid water and therefore stops 

below the freezing point of water (Autry & Ellis, 1992; Englert ef al. 1993; Sims et 

al. 1990). As the minimum temperature for growth is reached for a given 

microorganism, membrane gelling stops transport of nutrients and waste 

products across the cell membrane (Pollard et al. 1994). The sharp drop in 

growth rate above the optimal temperature range is attributed to enzyme 

denaturation of certain rate-limiting enzymes above 50°C (Englert et al. 1993) 

andor changes in membrane fluidity (Rose, 1976). Certain bacteria have been 

reported to be able to change membrane fluidity in response to changes in 



temperature by adjusting the ratio of fatty acids in the cell membrane (Cookson, 

1 995). 

The optimum temperature range for hydrocarbon biodegradation has been found 

to be between 20°C to 30°C (Atlas & Bartha. 1992), however, a number of 

studies have reported significant biodegradation of diesel range hydrocarbons in 

soi1 at temperatures below this range (Atlas, 1975; Braddock et al. 1997; CAPP 

et al. 1995; Haines et al. 1993; Loynachan, 1978; Margesin & Schinner, 1997; 

Samson et al. 1992; USEPA, 1995a; Whyte, 1996). 

Biological losses were responsible for 11 % to 28% depletion of several crude 

oils in seawater after 42 days at 1 0°C in a study conducted by Atlas (1 975). 

Similarly, a recent study conducted by Margesin and Schinner (1 997) measured 

1 1 % to 32% biodegradation of diesel fuel in an alpine soil after 20 days at 1 0°C. 

Loynachan (1 978) reported 12% and 19% biological loss of cmde oil in soil after 

45 days. 

Biodegradation rates in an Arctic soi1 slurries ranged from approximately 0.5 to 

11 mg kge'day-' at 10°C for various treatments in a study conducted by Braddock 

et al, 1997. Song et al. (1990) found biodegradation rates of several petroleum 

products in a range of soil types to be greatest at 27°C relative to 17°C and 

37OC. Haines et a l  (1993) reported increased No. 2 fuel oil and crude oil 

biodegradation rates as a result of increasing temperature from 12°C to 20°C, 

but significant changes in rate were not noted between 20°C and 28°C. 

lmproved rates were attri buted to increased availabi lity (e.g. increased solu bility) 

of the hydrocarbons to microorganisms with increased temperature. 

During a bioventing study conducted by the USEPA (1995a) in Alaska, soi1 

heating enhanced biodegradation rates by an order of magnitude. Overall, 

biodegradation rates were found to range from approximately 0.2 to 1 .O mg kg- 

'day-' at 1°C to 4OC and from 0.3 to 8.0 mg kg"day-' at 1O0C to 20°C. 



Successful in situ bioremediationlbioventing of fuel oil soi1 contamination was 

reported in a northern environment where ambient temperatures range from - 
21.8OC in January to 1 3.S°C in July (Quinn et al, 1992). Biodegradation was 

enhanced by nutrient addition in heated water and soi1 venting. Hydrocarbon 

concentrations were reduced by up to 85% over a remediation period that 

spanned from June, 1991 to October, 1991. 

The effect of temperature on a reaction rate can be described by the Arrhenius 

relationship: 

where K = reaction rate constant, E. = activation energy (calories mole"), R = 

ideal gas constant (1 -98 calories rnole"~')  and T = reaction temperature (K) 

(Benefield et al. 1982). The integrated form of the above equation is : 

where B represents a constant of integration (Benefield et al. 1982). Therefore, 

if In K is plotted against 1/T a straight line with a slope of -EJR is established. A 

straight line relationship wiil hold as long as E. and 6 remain constant over the 

temperature range. Knowing -E JR and integrating between the temperature 

range of interest, Tl to Tt, the change in reaction rate from K, at Ti to K2 at Tz 

can be predicted using: 



(Benefield et al. 1982). Simplifying and identifying E JRT& as a constant yields: 

(Benefield et al. 1982). The temperature coefficient 8 is equal to e constant 

( E d R T  T ) (Le. e , , ), and the equation can be written as : 

(Benefield et al. 1982). The Arrhenius relationship predicts that a chernical 

reaction does not stop at low temperatures, instead it proceeds more slowly. In 

contrast, a bacterial culture ceases to grow below a minimum temperature 

(Hugo, 1971). Therefore, linear Arrhenius plots would be expected over a 

limited temperature range. Temperature coefficients for petroleum hydrocarbon 

bioremediation presented in the literature generally fall in the range of 1 .O2 to 

1.08 (Table 2.8). 

The purpose of the literature review was to consolidate available background 

information on the important characteristics and processes involved in 

bioremediation of diesel fuel impacted clay soi1 and the effect of temperature on 

the characteristics and processes. This included characterizing diesel fuel and 

Winnipeg clay soil, and exarnining the various interfaces between diesel fuel, 

clay soil, soi1 water and soil vapour. The processes occurring at the interfaces 

significant to bioremediation were also examined. Where applicable, the effect 

of temperature on the characteristics and processes was reviewed. Finally, the 

available information regarding bioremediation kinetics of petroleum 



hydrocarbon contaminated soi1 and the effect of temperature on biorernediation 

kinetics was reviewed. 

During the literature review, the current methods for measuring petroleum 

hydrocarbon biodegradation were reviewed in order to design an experiment 

suitable for the objective of this study. The following section describes the 

protocol used to examine the effect of temperature on bioremediation of diesel 

fuel contaminated heavy clay soil. 

Table 2.8: Temperature Coefficients (8) For Petroleurn Hydrocarbon 

Bioremediation 

Temperature Comments Source 
Coefficient, 8 

1.02-1 .O76 5 to 23'~. aqueous phase, non-linear changes Armstrong & Kudo, 
obsewed over a range of various environmental 1983 
conditions (pH, salinity). 

1 -047-1 .O78 13 to 30°C, based on aerobic rates calculated Miller et al, 1991 
from in situ respiration tests (bioventing) 

1 .O88 15 to 4 2 ' ~ ,  petroleum hydrocarbon 
contaminated soils 

Troy et al, 1993 

1 .O8 O to 20°c, based on aerobic rates calculated USEPA, 1995 
from in situ respiration tests (bioventing) 



3 EXPERIMENTAL METHODS & MATERIALS 

The experimental objective of this study was to investigate the effect of 

temperature on the bioremediation of a diesel fuel contaminated heavy clay soi1 

under simulated iandfarrning conditions. Specifically, the purpose of the study 

was to determine the effect of temperature on biodegradation rate and final 

hydrocarbon depletion. The effect of temperature on biodegradation rate was 

detennined using oxygen consumption respirornetry and 14c02 evolution 

radiorespirornetry. The effect of temperature on final hydrocarbon depletion was 

detemined by quantifying the diesel range n-alkanes remaining in the soi1 

(active and abiotic samples) at the end of the experiment using gas 

chromatography (GCIFID) and comparing the response to fresh unweathered 

standards. 

The experimental protocol used during this study was a modification of the 

protocol described by Hosler and Booth (1 993) for perfoning bench-scale soi1 

bioremediation treatability studies. Other references consulted during the 

experimental design phase included: APHA, 1992; Baker & Herson, 1994; Berry, 

1995; Cookson, 1995; and USEPA CFR 796.34OO,l992. 

3.1 Soil Microcosms 

A diagram of the microcosm construction employed for the experiment is shown 

in Figure 3.1. The microcosms consisted of 1 L glass jars with tefion lined screw 

caps. Each cap was fitted with a replaceable septum for headspace sampling, a 

polyurethane foam organic volatile trap and a silicon coated, wire CO2 trap 

holder. The CO2 traps consisted of 20 mL plastic scintillation vials containing 

15 mL of i .O N NaOH. 



Headspace Sumpling Port 
Teflon lined Screw Cap 

Polyure th one Foam Voldile Trop 

I L  Gloss Jar 

\ 

r 20ml Plastic Sch tillotion 
Viol 

,-ZOO9 Diesel Fuel 
Con torninoted Clay 

Figure 3.1 Microcosms were constnicted using 1 L glass jars with teflon lined 
screw caps. The caps were fitted with a replaceable septum for 
headspace sampling, a poiyurethane foam organic volatile trap and 
a silicon coated, wire COz trap holder. The COs traps consisted of 
20 mL plastic scintillation vials containing 15 mL of 1 .O N NaOH. 



3.2 Soil 

Clay soi1 was collected from a site in Winnipeg at depths between 3.0 m to 4.5 m 

below ground surface. Representative soi1 samples were analyzed for benzene, 

toluene, ethylbenzene and xylenes (BTEX) and total volatile hydrocarbons (<CS). 

total semi-volatile extractable hydrocarbons (CIO to &) and heavy extractable 

hydrocarbons (>Cm) to confirm that the soi1 had not been previously impacted by 

hydrocarbons. Additional soi1 characterization included grain size distribution, 

general soi1 quality parameters, carbon content, nutrients (N,P,K) and metals 

content. A summary of the laboratory soi1 characterization analyses are 

presented in Table 3.1. The laboratory reports, complete with descriptions of the 

analytical procedures and results of the ICP metals scan are include in Appendix 

1. 

The soi1 was prepared by drying at 105OC to a constant weight. after which it was 

broken into aggregates that passed a 1.27 cm (112") sieve. The dry soi1 (200 g) 

was weighed directly into each microcosm. Liquid ingredients including 100 g of 

water (to achieve 50% moisture content), 1 g of diesel fuel (to achieve 5000 

mglkg of dry soil) spiked with octadecane-1-I4c (3.6 mcilmmol, supplied by the 

Sigma Chernical Co., St. Louis, MO) at an activity of 1.6 pCilg of diesel fuel (Le. 

1.6 pCi per microcosrn) and 2 g of a diesel degrading consortium culture 

(approximately 106 CFUlg added) in a selective mineral salts medium. 

Procedures followed for the preparation of the consortium culture and selective 

mineral salts medium are described in the environmental engineering laboratory 

manual for conducting biotreatability studies at the University of Manitoba 

(Gondek, 1996). Nitrogen and phosphorus were added as NH&I and KHzP04 to 

the above liquid ingredients at a C:N:P ratio of 100:10:1 to avoid any limitation of 

biodegradation due to nutrient deficiency. The liquid ingredients were poured 

into the microcosms directly over the soi1 and the microcosms were rotated 

gently by hand until the soi1 had absorbed al1 of the liquid. 



Table 3.1 : Soil Charaderkation Analyses 

Parameter Analytical Units Detection Sample 

Method Limit Resub 

H_udrocarbons 

Benzene 

Toiuene 

Ethytbenzene 

m.p - xylenes 

O - Mene 

Total Volatile Hydrocarbons (sG) 
Total Extractable Hydrocarbons ( C ~ W  

Cm) 
Total Extractable Hydrocarbons (>CM) 

Grain Sue Anatvsis 

Sand 

Si# 

Clay 

Genml Parameters 

PH 
CcnductMty 

Cation Exchange Capacity 

Moishrre Content (Field) 

Moisture Tension 113 bar, (33 P a )  

Moishire Tension 1 5 bar, (1 500 kPa) 

Caibon 

Fraction of Organic Cartnm - Total 

lnorganic Carbon - Total 

Carbon - Total 

Nutrients 

Total Nitrogen 

Phosphorus 

Potassium 

Hydmmeter 

MSS 3.13 

MSS 

MSS 3.32 

MSS 

MSS 

MSS 

Leco fumace, IR detedion 

€PA 3050 

€PA 3050 
% 

MSS = Manual on Soi1 Sampling and MeChods of Analysis, Cdn. Soc. of Soi1 Science. JA. McKeague, ed. 1978. 



Thirty identical microcosms were used during the study. Half of the rnicrocosms 

were sterilized with rnercuric chloride (1 % wlw) for abiotic controls to determine 

losses by abiotic processes (Madsen, 1991 ). All of the microcosms were 

incubated at 22OC for a 21 day acclimatization period after which the active 

rnicrocosrns were ranked into three groups (blocked design) based on relative 

activity based on  CO^ evolution. The three active groups and abiotic 

microcosms were then split up over four different temperatures (triplicates at 

3OC, 1 O°C, 16°C and 22°C). The effect of mixing and freezing was tested at day 

168 of the experiment. 

3.3 Respirometry 

Hydrocarbon rnineralization was rnonitored by measuring total headspace Oz 

depletion and 14c02 evolution resulting from the mineralization of 14c-labeled 

octadecane. Measurements were conducted on a weekly basis over the majority 

of the experimental duration. At early tirnes. Oz measurements were made more 

frequently. Cumulative oxygen consumption data was used to calculate the 

quantity of diesel fuel degraded stoichiometrically on a tetradecane equivalent 

basis. Biodegradation rates calculated based on CO2 evolufion are generally 

lower than for those calculated based on O2 consumption since the sinks for CO2 

in soi1 are generally more pronounced than for Oz (USEPA, 1995b). Factors 

include soi1 alkalinity as a COt sink and abiotic O2 sinks such as oxidation of iron 

and manganese species. The generalized reaction for aerobic mineralization of 

tetradecane is as follows: 

Tetradecane was chosen as a representative mean chernical structure for diesel 

fuel based on its relatively large peak height near the center of the gas 

chromatogram hump characteristic of diesel fuel. Additionally, calculations 



outlined by Cookson (1995). that use total molecular atomic weight contribution 

of carbon and hydrogen from individual components to calculate the mean 

chemical structure of a mixture of hydrocarbons, yield the chemical formula of 

tetradecane. 

Percentage of oxygen in the headspace of an individual microcosm was 

measured by injecting a 1 mL headspace sample into a GOW MAC Mode1550 

gas chromatograph (GC) equipped with a Poropak Q, 80/100 mesh column and 

a thermal conductivity detector (TCD). Standards containing known percentages 

of oxygen were run before and after running six samples. Details of the 

analytical procedure are presented in the University of Manitoba Environmental 

Engineering GCrrCD operation manual. 

Following headspace sampling, the microcosm was opened and aerated for 20 

seconds using an air stream (approximately 50 mus) airned at the inside wall of 

the microcosms to avoid drying the soil. The COz trap was removed, labeled, 

and replaced with a new vile. The microcosm was then resealed. Total time for 

trap changing and aeration for an individual microcosm was approxirnately 90 

seconds. Aeration time was kept to a minimum to reduce loss of volatile 14c, 

while still bringing the headspace back to ambient conditions. The temperature 

difference during aeration was considered negligible. 

3.4 Radiorespirometry 

The minerakation results based on radiorespirometry were presented as 

cumulative percent '4~-octadecane recovered as 14c02 after correction for 

background radioactivity. The 14c02 recovered in the CO2 traps was measured 

with a Beckman LS 7500 liquid scintillation counter using a program that 

corrected for quenching by comparing sarnples and quench standards to an 

interna1 radiation source. Measurements were provided in disintegrations per 



minute (DPM). From each COt trap, 0.5 mL of the NaOH was pipetted into a 

new 20 rnL scintillation via1 containing 15 mL of liquid scintillation cocktail 

(~co~ume",  ICN Biomedicals, Costa Mesa, CA). Each via1 was capped, 

labeled, gently mixed and stored for 24 hours before counting to reduce the 

effect of cherniluminescence on the results. The results were cotrected for 

dilution and background radioactivity. Detailed descriptions of the processes 

involved in radiorespirornetry and liquid scintillation counting are provided by 

Coleman 8 Fry, 1991 and Wang et al. 1975. 

Radiorespirometry unambiguously demonstrates that biodegradation is occurring 

(Atlas, 1991 ) and can be used for establishing a mass balance for the 

radiolabeled compound. The 14c m a s  balance included detenination of total 
14 C-octadecane biodegraded, volatilized and residual remaining in the soil. To 

determine the amount volatilized, the polyurethane foam (PUF) volatile traps 

were extracted twice with 10 mL of methanol, 0.5 mL of which was analyzed by 

liquid scintillation counting. To determine the residual 14c remaining in the soil, 

0.5 mL sarnples of the hexanelacetone extracts were analyzed by liquid 

scintillation counting. The results were corrected for dilution. 

3.5 Hydrocarbon Analysis 

Residual hydrocarbons, including the normal alkanes from CIO to Cis, inclusive, 

plus pristane, remaining in the soil at the end of the experiment were rneasured 

in soil samples from the abiotic and active microcosms and unweathered soi1 

samples containing 5000 ppm of diesel fuel. Quantification was conducted by 

GC analysis (EPA 801 58 Modified, USEPA, 1993) of hexanelacetone extracts. 

Cold soi1 extractions were prepared by mixing equal amounts of a representative 

soi1 sample with anhydrous sodium sulphate (Na,S04) to absorb soi1 moisture. 

Mixing was performed by hand (gloved) on a sheet of tin foi1 until the mixture 

was homogeneous. A recorded weight of each sarnple mixture (approximately 





RESULTS & DISCUSSION 

The experimental objective was to determine the effect of temperature on the 

biodegradation rate and final hydrocarbon depletion of diesel fuel in a heavy 

clay soi1 environment. The respirometry and radiorespirometry data was used to 

detemine the effect of temperature on biodegradation rate. Gas 

chromatography analysis of residual hydrocarbons as well as 14c mass balance 

data was used to detenine the effect of temperature on final hydrocarbon 

depletion at the end of the experirnent. 

Mineralization curves were constructed from respirometry and radiorespirometry 

data for each individual microcosm. Zero order biodegradation rates were 

determined frorn the mineralization curves using a linear approximation to the 

steepest portion of the curve, excluding an acclimatization period at early times. 

The effect of temperature on biodegradation rate was subsequently quantified 

using the Arrhenius reiationship. 

Mineralization curves for the individual active microcosms at each temperature 

are presented in Appendix 2. The Sigma Plot files for Appendix 2 inciuding the 

figures presented in Chapter 4 are included on the attached floppy disks. 

cornplete with raw data and data transform files. A guide to the contents of each 

disk is provided in Appendix 3. A sample caiculation for determining the 

cumulative amount of diesel fuel mineralized on a tetradecane basis using 

oxygen consumption data is also included in Appendix 3. 

Charts comparing the chrornatographic response of residual hydrocarbons 

remaining in active microcosms, abiotic rnicrocosms and unweathered sarnples 

were used to determine hydrocarbon ioss attributed to biological and abiotic 

factors at each temperature. The chrornatographic response charts are included 

in Appendix 4. 



4.1 Temperature Effect on Biodegradation Rate 

4.1.1 Minerakation Curves 

Examples of typical mineralization curves for a single microcosm are shown in 

Figure 4.1. The upper plot represents cumulative hydrocarbon, as tetradecane, 

degraded over time based on oxygen consumption respirometry. The lower plot 

represents cumulative percent of total I4c recovered over time based on I4coz 
evolution radiorespirometry. 

As shown on Figure 4.1, the mineralization curves were divided into three 

portions for the purpose of determining maximum biodegradation rates. The first 

portion of the curve consisted of a 21 day acclimatization period during which al1 

of the microcosm were incubated at 22OC. The microcosms were subjected to an 

acclimatization period to allow the microbial population to acclimatize prior to 

splitting the replicates over a range of incubation temperatures. This portion of 

the curve was excluded for the determination of biodegradation rate. 

On day 21 the microcosms were split up into different incubation temperatures 

including 22'C, 16"C, 10°C, and 3°C. The second portion of the curve consisted 

of the steepest portion of the curve obtained while the microcosms were split into 

their respective incubation ternperatures. A linear approximation was fit to this 

portion of the curve and was used to calculate the maximum biodegradation rate. 

Later time data (Le. the third portion of the curve) was characterized by a 

decreasing slope, generally appearing to become asyrnptotic. This portion of 

the curve was not included for the purpose of determining the maximum 

biodegradation rate. The plateau at later times may represent a change form 

biologically rate limited system to a sorptionldiffusion rate limited systern. 
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Figure 4.1 Typical mineralization curves for a single microcosm. showing the 
portion of the curve used for determining zero-order biodegradation 
rate (Microcosm A l  at 22OC). The upper plot shows the 
mineralization curve obtained from oxygen consumption data and 
the lower plot shows the mineralization curve obtained from the 
14 CO2 evolution data. First and 312 order mode1 curve ffis 
are represented by the dotted and dashed lines. respectively. 



Significant variability was noted between the active microcosms during the 

acclimatization period, despite careful attention to the construction of identical 

replicate microcosms. This was especially evident from the radiorespirometry 

data. Variation in percent 14c recovered as I4co2 was observed to range from 

16.0% recovered in the most active microcosms to 0.3% recovered in the least 

active microcosms at day 21. 

Ranking the microcosms based on activity was therefore necessary to enable 

splitting groups of rnicrocosms with similar activity across a range of 

temperatures. The 15 active microcosms were grouped into three ranks based 

on percent recovered as ' 4 ~ ~ 2 ,  with rank 1 being the most active and rank 3 

being the least active. Each subgrouped rank was then divided over the range 

of incubation temperatures (22*C, 16"C, l O°C, and 3°C) on day 21. 

Unfortunately only three microcosms were active enough to be grouped into rank 

1. As such, one temperature (16°C) was not represented by rank 1. Results of 

the ranking and assigned incubation temperatures are included in Table 4.1. 

Mineralization curves for the mean of replicate active microcosrns and the mean 

of replicate abiotic microcosms at 22"C, 16°C. 10°C and 3°C are presented in 

Figures 4.2, 4.3, 4.4 and 4.5, respectively. Error bars represent one standard 

deviation. Oxygen consumption and  CO^ evolution was negligible for al1 of the 

abiotic rnicrocosms over the portion of the curve used for determination of 

biodegradation rate. As such, slope correction was not required for the 

detemination of biodegradation rates for the active rnicrocosms. 



Table 4.1 : Microcosm Ranking 

o~'+c Assigned Incubation 

Microcosm Recovery as  CO^ Rank Temperature 

at Day 21 ("cl 

For cornparison, the mineralization curves for the mean of the active microcosms 

are show together in Figure 4.6. As expected, the microcosms that remained at 

22OC were observed to be the most active and those at 3°C were the least active. 

However, in contrast to what was expected, the microcosms incubated at 10°C 

were observed to be more active at early times than those incubated at 16°C. 

This observation held throughout the entire experiment with respect to the 

tetradecane equivalent mineralized data. The activity at 16OC surpasses that of 

10°C at later times with respect to percent 14c mineralization. 

It was observed that the mineralization curves based on 14c02 evolution 

generally reached a plateau earlier than the mineralization curves based on 

oxygen consumption. This observation was attributed to octadecane being more 

readily sorbed than the bulk diesel fuel hydrocarbons and therefore less 

bioavailable. 



The level at which the plateau f o n e d  on the '4~-octadecane minerakation 

cuwes appeared to be a function of ternperature. The 22 O C  microcosm 

asymptote occurred at approximately 50% and the 3 O C  microcosm asymptote 

occurred at approxirnately 15%. 60th the 16 O C  and 10 'C appeared to level off 

at approximately 40%. This general trend may reflect the effect of ternperature 

on sorption. In general, as temperature decreased, the sorption increased. As 

discussed in Section 2.1.3, the effect of temperature on the sorption coefficient 

relates to the effect of temperature on solubility. It would be expected that as 

temperature decreases, solubility also decreases, resulting in an increased 

degree of sorption. 
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Figure 4.2 Mineralization curves for the microcosrns incubated at 22°C 
showing first and 312 order curve fits. Each point represents 
the mean of triplicate microcosrns. Error bars represent one 
standard deviation. 
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Figure 4.3 Mineralization curves for the microcosms incubated at 16OC 
showing first and 312 order curve fits. Each point represents 
the mean of triplicate microcosms. Error bars represent one 
standard deviation, 
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Figure 4.4 Mineralization curves for the microcosms incubated at 1 O°C 
showing first and 312 order curve fits. Each point represents 
the mean of triplicate microcosms. Error bars represent one 
standard deviation. 
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Figure 4.5 Mineralization cuves for the microcosms incubated at 3OC 
showing first and 312 order curve fits. Each point represents 
the mean of triplicate microcosms. Error bars represent one 
standard deviation. 
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Figure 4.6 Mineralization curves at al1 of the studied temperatures. Each 
point represents the mean of triplkate microcosrns. 



4.1.2 Biodegradation Rates 

A linear approximation was fit to the steepest portion of the mineralization curves 

(after acclimatization) to calculate maximum zero order biodegradation rates at 

each temperature. The slope of this line is the zero order rate constant with units 

of mg kg'lday'' (ppmlday) for the oxygen consumption respirometry data and 

percentlday for the I4c recovered as 14coz data. Zero order biodegradation 

rate constants (id), based on the oxygen consumption respirometry data, ranged 

from 4.2 to 9.8, 2.0 to 2.9, 3.6 to 5.4 and 0.03 to 0.32 mg kg-'day-' at 22, 16, 10 

and 3°C. respectively. The zero order biodegradation rates are listed in Table 

4.2. 

The Kruskal-Wallis one way analysis of variance (ANOVA) on ranks test was 

conducted on the zero order biodegradation rate data using SigmaStat 

Statistical Software. The test indicated that there was a statistically significant 

difference in the median values between the 22"C, 16 O C  and 3 "C groups. 

However, the difference between the 22 O C  and 10 OC groups was not statistically 

significant. 

The above noted reversal in expected activity for the 1 O°C and 16OC groups was 

reflected in the measured biodegradation rates. The mean biodegradation rate 

at 10°C (4.8 mg kg-'day-') was greater than at 16OC (2.3 mg kg"day"). Similar 

variability in biodegradation rates over the 10°C to 16OC temperature range was 

observed in the results presented by the USEPA at the Eielson Air Force Base in 

Alaska. The USEPA measured biodegradation rates ranging from 0.3 to 8.0 mg 

kg-'day-' at 1 O°C, and from 2.5 to 5.0 mg kg-'day" at 1 6OC (USEPA, 199%). 

The biodegradation rates measured in this study are consistent with the range of 

aerobic biodegradation rates available in the literature (Table 2.7). Direct 

cornparison of zero-order biodegradation rates based on hexane and 



tetradecane is possible since the difference between the hydrocarbon to oxygen 

mass ratios required for mineral ization is neg lig i ble. 

Table 4.2: Zero Order Biodegradation Rates (KJ After Acclimatization 

Period (day 21 ) 

Incubation Rank k Ka 
Microcosrn Temperature at Based on Based on 

(Oc) Day 21 Oxygen 
f 4 COz Production 

Consumption (%Ida y) 
(mg kg-'day") 



Zero order kinetics are applicable where changes in concentration m e r  time are 

linear. Le. the reaction rate is independent of reactant concentration. Linear 

changes in concentration have been found to apply to nonoxygen limited 

environments where the system is not lirnited by substrate (Miller et al. 1991) As 

described above, the steepest portion of the mineralization curves in this study 

were fit to a linear approximation to obtain the maximum biodegradation rate, 

presumably under aerobic conditions. This portion of the cutve was of interest 

since it is the goal of a bioremediation design to maintain the maximum rate of 

biodegradation under aerobic conditions, until target remedial concentrations 

are met. 

As observed in the mineralization curves, the rate of biodegradation decreased 

with time (Le. the slope of the curve decreased) and a linear approximation was 

no longer appropriate for the entire curve. The reduction in dope may represent 

a conversion from degradation of more readiiy available substrate under aerobic 

conditions near the surface of clay aggregates, to oxygen diffusion limited 

degradation of less available substrate under potentially anaerobic conditions 

within clay aggregates. Alternatively, substrate limitations due to 

sorption/desorption processes may be responsible, alone or in combination with 

the above. In practice, if this decrease in biodegradation rate is allowed to occur 

before target remedial concentrations are met, the operation is not being 

maintained to maximum potential. 

In an attempt to increase biodegradation rates after the observed decrease in 

slope at later times, the effect of mixing and freezing was tested. On day 168, 

one of the triplicates was mixed with a glass rod, one was frozen for 24 hours 

and one remained unchanged. After mixing and the 24 hour freezing period, the 

microcosms were placed back at their respective temperatures. The effect of 

mixing and freezing was found to be negligible at this point on the mineralization 

curve. It is speculated that at this point on the curve the microbial population, 



presumably aerobic, responsible for the steepest portion of the curve was in its 

death phase. Mixing and/or freezing may have had a more pronounced effect if 

done earlier (Le. before the change in slope). lncreased biodegradation rates 

would likely have not resulted. however, a prolonged period of maximum 

biodegradation rate rnay have occuned. 

Additionally. mixing can be expected to have a much less pronounced effect on 

an already well mixed systern with relatively evenly distributed diesel fuel 

relative to field conditions with a larger degree of heterogeneity. 

As an alternative to using zero order kinetics to describe a single portion of the 

curve. other kinetic models may be used in order to incorporate the other 

features of the mineralization curves and describe the entire cuwe. Features 

including lag at early tirnes and the decrease in slope at later times were not 

addressed by the zero order model. 

A lag period, defined by an inflection point before the steepest portion of the 

curve. was generally noted within the acclirnatization period for the oxygen 

consumption mineralization curves. However, a longer lag in acclimatization 

beyond day 21 (after splitting replicates into different temperatures) was noted 

for the 14c02 mineralization curves which extended to approxirnately day 40. 

This may be a result of octadecane, having a molecular weight at the higher end 

of the diesel range, being less readily biodegraded initially compared to that of 

lower molecular weight diesel fuel hydrocarbons. 

The mineralization Cumes with an inflection point and an upper asymptote 

exhibited a sigmoidal curve shape similar to the experimental results obsewed 

by Scow and Alexander (1 992) for various organic compounds in synthetic clay 

aggregates and by El-Din Sharabi and Bartha (1993) for hexadecane in a sandy 

loam. The sigmoidal shape suggests that the diffusion-sorption-biodegradation 



(DSB) rnodel established by Scow and Alexander (1 992) may better describe the 

entire curves presented in this study. 

The data was fit to the first-order and three-half order models as described by 

Knaebel et al. (1 994). The equation of the first-order model is as follows: 

where P is the percent of the cornpound mineralized at time t, So is asymptote of 

the curve at time t=w, and k, is the first order rate constant (day-'). The equation 

of the three-half order model is as follows: 

where P is the percent of the cornpound mineralized, So is the percent of the 

compound mineralized during first-order metabolism, ki is the first order rate 

constant (day-'), k2 is the linear growth term, is the zero-order growth rate 

constant (%day4) and t is time. 

Curve fits using first order and three half order kinetic models to the 

mineralization curves at 22OC, 16"C, 10°C and 3°C are shown in Figures 4.2, 4.3, 

4.4 and 4.5, respectively. The models were fit to the entire cuwe and were 

therefore not used for testing the effect of temperature. The curve fit results are 

provided in Table 4.3. 



Table 4.3: First Order and 312 Order Model Parameters and Curve Fit Results 

Oxygen Consumption Data: 

* 
1'' Order Model 312 Order Model 

Temperature So K i r F So Ki K2 Ko r F 

'%02 Production Data: 

> - - = -  
1" Order Mode1 312 Order Model 

-- 

Temperature So Ki r F So KI K2 Kb r F 



4.1.3 Anhenius Plots 

The effect of temperature on a reaction rate can be described by the Arrhenius 

relationship: 

where K = reaction rate constant, E, = activation energy (calories mole-'), R = 

ideal gas constant (1 -98 calories mole-'degree-') and T = reaction temperature 

(K) (Benefield et al. 1982). The integrated f o m  of the above equation is : 

where B represents a constant of integration (Benefield et al. 1982). Equation 

4.4 is the equation of a straight line with a slope of -E JR. An Arrhenius plot is 

established by fitting a straight line to the logarithm of biodegradation rates at 

different temperatures against the inverse of temperature. 

Arrhenius plots for the mean and ranked biodegradation rates based on oxygen 

consumption are shown on Figures 4.7 and 4.8, respectively. The 

corresponding plots for the biodegradation rates based on 1 4 ~ ~ 2  evolution are 

shown on Figures 4.9 and 4.10. 

A straight :ine relationship will hold as long as E. and B remain constant over the 

temperature range. Based on the relative positions of the four points on the 

above plots, more than one line appeared to be appropriate depending on the 

temperature range or group of data under consideration. Lines were fit to 

various groups of biodegradation rates to quantify the effect of temperature over 

different temperature ranges and ranking. For the mean biodegradation rate 



data (Figures 4.7 and 4.9) lines were fit to the entire set (22 to 3°C). 22 to 10°C 

and 16 to 3OC temperature ranges. A single line was fit to each of the ranked 

data groups in Figures 4.8 and 4.1 0. 

Steeper slopes indicate a greater temperature effect on biodegradation rate than 

flatter slopes. The steeper slope for the lower temperature range (Figures 4.7 

and 4.9) suggests that biodegradation rates rnay decrease in a non-linear 

fashion as temperature decreases below 10°C. 

For the ranked data (Figures 4.8 and 4.10) flatter slopes were noted for the 

healthier ranks indicating that the biodegradation rates for the healthiest 

microcosms were the least dependent on temperature, as rnay have been 

expected. 

As show on Figures 4.7 and 4.9, the best fit results were obtained when using 

the entire set of data for both biodegradation rates based on oxygen 

consurnption and ' 4 ~ ~ 2  evolution. Coefficient of correlation values were highest 

(generally in the 0.8 to 0.9 range) for the entire set and the lower temperature 

range and lowest (20.7) for the upper temperature range. The fit results for the 

ranked data (Figures 4.8 and 4.1 0) were similar for al1 ranks with coefficient of 

correlation values in the 0.8 to 0.95 range. 



B =  1.19 
r = 0.84 

Lower Range: 

Figure 4.7 Arrhenius plot for biodegradation rates based on oxygen 
consumption. Points represent the rnean of biodegradation rate at 
each temperature, with error bars representing one standard 
deviation. The solid line was fit to the entire data set. The dashed 
line was fit to the 22, 16 and 10°C data and the dotted line was fit 
to the 16, 10 and 3OC data. 



A f b n k 3  A 
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Figure 4.8 Arrhenius plots for biodegradation rates based on oxygen 
consumption, using the ranked data. 



Upper Range: 
22.16 & 10°C 

0 = 1.04 
r = 0.70 

Enîire Set: 
22.16.10 & 3% 

O =  1-11 
r = 0.90 

16. I O  & 3% 
8 = 1.13 
r = 0.85 

Figure 4.9 Arrhenius plot for biodegradation rates based on 14c02 evolution. 
Points represent the mean of biodegradation rate at each 
temperature, with error bars representing one standard deviation. 
The solid line was fit to the entire data set. The dashed line was fit 
to the 22, 16 and 10°C data and the dotted line was fit to the 16, 10 
and 3°C data. 
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Figure 4.1 0 Arrhenius plots for biodegradation rates based on 14c02 evolution, 
using the ranked data. 



4.1 -4 f emperature Coefficients 

As discussed in Section 2.3. knowing the dope of a given Arrhenius plot (-E JR) 

and integrating between the temperature range of interest. Tl to Tt, the change 

in reaction rate from Ki at Ti to Kt at T2 can be predided using the following 

equation: 

(Benefield et al. 1982). Simplifying and identifying EJRT,T2 as a constant yields: 

(Benefield et al. 1982). The temperature coefficient 0 is defined as e constant 

(Le. e (EdRT T ) , ,), and the equation can then be written as : 

Therefore, knowing the slope of a given Arrhenius plot and the temperature 

range of interest, the temperature coefficient can be calculated and used to 

predict the effect of temperature on biodegradation rate over the specified range. 

The resulting temperature coefficients calculated for each Iine on Figures 4.7 to 

4.1 0, inclusive are presented on Table 4.4. The temperature coefficient for the 

rates based on oxygen consumption was 1.1 9 for the entire set (best linear fit) 

and ranged from 1.1 8 to 1.26 for the ranked data. The temperature coefficient 

for the rates based on 14c02 production was 1.1 1 for the entire set (best linear 

fit) and ranged from 1 .O7 to 1.21 for the ranked data. The temperature 



coefficients were lower for the more active ranks reflecting their flatter dopes 

(Le. relatively less dependent on temperature). 

Lower temperature coefficients were obtained for the 14c02 respiration data 

compared ta the oxygen respiration data. This indicates that biodegradation 

rates based on 14c02 evolution were less dependent on temperature than the 

biodegradation rates based on oxygen consumption. The biodegradation rates 

based on oxygen consumption can be considered to represent that of gross 

diesel fuel hydrocarbons, whereas the biodegradation rates based on 14c02 

evolution represent that of octadecane alone. Therefore, this rnay again refiect 

a difference between the biodegradability of octadecane relative to gross diesel 

fuel hydrocarbons. 

The temperature coefficients obtained in this study were slightly higher than 

those presented in the literature indicating a greater temperature dependency 

for the scenario examined here. The values presented in the literature generally 

fell into the 1 .O2 to 1 .O8 range. This may be a result of a lower temperature 

range examined in this study. 

Table 4.4: Temperature Coefficients (8) 

Group 0 Based on 6 Based on 
Oxygen Consurnption  CO^ Production 

Entire Set: 22. 16. 10,3*C 1 .19 1.1 1 

Upper Range: 22. 16,10°C 1 .O3 1 .O4 

Lawer Range: 16.10.3"C 1.25 1.13 

Rank 1 

Rank 2 

Rank 3 1.26 1 -21 



4.2 Temperature Effect on Hydrocarbon Depletion 

4.2.1 Relative Chromatographic Response & Percent Depletion 

Residual hydrocarbons remaining in the soi! at the end of the experiment were 

measured by gas chromatography with Rame ionization detection (GCIFID). 

Relative chrornatographic response of the n-alkanes from Cfo to Cis, inclusive, 

rneasured in soif samples from active and abiotic microcosms and unweathered 

samples were compared to detenine hydrocarbon depletion attributed to 

biological and abiotic factors. 

Charts constructed from the relative chrornatographic response of the residual 

normal alkanes (CIO to Cls, inclusive) in the active and abiotic microcosm 

samples and fresh unweathered samples were used to calculate percent 

depletion attributed to biological and abiotic processes. An example of a typical 

chrornatographic response chart for an individual n-aikane is provided in Figure 

4.11. The difference in response between the active and abiotic microcosms 

was attributed to biological degradation. A horizontal fine indicating the 

response obtained from a fresh, unweathered sample was included for each 

normal alkane. The difference between the abiotic response and the 

unweathered response was attributed to abiotic loss. Error bars represent one 

standard deviation between sarnples from the replicates at a given temperature. 

The remaining relative chrornatographic response charts are included in 

Appendix 4. 



Temperature CC) 

Figure 4.1 1 Typical chrornatographic response chart for a single n-alkane 
(n-C14). The difference between the abiotic and biotic response 
was attributed to biological depletion and the difference between 
the abiotic and unweathered response was attributed to abiotic 
de plet ion. 



The n-alkane relative percent depletion and residual percentage (Le. the percent 

rernaining in the soif at the end of the experiment) data obtained from the 

chrornatographic response charts are presented in Table 4.5. Figures 4.12, 4.1 3 

and 4.14 graphically show the data in Table 4.5, including relative percent 

biological depletion, relative percent abiotic depletion and total relative percent 

depletion as a function of temperature for the measured normal alkanes, 

respectively. 

As displayed in Figure 4.12, the maximum amount of biological depletion was 

observed at 10 OC for the CIO to Cis carbon range. This appears to contradict 

what might be predicted from the biodegradation rates listed in Section 4.1. 

However, abiotic losses also increased at higher temperatures (Figure 4.13). At 

22°C the entire carbon range examined was susceptible to significant abiotic 

loss. This limited the total amount of hydrocarbons available for biodegradation. 

Therefore, in the 10 OC to 16OC range, reduced abiotic losses due to lower 

temperatures resulted in a larger percentage of hydrocarbons biodegraded, 

however at slower rates. 

Based on Figure 4.13, the lower molecular weight n-alkanes (CI3 and less) are 

more susceptible to abiotic loss than hig her molecular weight compounds over 

the temperature range studied. This is expected because the lower molecular 

weight compounds have higher vapour pressures and are therefore more 

susceptible to volatilkation. The lower molecular weight compounds were 

therefore less susceptible to biodegradation. 

Figure 4.14 shows total relative percent depletion, i.e. combined biological and 

abiotic depletion, for each of the n-alkanes. Total n-alkane depletion was similar 

over the 10 O C  to 2Z°C temperature range. The reduced abiotic losses at the 

lower temperatures was equally off-set by increased biodegradation over the 

tirne frame of the experiment. This suggests that overall nalkane depletion may 



be expected to be sirnilar regardless of temperature as long as the operation 

takes place in the 1 O°C to 22OC range. However, this relationship may not have 

existed at earlier times of the experiment and significant volatilization of the 

lower molecular weight compounds likely occurred during the acclimation period. 

Similar to this study, Haines et al. (1994), reported 70 to 80% removal of alkanes 

from No. 2 fuel oil after 42 days. Margesin and Schinner (1 997) attributed 16 to 

23% loss of diesel fuel in an alpine soi1 by abiotic processes and 11 % to 32% 

biodegraded by cold-adapted microorganisms at 10°C after 20 days. 

Reduced volatilization of low molecular weight hydrocarbons from diesel fuel at 

lower temperatures may result in greater toxicity compared to a more weathered 

diesel fuei with less low molecular weight hydrocarbons. Thus, placing the 

microcosms into lower temperatures sooner, resulting in less volatilization, may 

have influenced overall biodegradation rates due to the presence of these 

potentially inhibitory compounds (Pollard et al. 1994). However, Atlas (1 975) 

observed identical abiotic losses of various crude oils at 10 O C  and 20°C over a 

42 day incubation period. 



Table 4.5: Normal Alkane Relative Percent Depletion and Residual 

Percentage 

Relative Percent De plet ion Percent 

n-Alkane Temperature Biological Abiotic Total Residual 

C îo 3 10.5 58.9 69.4 30.6 

1 O 20.3 65.5 85.8 14.2 

16 10.7 75.1 85.8 14.2 

22 22  83.5 85.7 14.3 

Cil 3 0.4 73.0 73.4 26.6 

10 14.5 74.8 89.3 10.7 

16 3.8 85.3 89.1 10.9 

22 O 89.6 89.6 10.4 

Cit 3 7.5 60.0 67.5 325 

10 21.8 68.6 90.4 9.6 

16 9.1 80.8 89.9 10.1 

22 O 89.9 89.9 10.1 

cl3 3 19.1 34.8 53.9 46.1 

10 36.0 49.4 85.4 14.6 

16 21.8 63.4 85.2 14.8 

22 1 -2 83.9 85.1 14.9 

C i r  3 25.7 1.1 26.8 73.2 

10 69.0 121 81 -1 18.9 

16 41.7 38.0 79.7 M.3 

22 7.5 71 .O 78.5 21 -5 

CM 3 11 -3 2.5 13.8 86.2 

10 63.6 9.8 73.4 26.6 

16 4t3.9 26.0 74.9 25.1 

22 17.8 59.9 77.7 22.3 

Cte 3 11.2 O 1 1.2 88.8 

1 O 65.4 1.1 66.5 33.5 

16 61 -1 120 73.1 26.9 

22 43.9 31 -6 75.5 24.5 

cl7 3 29.3 9.9 39.2 60.8 

1 O 65.0 7.6 72.6 27.4 

16 63.5 18.9 824 17.6 

22 39.2 41 -5 80.7 19.3 

c1a 3 16.4 O 16.4 83.6 

10 56.6 O 56.6 43.4 

16 63.4 2 4  65.8 34.2 

22 49.7 16.9 66.6 33.4 



Figure 4.12 Relative percent depletion of diesel range n-alkanes (CIO to Cie) 
attributed to biodegradation, as a function of temperature. 
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Figure 4.1 3 Relative percent depletion of diesel range n-alkanes (CIO to Cis) 
attributed to abiotic loss, as a function of temperature. 
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Figure 4.1 4 Total relative percent depletion of diesel range n-alkanes 
(CIO to Cl*) as a function of temperature. 



4.2.2 Total Extractable Hydrocarbons 

The determination of total extractable hydrocarbons was not possible since the 

integration program was not set up to calculate total area beneath the 

chromatogram at the time of analysis. The chrornatographic integration only 

included the n-alkane peaks above the characteristic diesel fuel hump and 

ignored the overlapping peaks between the n-alkanes. In order to obtain a total 

gross hydrocarbon measurement the entire chromatogram must be integrated 

between CIO to Czo using a baseline that includes al1 of the peaks that comprise 

the characteristic of diesel fuel hump These would include the n-alkane peaks 

above the characteristic diesel fuel hump and the overlapping peaks between 

the n-alkanes. 

N-alkanes are preferentially biodegraded relative to the diesel fuel components, 

including a complex of branched and alicyclic alkanes (Pollard et al. 1994), 

responsible for the overlapping peaks between the prominent n-alkane peaks 

(Douglas et al. 1992). Atlas (1 975) reported this preferential n-alkane 

biodegradation to be greater at low temperatures. Therefore a value based on 

the n-alkanes alone would greatly underpredict the actual gross hydrocarbon 

concentration. 

Total extractable hydrocarbons remaining at the end of the experiment can be 

estimated using the total quantity of hydrocarbons biodegraded from the 

tetradecane equivalent mineralization curves and an estimate of the total 

percent abiotic depletion at each temperature. The final amounts of gross 

hydrocarbon biodegraded as indicated by the final points on the mineralization 

curves (Figures 4.2, 4.3, 4.4 and 4.5) were 743 pprn, 330 ppm, 512 ppm and 55 

ppm at 22, 16, 10 and 3"C, respectively. These concentrations correspond ta 

total biological percent depletions of 15%, 7%, 10% and 1 % at 22, 16, 10 and 

3OC. respectively. Weighted average relative percent abiotic depletions at 22, 



16, 10 and 3OC were 60%, 37%, 29% and 16%, respectively. Weighting was 

assigned using paraffin concentration in diesel fuel for carbon numbers CIO to 

Cca, as listed in Table 2.2. Final total extractable hydrocarbon concentrations 

would therefore be approximately 1257 ppm. 2820 ppm. 3038 ppm and 4145 

pprn for 22. 16, 10 and 3"C, respectively. Estimated total hydrocarbon depletion 

and total extractable hydrocarbon concentration for each temperature are 

summarized in Table 4.6. 

Table 4.6: Estimated Total Hydrocarbon Depletion and Residual Total 

Extractable Hydrocarbon (TEH) Concentration 

Total Weig hted Total Estimated Estimated 

Temperature Hydrocarbons Average Hydrocarbons Residual T E H 

("cl Biodegraded Percent Abiotic Abiotically Concentration 

( P P ~  De plet ion Depleted ( P P ~ )  

(%) ( P P ~  

4.2.3 Heptadecane:Pristane Ratios 

Since branched alkanes are more resistant to biodegradation than normal 

alkanes, the ratio of heptadecane (n-Cir) concentration to pristane (iso- Cl,; 

2,6,10,14- tetramethylpentadecane) concentration can be used to assess the 

degree of biological weathering. As biodegradation proceeds, the n-Ci7: 

Pristane ratio decreases. The average n-CI7: Pristane ratios for each 

temperature group are shown on Table 4.7. The average ratios ranged from 0.8 

to 1.5 for the active microcosrns whereas the average ratios for the abiotic 



microcosms ranged from 2.0 to 2.1 indicating that the normal alkane was 

preferentially degraded relative to the branched alkane in biologically active 

microcosms in comparison to abiotic microcosms. The measured n-C17:Pristane 

ratio for fresh diesel fuel was 2.1. No pattern was observed over different 

temperatures 

Table 4.7: Heptadecane (n-Ci7): Pristane Ratios 

Incubation Temperature Status Average n-Cj7:Pristane 
(OC) Ratio 

Acüve 
Abiotic 

Acüve 
Abiotic 

Acüve 
Abiotic 

Acüve 
Abiotic 

Fresh Diesel Fuel 2 1  

4.2.4 14c Mass Balance 

The ' 4 ~  mass balance for the mean of the replicates is presented on Table 4.8. 

In general, good mass balances were achieved for the individual microcosms. 

Total percent 14c recovered ranged from 68.9% to 139.3%. In comparison, 

Berry (1 995) obtained recoveries in the 82.36% to 98.21 % for various diesel fuel 

components. Error was attributed primarily to soi1 heterogeneity, measurement 

of extractant volumes to be analyzed by liquid scintillation counting and diesel 

fuel measurement during microcosm preparation. Difficulty was encountered 

when pipetting extractant into scintillation vials. The hexanelacetone mixture 

tended to easily drip out of the pipette tips during transfer. Small variances in 

diesel fuel added may be amplified by the more accurate rneasurement of 

radioactivity. Other losses may have included loss of volatiles during trap 

changesiaeration and association with microcosm walls. 



Biological loss accounted from between 54.5% at 2Z°C to 3.2% at 3°C in the 

active microcosms. No more than 3.4% was recovered as 14c02 from the abiotic 

microcosms. Less than 1 % of the 14c-octadecane was lost due to volatilization 

in all of the microcosms. Residual '*c remaining in the sail ranged from 17.0% 

at 22°C to 124.4% at 3°C in the active microcosrns, and from 87.2% to 137.5% in 

the abiotic microcosrns. 

After 57 days of incubation of a clay soi1 containing 14coctadecane at 25OC, 

Berry (1 995) measured similar amounts of octadecane volatilized (0.071 %). 

Biodegradation accounted for 3.89% in the presence of diesel fuel and 16.51 % 

without diesel fuel. Residual 14c rernaining in the soi! was measured to be 

78.30%. Microbial biomass was determined to contain 0.096%. 

Table 4.8: 14 C Mass Balance (mean of replicates) 

%14c % 14c 

Mlcrocosrn Incubation Evolved Oh 14c Remaining Total % l4c A 
Status Temperature As 14c02 Volatilized in Soil Recovered 

Active 

Abiotic 

Ac- 

Abiotic 

A d e  

Abiotic 

Adive 

Abiotic 

In general, good agreement was observed between relative percent depletion 

data for n-Cls and the 14c-octadecane recovery data. A cornparison is provided 

in Table 4.9. Agreement between the I4c remaining in the soi1 and residual 



percentage based on relative chrornatographic response data suggests that the 

soi1 sampling procedure and hydrocarbon extraction method was adequate. 

Discrepancy between relative percent depletion due to abiotic loss and I4c- 
octadecane volatilized at 16OC and 22OC may be the result of inadequate 

trapping of volatile 'OC by the polyurethane foam volatile trap. 

Table 4.9: Comparison between n-Cls relative percent depletion and 
14 C-octadecane recovery (%) 

i 

Tem peratu re Biological Loss Abiotic Loss Residual 



CONCLUSIONS & RECOMMENDATIONS 

Significant variability was observed between individual microcosms during 

acclimatization despite careful attention to construction of identical replicates. 

The microcosms were therefore ranked based on microbial activity to ensure 

the various ranks were split up over a range of temperatures. Variability in 

observed activity extended into the response to different temperatures. The 

microcosms incubated at 10°C were observed to be more active at early times 

than those incubated at 16OC. As expected, the microcosrns that remained at 

22°C were observed to be the most active and those at 3OC were the least 

active. Additional investigation is required to examine the discrepancy at the 

10°C to 16OC range. 

Asymptote formation at later times imparted a sigrnoidal shape to many of the 

mineralization curves. The asymptotes may represent a conversion frorn 

degradation of more readily available substrate under aerobic conditions near 

the surface of clay aggregates, to sorption andfor diffusion limited degradation 

of less available substrate under potentially anaerobic conditions within clay 

aggregates. The processes affecting the rnineralization curve shape was not 

explored in this study. The rote of oxygen or substrate diffusion, anaerobic 

conditions and sorption requires further investigation to examine this area. 

Zero-order biodegradation rates, calculated frorn oxygen consumption on a 

tetradecane (n-Ci4) basis using the portion of the curve after acclimatization 

and before asymptote formation, generally increased with temperature 

ranging from 0.03 ppmlday at 3OC to 9.8 ppmfday at 2Z°C. 

The Arrhenius temperature coefficient for the biodegradation rates based on 

oxygen consurnption was 1.19 for the entire set and ranged from 1.18 to 1.26 



for the ranked data. The temperature coefficient for the biodegradation rates 

based on 14c02 production was 1.1 1 for the entire set and ranged from 1 .O7 to 

1.21 for the ranked data. The more active ranks were less dependent on 

temperature (Le. lower temperature coefficient). 

Relative chrornatographic response of the n-alkanes (CIO to Cis. inclusive) 

from biologically active, abiotic and fresh unweathered soi1 samples indicated 

that abiotic losses increased at higher temperatures. This Iimited the total 

amount of hydrocarbons available for biodegradation at the higher end of the 

temperature range examined. The maximum arnount of biological depletion 

was obsewed at 10 'C for the CIO to Cia carbon range. Total n-alkane 

depletion was similar over the 10 O C  to 22OC temperature range. The reduced 

abiotic losses at the lower temperatures was equally off-set by increased 

biodegradation over the time frame of the experiment. This suggests that 

overall n-alkane depletion may be expected to be sirnilar regardless of 

temperature as long as the operation takes place in the 10 O C  to 22OC range. 

The lower rnolecular weight n-alkanes (Cis and less) were more susceptible to 

abiotic loss than higher molecular weight compounds over the temperature 

range studied. The lower molecular weight compounds were therefore less 

available for biodegradation. 

Total extractable hydrocarbons remaining in the soi1 at the end of the 

experirnent were estirnated at approximately 1257 pprn, 2820 ppm, 3038 ppm 

and 41 45 ppm for 22, 16, 10 and 3°C , respectively. Estimates were based on 

the total quantity of hydrocarbons biodegraded from the tetradecane 

equivalent mineralization Cumes and an estimate of the total percent abiotic 

depletion at each temperature. The direct measurement of total extractable 

hydrocarbons at the end of the experiment was not possible since the 

integration program was not set up to only integrate the n-alkane peaks. In 



order to obtain a total gross hydrocarbon measurement the entire 

chromatogram must be integrated between CIO to Cm using a baseline that 

includes al1 of the peaks that comprise the characteristic of diesel fuel hump. 

Heptadecane (n-C17):pristane (iso-Clr) ratios indicated depletion of the n- 

alkane relative to the branched alkane in biologically active microcosms in 

cornparison to abiotic microcosms. The average ratios ranged from 0.8 to 1.5 

for the active rnicrocosms whereas the average ratios for the abiotic 

microcosms ranged from 2.0 to 2.1. The measured n-C17:Pristane ratio for 

fresh diesel fuel was 2.1. No pattern was observed over different 

temperatures. 

The effect of mixing and freezing on the mineralization cuve was negligible at 

the point in time it was tested. However, rnixing is not expected to have a 

large effect on a well mixed system. The ineffectiveness of the mixing andlor 

freezing may have resulted from the hydrocarbons becoming less bioavailable 

with time (Le. increased sorption with time). Further investigation is required 

to determine if mixing andor freezing would have a more pronounced effect if 

done at an earlier position on the mineralization curve. 

The 14c-octadecane mass balance indicated that less than 1 % of the 14c was 

volatilized in al1 of the microcosms. Biological loss accounted from between 

54.5% at 22°C to 3.2% at 3°C in the active microcosms. No more than 3.4% 

was recovered as 14c02 from the abiotic microcosrns. Residual j4c remaining 

in the soi1 ranged from 17.0% at 22°C to 124.4% at 3°C in the active 

microcosms, and from 87.2% to 137.5% in the abiotic microcosms. In 

general, good agreement was obsewed between relative percent depletion 

data for n-Cis and the 14~-octadecane recovery data. 



The temperature coefficient. describing the effect of temperature on 

biodegradation rate, can be used to predict the expected biodegradation rate ai 

a given temperature within the specified temperature range. For a landfarming 

operation treating diesel fuel contaminated clay, a temperature coefficient of 

1.1 9 appears to best describe the effect of temperature on biodegradation rate 

over the 22°C to 3OC range. For example, it is known that the biodegradation 

rate will be approximately 9 ppmlday (Ki) at 22°C (Ti). If the expected operating 

temperature will be 18"C, the expected biodegradation rate (U2) can be 

calculated as follows: 

~ ~ = ~ ~ e m ~ )  

K2=(9 ppm/day)(l -1 9) (1 8-22) 

K2=4.5 ppmlday. 

Knowing the biodegradation rate for a given temperature, remediation time can 

be estimated and mixing, field screening andor confimatory sampling can be 

scheduled appropriately. This is most applicable for covered bioremediation 

operations were abiotic loss due to volatilization is minirnized and biological 

reduction is dominant. 

Below 1 O°C, biodegradation rates dropped significantly. In order to maintain 

biodegradation rates acceptable for bioremediation operations, temperature 

should be maintained at or above 1 0°C 

In a landfarming operation. total hydrocarbon depletion is not influenced by 

temperature as long as temperature remains above 1 O OC. This applies to an 

entire operating season (i.e. approximately 200 days). In other words, in a 



system where rnaximizing depletion due to biodegradation is not a priority, 

heating the system will not improve total hydrocarbon depletion. 

Total hydrocarbon depletion was greatest at 2Z°C for al1 of the n-alkanes. 

Abiotic depletion was also greatest at 22'C and was dominant over biological 

depletion. lncreased abiotic loss lirnited the total amount of hydrocarbons 

available for biodegradation at higher temperatures. Therefore, if biological 

depletion is to be the primary mode of hydrocarbon depletion, lower 

temperatures in the 1 O°C to 15°C range would be favored. This would result in a 

greater percentage of hydrocarbons being mineralized rather than simply being 

volatilized to the atmosphere. 

If, however, time available for remediation is restricted to a period of time 

significantly less than 200 days, biological depletion should be maximized. To 

maximize biological depletion (i .e. limit abiotic loss due to volatilization) the soi1 

should be covered with a synthetic liner. Higher temperatures could then be 

maintained, while limiting volatilization, in order to achieve higher 

biodegradation rates with the prirnary mode of hydrocarbon depletion being 

biological. 
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Wastewater', 18th Editioa, published by the American Pubiic Health Association, or on US EPA protocols 
found in the 'Test Methods For Evaiuating Solid Waste, PûysicallChemical Method, SWM',  3rd Edition. 
Other procedures are based on methodologies accepted by the appropriate cegulatory agury. Methodology 
briefs are available by written request. 

Al1 work recordecl herein has beea done in accordance with nomal professional standards using accepted 
testing rnethodologïes, q d t y  assurance and quality control pmedures except where 0th- agreed to by 
the dent  and testhg company in writing. Any and ai l  use of thex test d t r  shall be ümited to the actuai 
cost of the pertinent analysis donc There is no other wûrranty e x p d  or implied. 
Your samples wiii be mtained at Zewn for a perïod of 30 days fmm d p t  of data or as per contract. 

ZENON Project Manager: Brent Kelly 



Od Mar-% 
Page 2 of 4 

Client : MORROW ENVIIIONMENTAL CONSULTANTS INC. 
RQ/cct: W5103A 

Zmon a): METHOD 96003728 
CïieutID: Bt4NIC 15-3A 

PHYSICAL 
OOZK)760 Moiscure 

HYDROCARBONS 
H lO8Pîl2 Purgeabta Hydrocarbons 
EX024020 TEH Extraction 
H109P108 TEH(C10-C30) 
HlllP108 TEHHœvyOil(>C30) 

VOLATILE ORGANICS 
EX014000 BTEXaxaaction 
B020Fr12 Bonzene 
Tûû1Fït2 Tolume 
BûZ 1 PT 12 Ethylbemene 
Xûû3PTf 2 m.p - Xylme 
x m 1 2  O - XyIae 

da  

< 10 

< 5 
< 5 

< 0.04 
< 0.04 
< 0.04 
0.05 
< 0.03 

LOO 

Matrix : 
Sampltd on: 

Soi1 Sail Soi1 
96/02/20 96/02IîO 96/02/20 



SPIKE SUMlMARY 
Form 06116939 

Zsaon ID Samplo Sample & S p h  Unir Percent 
Conc. Spiko Conc. Amount Recovery 

&rLzene 
Toluene 
Ethyibenraia 
m.p - Xylme 
O - Xylsne 
TEH (C 10 - C30) 

Blank Spika. Batch : 64500440 CO.04 2 1 20 ugk IO5 
Blauk Spiko. Batch : 64U304rU) <OB4 20 20 ug/g 100  
Blank Spike. Batch : 64UK)440 < 0.04 2 1 20 ug/g 105 
Biank Spiko. Batch : 64500440 0.05 42 40 ugk  105 
BIank Spîko. Batch : 64500440 < 0.03 20 20 W h  100 
BLaalr Spiko. Batch : 64500365 C S  1 10 100 ug43 108 



&on iD: 
Ciieat ID: 

ANALYSIS DATES 
Form 06116939 

M o ~ r o  
hrgeable Hydrocarboas 
rur (Cl0 - C30) 
ïEH Hcavy Oil (>W) 
Bermae 
Tolume 
Ethy Ibeozcrle 
m,p - Xyiaio 
O - Xylwe 
dû-Toluma 

2%- 19% 
05-MAR- 19% 
23-FE& 1996 
23-FE& 19% 
OS- MAR- 19% 
OSMAR- 19% 
OSMAR-1996 
O S M A R -  19% 
05-MAR- 1996 
OS-MAR- 19% 

28-FEB- 19% 
OS- MAR- 1 9% 
23- FEB- 19% 
23-FEB- 19% 
Os-MAR- 1996 
05-MAR- 1996 
05-MAR- 1996 
04MAR- 1 9% 
05-MAR- 19% 
05-MAR- L 9% 

28-FEB- 1996 
05- MAR- 19% 
23- FEB- 1 9% 
23-FE& 1996 
OS- MAR- 1 9% 
0% MAR- 1 9% 
05- MAR- 1 9% 
05-MAR- 19% 
05-MAR- 1 9% 
05-MAR- 19% 

M*: 
Sampld on: 

Soil Soil Soi1 
20- FEB- 1 996 20- FEB- 1996 20-FE& 1996 



A 

3 
Ci' 

3 
w 

Data File Name : 
Operator O 

Instrument rn O 

Sample Name O O 

Run Time Bar Code: 
Acquired on O O 

Report Created 0%: 

C:\HPCHEM\2\DATA\TMO2-23\007FOlOl.D 
AC Page Number : 1 
ECD/ FID Via1 Number : 7  
96003728 Injection Number : 1 

Sequence Line : 1 
23 Feb 96 0 7 ~ 2 2  PM Instrument Method: TEHS-D~MTH 
06 Mar 96 0 9 ~ 3 5  AM Analysis Method : T M S - D . ~ H  



Data ~ i l e  Name 
Operator 
Instrument 

: C:\HPCHEM\Z\DATA\TEH02-23\008F0101.D 
: AC P a g e  Number : 1 
: ECD/FID Via1 Number : 8 

Sampla Name : 96003729 Injection Number : 1 
Run Time Bar Code: Sequence Line : 1 
Acquired on : 23 F e b  96 0 8 : 0 2  PM Instrument Method: T M S - D ~ ~ H  
Report Created on: 06 Mar 96 09:35 AM Analysis Method : TEHS-D.MTH 



Data F i l e  Name 
Operator 
Instrument 
Sample Name 
Run Time B a r  Code: 
Acquired on : 23 F e b  96 08:42 PM 
Report Created oïl: 06 Mar 96 09:36 AM 

: C :  \HPCHEM\Z\DATA\TWO~-~~\OO~FO~O~ .D 
: AC Page  Number : 1 
: ECD/FID Via1 N u m b e r  : 9 
: 96003730 f nj ection Number : 1 

Sequence Line : 1 
Instrument M e t h & :  TBS-D.MTH 
Analysis Method : TMS-D.MTH 



NORWEST LABS-MANITOBA 
AGRICULTUML SERVICES 
203,545 UNIVERSW CRES 
WINNIPEG, M8 
R3T 5S6 

MORROW ENVIRON. 

DATE 19MAR9611:20 

P.O. NO. 13798 

W.O. NO. 2 108834 

PAGE 4 

SAMPLE CUSTODY 

GENERAL SOIL SAMPLE DISPOSnL DATE: 

Water and tissue samples will be stored for 

30 days, general soi1 samples will be stored 

for 60 days unless we receive instructions 

prior +O disposa1 date. 

Please indicate your preference below: 

- Please keep the samples for 90 days 
until 19-JUN-96 and discaxd 

- Please ship the sample to us collect by: 
Greyhound 

L o o m i s  

Purolator 

- Other (specify) 

Tel. no. 

Signature 



NORWEST LABS-MANITOBA 
AGRICULTURAL SERVICES 
203.545 UNIVERSITY CRES 
WINNIPEG, MB 
R3T 5S6 

MORROW ENVIRON. 

OATC 19MAR961l:SO 

P.O. NO. 13798 

W.O. NO. 2 108834 

PAGE 1 

2 PT HYDROMETER 1 
SAND % 

SILT % 

CLAY % 

PARTICLE S I Z E  AN 

11 .O 
3 .O 

8 6 - 0  
H . CLAY 

1 SOIL QUALITY 1 

MOESTU~E TENSION I 
1/3 BAR % 

1 5  BAR % 

Lab Manager: --* 7- 
f?mk!X- L .  . 



NORWEST LABS-MANITOBA 
AGRICULTURAL SERVICES 
203,545 UNlVERSm CRES 
WINNIPEG, MB 
R3T 5S6 

MORROW ENVIRON. 
PAGE 2 

[ I C P  TRACE, 3 0 5 0  
SELENIUn 
SILICON 
SILVER 
SODXUn 

STRONTIUM 

TBAUIvn 
T m  
TITANILM 

VANADIUH 

ZINC 

u 1 

Lab Manager: 



.us s - 

NORWEST LAS-MANITOBA 
AGRICULTURAL SERVICES 
203,545 UNIVERSITY CRES 
WINNIPEG. MB 
R3T 5S6 

O A T ~  19MAR96lI:ZO 

P.O. NO. 13798 

MORROW ENVIRON. PAGE 3 

The following published METHODS OF ANALYSIS rere used: 
MSS 3 - 1 3  
M c K  3 - 3 2  

EPA 3050 

PH 
C.E.C. 

AKMONIUM ACETATE @ pE 7 -0 
SEE McKeague, 3 .A .  (EDITOR) 1978 P g  212 
L/3 BAB 

TEE= IS NO STORED DEFZNITION FOR 
1s BAR 

TaEBE LS NO STORED DEFINITION FOR 
ALüMïHUM 

Acid digestion of sediments, soils,and 
sludges usiag nitric acid/hydrogen 
peroride. Reported on dry weight(mg/kg) . 
Ref. EPA 3050 (SW-846) 

ANTIMONY 
ABSELOIC 

BZUUUM 
Acid digestion of sediments, soils,and 
sludges using nitric acid/hydrogen 
peroxide. Reported on dry weight(mg/kg). 
R e f .  EPA 3050 (SW-846) 

BERYLLIUM 

BISMUTH 
CADMIUM 
CALCIUM 

A c i d  digestion of sediments, soils,and 
sludges using nitric acidfiydrogen 
perotide, Reported on dry weight(mg/kg) . 
Ref. EPA 3050 (SW-846) 
CHROMIUM 
COBALT 
COPPEE 

1 BON 

LEAD 
LITHIUM 

MAGNESIUM 
HAHGMESE 
MOLYBDENUM 
NICXEL 
PHOSPHORUS 
POTASSIUM 
SELENIUM 
SILICON 
SILVER 
SODIUM 
STROnTIUM 
THALLIUM 
T I N  
TITANIUM 

VANADIUM 
ZINC 

TRACE EPA 3050 
Acid digestion of sediments, soils,and 
sludges usiag nitric acid/hydrogen 
peroxide . Reported on dry weight(mg/kg ) . 
Ref. EPA 3050 {SW-846) 

Method R e f  erences : 
1. APEIA Standard Methods for the ExamFnatLon of W a t e r  and W a s t e w a t e r ,  

American Public Health Assoc., 17th ed- 
2. EPA a. Test Methodu for Evaluating Solid Waste, Physical/Chemical 

Methods SW-846, 3rd ed., US EPA, 1986 
b. U e t h o d s  for Chemical Analysis of W a t e r  and Wastewater,  US EPA, 1983 

3. MSS Manual on Soi1 Sampling and Methods of Analysis, Cdn. Soc. of 
Soil Science, S .  A, McKeague, 2nd ed. 

NORWEST SOIL RESEABCH LTD has been accredited by the STANDARDS COUNCIL of CANADA 
for specific tests registered with the COüNCIL. 

Lab Manager: 



NORW EST LABS-MANITOBA 
AGRICULTURAL SERVICES 
203,545 UNIVERSITY CRES 
WINNIPEG. MB 
R3T 5S6 

MORROW ENVIRON. 

OATL! 19MAR9611:20 

P.O. NO. 13798 

W.O. NO. 2 108834 

PAae 

Q u a l i t y  Assurance Analysis 

Standard Seference Material Analysis 

1/3 -Bar 

5 B a r  

"O9 1 5 0 0 - ~ c ~ a  

SMOKY LAKE 

SMOKY LAKE 

KAVANAUGH 

PHYSICAC STD 

PHYSICAL STD 

KBS 

Ems 

m s  

m s  

NBS 

NBS 

m s  

m s  

N3s 

LPBS 

m s  

m s  

HBS 

NBS 

NBS 

NBS 

NBS 

NBS 

NBS 

-WAEHING LIMITS-- 
LOW H I G H  



NORWEST LABS-MANITOBA MORROW ENVIRON. 
AGRICULTURAL SERVICES 
203,545 UNIVERSITY CRES 
WINNIPEG, MB 
R3T SS6 

. .  . . , . . , . . . ... .. . . .  . . . , . . . . 

DATE 13MAR9611:ZO 

P.O. NO. 13798 

W.O. NO. 2 108834 

PAae 

Quality Assurance Analysis 

Standard Refereace Material Analysis 

METHOD A N U Y S I S  -UnITS- - 
---- STANDARD---- 
--DESCRIPTION--- --D.L.-- TARGET 

NBS 

NBS 

NBS 

NBS 

NBS 

NBS 

NBS 

NBS 

SOIL BLANK 

B E A G r n  BLANK 

BEAGENT BLAAR 

REAGENT BLAKK 

REAGEHT B r n  

REAGENT B W  

EUAGENT BLANK 

BEAGENT BLANK 

REAGrnT BfJLNK 

R E A G m  BLANK 

BEAGENT BLANK 

REAGENT BLANK 

REAGENT BLANK 

BEAGENT BLANK 

BEAGENT BLANK 

BEAGENT B W K  

- W U I N G  LIMITS- - 
LOW HIGH 



NORWEST MBS-MANITOBA 
AGRICULTURAL SERVICES 
203,545 UNlVERSllY CRES 
WINNIPEG, MB 
R3T 5S6 

MORROW ENVIRON. 

O A ~ L  19 MAR96 11:20 

P.O. NO. 13798 

W.O. NO. 2 108834 

PAGE 

Qual i ty  Assurance Analysis 

Standard Reference Material Analysis 

METHOD ANALYSIS -UNITS- - 
---- STAlODABD---- 

--DESCRIPTION- - - --D.L.-- TARGET 
-WARNTnG LIMITS - - 

LOW HIGII 

BEAGRTT BLANK 0 . 2 0  0 . 0  

REAGENT BLANK 0 . 0 0 5  0 . 0  

REAGENT BLANK 0 -20  0 . 0  

BEAGEHT BLANK 0 - 1 s  

REAGENT BLANK 0 . 0 2  0 . 0  

BEAGENT BLAlOK 0 - 0 5  0 - 0  

REAGENT BLAHK 0 . 0 2 5  0 . 0  



9 9 3 8 4 7 A v m p  
Edm0nton;AB 

T6E CPS 

NORWEST LABS-MANITOBA 
AGRiCULTüRAL SERVICES 
203,545 UNIVERSITY CRES 
WINNIPEG, MB 
R3T 5S6 

MORROW ENVIRON. 

O A T ~  19MAR9611:ZO 

P.O. NO. 13798 

W.O. NO. 2 108834 

PAGE 

Quaîity Assurance ~ n a l y s i s  

C l i e n t  Material - Dupricate Analysis 

METEIOD ANALYSIS -UnITS--  --D.L.-- --RUN 1- --RUN 2 -  --RUN 1- --WH 2- --RUET 1- --BON 2 -  --RuIl  1- --RUN 2 -  



8577 Commerce Court 
Burnaby, B.C. 

06-Mar-95 ZENON ENVIRONMENTAL LABORATORIES Canada V5A 4N5 
Page I of 4 Certifiate of Analysis Tel 604 444 4808 

Fax6044444511 

Reported To : 

I 

MORROW ENVIRONMENTAL CONSULTANTS MC. Client Code SC +-: 7 .:P..-- 
. .. . . , .- .t-.rJ 

1420 CLARENCE AVE. Attention : EUY MACMIBRODA 
UNIT E Phone . r!:';!2GN!,?ENTAL : (204)4754133 t2.3=--** ' -  
WINNIPEG* MB FAX : (204) 477-9 194 CC: 1.2 3 =TANTS INC. 
R3T 1T6 VI ;Ni\SiPEG 

Roject Information : 

h j e c t  ID : WS-103 
Submitted By : RAY MACMIBRODA 

Form 06 1 16839 rcceived on 23-Feb-95 completcd on 06-Mar-95 
Form O6 1 16840 received on 23-Feb-95 completed on 3-Mar-95 

AU organic data is blank correctcd except for PCDDIF, Hi-= MS and CLP volatile analyses 
'MDC' = Minimum DetectabIe Concentration, ' < ' = Less than MDC, '-* = Not analyzed 
Solids m l t s  arc based on dry weight except Biota Analyses & Special Waste Oil & Grease 
Organic analysa arc not w m t d  for extraction rocovery standards except for Isotope 
Diiution methods, (Le. CARB 429 PAH, al1 PCDD/F and DBDIDBF analyses) 

Methodr used by Zenon are b& upon those found in  standard Methods for the Examination of Water and 
Wastewater', 18th Edition, publîshed by the American Public Eeaith Association, or on US EPA protoeols 
found in the 'Test Methods For Evaluating Solid Waste, PûysicaUChdd Method, SW846'. 3rd Edition- 
Other procedurer are based on methodologies accepted by the B.C. Ministry of Environment. 

Al1 work recorded herein has been done in accordance with nonnd professional standards using accepted 
t d n g  methodologies, qullity assurance and quality wntrol procedures except where otherwise agreed to by 
the client and testing Company in miting. Any and dl use of thae t s t  d t s  SM be ümited to the actuai 
cost of the pertinent analysis done. There is no othv warranty qressed or ixnpüed. 
Your sarnples will be retained nt Zenon for a period of 30 àays from receipt of data or as per contract- 

ZENON Projecî Manager: Brent KeUy 

c7 



06-M tu-95 
Page 2 of 4 

ANALYTTCAL REPORT 

Cllent : MORROW ENViRONMENTAL CONSULTANTS INC. 
Rpjut : WS- 103 

Zenon ID : 954304467 95004467 95004468 95004468 95004469 
Ctfuit ID : t -2 Dup t icate 1-3 Dup l icato 1-4 

Sparcode Pnromctu Unit MDC 

PHYSICAL 
ûû25û760 Moisture 

CARBON 
0103CAL2 OrgaaicCarbou-Total U& 2600 3290 5070 
0 124094 1 inorgmic Carbon - Total ue/g 500 43 100 - 95 10 9860 4070 
C-T0790 Carbon - Total " d g  Io00 4 5 7 0  44200 12800 - 9 140 



GNALYTICAL REPORT 
4 - 
3-- 

Ciient : MORROW ENVLRONMENTAL CONSULTANTS WC. 
Projeet : W5- 103 Z t n m m : ~  93XW71 95004472 

Cliuit ID : 3-2 3 -3 

Sparcode Parametu Unit MDC 

PHYSICAL 
00250760 Moisaire 

METALS TOTAL 
Pb-TO 190 Lead 

HYDROCARBONS 
HIOSPI07 Light Hydnxiatboas (< CIO) 
H 109P108 TEH (C 10 - C30) 

VOLATILE ORGANTCS 
B02oPT12 Bernone 
TûûlPT12 Tolusne 
B021PT12 Ethylbenzene 
X003VTI2 m,p - Xyiene 
X002PTl2 O - Xylene 

SURROGATE RECOVERY 
VSOIPTl2 Bromofluorobenza~e 



06-Ma~95 
Page 4 of 4 

ANGLYTICAL REPORT 

Cütnt : MORROW ENVIRONMENTAL CONSULTANTS ïNC. 
Projeet : W5- 103 

Zcaon ID : 95004473 95004474 
crient rD : 4-4 5-5 

Sparcode Parameter Unit MDC 

PHYSICAL 
0 0 ~ 6 0  Moisntre 

METALS TOTAL 
Pb-m190 h î d  

HYDROCARBONS 
H108P107 Light Hydrocarboas (< C10) 
H109P108 TEH (Cl0 - C30) 

SURROGATERECOVERY 
VSOlPT12 Brornofluorobenzene 

Mat* : Soi1 Soil 
Sampled on: 95/02/2 1 W:00 95/02/21 00:ûû 



Mineralization Cu wes 



DAY 

Obsewed 
.. - First Order Model 

---. 3/2 Order Model 

O 20 40 60 80 100 120 140 160 180 200 220 

DAY 



DAY 

100 

90 -1 Observed 
l 

a0 i First Order Model 
---- 3R Order Model 

O 20 40 60 80 100 120 140 160 180 200 220 

DAY 





DAY 

90 1 Observed 
0- First Order Model 

80 --- 3/2 Order Model 

VI m 
60 

N .- 
*.--- 

al 
C 

M.--? . .. 
e' *' . 

d 
. 



DAY 

Observed 

oN 80 
First Order Model 1 

---- 3R Order Model 1 
1 



A1 O-F 

DAY 



DAY 

100 , 
0 Obsewed 

- . . .  First Order Model 
---. 3/2 Order Model 

O 20 40 60 80 100 120 140 160 180 200 220 

DAY 



Tetradecane Equivalent Mineralized (ppm) 
Based on O, Consumption 

% ' ' ~  Mineralized as ' ' ~ - ~ ~ ,  A a N ~1 P 

- r N O . P U i m ~ Q , ~ O  
0 0 0 0 0 0 0 0 0 0 0  

O O O O 
O O O O O 



DAY 

100 , 
O bse rved 
FÏrst Order Model 

3i2 Order Model 

DAY 



% "C Mineralized as "c-CO, 
Tetradecane Equivalent Mineralized @pm) 

Based on O, Consum~tlon 



DAY 

- 9 0  { Observed 
O 

-... First Order Model 
P ---. 3R Order Model 

40 

I I I I 1 



DAY 

100 , 
Observed 

First Order Model 

312 Order Model 

0 20 40 60 80 100 120 140 160 180 200 220 

DAY 



DAY 

100 1 

0 Observed 

First Order Model 

---. 312 Order Model 

O 20 40 60 80 100 120 140 160 180 200 220 

DAY 



DAY 

Obsewed 

First Order Model 

---. 3Q Order Model 



O 20 40 60 80 100 120 140 160 180 200 220 

DAY 

90 4 Observed l 
. -  - Firçt Order Model 
---- 

i 
3R Order Model 1 

O 20 40 60 80 100 120 140 160 180 ZOO 220 

DAY 



Sigma Plot File Guide 



Disk 1 : 

22°C Microcosms 

F Microcosms (@ 22OC) 

Triplicates used for Chapter 4 Figures 

Disk 2: 

16°C Microcosms 

10°C Microcosms 

3% Microcosms 

Oisk 1 and 2 Sicima Plot file column descn~t ions for individual rnicrocosms 
6 

Column Description Comments 

Date 

D ~ Y  

Curn%02 

Curn ppm 

Week 

DPM 5mL 

BKG 

6-BKG 

DPM 1SmL 

Cumulative percent Q consumed 

Cumulative ppm degraded on a tetradecane basis 

using Transform (See below) 

Week number 

Scintillation counts per 5mL of I4CQ trap 

Background scintillation counts 

Column 6 - Background 

Column 8 xdilution factor of 30 for DPM in entire 

l 4 c ~  trap 

lncremental Oh of total 14C mineralized as 14c9 
Cumulative % of total 14C mineralized as  CO^ 
First order fit to 02 data using Transfomi 

First order fR to j4c4 data using Transfomi 

3/2 order fit to Q data using Transform 

3/2 order ffi to 14c02 data using Transform 



Colurnn 4 = Column 3 1 100% 

x Headspace Volume (0.7L) 

124.47 (converts to number of moles Q consumed 

using PV=nRT, assuming P=l atm, V in L, 

R = 0.0821 atmlmol-'K'. T in K) 

/ 21 .S (converts to number of moles n-C14 consurned 

using Ci4Hm + 21.502 -9 1 4COz + 1 5H20) 

x 198 g/mole (converts to grams of n-CI4 consumed) 

x 1000 mgKg 

10.2 Kg dry soi1 



Disk 1 SiomaPlot file column descriptions for tripkate plots 
-- - - - 

Column Descn'ption Comments 

ave 14C 

sd 14C 

a# D 14C 

fit1 

ft 2 

fit3 

fit 4 

IndMdual microcosm results for cumulative pprn 

degraded 

Average cumulative ppm degraded 

Standard deviation for cumulative pprn degraded 

Average cumulative ppm degraded for abiotic 

microcosms 

Cumulative % of total 14C mineralized as 14c& for 

individual microcosms 

Average cumulative % of total 14C mineral~ed as 

14ca 
Standard deviation for curnulatbe % of total 14C 

mineralized as ' 4 ~ 4  
Average Oh of total 14C mineralbed as l4c@ for 

abiotic microcosms 

First order fit to 02 data after Day 21 using 

Transform 

Fint order fR to 14ca data after Day 21 using 

Transform 

312 order fit to 02 data after Day 21 using Transfomi 

312 order ffi to " ~ 4  data af€er day 21 using 

Transfonn 

Disk 3: 

Figures for Chapter 4, Results 

GC response charts 

Transforms 



Relative Chrornatographic Response Charts 



1 €KTTl Active - Abiosc / 



Temperature CC) 



r=I; Abiotic / 
S;Tl Active 1 

22 16 10 

Temperature CC) 

i 
T i -  

\ l 



22 16 1 O 

Temperature CC) 



16 10 

Temperature CC) 



Temperature ("C) 



Temperature CC) 



Temperature ("C) 



Temperature CC) 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

APPLIED - IMAGE. lnc = 1653 East Main Street - --- Rochester. NY 14609 USA =-= Phone: 71 6/48Z!-O3OO -- --= Fax: 716/28&5989 

O '993. iiwiied Image. Inc.. All Rights Resenred 




