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ABSTRACT

Microbial degradation of hydrocarbons in contaminated soil is improved by compost
application, making compost a potential amendment for bioremediation of recalcitrant
CCME fraction 3 and 4 (>C)¢) hydrocarbons. Compost application increases soil organic
matter content, nutrient status and soil aeration, thus stimulating microbial populations

and in turn improving soil structure.

The effects of compost amendment, with and without fertiliser additions, on microbial
communities associated with crude oil bioremediation was studied in a simulated in situ
field trial in Edmonton, Alberta over 14 months. With 20% dw compost application,
aerobic heterotrophic and aliphatic hydrocarbon-degrading microorganisms, microbial
biomass carbon, aerobic respiration rate and microbial community diversity and richness
were greatly increased as hydrocarbons decreased. Ammonium sulphate fertiliser
suppressed microbial community growth and activity by acidifying soil, but this effect
was buffered by compost co-application. Aliphatic hydrocarbon-degrading microoganism
population size, microbial biomass carbon and aerobic respiration rate were positively

correlated with petroleum hydrocarbon degradation.
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1. BIOREMEDIATION OF HYDROCARBON CONTAMINATED SOIL:
AN OVERVIEW

1.1 INTRODUCTION

Contamination of soil from petroleum hydrocarbons is widespread in western Canada,
with an estimated 75,000 to 90,000 contaminated sites (McIntyre 2003). Leaking fuel
storage tanks, spills at petroleum wellsites, ruptured pipelines and spills at refuelling
stations are among the main sources of natural gas, diesel fuel or crude oil contamination
in Alberta (Frick et al. 1999; Salanitro 2001; McIntyre 2002; Rahman et al. 2002;
Germida and Farrell 2003).

Natural attenuation and bioremediation have proven to be effective remediation
technologies for sites with low to moderate levels of hydrocarbon contamination and

- suitable soil and climate conditions. These treatments work by allowing native or
inoculated soil microorganisms to degrade the organic contaminants over time (Lye et al.
1997; Riser-Roberts 1998; Frick et al. 1999; Stanley et al. 2000; Andreotti et al. 2001;
Mougin 2002; Rahman et al. 2002; Germida and Farrell 2003). Organic amendments
such as compost may sorb contaminants and improve soil physical and chemical
properties, including soil aeration, and may thus increase microbial activity and aid in
vegetation establishment (Dick and McCoy 1993; Hill and James 1998; Stratton et al.
1998; Liem et al. 2003).

Many greenhouse and field trials have shown that phytoremediation and bioremediation
can successfully reduce petroleum hydrocarbon concentrations in contaminated soils, and
the future of these technologies appears promising (Banks et al. 1997; Carman et al.
1998; Hinchman et al. 1998; Frick et al. 1999; National Risk Management Research
Laboratory 2000; Andreotti et al. 2001; Stehmeier et al. 2001; Hutchinson et al. 2001a;
Mougin 2002; Palmroth et al. 2002; Banks et al. 2003; Bedessem 2003; Siciliano et al.
2003; Singh and Jain 2003). Bioremediation is inexpensive, low-maintenance, simple to
implement, well-suited to remote areas and large zones of contamination, compatible
with legal requirements to reclaim contaminated sites, socially acceptable and applicable

to a wide variety of contaminants; it not only preserves but improves the soil (Lye et al.

1
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1997; Hinchman et al. 1998; Naeth and Howat 1999; Pivetz 2001; Mougin 2002;
Palmroth et al. 2002; Banks et al. 2003; McIntyre 2003; Reynolds et al. 2003). The
potential of bioremediation for treatment of petroleum hydrocarbon in western Canadian

soils thus merits further investigation.

1.2 COMPOSITION AND BIODEGRADABILITY OF PETROLEUM HYDROCARBONS

1.2.1 Composition

Oil products contain contaminants such as asphaltenes, polar compounds and nitrogen-
sulphur-oxygen containing organic compounds (NSOs) (Bailey et al. 1973; Song et al.
1990; Salanitro 2001), but are composed mainly of petroleum hydrocarbons. Petroleum
hydrocarbons (PHCs) consist of alkanes, alkenes, cycloalkanes, aromatic compounds,
heterocycles and polycyclic aromatic hydrocarbons (Atlas 1981; Gustafson et al. 1997,
Fathepure and Tiedje 1998; Frick et al. 1999; Salanitro 2001) and are classified into four
fractions by the Canadian Council for Ministers of the Environment (CCME) by carbon
(C) chain length irrespective of aromaticity (Alberta Environment 2001; ESG

International Inc. 2003).

The Cg to Cyo fraction comprises approximately 25% of Albertan crude oil by mass (ESG
International Inc. 2003). Gasoline, naphtha and natural gas components are included in
fraction 1, with significant concentrations of benzene, toluene, ethylbenzene and xylene
compounds (BTEX), volatile organic compounds, alkanes and alkylbenzene compounds.
The >C)( to C¢ fraction 2 contains kerosene, fuel oil and diesel oil #2 compounds,
comprised of alkanes, alkylated polycyclic aromatic hydrocarbons (PAHs), BTEX and
alkylated benzenes. Approximately 25% of Albertan crude oil is classified into this
fraction. The >C¢ to Cs4 fraction 3 contains comprises approximately 35% of Albertan
crude oil, lubricating oils and greases, heavy fuel oils and road oils. Fraction 3
hydrocarbons include high molecular weight alkanes, naphthalenes, alkylated PAHs,
phenanthrenes and fluorenes. The >Cj4 fraction comprises approximately 15% of
Albertan crude oil, including asphalts. Fraction 4 is dominated by saturated

hydrocarbons, asphaltenes, alkyl chrysenes, steranes and high molecular weight PAHs.
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The density of medium gravity crude oil ranges from 0.7 to 0.9 g mL"', and its
composition is approximately 20% alkanes, 4% branched alkanes, 4% cycloalkanes, 4%
monoaromatic compounds, 3% PAHs and 0 to 6% heterocyclic compounds. The
distribution of saturated, aromatic and heterocyclic fractions in heavy, medium and light
crude oils are approximately 20, 29 and 44% in heavy crude oil, 56, 24 and 15% in
medium crude oil, and 87, 6 and 0.7% in light crude oil (Salanitro 2001). Westlake et al.
(1974) analysed four crude oils from Alaska, Saskatchewan and the Northwest Territories
and reported that the aromatic fraction ranged from 30.0 to 39.2% of crude oil

composition, compared to 30.5 to 48.5% for saturates.

Alkanes, branched alkanes, low molecular weight cycloalkanes and monoaromatic
compounds of C chain length C4 to C;5 have high vapour pressures and readily volatilise
at ambient temperatures. Since volatilisation is often not measured or accounted for in
biodegradation studies, microbial degradation of fraction 1 and 2 compounds is often

overestimated (Song et al. 1990; Salanitro 2001; Van Hamme et al. 2003).

Acute and chronic toxicity tests conducted by ESG International Inc. (2003)
demonstrated that fraction 2 in Albertan crude oil was the most toxic to plant seeds,
seedlings and invertebrates. Toxicity decreased for fraction 3 and whole crude oil, and
fraction 4 was the least toxic fraction measured. Alkanes of chain length C, to Cy are
often toxic to microorganisms due to their relatively high solubility in water (Fathepure
and Tiedje 1998). The legal standard for total petroleum hydrocarbons (TPH) in Alberta
agricultural soils is 1000 mg kg™, a concentration without adverse effects on soil
microorganisms and plants (Environmental Research Advisory Council 2001; Salanitro
2001). Microtox toxicity tests conducted in a field trial in California on soil with
weathered heavy oil contamination of 3000 mg kg™ demonstrated no significant change
in toxicity with time and vegetation treatments, with effective concentrations (ECsg) of
approximately 0.3% after 29 months (Banks et al. 2003). The CCME Canada Wide
Standards for petroleum hydrocarbons in soil (Canadian Council for Ministers of the

Environment 2001) are delineated by fraction and soil texture (Table A1).
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1.2.2 Biodegradability of Petroleum Hydrocarbons

Petroleum hydrocarbons are persistent organic pollutants and can remain in contaminated
soil for decades (Atlas 1981; Késtner et al. 1994; Salanitro 2001; Van Hamme et al.
2003; White et al. 2003). In field studies in cold climates, Reynolds et al. (2003)
demonstrated that the thousands of petroleum hydrocarbons present in contaminated soils
degrade at different rates by different enzymes. Atlas (1981) defined weathering as the
chemically and biologically induced changes over time in the composition of a polluting

petroleum hydrocarbon mixture.

The biodegradability of petroleum hydrocarbons generally decreases in the order: n-
alkanes > branched alkanes > branched alkenes > substituted cycloalkanes >
monoaromatic hydrocarbons > unsubstituted cycloalkanes > two-ring aromatic
hydrocarbons > three-ring aromatic hydrocarbons > four-ring aromatic hydrocarbons >
five-ring aromatic hydrocarbons > asphaltenes (Westlake et al. 1974; Atlas 1981; Késtner
et al. 1994; Sugiura et al. 1997; Atagana et al. 2003; Chaineau et al. 2003; Van Hamme et
al. 2003). Lighter aromatic hydrocarbons are frequently degraded before heavy saturated
compounds (Bailey et al. 1973; Huesemann 1995; Sugiura et al. 1997; Salanitro 2001).
Resistance to biodegradation thus increases with structural complexity and molecular
mass (Westlake et al. 1978; Atlas 1981; Késtner et al. 1994; Huesemann 1995; Sugiura et
al. 1997; Riser-Roberts 1998; Itdvaara and Piskonen 2000; Stanley et al. 2000; Salanitro
2001; Atagana et al. 2003; Chaineau et al. 2003; Van Hamme et al. 2003). Microbial
degradation of five-ring aromatic hydrocarbons appears to occur only through co-
metabolism (Késtner et al. 1994; Stanley et al. 2000; Salanitro 2001; Van Hamme et al.
2003) by a consortium of microorganisms (Van Hamme et al. 2003; Lors et al. 2004).

Huesemann (1995) examined degradation rates of crude oils of varying compositions in
closed landfarming mesocosms over 52 weeks. Potting soils were spiked with three types
of crude oil to 5% weight and amended with ammonium nitrate (NH,NO,) and potassium
hydrogen phosphate (K,HPO,) to carbon:nitrogen:phosphorus (C:N:P) ratios of 100:5:1.
Initial TPH concentrations for fresh contamination with heavy crude oil and two fresh

contamination treatments with lighter crude oils were 2.18, 2.31 and 2.95% dry weight
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(dw), respectively. Hydrocarbons were analysed as four groups: saturates of carbon
numbers <44> and aromatics of carbon numbers <44>, Initial <Cg44 saturate
concentrations in heavy crude oil and two lighter crude oil treatments were 0.85, 1.22 and
1.71% dw, respectively, and 66, 86 and 85% of <Cy4 saturates were lost over the
experiment. Initial >Cy4 saturate contents were 0.19, 0.29 and 0.35% dw, respectively,
with 68, 75 and 76% loss. Aromatic hydrocarbon concentrations in heavy crude oil and
two light crude oil treatments were 0.74, 0.46 and 0.56% dw, respectively for <Cy4
aromatics and 0.30, 0.23 and 0.20% dw for >Cy, aromatics. Respective losses of <Caq4
aromatics were 59, 69 and 72%, and of >C,4 aromatics were 38, 46 and 44%. Heavier
crude oil thus contained higher concentrations of aromatic hydrocarbons and lower
concentrations of saturates than lighter crude oils, with little difference in composition or
degradation between crude oils of the same gravity (Huesemann 1995). Degradation was

lower for aromatic than saturated hydrocarbons and lowest for >C,4 aromatics.

To be degraded by soil microorganisms and taken up by plants, organic contaminants
must come into direct contact with microorganisms and plant roots (Sohrabi et al. 1999;
Van Hamme et al. 2003) and thus must be mobile in water. Studies to date indicate that
hydrocarbons move into microbial cells passively, without active uptake (Van Hamme et
al. 2003). Hydrocarbons with low solubility in water are resistant, though not immune, to
mineralisation by soil microorganisms (Késtner et al. 1994; Huesemann 1995; Sugiura et
al. 1997; Mougin 2002; Van Hamme et al. 2003). Plant uptake of organic compounds is
optimum for compounds of intermediate polarity and moderate hydrophobicity, with log
of the octanol-water partition coefficient (log Kow) values of approximately 1.0 to 3.5
(Pivetz 2001; Singh and Jain 2003). Compounds with log Kow values below 1.0 are
water-soluble and will move passively into plants through transpiration, but will not
phytoaccumulate. Lipophilic compounds of log Kow greater than 3.5 will sorb to plant
roots or soil particles; while these compounds will not be absorbed by plants, they may be
amendable to microbial degradation in the rhizosphere (Pivetz 2001). Octanol-water
partition coefficients of most aromatic petroleum hydrocarbons vary from 2 to 8, while
those of aliphatic petroleum hydrocarbons range from 2 to 11 (Gustafson et al. 1997,

Salanitro 2001). Phytoaccumulation of petroleum hydrocarbons is thus often insignificant
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(Palmroth et al. 2002; Singh and Jain 2003), with mineralisation in the rhizosphere the
most significant mechanism of degradation (Frick et al. 1999; Pivetz 2001, Salanitro
2001; Germida and Farrell 2003; Singh and Jain 2003).

Organic xenobiotic chemicals may be sorbed to the surface of humic matter or
incorporated into the structure of humic macromolecules (Klavins and Serzane 2000;
Salanitro 2001; Mougin 2002; Ke et al. 2003). Formation of these complexes in the
aqueous phase can increase solubility and thus mobility of petroleum hydrocarbons. The
bioavailability of the contaminant to the microbial community will increase as a result,
however. In the solid phase, binding of contaminants to humic material reduces mobility,
bioavailability and toxicity of petroleum hydrocarbons (Klavins and Serzane 2000;

Salanitro 2001; Mougin 2002; Ke et al. 2003; Van Hamme et al. 2003).

1.3 MICROBIAL ABUNDANCE, DIVERSITY AND ACTIVITY IN HYDROCARBON-

CONTAMINATED SOILS

1.3.1 The Soil Microbial Community

A gram of dry soil may contain 107 to 10’ culturable individuals of 40 phenotypes or
4000 genotypes (Trevors 1998). The soil microbial community is diverse and dynamic,
and the numbers of a particular species sampled in a soil ecosystem cannot be correlated
to its effect upon the soil environment (Wollum 1994; Trevors 1998; Van Hamme et al.
2003). Soils are highly variable, but surface horizons typically support larger and more
diverse microbial populations than subsurface horizons (Wollum 1994; Trevors 1998).
Soil microbial populations and activities are also spatially variable, correlating with soil
physical and chemical properties (Wollum 1994; Trevors 1998; Van Hamme et al. 2003).
Microbial community structure and function varies with spatial location, soil depth and
time (Wollum 1994; Trevors 1998; Bundy et al. 2002; Sabaté et al. 2004). While most
soils are aerobic, anaerobic microsites may form due to low gas diffusion or high rates of

oxygen (O,) consumption (Kaspar and Tiedje 1994; Fathepure and Tiedje 1998).
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Many years of research have shown that nutrients, oxygen and water, not petroleum-
degrading microorganisms, are limiting in contaminated soils (Westlake et al. 1978; Song
and Bartha 1990; Kistner et al. 1994; Huesemann 1995; Riser-Roberts 1998; Sohrabi et
al. 1999; Itdvaara and Piskonen 2000; Salanitro 2001; Van Hamme et al. 2003; Saul et al.
2005). Many species and genera of soil bacteria and fungi are capable of hydrocarbon
utilisation (Atlas 1981; Késtner et al. 1994; Rahman et al. 2002; Van Hamme et al. 2003;
Saul et al. 2005), predominantly aerobic (Atlas 1981; Van Hamme et al. 2003). Késtner et
al. (1994) enumerated hydrocarbon-degrading bacteria from sites in Germany
contaminated with fuel oil or coal tar oil. Microorganisms capable of mineralising PAHs
as sole carbon source were found only in soils from contaminated sites, with populations
between 10° and 10° colony forming units (CFU) g" soil. Huesemann (1995) reported
that soils with fresh or weathered crude oil contamination contained 10° to 10" CFU g
total aerobic heterotrophs and 10° to 10° CFU g™ hydrocarbon degrading

microorganisms.

1.3.2 Aerobic and Anaerobic Degradation of Petroleum Hydrocarbons

Anaerobic degradation of hydrocarbons has been feported in many waterlogged or
heavily contaminated systems where water or oil saturation limits O, diffusion (Atlas
1981; Itdvaara and Piskonen 2000; Salanitro 2001; Mougin 2002). The theoretical oxygen
demand for aerobic microbial degradation of hydrocarbons is 1 g O, for 3.5 g of oil
oxidised (Atlas 1981), and oxygen limitation is considered the most important influence
on community metabolic function (Song et al. 1990; Lors et al. 2004). Recent studies
have shown that aliphatic and aromatic petroleum hydrocarbons can be metabolised in
anaerobic conditions by microorganisms using alternate electron acceptors, including
sulphate-reducing bacteria, iron-reducing bacteria, denitrifying bacteria and
methanogenic archaea (Fathepure and Tiedje 1998; Salanitro 2001; Mougin 2002;
Ramsay et al. 2003; Van Hamme et al. 2003), although there is little evidence of
anaerobic metabolism of PAHs of four or more rings (Van Hamme et al. 2003).
Microbial degradation of toluene and naphthalene under varying redox conditions is

described in Table A2,
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Hydrocarbon degradation through iron (III) (Fe*) reduction is limited due to the low
bioavailability of Fe™ in soil (Fathepure and Tiedje 1998; Ramsay et al. 2003).
Anaerobic metabolism of PHCs by fungi has not been investigated to date (Van Hamme
et al. 2003). Ramsay et al. (2003) measured mineralisation of naphthalene and anthracene
with various electron acceptors over 160 days. Mineralisation of naphthalene with the
electron acceptors Oy, nitrate (NOs"), Fe™ and sulphate (SO47?) was approximately 35, 30,
12 and 30%, respectively. Mineralisation of anthracene was slower, with totals of 8.5,
5.8, 3.7 and 4.9% miineralisation in the presence of electron acceptors Oz, NO3', Fe** and
SO472, respectively. No methane (CH,) production was detected in the aerobic or
anaerobic incubations. The iron-reducing bacteria utilised insoluble FeOOH as a terminal
electron acceptor as efficiently as soluble Fe™ (Ramsay et al. 2003). Manganese (Mn*?)

and humic acids may also serve as terminal electron acceptors for anaerobic PHC

degradation (Van Hamme et al. 2003).

Aerobic and anaerobic biodegradation of historical mineral oil contamination was studied
in soil samples from a site with shallow groundwater or perched groundwater tables of
0.8 to 2.5 m (Salminen et al. 2004). Soil samples from 0.55 to 2.55 m depth, with mineral
oil concentrations of 750 to 7800 mg kg, were incubated under aerobic and anaerobic
conditions for 4 and 10 months, respectively. No anaerobic activity was detected to 0.55
m depth, but removal of mineral oil with anaerobic degradation at 1.05 to 2.55 m ranged
from 6 to 38%. Approximately 0.2% of this oil was converted to CH,, 2 to 33% was
mineralized as carbon dioxide (CO,), and 20 to 99% was incorporated as organic matter.
Aerobic degradation yielded 15 to 44% removal of mineral oil, of which 10 to 60% was
mineralised as CO, and 20 to 99% was converted to organic matter. Aerobic activity was
low at this site, and CO, production during anaerobic incubation suggests that Fe"™ or

SO,? reduction were the dominant anaerobic processes.

Soil samples from a second, more heavily contaminated sampling location on the same
site were taken at 1.75 to 3.4 m depth and yielded mineral oil concentrations of 5000 to
16 400 mg kg, increasing with depth (Salminen et al. 2004). Anaerobic degradation
removed 34 to 63% of mineral oil, of which 27 to 59% was converted to organic matter,

4 to 70% as CH, and 3 to 20% as CO,. Under aerobic incubation, mineral oil
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concentrations were reduced by 31 to 44%. Of the mineral oil removed, 39 to 97% was
incorporated into organic matter and 16 to 28% was mineralised as CO,. Methanogenesis
was the dominant anaerobic process at this location; however, high aerobic and anaerobic

activity was measured in the same samples.

1.3.3 Hydrocarbon Degrading Bacteria In Soils

Proportions of hydrocarbon-degrading microorganisms in soil communities increase with
hydrocarbon exposure, constituting less than 0.1% in unpolluted ecosystems to up to
100% in oil-contaminated ecosystems (Walker and Colwell 1976; Atlas 1981; Song and
Bartha 1990; Késtner et al. 1994; Lindstrom et al. 1999; Rahman et al. 2002; Chaineau et
al. 2003; Sabaté et al. 2004; Saul et al. 2005). Semenov et al. (1998) determined that 50
mL crude oil kg™ was the threshold concentration for inducing domination of
hydrocarbon-oxidising microorganisms in freshly contaminated soil. Total bacterial
populations in Alaskan boreal forest did not differ significantly from those in reference
soils almost 20 years after a crude oil spill, but numbers of actively respiring bacteria
were significantly lower (Lindstrom et al. 1999). In contrast, hydrocarbon-degrading
bacteria comprised 1 to 3% of total bacteria in contaminated soils but at most 0.005% in
reference non-contaminated soils. Substrate utilisation patterns suggested weathered
crude oil contamination reduced microbial population diversity, but microorganisms in

this contaminated soil utilised a wider range of substrates (Lindstrom et al. 1999).

Sabaté et al. (2004) reported that 19.3% of heterotrophic microorganisms in weathered
petroleum-contaminated soil were hydrocarbon degraders. Hydrocarbon degrading
microorganisms were estimated to comprise 0.01% of the total aerobic heterotrophic
population in non-contaminated loam soil sampled by Song and Bartha (1990), but this
value increased to 90.8 and 70.6% two weeks after application of 50 and 135 mg g jet
fuel, respectively. These values had dropped to 18.8 and 9.4% by the end of the 16-week
experiment, corresponding with trends in the total microbial population (Song and Bartha
1990). Contamination with jet fuel caused an initial increase in the aerobic heterotrophic
populations, but after 16 weeks they had dropped to slightly below those at the start of

the trial. Hydrocarbon degrading microorganisms, however, remained more than two
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orders of magnitude above initial values. Liming, fertilisation and tilling increased total
aerobic heterotrophic and hydrocarbon degrading populations in contaminated soil by one

and three orders of magnitude, respectively (Song and Bartha 1990).

In Antarctic soil with weathered contamination from hydraulic and lubricating oils, Saul
et al. (2005) counted 1.4 x 107 CFU g’ culturable aerobic heterotrophs, 1.3 x 10° CFU g
dodecane degrading microorganisms and 4.1 x 10° CFU g phenanthrene degrading
microorganisms. Adjacent non-contaminated soils contained 4.1 x 10° CFU g culturable
aerobic heterotrophs and <10 CFU g hydrocarbon degraders, indicating hydrocarbon-
degrading microorganisms dominated in contaminated soil. Enumeration of total soil
microorganisms using epifluorescence microscopy yielded 10.0 and 4.9 x 107 total counts

g in control and contaminated soils, respectively.

1.3.4 Hydrocarbon Degradation by Fungi

Mixed microbial populations of bacteria, yeasts and fungi are required for thorough
degradation of petroleum hydrocarbons, and in most soils the indigenous microbial
community contains sufficient population density and diversity for successful petroleum
bioremediation (Westlake et al. 1978; Késtner et al. 1994; Huesemann 1995; Lye et al.
1997; Sugiura et al. 1997; Riser-Roberts 1998; Sohrabi et al. 1999; Itivaara and Piskonen
2000; Salanitro 2001; Rahman et al. 2002; Van Hamme et al. 2003; Sabaté et al. 2004).
While the abilities of bacteria and yeast to degrade hydrocarbons appear to decrease with
increasing carbon chain length, fungal degradation of hydrocarbons does not appear to be
as influenced by carbon chain length (Atlas 1981). Fungal metabolism of petroleum
hydrocarbons is of great interest because fungi can produce extracellular enzymes and
can, through fungal hyphae, access hydrocarbons in hydrophobic soils and soil
aggregates that would be unavailable to bacteria (April et al. 2000).

Studies of white rot fungi (a physiological grouping) have shown promise (Semenov et
al. 1998; Stanley et al. 2000). Song and Bartha (1990) reported that application of jet fuel
to soil columns increased lengths of fungal hyphae from 1 x 10" to 5 x 10° m g soil after

an initial small decrease; no effect was observed at the bottom of soil columns. A
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combined liming, fertilisation and tilling treatment increased lengths to 10 m g
Hydrocarbon degrading fungi isolated from Canadian flare pits demonstrated aliphatic
PHC degradation, but none were able to degrade aromatic PHCs (April et al. 2000).
Fungi capable of degrading crude oil alkanes included species from the genera
Aspergillus, Beauveria, Fusarium, Neosartorya, Oidiodendron, Paecilomyces,
Phialophora and Pseudallescheria, with species of Penicillium exhibiting the greatest
ability to degrade aliphatic hydrocarbons. The ability of these fungi to mineralise PHCs
was analysed by radiorespirometry with radiolabeled hexadecane and phenanthrene.
Recovery of hexadecane "C as '*CO, ranged from 0.5 to 37.1%, while 1.4 to 11.6% was
recovered as biomass; these results were attributed in part to adsorption to mycelium. No
mineralisation of radiolabeled phenanthrene was observed. Results suggested that fungi
may partially break down PHCs to smaller or more soluble compounds for degradation

by other microorganisms (April et al. 2000).

1.3.5 Metabolic Pathways for PHC Biodegradation

Metabolic pathways vary between compound and microorganisms, and are not well
understood for fungi and many bacterial species (Itdvaara and Piskonen 2000; Van
Hamme et al. 2003). Soil microorganisms may utilise hydrocarbons for energy or carbon,
metabolising the contaminants into CO,, or may co-metabolise the contaminants during
degradation of other organic compounds (Nichols et al. 1997; Sugiura et al. 1997,
Semenov et al. 1998; Salanitro 2001; Mougin 2002; Van Hamme et al. 2003). Alkanes
and aromatic compounds of low molecular weight can be metabolised directly to CO,
and microbial biomass, but PAHs are often only partially degraded. Soil microorganisms
may detoxify large and structurally complex contaminants into smaller, stable
compounds, and these partially oxidised products will accumulate in weathered soils
(Atlas 1981; Itdvaara and Piskonen 2000; Salanitro 2001; Mougin 2002; Chaineau et al.
2003; Van Hamme et al. 2003; Sabaté et al. 2004). Intermediate compounds such as
waxes and tar balls may be produced during microbial degradation of petroleum

hydrocarbons (Atlas 1981; Van Hamme et al. 2003).
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Many hydrocarbons that would not be metabolised in isolation will degrade in mixtures
of petroleum hydrocarbons, an effect attributed to co-oxidation (Atlas 1981; Itdvaara and
Piskonen 2000; Salanitro 2001; Rahman et al. 2002; Van Hamme et al. 2003; Lors et al.
2004). Enzymes from more than one species of microorganisms may be required to
complete the metabolic pathway of a petroleum hydrocarbon, requiring a diverse
population of soil microorganisms. Toxic soil contamination often reduces species
richness and thus diversity, but domination of microorganisms capable of metabolising
the contaminant will also reduce soil biodiversity (Trevors 1998; Saul et al. 2005).
Information on the effect of PHCs on microbial population diversity is incomplete,

however (Trevors 1998).

1.3.6 Research To Date

Ninety days after adding 100 mg kg PAHs to silty clay loam soil, Maliszewska-
Kordybach and Smreczak (2003) observed a slight but significant increase in the total
bacterial population from 479 to 508 x 10° CFU g, a slight but significant drop in
dehydrogenase activity from 360 to 264 mm?® H, 100 g, and no significant differences in
acidic phosphatase activity or CO, respiration rate between treatments. Rahman et al.
(2002) reported that bacterial populations in soils contaminated with diesel fuel were
dominated by Corynebacterium (36.5% of culturable population), Pseudomonas (14.4%),
Micrococcus and Bacillus (11.1% each), with smaller (<10%) concentrations of
Enterobacter, Flavobacterium, Moraxella, Alcaligenes, Aeromonas, Acinetobacter and
Vibrio. These communities consisted of 51.1% catalase reducers and of 68.2% ammonia
producers, 60.3% nitrite reducers and 44.3% nitrate reducers, all three of which
contribute to nitrogen (N) cycling (Myrold 1999). Nitrite and nitrate reducers were

somewhat more dominant in gasoline-contaminated soils (Rahman et al. 2002).

Microbial populations in non-contaminated soil and soil from a former coke site were
compared by Lors et al. (2004). The contaminated soil, with 3931 mg kg PAH and
elevated heavy metal concentrations, had much higher total organic N and total
phosphorus (P) content than the reference soil; no explanation was offered. Bacterial

populations in contaminated and reference soils were 1.8 and 0.3 x 10° CFU g”',
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respectively, and respective fungal populations were 74 and 1.5 x 10* CFU g". Both soils
contained approximately 10° CFU g naphthalene degrading microorganisms, but only
contaminated soil held microorganisms capable of degrading anthracene, fluorine,
phenanthrene, fluoranthene or pyrene. Eight percent of bacteria in PAH-contaminated
soil were Gram-positive, compared to 53% in non-contaminated soil; the dominance of
Gram-negative bacteria was attributed to the physical protection against contaminants
provided by the outer membrane (Lors et al. 2004), which may limit the ability of Gram-
negative bacteria to access hydrocarbon substrates (Sugiura et al. 1997). PAH-degrading
bacteria isolated from contaminated soil belonged to the genera Ochrobacter,
Pseudomonas, Flavomonas, Aeromonas, Comamonas, Moraxella, Photobacterium and
two unidentified Gram-negative species. Four naphthalene-degrading species were
isolated from the reference soil: Agrobacterium, Corynebacterium, Chryseobacterium

and an unidentified Gram-positive species (Lors et al. 2004).

Nichols et al. (1997) studied rhizosphere microbial populations in petroleum
contaminated sandy loam soil from Alaska. This soil was contaminated to 2000 mg kg!
with a mixture of hexadecane, 2,2-dimethylpropyl benzene, cis-decahydronaphthalene,
benzoic acid, phenanthrene and pyrene and incubated for 14 weeks. The native grass Poa
alpina L. (alpine bluegrass) was grown in selected soil treatments. Rhizosphere soil was
sampled for hydrocarbon-degrading microorganisms using the most probable number
(MPN) method, while bacterial and fungal populations were measured using plate
counting. Populations of hydrocarbon-degrading microorganisms in non-vegetated
treatments were significantly higher in contaminated than non-contaminated soils after 14
weeks, with means of 6.39 and 5.46 log MPN g soil, respectively. At nine weeks,
hydrocarbon-degrading microorganisms in the rhizosphere of P. alpina were 7.00 log
MPN g contaminated soil; populations in bulk soil of vegetated, contaminated
treatments and in rhizosphere soil of non-contaminated treatments were slightly lower at
6.70 and 6.06 log MPN g’ soil, respectively. Bacterial populations in contaminated, non-
vegetated soil increased significantly over 4 weeks from 7.34 to 7.92 log CFU g, but the
change was not significant after 14 weeks. Fungal populations dropped from 4.73 to 4.49

log CFU g over 14 weeks, due possibly to competition with bacteria. Both populations
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declined in non-contaminated, non-vegetated soil, and results from both populations were

considered to be consistent with results from other studies (Nichols et al. 1997).

Establishment of Poa alpina in contaminated soil did not significantly affect bacteria or
fungi populations in the rhizosphere as compared to bulk soil (Nichols et al. 1997).
Percentages of bacterial populations that were hydrocarbon degraders in vegetated,
contaminated soil were 21.9 and 12.4% in the rhizosphere and bulk soil, respectively,
compared to 13.7 and 5.2%, respectively, in vegetated, non-contaminated soils (Nichols
et al. 1997). These results demonstrate a significant shift in the microbial community
upon vegetation establishment, suggesting biodegradation of hydrocarbon contaminants

was stimulated by plant roots.

Bailey and McGill (2001) studied respiration in two soils with weathered petroleum
contamination: Devon loam soil with 18% dichloromethane extractable organic carbon
(DEO-C) and low electrical conductivity (EC), and Montreal clay loam soil with 8%
DEO-C and 5 dS m™! EC. Three rates of nutrient addition were tested, based upon the
amount of N, P and sulphur (S) required for degradation of organic material. The
cumulative carbon respired from the Devon and Montreal soils after 10 weeks incubation
without aeration at the normal (theoretical requirement) nutrient amendment rate was
1.97 and 0.17 pg CO,-C (g soil)™!, respectively. Carbon dioxide evolution was best
represented by a first-order exponential model, in which substrate availability was the
only limiting factor. In contrast, Lindstrom et al. (1999) reported that soil respiration rates
in Alaskan soil contaminated over 20 years earlier with crude oil did not differ

significantly from those in non-contaminated soil.

Populations of heterotrophic bacteria and hydrocarbon-adapted bacteria were monitored
in windrows of freshly contaminated soil over two years by Chaineau et al. (2003), using
MPN methods. Addition of crude oil initially increased microbial populations, as did
fertiliser and straw amendment to contaminated windrows. After 180 days, numbers of
heterotrophic bacteria in non-amended windrows, fertilised windrows and windrows
amended with fertiliser and straw were 9.50, 200 and 4500 x 10° CFU g'1 soil,

respectively. Counts of hydrocarbon-adapted bacteria in these respective treatments were
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9.50, 45 and 75 x 10° CFU g"'. Heterotrophic and hydrocarbon-adapted bacterial
populations in non-contaminated soil were 2.5 x 10® and 0.025 x 10%, CFU g’',
respectively (Chaineau et al. 2003), indicating oil contamination increased the proportion
of hydrocarbon-adapted bacteria in the soil from 0.1 to 100%. The lowered relative
abundance of hydrocarbon-adapted bacteria in windrows amended with fertiliser and with
fertiliser and straw, calculated at 22 and 1.7%, respectively, after 180 days, was not
discussed. Microbial populations were correlated with decreases in toxicity and crude oil
contamination (Chaineau et al. 2003), however, suggesting the relative abundance of
hydrocarbon-degrading organisms decreased as the overall microbial population

increased. The term “hydrocarbon-adapted bacteria” was not defined.

Podzolic sandy loam soil and fluvisolic loamy sand were incubated for 103 days with no
contamination or fresh 1% dw diesel fuel (Bundy et al. 2002). N and P were added to
adjust the 0il:N:P ratio to 100:10:1, approximately 100:12:1.25 C:N:P. Diesel fuel loss
was 60%, corresponding to increased aerobic respiration rates and microbial biomass.
Respiration peaked for the sandy loam soil by day 27 and had decreased to near-control
levels by the end of incubation, while the loamy sand did not reach maximum respiration
until day 62 and did not decline to control levels. Microbial biomass also reached its
maximum value by day 27 for contaminated sandy loam soil, and declined but remained
elevated over those in control soils. Loamy sand had lower microbial biomass than the
sandy loam soil in both contamination treatments. Diesel fuel also increased microbial
biomass for loamy sand, with the maximum value measured at the end of the experiment.
Phospholipid fatty acid profiling (PLFA) indicated that the microbial communities in the
soils were distinct from each other, as were contaminated soils from control treatments.
Community profiles for contaminated and control treatments remained distinct at the end
of the experiment, with contaminated samples diverging from each other throughout the
trial; diesel fuel contamination was the main source of variation between samples, and

served to differentiate communities between the soil types (Bundy et al. 2002).
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1.3.7 Conditions and Kinetics of PHC Metabolism

Microbial metabolism is highly dependant upon temperature, but hydrocarbon
biodegradation has been observed at temperatures below 0 °C (Atlas 1981; Itdvaara and
Piskonen 2000; Salanitro 2001; Seklemova et al. 2001; Rahman et al. 2002). Chaineau et
al. (2003) showed that bioremediation of fresh crude oil in windrowed soil was possible
at temperatures of 10 °C. Enzymes produces by cold-adapted microorganisms have more
flexible protein structures and higher activities at lower temperatures compared to
mesophilic microorganisms (Itdvaara and Piskonen 2000). Optimum conditions for
biodegradation vary with sites and microbial populations. Chang et al. (2001) reported
that optimal conditions for biodegradation of phenanthrene were 30 °C, pH 7.0 and soil
water content of 100% weight basis (w/w), while Atagana et al. (2003) found pH 6.5 to
7.0 and soil water content of 70% w/w were optimal for biodegradation of weathered
creosote contamination. Sohrabi et al. (1999) recommended soil moisture levels of 25 to
85% of field capacity. Hydrocarbon-degrading bacteria isolated from soils at gasoline and
diesel fuelling stations had higher growth in culture at pH 7.5 than at pHs of 6.5 or 8.5
(Rahman et al. 2002). Successful bioremediation of hydrocarbon contaminants in soil

have been reported at sites across Canada (Lye et al. 1997).

Microbial degradation of petroleum hydrocarbons follows first-order kinetics, in which
amount of substrate consumed is proportional with amount of time passed; degradation
rates, rate constants and half-lives are documented in the literature (Huesemann 1995,
Riser-Roberts 1998; Song et al. 1990; Sohrabi et al. 1999; Bailey and McGill 2001;
Brook et al. 2001; Chang et al. 2001; Salanitro 2001; Namkoong et al. 2002).
Experiments demonstrated that aerobic biodegradation of petroleum hydrocarbons at high
hydrocarbon concentrations follow Monod growth (Sohrabi et al. 1999) and Michaelis-
Menton reaction rate kinetics (Riser-Roberts 1998), in which growth and reaction
velocity are dependent upon substrate concentration. Kinetics of biodegradation at low
substrate concentrations are less well understood (Riser-Roberts 1998), although Song et

al. (1990) described moderate increases in half-lives with higher fuel concentrations.
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1.4 PHYTOREMEDIATION OF PETROLEUM HYDROCARBONS: THE RHIZOSPHERE

EFFECT

A literature review by Frick et al. (1999) found that vegetation stimulates microbial
mineralisation of petroleum hydrocarbons primarily through the rhizosphere effect. This
term describes the increased microbial populations and activity in the rhizosphere from
carbohydrate, amino acid, carboxylic acid, enzyme, chelating agent, nutrient and some
oxygen exudation from plant root systems (Aprill and Sims 1990; Banks et al. 1997;
Kosimar and Park 1997; Nichols et al. 1997; Hinchman et al. 1998; Trevors 1998; Adam
and Duncan 1999; Frick et al. 1999; Alkorta and Garbisu 2001; Pivetz 2001; Davis et al.
2002; Mougin 2002, Banks et al. 2003; Singh and Jain 2003; Van Hamme et al. 2003;
White et al. 2003). This supply of root exudates to bacteria and fungi in the rhizosphere
stimulates growth and metabolism of soil microbial communities, resulting in higher rates
of hydrocarbon degradation in vegetated soils than in non-vegetated soils (Aprill and
Sims 1990; Lee and Banks 1993; Banks et al. 1997; Kosimar and Park 1997; Nichols et
al. 1997; Nedunuri et al. 2000; Alkorta and Garbisu 2001; Hou et al. 2001; Hutchinson et
al. 2001b; Pivetz 2001; Davis et al. 2002; Palmroth et al. 2002; Banks et al. 2003; Ke et
al. 2003; Reynolds et al. 2003; Siciliano et al. 2003; Singh and Jain 2003; Van Hamme et
al. 2003). Leigh et al. (2002) found that 58% of the fine roots produced by Morus L.
(mulberry) in a six-month growing season died at the end of the season, serving as a
potential source of substrate for bacteria which consume recalcitrant organic pollutants

and promoting further degradation of soil contaminants.

Improvement in soil physical and chemical properties through vegetation establishment,
including reduction of infiltration and erosion, soil stabilisation and improved soil
aeration, also improve rates of bioremediation (Riser-Roberts 1998; Frick et al. 1999;
Hutchinson et al. 2001b; Pivetz 2001; Davis et al. 2002; Mougin 2002; Banks et al. 2003;
Reynolds et al. 2003). The latter is of particular importance in wetland systems and
saturated soils, because O, is often the limiting agent in in situ bioremediation; improved
soil aeration through improved soil structure and oxygen delivery to the rhizosphere
prevents anaerobic conditions from developing in the soil (Lye et al. 1997; MclIntyre

2002). Root penetration can break up soil aggregates and small pores, exposing trapped
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contaminants to soil microorganisms, and increase water and air infiltration into
contaminated soils (Banks et al. 2003). Hutchinson et al. (2001b) reported that aged
petroleum sludge vegetated with Festuca arundinacea Schreb. (tall fescue) exhibited soil
structure, aggregation and improved drainage in comparison to non-vegetated sludge.
These strong effects yielded greater O, diffusion and water infiltration over seven months

in this greenhouse experiment (Hutchinson et al. 2001b).

Plants may release enzymes into the rhizosphere which degrade organic chemicals
directly (Frick et al. 1999; Alkorta and Garbisu 2001; Davis et al. 2002; Banks et al.
2003; Van Hamme et al. 2003). In turn, soil microorganisms break down toxic chemicals
to reduce phytotoxicity to the plants growing in contaminated soil (Frick et al. 1999;
Andreotti et al. 2001). Some plants accumulate or metabolise organic contaminants,
while others take up organic compounds from the soil solution and release them into the
air through evapotranspiration. Plants such as Medicago sativa L. (alfalfa), Salix L.
(willow) or Populus L. (poplar) which transpire high amounts of water are highly
efficient in this phytovolatilisation process, and may be used to prevent migration of
contaminants from the affected area (Hinchman et al. 1998; Frick et al. 1999; National
Risk Management Research Laboratory 2000; Davis et al. 2002). Plant uptake of
petroleum hydrocarbons is often negligible (Frick et al. 1999; Van Hamme et al. 2003)
and while many plants hyperaccumulate metals, none have been discovered which

hyperaccumulate PHCs (Singh and Jain 2003).
1.5 NUTRIENT REQUIREMENTS AND ADDITION IN BIOREMEDIATION

1.5.1 Nitrogen and Phosphorus Demand in Hydrocarbon-Contaminated Soils

The effects of inorganic nutrient application on hydrocarbon degradation have been well
studied (Riser-Roberts 1998; Salanitro 2001; McIntyre 2002; Chaineau et al. 2003; Van
Hamme et al. 2003). Nitrogen and P are often the dominant limiting factors in
biodegradation of hydrocarbons in soil (Westlake et al. 1978; Riser-Roberts 1998;
Sohrabi et al. 1999; Van Hamme et al. 2003). Addition of inorganic fertiliser increases

rates of hydrocarbon degradation by supplying N and P to the soil, restoring the nutrient
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balance of these nutrients with C (Westlake et al. 1978; Atlas 1981; Song et al. 1990;
Margesin and Schinner 1997; Riser-Roberts 1998; Ka et al. 2001; Margesin and Schinner
2001; Pichtel and Liskanen 2001; Salanitro 2001; McIntyre 2002; Chaineau et al. 2003).

Plate counts of bacteria from boreal soil at Norman Wells, Northwest Territories, which
had been freshly contaminated with crude oil, showed that application of 600 kg N ha'
significantly increased viable bacteria populations (Westlake et al. 1978). A hundredfold
increase was observed after 22 days; this difference slowly decreased with time, but
bacterial populations were still significantly higher in fertilised treatments after three
years (Westlake et al. 1978). These results were matched by decreases in the saturate
fraction of crude oil contamination, little decrease in asphaltenes, no decrease in aromatic
content and an increase in NSO compounds. Liming, tilling and application of N and P
fertilisers reduced net average doubling rates of hydrocarbon-degrading microorganisms
from 30 to 20 hours in loam soil contaminated with jet fuel (Song and Bartha 1990).
Hutchinson et al. (2001a) found degradation of aged petroleum sludge occurred at the
highest rates when N and P were supplied to soil at rates in excess of amounts required to
maintain plant growth. The optimal nutrient balance for petroleum hydrocarbon
degradation in this short-term, greenhouse study was a C:N:P ratio of 500:10:1. Ka et al.
(2001) reported addition of N and P increased microbial metabolic activity (measured by

rRNA concentration), but not population density, in arctic soil contaminated with fuel.

Degradation of petroleum hydrocarbons by soil microorganisms proceeds at relatively
slow rates in cold northern climates (Atlas 1981; Salanitro 2001), and Margesin and
Schinner (2001) found that while natural attenuation of diesel fuel contamination in an
alpine glacial area reduced hydrocarbons by 50% over three years, residual concentration
of hydrocarbons remained high at 1296 mg kg"'. Low rates of inorganic fertiliser
application by Palmroth et al. (2002) failed to significantly increase degradation of diesel
fuel. Bioremediation of historical diesel oil contamination at a site in northern Alberta
demonstrated a 46% decrease in total extractable hydrocarbons two years after
application of 0.336 Mg ha™' of 20-3-4 NPK (nitrogen-phosphorus-potassium) fertiliser,
compared to an 8% decrease in the unfertilised control (McIntyre 2002). Saul et al.

(2005) compared total N and P concentrations between control and oil-contaminated soils
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from Antarctica and found that while total N concentrations were very low at <0.01%,

total P concentrations were high at 0.19%.

1.5.2 Nnutrient Ratios

The ratio of C to N in soil undergoing bioremediation may be the most important factor
in nutrient stimulation of biodegradation (Riser-Roberts 1998; Salanitro 2001).
Rosenberg et al. (1992) calculated that 150 mg N and 30 mg P is required to convert 1 g
of hydrocarbon to cellular material. Recommended C:N ratios vary from 1.7:1 to 200:1,
and recommended C:P ratios from 17:1 to 1000:1 (MclIntyre 2002). Salanitro (2001)
suggested nutrient addition may fail to increase PHC degradation due to direct
mineralisation without cell growth, limited bioavailability of PHCs in soil and incomplete
breakdown of PHCs. Optimal results have been reported in bioremediation trials on
petroleum-contaminated sites at a C:N ratio of 60:1 and a C:P ratio of 800:1 (Riser-
Roberts 1998), yielding a C:N:P ratio of 800:13:1. Sohrabi et al. (1999) recommended a
C:N:P ratio of 120:10:1. Beaudin et al. (1999) reported total degradation of mineral oil
and grease in weathered hydrocarbon-contaminated soil composted with plant material
increased significantly as C:N ratios decreased from 49 to 17. Diesel fuel degradation
was dependent upon N source and C:N ratio (Brook et al. 2001), with higher TPH
degradation rates at C:N 40:1 using NOj" fertilisers and at C:N 20:1 using urea and
ammonium sulphate (NH4),SO,) fertiliser. Phosphorus concentrations were adjusted to

200:1 for each treatment.

Soil with high, weathered creosote contamination and C:N:P ratio of 130:0.08:4.5 was
amended to C:N ratios of 25:1, 20:1, 15:1, 10:1 and 5:1 in a soil microcosm experiment
(Atagana et al. 2003). Creosote removal from these respective treatments after six weeks
was 68.7, 61.1, 56.3, 63.8, 50.2 and 33%, compared to 46.6% in a non-amended control
and 18.2% in a sterilised control. These values were positively correlated with increasing
populations of hydrocarbon-degrading microorganisms, measured by plate counting. The
highest C:N ratio tested, 25:1, was optimal under these conditions. Phosphorus addition

of C:P 10:2 did not significantly improve creosote degradation in the C:N 10:1 treatment.
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In field trials at sites with historical petroleum contamination, the Remediation
Technologies Development Forum (RTDF) Phytoremediation Action Team applied N
and P fertiliser to vegetated plots at a C:N ratio of 50:1 and a N:P ratio of 100:1
(Kulakow 2000; Kulakow and Erickson 2001), yielding a C:N:P ratio of 5000:100:1. The
field study protocol developed by the RTDF Phytoremediation Action Team calls for
fertilisation at a C:N:P ratio of 50:2:1 (RTDF 1999).

1.6 ORGANIC AMENDMENTS IN BIOREMEDIATION OF HYDROCARBONS

1.6.1 Research To Date

Liem et al. (2003) reported that application of humic substances to soil freshly
contaminated with diesel significantly improved moisture retention, particle size
distribution, pH, C:N ratio, growth of heterotropic bacteria and hydrocarbon
biodegradation. At a current phytoremediation project being conducted on excavated
flare pit soil in Saskatchewan, straw, manure and gypsum were applied to the sodic
(sodium adsorption ratio of 25) clay soil to improve soil structure and water infiltration
(Germida and Farrell 2003). Composted manure was then spread and packed on the site
as a seedbed. Early results indicated that CCME fraction 2, 3 and 4 hydrocarbons were
dropping over non-amended control treatments in non-seeded plots, but were unclear for

seeded plots (Farrell and Germida 2004). Final results have not been published to date.

Biopiles of sandy soil with weathered oily sludge contamination from a waste site near
Montreal, Québec, were amended with activated sludge to 0.2% weight basis (Juteau et
al. 2003). The biopiles had reductions in concentrations of fraction 3 PHCs chrysene and
benzo(a)anthracene, while concentrations in non-amended soils did not significantly
change. Chrysene concentrations decreased from 12.6 to 1.8 mg kg after 126 days,
while those of benzo(a)anthracene decreased from 12.6 to 1.2 mg kg™, Fraction 2 PHCs
1-methyl-naphthalene, 2-methyl-naphthalene and phenanthrene were fully removed in
both amended and non-amended treatments, indicating sludge amendment improved

microbial degradation specifically of fraction 3 hydrocarbons.
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Many years of research have shown that addition of compost to disturbed soil can
improve soil physical, chemical and microbiological properties (Dick and McCoy 1993;
Hill and James 1998; Stratton et al. 1998). Compost application adds organic matter to
soil and thus stimulates soil microbial populations, which in turn improves aggregate
stability, soil water retention, porosity and aeration. The nutrients in compost can reduce
plant requirements for inorganic fertilisers by one-third to one-half (Dalzell et al. 1987;
Sikora and Enkiri 1999). Compost acts as a bulking agent to improve aeration, thus
stimulating biodegradation of hydrocarbons by improving O, availability to soil
microorganisms (Brown et al. 1998; Vasudevan and Rajaram 2001). The organic matter
in compost may also sorb petroleum hydrocarbons, reducing their bioavailability
(Kéastner and Mahro 1996; Verstraete and Devliegher 1996; Vouillamoz and Milke 2001).
Humic acids in compost may act as surfactants for soil microorganisms, increasing
absorption of nutrients and substrates (Vallini et al. 1997). Compost may also provide the

co-substrates required for co-metabolism of PHCs (Van Hamme et al. 2003).

Microbial degradation of hydrocarbon contaminants and plant growth in contaminated
soil can thus benefit from application of compost (Késtner et al. 1995; Késtner and
Mahro 1996; Brown et al. 1998; Chang et al. 2001; Vasudevan and Rajaram 2001), but
little field work has been done to evaluate the potential of compost as an organic
amendment in phytoremediation of PHCs. Of the reviewed studies conducted with
compost, analysis was limited to total hydrocarbon content (Hupe et al. 1996; Lye et al.
1997; Vasudevan and Rajaram 2001; Vouillamoz and Milke 2001; Namkoong et al.
2002) or to CCME fraction 1 and 2 PHCs (Chang et al. 2001; Késtner et al. 1995;
Késtner and Mahro 1996). Most studies were limited to controlled laboratory conditions,

the results of which may not be directly applicable to field conditions (Davis et al. 2003).

Hupe et al. (1996) demonstrated that compost application to diesel-contaminated soil
increased O, consumption by hydrocarbon-degrading microorganisms and resulted in
94% reduction of diesel fuel contaminants. In a 162-day trial with lubricating oil
contamination, more than 75% of contaminants disappeared from soil amended with
compost compared to 37% in non-amended soil. Various treatments were tested on

excavated hydrocarbon-contaminated soil from a fire-fighter training area at Canadian
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Forces Base Trenton, in southern Ontario, from July to November 1995 (Lye et al. 1997).
Combinations of compost with inorganic fertiliser, poultry manure or white rot fungi,
with or without turning soil piles, reduced TPH concentrations to acceptable levels by

most provincial criteria. Further information was not provided.

Brown et al. (1998) conducted bench-scale experiments with weathered, hydrocarbon-
contaminated soil from an inactive oil refinery. Methylated alkanes (pristane and
phytane) disappeared rapidly over 110 days from soil amended with high N sewage
sludge compost; degradation rates were lower in soils amended with sawdust or sludge
compost of low N concentration. Nearly half the complex branched and cyclic alkanes in
soil treated with high N compost disappeared as well. Depletion of dibenzothiophenes

and phenanthrenes was 75 and 90%, respectively, after 70 days.

Namkoong et al. (2002) combined mature food waste compost at varying ratios with soil
freshly contaminated to 10000 mg kg™’ diesel fuel. Ratios of contaminated soil to
compost on a wet weight basis were 1:0.1, 1:0.3, 1:0.5 and 1:1. The mixtures were
composted in a compost bioreactor with aeration 200 L min™ m™ soil, and volatilisation
and evolved CO, monitored. Volatilisation measured 0.9 to 2.6% across treatments while
hydrocarbon degradation in biocide treated mixtures was negligible, indicating that
disappearance of PHCs from contaminated soil was due to biodegradation. Petroleum
hydrocarbon degradation was greatest at a mixture ratio of 1:0.5 of soil:compost, with
99.6% removal over the 30 day trial period. Non-amended, contaminated soil had 66.6%
removal of TPH over the same period. The first-order reaction kinetic constant k at this
ratio was 0.104 for TPH, compared to 0.037 for non-amended soil (Namkoong et al.
2002). Correlation coefficients for cumulative CO; evolved and dehydrogenase activity
to TPH concentration degradation were 0.86 and 0.82, respectively, indicating that PHC

loss was caused by mineralisation by soil microorganisms.

Amendment of loamy sand with compost at 1:1 weight ratio increased total organic
carbon (TOC) from 0.75 to 5.20%, total bacterial population from 20 to 142 x 10° CFU g’
! dehydrogenase activity from 305 to 2661 mm’ H, 100 g”, acidic phosphatase activity
from 38 to 168 pg p-nitrophenyl g, and intensity of respiration from 51 to 295 ug C-CO,
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g' (Maliszewska-Kordybach and Smreczak 2003). These increases remained after 60
days incubation with 10 mg kg™ three- and four-ring PAH contamination, raising total
bacterial population from 101 to 370 x 10° CFU g, dehydrogenase activity from 448 to
2588 mm® H, 100 g', acidic phosphatase activity from 20 to 126 pg p-nitrophenyl g,
and intensity of respiration from 60 to 300 pg C-CO, g"'. Contamination increased total
bacteria and slightly decreased dehydrogenase and acidic phosphatase activity in both
soils, but increased CO, respiration in the compost treatment only (Maliszewska-

Kordybach and Smreczak 2003).

1.6.2 Sorption Of Petroleum Hydrocarbons To Humus

The dominant sorbent of hydrophobic compounds in soil is humic acid (Mougin 2002).
The two most important forms of sorption of organic contaminants to humic substances
are adsorption, defined as adhesion of the chemical to the surface of solid humic material,
and chemisorption, the chemical binding to the surface of humic macromolecules
(Klavins and Serzane 2000; Mougin 2002). While hydrophobic bonding, hydrogen
bonding, charge transfer, ion exchange and ligand exchange are involved in adsorption of
hydrophobic organic xenobiotics, van der Waals attraction is believed to be the dominant
mechanism. The strongest bonding mechanism between xenobiotic chemicals and humus

is believed to be covalent bonding.

Hydrophobicity of humic macromolecules increases with the number of carbon-carbon
double bonds and thus with aromaticity, and the affinity of organic contaminants for
humic substances is determined by hydrophobicity of the contaminant and humus.
Hydrophobic organic chemicals are thus partitioned among various fractions of
hydrophobicity in humic material, and the binding efficiency of humic matter dictated by
the structure of humic macromolecules (Klavins and Serzane 2000; Mougin 2002).
Sorption to humic material greatly reduces bioavailability, and thus toxicity, of organic
contaminants to terrestrial and aquatic flora and fauna (Klavins and Serzane 2000;
Salanitro 2001). Based upon the sorptive capacity of humic material in compost, the
application of 100 to 200 kg compost Mg soil dw could bind organic contaminants to

soil and thus reduce bioavailability of the compounds to legally acceptable levels
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(Verstraete and Devliegher 1996). Humic substances may act as biocatalysts, increasing

contaminant decomposition rates in natural environments (Klavins and Serzane 2000).

Through radiocarbon labelling of the aromatic hydrocarbon anthracene and aliphatic
hydrocarbon hexadecane, Késtner et al. (1995) found amendment with yard waste
compost significantly lowered the extractable fraction of petroleum hydrocarbons.
Ninety-two percent of labelled anthracene was recovered by organic solvent and humic
acid extraction after 103 days of aerated incubation in non-amended soil, and 8.7%
remained irretrievably bound to soil. No mineralisation of labelled anthracene was
measured. With 25% w/w compost, 24% of labelled anthracene was mineralised into
CO,, 10% was recovered by extraction and 42% was bound as unextractable residues to
soil. Almost 54% of labelled hexadecane in compost-amended soil was mineralised, with
3% recovered by extraction and 15.5% remaining in the soil as unextractable residues.
The findings indicated that compost both binds hydrocarbons, rendering them unavailable

for extraction, and increases microbial degradation (Késtner et al. 1995).

Further experiments were performed by Késtner and Mahro (1996) on enhancement of
PAH degradation through yard waste compost amendment to distinguish between its
stimulating effect upon hydrocarbon degrading microorganisms and hydrocarbon
sorption onto the organic matter in compost. Sterilised and non-sterilised compost and
soil were combined at ratios of 3:1 with naphthalene, phenanthrene, anthracene,
fluoranthene and pyrene and incubated for 98 days. Oxygen levels were monitored and
the mixtures aerated when required to maintain aerobic conditions. Humic acids were
extracted by alkaline hydrolysis to quantify the amount of PAHs remaining bound to the
soil matrix after organic solvent extraction. The amount of total PAHs recovered by
alkaline hydrolysis from sterilised pure soil stabilised at approximately 20% at the end of
incubation, compared to 15% in sterilised soil:sterilised compost mixtures. This
difference was attributed to sorption of naphthalene, the most volatile PAH studied, to the

humic matter in the sterilised compost mixture.

In pure non-sterilised soil analysed by Késtner and Mahro (1996), fluoranthene and

pyrene showed no degradation but phenanthrene and anthracene were completely
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degraded after 35 days. The PAHs recovered by alkaline hydrolysis, representing
sorption to organic matter, increased to a maximum of 30% in the non-sterilised soil.
Naphthalene, phenanthrene and anthracene were completely degraded after 20 days in the
non-sterilised soil:non-sterilised compost mixture, with complete degradation of
fluoranthene and pyrene after 35 days. The measure of PAHs recovered by alkaline
hydrolysis increased to 15% shortly after incubation, but all PAHs were completely
degraded (as measured by alkaline hydrolysis) by the end of the experiment. The
researchers concluded that the effect of compost on PAH depletion in amended soil was
the result of real increased microbial degradation in the soil, and not by sorption of PAHs
on organic matter or addition of hydrocarbon degrading microorganisms from compost.
The increased mineralisation of PAHs observed in compost-amended soil was attributed
to co-metabolism or direct aerobic metabolism of the hydrocarbons. The petroleum
hydrocarbons tested were fraction 1 and 2 PHCs using the CCME classification system,

with no information found on sorption of fraction 3 and 4 hydrocarbons.

Ke et al. (2003) added humic acid and pyrene, a fraction 2 petroleum hydrocarbon, to
microcosms of surface sediments from a swamp in Hong Kong. Humic acid was added to
raise the sediment organic matter content from 6 to 9%. Kandelia candel L. Druce
(mangrove) was grown in selected microcosms over the six month trial period. Humic
acid amendment significantly increased bacterial populations, measured by MPN counts,
in non-vegetated treatments only. Mean pyrene recovery from microcosms non-amended
with humic acid was significantly higher in vegetated than in non-vegetated treatments at
70.9 and 61.4%, respectively. In both vegetation treatments, however, pyrene recovery
was approximately 37.3% when amended with humic acid. Aerial biomass of K. candel
seedlings was also significantly lower in microcosms treated with humic acid. These
results indicated that the high rate of humic acid applied inhibited plant growth. The
lower rate of pyrene removal cbserved in amended microcosms may have resulted from

increased pyrene sorption to humic material or from decreased plant growth.
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