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ABSTRACT

‘This research consisted of studying the biodegradation potential of Total Petroleum
Hydrocarbons (TPH) in a diesel contaminated soil using indigenous cultures. From a site
investigation conducted on a polluted site in Argentia (Newfoundland, Canada), typical soil
profiles and contaminants were determined for helping in setting up an Environmental Test
Facility. The potential for bioremediation of soils in that area was studied in the laboratory.

Four kinds of cultures were isolated from the (diesel)

soil, enriched in the laboratory and injected into the soil as a seed to increase the population
of cultures. The contaminated soils were incubated in closed reactors at temperatures
ranging from 25 to 5 °C and pH values from 6 to 8. The addition of mineral salts as nutrients
was also included. Surfactants were used as additional chemicals to enhance the rate of
bioremediation.

The degradation of TPH was by i itoring (Gas

Chromatography) and bacteria counting. Temperature effects study showed that

markedly with i The optimal rate of

bioactivity was obtained in a neutral or slight acid condition, and surfactant Triton X-100

showed an of ion of while the

Tween 60 did not improve degradation. Nutrient requirement was also clearly identified.
Under optimal condition, the TPH removal efficiency reached 50% of the initial value. It was

also observed that bacteria seeding is possible and echances the remediation rate.



Surfactants were used to wash diesel out of the contaminated soils in column tests.
Distilled water, 0.5% (w/w) aqueous solution of surfactant Tween 60 and 0.5% (w/w)
aqueous solution of surfactant Triton X-100 were used as leaching solutions. Corresponding
TPH removals were obtained as 5.3%, 21.7%, and 67.8% respectively, demonstrating
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Chapter 1
Introduction
1.1 Petroleum Hydrocarbons in the Environment

Petroleum are wi in our envi as fuel and chemical

The release of

g impacts many
of our soil and water resources. The contamination can result from leaking Underground
Shorage Tanks (UST), petroleum refineries and bulk storage facilities, broken oil pipelines,
spills of petroleum products in chemical plants and transportation processes (Sherman and
Stroo, 1989). The risks of explosion and fire are also serious threats to the environment.
The U.S. Environmental Protection Agency (EPA) has reported that there were
about 1.6 million of USTs and 37,000 hazardous tanks in 1992. Approximately 320,000
USTSs are leaking, and 1,000 tanks are confirmed as new release each week (Cole, 1994).
Approximately 200,000 USTs are in use in Canada. It leads to a considerable amount of

leaks and ination in soil and (

et al., 1994). As reported by Gruiz and Kriston (1995) an amount of 6,000,000 tons

‘waste enter the envi each year causing serious environmental problems.

Even if the problems associated with fuel storage and distribution are solved,

to ion and ial usage would continue to threaten

supplies. Many ing p necessarily produce water and sludges
that are contaminated with hydrocarbons. At a typical oil refinery facility, more than 23

different waste streams have been identified, several of which have been classified as



hazardous waste (Sims, 1990).

1.2 Remediation of Petroleum Hydrocarbons

Since the ination of soil and by releases of

petroleum products has become a significant problem, a number of technologies have been
tested to remediate the polluted sites. [n U.S. about 16,000 sites are treated each year by the
states and responsible parties according to Cole (1994). Treatment processes have

incorporated physical, chemical or biological methods, or a ination of them.

Remedial action on a contaminated site can involve in situ or ex situ action. The

‘methods includ ion and landfill disposal or incineration. However, these
methods are expensive, and only transfer the contamination from one place to another.
Bioremediation has been claimed to be an inexpensive, natural method of cleanup of
petroleum contaminated soil or water. Both in situ and ex situ treatment of bioremediation

have been shown to be feasible. In situ biological treatment involves the stimulation of

native microbial ity to levels that i degrad: h Treatment using

in situ biological methods can prove to be efficient and cost effective for the cleanup of

soils and

1.3 Objectives of This Study

‘This study consisted of two experimental tasks. The first project involved sampling
and working on an actual site in Argentia, Newfoundland, Canada, a former site of an U.S.
naval facility. More than a hundred of underground storage tanks were used on that site
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leading to extended ination by such as gasoline and diesel.
The involvement of the author in the first step of the establishment of a testing facility leads
to question the actual feasibility of bioremediation on that site. The second part of this work
was performed in laboratory using closed system reactors to biodegradate petroleum
hydrocarbon contaminated soils from the Argentia site. All experiments intended to assess
the effectiveness of bioremediation using native bacterial cultures.

The objectives of the site study were to

L. Collect soil samples from Argentia contaminated areas,

2.C ize the physical ies of the soil and identify the

hydrocarbon contaminants,
3. Help to set up a testing facility to simulate typical soil profiles and the contaminants
distribution on the Argentia site, and

4. Monitor bioremediation processes by testing water samples.

The objectives of the laboratory study were to
1. Characterize the physical properties of the soil used in the testing facility,

2. Test potential of bi iation of i soil,

3. Set up close system reactors to evaluate the bis ion of diesel il soil,

4. Evaluate the effects of the temperature, pH, nutrients, population of bacteria and use of

on the ion of the diesel i soil, and

5. Evaluate the leaching of diesel by typical surfactants in a column test.



The content of this thesis has been organized in six chapters that are presented as
follows:

® Chapter [ is the present i ion: the in the envil and

possible remediation methods. In this section, the pathes through which petroleum

enter the envil are i and some data given indicating how

much amount of can be i released into the
several iation methods are

® Chapter 2 is a review of I princij of bi iation, which includes a

description of the microorganisms in soil, their roles in bioremediation and the definition

of intrinsic and engi i iation. Groups of ware defined

and general bioremedediation methods are presented. The factors affecting on

are di: General i ion of the pathway of hydrocarbon

anda iption of ies are also i

® Chapter 3 summarizes available information on the Argentia site and the site
investigation results, showing the soil profile and the concentration of petroleum
hydrocarbons. The Environmental Testing Facility is described to show the simulation

process that has been under taken.

® Chapter 4 presents the laboratory experiments, which were conducted using closed

soil,

system reactors and columns. ials used in



hydrocarbon, nutrients, and are i methods are also

introduced.

® Chapter 5 contains the results obtained from closed reactors and column tests and

discusses the factors affecting bioremediation and removal of TPH by surfactants.

® Finally in Chapter 6, some ions and ions are



Chapter 2

Literature Review

The literature review prepared for this study consists of two parts. Section 2.1 to 2.4

are devoted to bi iation, its icati imitati and general i ion on the
biodegradation pathway. Section 2.5 deals with This reflects the

work ing to the initial objectives of ining both

2.1 Fund; Principles of Bior

2.1.1 Microorganisms in Soil

" The most i principle of bi iation is that mi isms can be used

to destroy i or them to less harmful forms” (US National

Research Council, 1993).

Since ZoBell (1946) reported that nearly 100 species of bacteria, representing 30
microbial genera, had hydrocarbon oxidizing properties , many species and genera have been
found to have this ability (Texas Research Institute, 1982a) and to be widely distributed in
soils. In the present study, we will concentrate on microorganisms that are present in the
soil, thus excluding artificial import of extraneous species.

Microorganisms in the soil include bacteria, fungi , algae and protozoa. The bacteria

are most abundant in the soil and can be ic or ic in their

Heterotrophic bacteria use one or more organic compounds as a source of carbon for survival
and growth, while autotrophic use inorganic material as a source of nutrients and CO, as the

6



sole source of carbon for growth and obtain their energy from light (Pelczar et al, 1986).

Heterotrophic bacteria are the most il isms in the ion of organic

compounds, and the purpose of engineered bioremediation is to enhance their activity (JRB

and Associates, 1984).

Bacteria are classified into two groups, G passive and Gi gative,
on their cell wall structure and composition. Gram-passive bacteria have a thick

peptidoglycan cell wall and when stained by Gram staining technique introduced by Christian

Gram in 1884 to distinguish between G gative and Gi passive bacteria by using
series of staining reagents, they appear dark blue or violet. The Gram-negative bacteria have

a more complex cell wall than those of Gram-passive bacteria with the presence of an outer

a thin layer of idogl: After Gram Stain, they appear as pink
coloured (Killham,1994).

Microorganisms can release enzymes in soil. Enzymes have the ability to catalyze
the oxidation of a variety of different hydrocarbons indicated by their broad substrate
specificities (Gibson and Yeh, 1973). The enzyme activity of soil is the sum of the activity
of all accumulated enzymes. The native enzyme activity is the result of many processes
which lead to partial incorporation of locally produced enzymes into the soil environment.
In other words, these enzymes are immobilized at the surface of the soil particles (McLaren,

1975).

2.1.2 Role of Mi isms in Bior




Bioremediation is a process which uses mi i and their

capacity to remove contaminants from the soil. In i native soil mi isms play

a key role in soil bioremediation. They perform as biogeochemical agents to transform

complex organic

p: intc simple i i or into their constituent
elements. This process is termed mineralization. The microorganisms (bacteria) are adsorbed
to soil particles by the mechanism of ionic exchange. In general soil particles have a
negative charge , and soil and bacteria can hold together by a ionic bond involving
polyvalent cations (Killham ,1994).

can destroy i s based on mi i ism which

is the life process of the microbial cell by which the nutritional and functional activities of
an organism are maintained (Pelczar et al, 1986). They can take the contaminants for their
own growth and build up new cells. Generally, soil microorganisms carry out two tasks: they
take a source of carbon, which is a new cell constituent, from an organic contaminant, and

they use electrons provided by contaminants to obtain energy.

2.1.3 Intrinsic and Engineered Bioremediation

Two classes of bit iati ies have been One is termed

intrinsic, which uses naturally ing mi i to degrade i and do

not need engineered interventions at the site. Intrinsic remediation relies on the activity of
indigenous microorganisms. The second group of technologies involves engineered

intervention, usually to enhance the rate of bi jation by i

modified processes such as adding microorganisms and supplying nutrients. The principle



of engineered remediation is to change i iti for

microorganisms activity. Therefore, the ion of the i in
can be ing to tighter schedule thus reducing risks and costs.
An intrinsic bi iation case study was on Vancouver [sland, B.C.

in 1973. Approximately 180 tons of fuel oil was spilled. Cretney et al. (1978) reported that

for almost lete removal of n-alkanes during the first year after
the spill. Pristane and phytane were biodegraded more slowly, but were almost completely

gone after 4 years. The non n-alkane components of the Cyg to C,, range of appeared to be

the most resistant to ion of all the by gas

An engii i iation was in a New Jersey wheat field which had

been contaminated with approximately 1.9 million litres of kerosene over 1.5 hectares. A

program isting of liming, fertilizing and frequent tilling was initiated, and

the decrease of i was monitored for a 2-year period . During that
period, the hydrocarbon content of the surface soil decreased to an insignificant level and the

field returned to a near-normal productive state (Dibble and Bartha , 1979).

2. 2 Petroleum Hydrocarbon Bioremediation

221 ition of P

Petroleum hydrocarbons are a mixture of hydrocarbons obtained from reservoirs of

crude The rbons include aliphatic hydrocarbons and aromatic

hydrocarbons. The most common 1 inatit i are

the gasoline, diesel and fuel oils.



Petroleum hydrocarbons are between C, and C, (Parr et al, 1994 ). Gasoline is a
light fraction in the range from C, to G, (Parr et al, 1994) with 2 boiling temperature
ranging from 23°C to 204 C (PEDCO Environmental Inc., 1978). Diesel fuel is in the
middle distillate group (C4 to C,) with boiling temperature between 202° and 320C
(Holmes and Thomsom, 1982). Most diesel hydrocarbons are between the C,,and Cq
Fuel oil and lubricants are heavier cuts in petroleum products and similar in composition and
characteristics to middle distillates. These types of fuels are relatively viscous and insoluble
in water and are relatively immobile in the subsurface (Petrov, 1987). Petroleum products
have basically similar chemical and physical properties. For the purpose of remediation of

the most il physical ies are volatility, solubility in water,

specific gravity, and kinematic viscosity (Cole, 1994).

2.2.2 General methods for h

Several remediation methods have been developed for cleaning up petroleum

soil. A iti method is to excavate the polluted soil and

landfill it under controlled condition. This method is not really remediation and is not
acceptable for large areas or volumes since landfilling has become cost prohibitive. Another
method for remediation is soil venting. It removes volatile hydrocarbons from the vadose
(unsaturated) zone. It usually treats raw gasoline contamination. As an alternative method,

bioremediation can be used to clean contaminants either in-situ or ex-situ (Cole, 1994).

During the bi process, the are degraded by naturally

(indi soil mi i rbon dioxide, water, and biomass (Huesemann, 1994).

10



This process of breaking complex molecule down to simple molecule by microorganisms is

called bi i i iati ies include:

(1) bioaugmentation defined as a treatment technology in which bacteria are added to
contaminated medium. This technique is used in bioreactors and ex-situ systems;

(2) biostimulation, which is a treatment process that simulates the indigenous microbial
populations in soil or ground water. The treatment can be done in-situ or ex-situ;

(3) bioreactor treatment, which is a process conducted in containers or reactors and
frequently used to treat liquids or slurries contamination;

(4) bioventing treatment, which is 2 method to draw oxygen through the soil to stimulate
microbial growth and activity;

(5) landfarming, which is used to treat solid-phase contamination. It can be done in situ or
ina treatment cell (Baker and Herson, 1994 a).

can be done at the

Among other the p
contaminated site with minimal transport and handling, which reduce the costs and
environmental potential hazards.

Bioremediation is limited only by the lack of understanding of the microbial ecology

and physiology of polluted sites and i ions between the mi i ity and the

physical and i i in which i are degraded (Major, 1991).

2.2.3 In-situ and on site bioremediation

asa i can be used in-situ or on site. In-situ

means that i are treated without excavation or removal from

11



the site. Advantages of in-situ remediation are a relatively low cost, little change in the soil
structure and results that may meet regulatory clean up guidelines (Gruiz and Kriston, 1995)
In-situ remediation therefore is a possible method when it is too expensive to excavate and
transport the contaminated soil from the site (Wardell, 1995).

In-situ bioremediation requires that the soil matrix has the ability to supply oxygen,

nutrients and i i i The process is through injection

wells at the head or within the plume of contaminated groundwater in order to enhance the

biodegradation rate at which the indi i grow and ize the
contaminants (Canter and Knox, 1985).
On site remediation methods imply the excavation of the contaminated soils and the

construction of a lined biotreatment ceil on site. On site treatment allows a better control of

such as moisture content, nutrient concentration, and

oxygen ilability. But the ion of the i soil increases the cost of the

operation.

2.2.4 Laboratory Treatability studies

Laboratory studies are necessary for assessing the biodegradation potential of a site

prior to initiating the process at full-scale. L Y ility studies are in

various ways. Generally, three kinds of tests are used: (1) pan studies which simulate solid-
phase bioactivity; (2) flask studies that perform liquid-phase and slurry-phase biological

process; (3) column studies which represent in situ bioremediation (Nelson et al, 1994).

12



Laboratory tests can be used to select optimal conditions for bioremediation. Several

conditions are usually tested including unmodified microorganisms, nutrient amended

and biologi inhibited itiy These tests can measure the rate of
change on the microbial populations. They provide data on the rate and extent of conversion
of contaminants.

A laboratory scale bit of diesel i soil was ina

bioreactor by Britto and his coworkers (1994). Soil was contaminated by 1500mg of diesel
per kg of wet soil. A continuous type reactor was operated and nutrients, moisture, and
oxygen were monitored at all time. The reactor was operated for 70 days in a steady
condition, and  diesel fuel was measured in terms of TPH. Over the treatment process

period, 80% of TPH was removed.

2.3 Factors Affecting Bioremediation
Bioremediation generally occurs when the microorganisms use the pollutant as a

carbon source. Hence, ion is ied by mi ism growth. An efficient

degradation is dependant on the presence of other required nutrients, including nitrogen,
phosphorus, and so on. Suitable environmental conditions, with respect to pH, temperature,

moisture content, and redox potential are also required.

2.3.1 Microbial factors
Many microorganisms are able to degrade petroleum hydrocarbons. They are present

in contaminated soil and water, most of them are aerobic organisms and can make use of

13



organic contaminants for their growth. Since indivi isms can ize only a
limited range of hydrocarbon substrate, it is necessary to assemble several bacteria with a
broad catabolic potential which has the ability to dissimilate or break down complex organic
molecules and release energy, in order to degrade the complex mixture of hydrocarbons that
may affect a contaminated site. Keuning and Jager (1994) used pure and mixed
Pseudomonas cultures to degrade chlorobenzene, toluene, xylene, and ethanol. The results

showed that a mixed culture made of three strains demonstrated more stable growth

and degraded i to much lower concentrations than pure cultures.

Natural soil mi¢ isms may not have the ic capability to readily degrade

certain compounds, and seeding of microorganisms into the soil has been performed to

enhance the process of bioremediation (bioaugmentation). Generally, natural soil

have been previ y isolated and enriched as a "seed”. They are added

during in situ treatment thus increasing the biomass and reducing the time necessary for
remediation (Hinchee et al., 1994).

As indicated before many hydrocarbon-degrading bacteria can be found in soils and

some of the common ones are listed in Table 2-1.

14



Table 2-1. Common Hydrocarbon Degrading Bacteria Found in Soils

Bacteria
Achromobacter Micrococcus
Acinetobacter Mycobacterium
Alcaligenes Nocardia
Arthrobacter Proteus
Bacillus Pseudomonas
Brevibacterium Sarcina
Chromobacterium Serratia
Corynebacterium Spirillum
Cytophaga Streptomyces
Erwinia Vibrio
Flavobacterium Xanthomonas
(After Killham, 1994)
23.2 H;

are factors that affect biodegradation.

with a low weight are relatively easy to

hydrocarbons degrade more slowly than the i ight-chais

dencxally, when molecule size increases, the rate of biodegradation decreases, and
monoaromatic compounds are more rapidly degraded than the two-, three-, four- and five-
ring compounds. Comparatively lighter mixtures such as gasoline can be readily
biodegraded to low levels. Heavier products such as number 6 fuel oil, a heavy fuel oil with
arange C,s-C, (Baker and Herson, 1994b), or coal tar which contains many heavy molecular

compounds, degrade much more slowly than gasoline.
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The concentration of hydrocarbon can affect the bioactivity and be toxic to the

(Us. i Protection Agency, 1985). High concentration of

hydrocarbons can be inhibitory to microorganisms, thus slowing down the remediation rate.
At highly elevated concentration, contaminant can become toxic for microorganisms.

(Alexander, 1985).

2.3.3 Soil structure

Soil structure controls the transmission of water, oxygen, and nutrients to the area
of bioactivity. Generally, fine particles such as clay and silt transmit these substances slowly.
Permeable soils, such as sands and gravels, are more favourable to nutrient transport and
relatively rapid clean up can be achieved. Characteristics of the soils, such as composition,
particle size distribution, percent moisture content, percent organic and cation exchange
capacity (Skladany and Baker, 1994), may also be important for the remediation of

contaminants.

2.3.4 Nutrients

Most mi i existing in the are part of an that has low

organic carbon content. The heterophic microorganisms found in soils possess the ability
to degrade petroleum products (Odu, 1978, Pinholt, 1979), but they require nutrients to grow.
Nitrogen and phosphorous are the most common nutrients for bacteria. Jamison et al. (1975)

reported that addition of nitrogen and in situ gasoline

Other nutrients required for bacteria ism are i i calcium,
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sulphur, sodium, manganese, iron, and trace metals. The essentials for biological growth and

sources are listed in Table 2-2.

Table 2-2 Essential Elements for Biological Growth

Element Source
Carbon Air and water
Hydrogen
Oxygen
Nitrogen Soil, i
Phosphorus or in waste
Potassium
Sulfur
Calcium Soil liming materials,
Magnesium or in waste
Iron Soil, soil amendments,
Manganese or in waste
Boron
Molybdenum
Copper.
Zinc
Chlorine
Sodium
Cobalt
Silicon

(After Fryetal , 1992)
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Westlake et al. (1978) examined the in situ degradation of oil in a soil of the boreal
region of the Northwest Territories of Canada. Where fertilizer containing nitrogen and
phosphorus was applied to the soil, there was a rapid increase in bacterial numbers. This was
followed by a rapid disappearance of n-alkane and isoprenoids and a continuous loss of
weight of saturated compounds in the recovered oil. This study indicated that addition of
nitrogen and phosphorus containing fertilizers can be used as nutrients to stimulate microbial

of

2.3.5 Oxygen

In hy aerobic bi iati oxygen ilability is a critical factor
(Floodgate, 1973). Bacteria activity proceeds more rapidly if sufficient oxygen is provided.
During aerobic biodegradation, molecular oxygen is reduced to water while petroleum
hydrocarbon is oxidized to create energy, cell mass, and carbon dioxide.

The supply of oxygen to the scene of mi ial activity is by soil

and conduction. Dineen et al (1990) reported that the requirement of oxygen to degrade
hydrocarbon is 3.1 g of oxygen for 1.0 g of hydrocarbon. The largest amount of oxygen
required is approximately 200,000 ppm in a well aerated soil and 8 ppmin a saturated soil.
Brown and his coworkers (1984) developed several projects where oxygen supply was
identified as a critical point if the processes are to be generally applicable. This
demonstration led to use hydrogen peroxide as an oxygen carrier (Brown et al., 1984).
Increasing oxygen availability by treating the soil with dilute hydrogen peroxide, H,0,, at

aconcentration up to 1000 mg/l (Texas Research Institute, 1982a) has been successfully tried.
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Diathman et al. (1991) evaluated the utilization of hydrogen peroxide for enhanced

bil treatment of p i soil in laboratory. JP-5, diesel
fuel, and lubricating oil were used as model The ion of
the H,0, was approxi 500 mg/1. Bis was i by bacteria
density and ion of Results showed d removal
of the after ing control sample and test sample.

Soil venting is a method that provides oxygen to the contaminated area by
introducing air into the vadose zone in order to increase the activity of native bacteria and
allow them to degrade the contaminants. Dineen et al (1990) reported on three bioventing
projects in southern California. They treated the vadose zone with ammonia and air resulting
in a one to two orders of magnitude increase in the microbial counts and in the amount of

degraded hydrocarbons.

2.3.6 Temperature

Soil temperature is another factor which can affect microbiological activity and the
rate of the contaminant decomposition (Sims and Bass, 1984). Generally, a high temperature
induces a high rate of biological degradation processes in the soil (JRB and Associates

Inc.,1982). Very low rates of hydrocarbon utilization were found by Gunkel (1967) at low

because low leads to a slow rate of microbial growth. The rate of
degradation can double for every 10°C rise in temperature (Thibault and Elliot, 1979).
ZoBell (1969) found that hydrocarbon degradation was over an order of magnitude faster at

25°C than at 5°C. Most soil microorganisms have an optimal growth for temperature in the
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range of 20 to 35°C (Parr et al.,1983). The majority of organisms that degrade petroleum

products are active in this range. i of ilic mi i have an

optimal for ive activity ised between 50° and 60°C .

2.3.7 Soil moisture

Microorganisms require water for microbial growth and for diffusion of nutrients and
by-products during the degradation process (JRB and Associates Inc., 1984). If the soil is
too dry, many microorganisms will die. If water content of the soil is too high, oxygen
transfer to microorganisms will be resisted by the flooded soil and the rate of the
hydrocarbon degradation will be reduced. The optimum soil water content for bioremediation
is dependent on the soil type. Generally, the optimum activity occurs when the soil moisture
is 50-80% of the field capacity, also termed the water holding capacity which is defined as
"the amount of the water remaining within the soil after gravitational water has drained
away" (Baker, 1994) or the percentage of water in a soil when it was saturated (JRB and
Associates, Inc.,1984). When moisture content is lower than 10% of the holding capacity,

the bioactivity becomes marginal (Testa and Winegardner, 1991).

2.3.8 pH value
Biological activity in the soil can be affected by the pH. Some microorganisms can
survive in a wide range of pH, but others are sensitive to small variations. The bacteria grow

better in pH values between 6.5 and 8.5 (Dibble and Bartha,1979). Bioremediation is
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therefore favoured by near neutral pH values (6-8). Soil pH can be adjusted if necessary to

enhance microbial activity.

2.4 General Information on Degradation Pathway
of Petroleum Hydrocarbons

Petroleum hydrocarbon is a complex mixture of hydrocarbons. Several studies have

been to ine the ic pathways for degradation of these compounds.
In this section, general i ion on the ion p: is reviewed.

2.4.1D pathway of aliphatic hyd: b

2.4.1.1 Oxidation of ns

The n-alkanes are generally considered to be the most readily degraded compounds

ina mixture. Bi ion of n-alk: with weight up to C,, has
been demonstrated (Haines, 1974). Three steps are involved in degradation of aliphatic
hydrocarbons (Gaudy, Jr and Gaudy, 1980). The initial step is an oxidation reaction that

involves oxygen, and oxidation is catalyzed by an enzyme. The terminal methyl

group is first oxidized to a primary alcohol. The alcohol then undergoes successive oxidation

to form an aldehyde which is then converted to a fatty acid. The conversion of the alcohol
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to an aldehyde and then to a fatty acid are mediated by the enzymes as shown in Figure 2-1.
Further oxidation of the fatty acid proceeds via B-oxidation.
o

enzyme enzyme i
R— CH; — CH; ——— R— CH,—CH,0H ——— R— H{,—C—H
0,

Alkane Alcohol Aldehyde
enzyme //O
——— R—CH,—C—OH — P-oxidation
Acid
Figure 2-1 D dation of Aliphatic (After Gaudy, Jr and Gaudy, 1980)
2.4.1.2 B-oxi ion

B-oxidation is an oxidation process in which the beta carbon (second carbon from the
carboxyl carbon) is oxidized. The first step involved in the B-oxidation reaction is the
conversion of fatty acid into acyl-CoA with an enzyme catalysing the reaction. The acyl-
CoA is converted into an unsaturated acyl-CoA by the enzyme. The unsaturated acyl-CoA
is then converted into B-hydroxyacyl-CoA and then to B-ketoacyl-CoA with the mediation
of the enzymes. The product is now cleaved into acetyl-CoA and fatty acid acyl-CoA by the
enzyme thiolase. The fatty acid acyl-CoA which is shorter than the original fatty acid and by
two carbon atoms now goes through the same series of reaction, loosing the next two carbon
atoms as acetyl-CoA. Repetition of this reaction sequence converts a fatty acid with an even

number of carbon atoms totally to acetyl-CoA which enters the Tricarboxylic Acid Cycle
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(TCA) (Figure 2-2).

4 enzyme yd enzyme
CH3(CHy)iC—H —— CHj(CHp)pC—SCoA —— R—CH=CH~C —SCoA
Fatty acid Acyl-CoA B-unsaturated acyl-CoA
enzyme

enzyme PP enzyme  QH
CH;—C~SCoA + R—C—SCoA <—— R—CCH,C-SCoA <*— R—CHCH,;C~SCoA

Acetyl-CoA Acyl-CoA B-ketoacyl-CoA B-hydroxyacyl-CoA

Figure 2-2 Degradation of Fatty Acid by B-oxidation (After Gaudy, Jr and Gaudy, 1980)

24, he TCA cycle

The TCA cycle begins when the rb acetyl CoA cond with

the four-carbon compound oxaloacetic acid to form citric acid, a six-carbon organic acid,
which is converted into isocitric acid . One carbon atom is then removed as a CO, from the

isocitric acid to form a ic acid which idati ion by

removal of one more carbon as a CO, , yielding a succinyl-CoA. These two reactions are

catalyzed by the enzymes. The inyl-CoA a series of i first yielding
succinic acid, fumaric acid, then malic acid, and finally oxaloacetic acid. The enzymes
catalyze these conversions. The oxaloacetic acid passes through the process again with the

next molecule of acetyl-CoA.
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For each acetyl-CoA entering the TCA cycle, two molecules of CO, are released, one
by the decarboxylation of isocitric acid, and the other by the decarboxylation of e-
ketoglutaric acid. The net result of the passage of the acetyl-CoA through the TCA cycle is

the complete oxidation of acetyl-CoA to CO, with production of four molecules of hydrogen

(Figure 2-3).

Va Va

o PP H,C— C—OH H,C-C-OH
V4 C-C-OH  enzyme /0 enzyme yy
CH;—C—SCoA + | 4 7

2 HiC-GOH 77 HOC-C-OH ——» HC-C-OH
o H,0 I 2 [

H,C— C—OH HOG- C-OH

Acetyl-CoA Oxalacetic acid Citric acid Isocitric acid

Vs o
H,C—~C —OH €0, 7 P
P f HCTCSOA cme  HC-C-on

HC - v * | Vi
nZyme ,c-C-OH —C-
0=C-C-OH e HC=C-OH
acketoglutaric acid Succinyl-CoA Succinic acid

o 0
P u p 7 u o
HC—C-OH enzyme HOC—C—OH enzyme C—C-OH

_>H03\C-'Itl‘_l-l — |2 7

H,0 H,C—C~ OH Hc= ‘\‘\; OH
Fumaric acid Malic acid Oxalacetic acid

Figure 2-3 The Tricaroxylic Acid (TCA) Cycle (After Gaudy, Jr and Gaudy, 1980)
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2.4.2 D ion pathway of ic h; b
Most aromatic hydrocarbons, such as benzene and its derivatives are initially
degraded by cleavage of the aromatic ring to form a straight-chain acid. The cleavage is

carried out by dioxygenases and involves the incorporation of molecular oxygen into the ring

structure. The resulting p dihydro-dil is then to catechol by
the enzyme dehydrogenase and then cleaved between the two closed hydroxyalted carbon
atoms by the enzyme to form muconic acid which is further metabolized into B-ketoadipic
acid. The enzyme is involved in the reaction to active B-ketoadipic acid and further into
succinic acid and acetyl-CoA which are intermediates in the TCA cycle. The degradation

path is shown in Figure 2-4.

P
‘"’y"" ou e ez c—oH
oH OH 7 (i—-ox-x
Benzene Dihydroxy- Catechol cis,cis-Muconic
dibydrobenzene acid
R
=i R OH —» —» Acetyl-CoA + Succinic acid
\
o
B-Ketoadipic acid TCA TCA

Figure 2-4 Degradation of Typical

(After Gaudy, Jr and Gaudy, 1980)
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Some Polycyclic Aromatic Hydrocarbons (PAH) can be degraded by bacteria such

as Pseudomonas species. The ion pathway of (bicyclic aromatic

), and (tricyclic aromatic hydrocarbonand) were
reported by Schiegel (1993). Unlike benzene, they are initially degraded into salicylate
instead of catechol. The salicyalte is then converted to form catechol by the enzyme. Like

the degradation of catechol, the carboxy ic acid is into B lipic acid

which is further metabolized in a manner similar to the B-ketoadipic acid produced from

catechol degradation .

2.5 Surfactant Definition and Properties

2.5.1 Classification of surfactants

Surfactants, surface active agents, are amphiphilic molecules which consist of two distinct
structural parts. One is polar, and another is nonpolar. The polar part of the molecule has
an affinity for water and other polar substances, while the nonpolar part is hydrophobic
(Edwards et al., 1991).

Surfactants are classified based on the charge of the hydrophillic group. Functional groups
in the hydrophillic end can impart a charge to this part of the molecule. An anionic
surfactant carries a negative charge at its hydrophillic end while a cationic surfactant carries
a positive charge. When negative and positive charges are present the surfactant is defined
as zwitterionic, or if no polarization occurs, it is termed nonionic surfactant (West and

Harwell, 1992). Four examples of these types of surfactants are listed in Table 2-3.
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Table 2-3 Four types of surfactants (After West and Harwell, 1992 )

Surfactant examples lonic type | Molecular structure
Sodium dodecylsulfate Anionic | C Hy(CH,),,0S0; Na*
Benzyltrimethylammonium Cationic | [(CH,),;N-CH,-C.H,]'Br
Triton-100 Nonionic | CgH,;C¢H,(OCH,CH,),-OH
B-N-alkyl aminopropionic acid | Zwitterion | R* NH,CH,COO"

2.5.2 Effects of surfactant on petroleum hydrocarbons biodegradation

and ilization, and i the

can affect
success of bioremediation, since the physical state of a hydrocarbon can determine its rate
of biodegradation. Surfactants can increase the bioavailability and improve microbial

utilization rates.

of an organic i bya depends on a process called
micelle formation. As a result of its amphiphilic nature, a surfactant molecule may
dissolve in water as a monomer, adsorb at an interface or be incorporated with other
surfactant molecules as partof a micelle. When the surfactant concentration is less

exist i in

than a specific

form. The surfactant concentration at which monomers begin to assemble in colloidal
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aggregates (Figure 2-5) is termed the critical micelle concentration (CMC). Aggregates

of micellar create a hy less polar core into which

contaminant are accommodated. Therefore, the solubilization of contaminants is

markedly increased (Yeom and Ghosh, 1993).

Spherical micelle é

POTT
B v

(m-dan-l

e 99999

Figure 2-5 Surfactant micellization (After West and Harwell, 1992)
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Surfactant can mobilize trapped contaminants in a soil matrix (Bury and Miller,
1993), depending on the surface tension reduction. Low surface tension increases the
wetting of the soil particles and provides better contact between surfactant and contaminants
(Texas Research Institute, 1982b and Ellis et al, 1986).

Many of the surfactants which have been subject of study involving petroleum

and bi ion are nonionic . Studies have

showed the ial effects of on i ion in y

experiments involving soil or sediment solids. Rittmann and Johnson (1989) pointed out that
cultured oil-degrading bacteria and surfactant added to lubricating oil-contaminated soils
greatly increased the initial oil degradation rates and the removal extent. The primary reason

for the i in the system was attributed to the i

interfacial area which made the substrate more bioavailable.

Rittmann and Johnson (1989) reported that nomionic surfactants, such as

are effective to degrade oil because they reduce
interfacial tension between water and the hydrocarbons. Liu et al (1991) examined the

of and pyrene by anionic and nonionic

surfactant in soil-water suspensions.

n be chemical i which are produced by some
microorganisms when grown on a specific substrate. These particular microorganisms

enhance the bioavailability of both organic and i i through

biosurfactants (Champion et al, 1994).

Many oil-d i i isms produce ifying agents. Naturally occurring
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such as Lipids and ipid, seem to be effective in the
degradation of hydrocarbons (Van Dake et al., 1993). Oberbremer et al (1990) examined

the effect of the addition of a bi the lipid, on

in a soil. They found that the hydrocarbons degradation rate could be doubled by addition
of this biosurfactant. Ishihara et al (1995) used a microbial consortium SM8 to degrade 50
10 60% of the saturated hydrocarbons and 30 to 40% of the aromatic hydrocarbons of crude

soil in 30 days in batch culture. Li et al. (1992) that bi

produced surfactants will enhance rates of p

significantly. They showed that treating crude oil-contaminated soil with a mixture of a

lycolipid bi and a chemical could produce a threefold increase in the

overall rate of hydrocarbon biodegradation.

However, surfactant may affect soil biology. Laboratory evidence of inhibitory

effects of surfactant under different iti on Poly it (PAH)-
degrading microorganisms was reported by Laha and Luthy (1991). They found that nonioic
alcohol at ion of CMC inhibited the mineralization of the

phenantherene, and did not enhance the rate of mineralization of the phenanthrene at a sub-

cMC ion in soil systems. Soil mi¢ ism activity and vitality have been

negatively influenced by some types and concentrations of surfactant (Litz et al., 1987).
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Chapter 3
The Argentia Site and the Environmental Testing

Facility

3.1 Site Presentation

The Argentia is the former site of a United States Naval Facility shown in Figure
3-1. Itis located on the western coast of the Avalon Peninsula of Newfoundland, Canada,
approximately 130 km West of St. John's and 150 km South of Clarenville. It was
constructed in 1941 in two areas. The Northside, which is approximately 432 hectares in
size, contained all the facility’s hangars, fuelling areas, supply and office buildings, and two
large underground tanks farms for the storage and distribution of petroleum fuel products.
The Southside was the residential area. The Argentia has been closed in 1994, and the land
turned over to the Canadian Government (Argentia Remediation Group, 1995).

There are a total of 167 tank i and pipeline i i i il on the

Northside and Southside. Some tanks and pipelines are leaking and caused contamination

of the soil and ground water in that areas. An environmental risk assessment has been

by the Argentia R iation Group (Argentia Remediation Group, 1995). The
objective of this study was to i i a typical i area, i.e. the ide Bulk
Fuel Farm, and to obtain soils and i i ion to assist in ping a soil

profile for the Environmental Testing Facility to be described hereafter.

The Testing Facility was setup in the Southside to provide an experimental tool for
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