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ABSTRACT

OXYGEN AND NITRATE ENHANCED /N SITU BIOREMEDIATION OF AN

OIL-CONTAMINATED SALT MARSH

by
Fabio A. Roldan-Garcia

University of New Hampshire, December 2002

Salt marshes are among the most ecologically-sensitive areas to oil spills and
remediation activities. Contaminated marshes may take years or decades to recover.
Bioremediation is the process of enhancing naturally-occurring biodegradation by
supplying limiting nutrients and terminal electron acceptors (TEAs). During this study,
two TEAs (O; and NOj;’) were evaluated for their ability to enhance natural in situ
biodegradation of total petroleum hydrocarbons (TPH) in an oil-contaminated marsh.
EPA (9071A) and ASTM (D5831) methods were evaluated for screening TPH in the
contaminated marsh sediments. The ASTM Method was selected to evaluate TPH levels
in candidate sites at the Fore River Creek salt marsh, Portland, ME impacted by the Julie
N oil spill in 1996. Two plots in the marsh received air and NOj;’, two served as controls.
Subsurface horizontal wells were used to inject the amendments into the sediments.
During 1998-1999, degradation of short chain (SC) and long chain (LC) aliphatics and

aromatics, abundance of oil-degrading bacteria, nutrients and Spartina alterniflora

X1il
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growth were monitored.

Results indicated that natural attenuation (control) significantly reduced the TPH.
The overall (1998-1999) degradation rates in the controls were 7.8+2.1 and 3.0+1.0
mg/kggw/d for SC and LC aliphatics, respectively; and 6.914.8 mg/kgsw/d for aromatics.
The NO;” amendment degradation rates for SC aliphatics and aromatics were 4.7£2.4
mg/kggw/d and 4.5+3.3 mg/kgsw/d, respectively. These degradation rates were not
significantly different than control rates. During the first season (Summer and Fall
1998), the air and NO;” amendments significantly degraded more SC aliphatics than the
control, while NOj’ significantly degraded LC aliphatics. Porewater monitoring indicated
more NO;  amendment was needed to promote denitrification. In addition, low
degradation rates in the amendments plots may have been caused by problems with the
well (distribution) system and mass transfer limitations. There was no significant change
in the abundance of oil-degraders, probably because they were already established when
the study began two years after the spill. Subsurface addition of air and NO;™ has the
potential to accelerate in situ biodegradation of Nos. 2 and 4 fuel oils in marsh sediments

if problems with the supply of the amendments can be overcome.

Xiv
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CHAPTERI

INTRODUCTION

One of the most important environmental problems, not only in the United States
(U.S.) but worldwide, is oil spills onto soil and water. The U.S. uses over 945 million m’
of oil and petroleum products per year and to satisfy this it produces 473 million m’ of
crude oil and imports 472 million m’ of crude oil (EPA, 1998). Most soil and water
contamination is caused during the loading and unloading of oil in ports. In addition, a
significant amount of oil is spilled during the extraction, transport, storage and refining
processes.

Of all oil-impacted estuarine and coastal environments, salt marshes are one of
the most sensitive and fragile ecosystems (Wright e a/., 1997). Salt marshes are highly
productive and serve as nursery grounds for fish, shellfish and other marine organisms,
providing a place where the young can grow rapidly (Carman et al., 1996). Salt marshes
can be impacted by petroleum spills from marine vessels and oil pipelines. Oil may coat
plants, remain on the water surface or become associated with the sediments (Wnight et
al., 1997). Oiled wetlands and salt marshes may take years or decades to recover
(Fingas, 2000).

Oil spill remediation in salt marshes differs from remediation of contaminated
beaches because mechanical cleaning is not desirable as it causes more damage than the

oil (Adrian er al., 1998). Methods used as remediation technologies include cutting,
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washing or burning of oiled vegetation, but these may also cause more damage (Wright er
al., 1997). In addition, salt marshes are very sensitive to physical damage caused by
crews and equipment used during remediation.

The oil released into the environment is affected by natural attenuation processes
(biodegradation, dispersion, sorption, volatilization and photodegradation). Natural
attenuation modifies the fate and transport of hydrocarbons (HCs) and under favorable
conditions, it can act without human intervention to reduce the mass, toxicity, mobility,
volume or concentration of the contaminants.

Many naturally-occurring microorganisms can degrade HCs and use the energy
they denive from this to create cell biomass and less complex organic compounds or,
upon complete degradation, water and carbon dioxide. The ability of microorganisms to
degrade a great number of HCs in a wide range of environments has been described in the
literature (Alexander, 1994, Atlas, 1978, 1981; Bartha, 1986; Margesin and Schinner,
2001a; McKee and Mendelssohn, 1994).

Bioremediation is the process of enhancing naturally-occurring biodegradation. It
consists of a suite of cost-effective and non-invasive cleanup technologies that have
gained wide acceptance to restore HC-contaminated environments.

Several oil spill studies have shown that in situ biodegradation is a major reason
for decreases in HC concentrations. For example, the success of HC degradation was
scientifically demonstrated during studies of the Exxon Valdez oil spill in Alaska
(Lindstrom et al., 1991; Pritchard, 1993; Wolfe et al., 1994). These studies demonstrated
that the correct nutrient mass balance (nitrogen and phosphorus) and the presence of the

appropriate terminal electron acceptor (TEA) were the most important factors to achieve
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higher biodegradation rates in the oil-contaminated environments (rocky intertidal
shorelines, primary low energy beaches) (Braddock et al., 1995; Pritchard, 1993; Wolfe
etal., 1994).

Coastal salt marsh sediments are saturated, limiting oxygen (O;) transfer from the
atmosphere. Any oxygen dissolving into the porewater is rapidly consumed with depth
because of the abundance of organic matter. This results in a thin (few mm) aerobic layer
(Shin er al., 2000). The low oxygen concentrations may limit the presence of aerobic
microorganisms able to degrade the HCs present in oil-contaminated sediments. As
oxygen is depleted, the activity of obligate acrobic microorganisms ceases and facultative
and obligate anaerobes use alternate TEAs such as nitrate (NOj;’), manganese, iron,
sulfate (SOs?) and carbon dioxide in a sequential fashion (Hurst er al., 1997). In the
absence of oxygen, microorganisms can use NO;™ as an alternative TEA. However, NO;’
is not usually available in marshes because its concentration is low in marine
environments (McKee and Mendelssohn, 1994).

The predominant TEA in salt marsh porewater is SO,?, even though the energy
yield is less than other TEAs (e.g., NO;). Sulfate reduction is usually the dominant
metabolism for oxidation of organic carbon in coastal manne sediments because of the
great availability of SO, in marine environments (Rooney-Varga et al., 1997). Sulfate
reducing bacteria (SRB) can degrade a variety of HCs (Coates ez al., 1997; 1998; Madsen
et al., 1995). The HCs usually metabolized by SRBs include small aliphatic alkanes and
single aromatics (Heider et al., 1999).

One of the main ways to enhance the in siru biodegradation of organic

contaminants 1s to add more efficient TEAs than SO.;'2 into salt marsh sediments.
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Usually, research projects have focused on adding nutrients on the surface of the beaches
and salt marshes. However, studies have shown that tidal and dilution factors remove
most of the treatments and they did not go into the pore spaces where the contamination
was present (Levin and Gealt, 1997; Venosa et al., 1996).

Availability of nutrients is a major limitation in bioremediation of HC-
contaminated soils (Atlas and Bartha, 1973a; Margesin and Schinner, 2001b; Olivien et
al., 1976). Nitrogen and phosphorus are the most important nutrients necessary to
achieve biodegradation.

The Cooperative Institute for Coastal and Estuarine Environmental Technology
(CICEET) is a national center for the development and application of innovative
environmental technologies for monitoring, management, and prevention of
contamination in estuarine and coastal waters. The institute is associated with the
University of New Hampshire (UNH) and the National Oceanic and Atmospheric
Administration (NOAA). This project was funded by CICEET and the New Hampshire
Department of Environmental Services (NHDES) to study bioremediation of oil-
contaminated salt marshes. The main goal was to conduct a field study to evaluated four
methods of bioremediation (natural attenuation, nutrient addition, bioventing and NOj’
addition) to cleanup a salt marsh contaminated by petroleum HCs.

The specific objectives of the project were to:

e determine the zone(s) within the marsh that were most affected by
petroleum contamination, so bioremediation methods would be targeted

effectively;
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develop air (TEA), NG; (TEA) and nutrient (nitrogen and phosphorus)
delivery and monitoring systems that minimize the impact and invasion of
the marsh;

determine the petroleum attenuation in the marsh for each bioremediation
method; and

recommend the types of salt marsh applications for which each

bioremediation method is suitable.

1.1 Objectives

This dissertation research evaluated the ability of two TEAs (oxygen and NO3’) to

enhance the in situ biodegradation of total petroleum hydrocarbons (TPH) in an oil-

contaminated salt marsh over a one year period. Evaluations were performed in

subsequent years by other graduate students.

The objectives of this dissertation research were to:

determine the zones within an oil contaminated salt marsh that were most
affected by the oil spill;

evaluate and select an analytical method for the evaluation TPH present in
the contaminated salt marsh sediments; and

determine if addition of oxygen (added as air) and NO; could enhance the
in situ biodegradation of HCs compared to natural attenuation processes

(e.g., volatilization, dilution, dispersion).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2 Study Site — Fore River Creek Salt Marsh

The oil-contaminated salt marsh selected for the study was located at Thompson
Point in Portland, ME (Figure 1). The salt marsh was contaminated in September 1996,
when the Tanker Vessel (T/V) Julie N hit the Route 77 Bridge. The Julie N lost 353 m’
and 327 m’ of Nos. 2 and 4 fuel oils, respectively. After an immediate response, more
than 530 m’ of the fuel was recovered (~80%), and only 150 m’ was lost to the
environment.

The most affected environments were the marshes along the Fore River (Lelyveld,
1996; Porter, 1997). The selection of a study site for the CICEET salt marsh remediation
project was coordinated with officials from NHDES, NOAA, and the Maine Department
of Environmental Protection (MEDEP). Specific sites were chosen within the Fore River
salt marshes in areas where oil droplets were visible in the sediments. The marshes were

covered by Spartina alterniflora and few invertebrates were present.

1.3  Background Conditions and Experimental Design

In May 1998, four experimental plots (10 m long by 3 m wide) were selected in
the Fore River Creek salt marsh and designated for the addition of air (oxygen as TEA)
and NO;". Two control plots were also established to evaluate the extend of natural
attenuation.

The plots were initially selected based on the visual presence of oil droplets in the
sediments and subsequent TPH analysis. Horizontal wells installed in the sediments were

used to deliver the amendments (TEAs).
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Figure 1. Site selected for the study at the Fore River Creck salt marsh. (taken from http://maps.expedia.com)


http://maps.expedia.com

While horizontal wells are used for the treatment of terrestrial subsurface
contaminated soils, this research was the first time that they were used in a contaminated
salt marsh. The wells were buried ~16-20 cm to be below the root zone. The wells
consisted of 3.7 m long plastic perforated tubes with a 2.5 cm external diameter and a 1.9
cm internal diameter. The perforations consisted of 1.6 mm holes spaced every 5 cm.
The wells were set 60 cm on center and connected to a distribution header made from the
same tubing. The wells were installed by first driving a 2.5 cm diameter stainless steel
pipe (with a removable drive tip) into the sediments. After the pipe was driven below the
marsh surface, the plastic tube was placed inside and the driven pipe was removed,
leaving the well behind. Each plot was divided into grids (0.61 m x 0.31 m subplots) for

sampling.

The parameters used to monitor and assess the in situ HC degradation were: TPH
concentration, abundance of oil-degrading bacteria, nutrient concentrations (NOs',
ammonia and phosphorus), and plant height and density. Prior to starting the study, two
screening methods were evaluated for their ability to detect and quantify TPH in the salt
marsh sediments: the U.S. Environmental Protection Agency (EPA) Soxhlet Extraction
with Gravimetric Determination of Grease and Oils (EPA, 1994) and the American
Society for Testing Materials (ASTM) Standard Test Method for Screening Fuels in Soils
(ASTM, 1995). Because of the large number of samples anticipated, the analytical
method needed to be low cost, rapid and relatively easy to use. However, the EPA and

ASTM methods both experienced significant interferences from the organic matter and
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fines in the salt marsh sediments. For this reason, samples were analyzed using the
Massachusetts Department of Environmental Protection (MADEP) (MADEP, 1998a)
Method for the Determination of Extractable Petroleum Hydrocarbons. This method is
designed to measure the concentration of extractable aliphatic and aromatic HCs in water
and soil. The aliphatic HCs were quantified as: Cy through C s (short chain-SC) and C o
through Cj;¢ (long chain-LC). The aromatic HCs were quantified as C,; through C;;. The
aliphatic and aromatic HCs ranges corresponded to compounds with boiling points
between 150°C and 500°C. This method uses a solvent extraction, silica gel solid-phase
extraction/fractionation process (SPE), and gas chromatography (GC)/flame ionization
detection (FID). While more expensive, time consuming and complex, the MADEP

method had less interferences than the EPA and ASTM methods.

1.5  Duration of the Study

Field sampling was conducted from June 1998 through October 2001. This
dissertation covers the first year from June 1998 to June 1999. During this period, nine
sampling events occurred spaced ~3 to 4 weeks apart during the warmer months in New
England. Background conditions were evaluated on June 11 and 12, 1998.

Each sampling event took two days to complete. Four subplots within each
treatment and control plot were randomly selected for sampling. Sampling was
conducted during the 3-4 hr surrounding low tide. Portable catwalks were used as
working platforms to minimize the impact on the experimental plots. Two sediment

samples were collected from each subplot to evaluate TPH concentration. A sediment
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sample was also collected to evaluate the abundance of oil-degrading microorganisms. A
porewater sample was used to quantify NO;, ammonia (NH,"), and phosphate (PO,”)
from each subplot. A 30 cm x 30 cm frame was used in each subplot to delineate clusters

of plants whose density and height were measured.
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CHAPTER 11

LITERATURE REVIEW

2.1 Petroleum Contamination

2.1.1 Light Non Aqueous Phase Liquids (LNAPLs)

Many pollutants exist at contaminated sites that are not in the aqueous phase or
sorbed to soils, but rather are liquids immiscible with water. The availability of these
compounds to biodegradation is drastically reduced (Atlas, 1978). Typically, LNAPLs
are composed of molecules that have low aqueous solubility (i.e., the concentration in the
water phase is quite low) and high solubility in organic solvents.

LNAPLs are often released by spills or leaks from transporting petroleum tankers.
Crude o1l LNAPLs have contaminated surface waters, marine sediments, and coastal
beaches of the Caribbean Sea, and Atlantic, Pacific and Indian Oceans. Gasoline,
petroleum products and industrial solvents have contaminated aquifers and groundwater
at a large number of sites because they are often contained in underground storage tanks
that after many years of burial corrode and release their contents (EPA, 1995).

If an LNAPL contains two or more compounds (common in oil spills, leakage of

underground storage tanks containing gasoline, or at hazardous waste sites), the amount
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of each compound present in the aqueous phase that is in equilibrium with the LNAPL
phase is a critical factor that affects its transport and fate. This is well known from
measurements of the disappearance of different compounds following crude oil spills or
under experimental conditions (Atlas, 1981). Compounds present in a LNAPL may be
degraded simultaneously or destroyed only after the more susceptible molecules are

transformed.

2.1.2 Petroleum HCs

Petroleum is a mix of different HCs containing mainly carbon and hydrogen in
their molecular structure. Crude oil has a highly vanable composition that depends on
the site where it is extracted (Atlas, 1981). However, it contains on average 83 to 86% by
weight carbon and 11 to 13% hydrogen. In addition, it has small quantities of sulfur,
oxygen and some metals (e.g., iron, chromium, nickel and vanadium). These atoms are
arranged in different structural configurations. In general, HCs are divided in two main
groups: aliphatics and aromatics. Aliphatics are further divided into alkanes, alkenes and
cycloalkanes (Potter and Simmons, 1998).

The alkanes contain only single carbon-carbon bonds. The simplest alkane is
methane (CH;). The general formula for an alkane is C,H.,.... Alkenes contain less
hydrogen because they have one or more double bonds between their carbons (C=C).
The alkene general formula is CqHy,.

Aliphatic and aromatic compounds differ by the pattern of bonding between
adjacent carbons atoms. Aromatics have ring structures and are basically flat and

symmetric with clouds of electrons above and below the plane of the molecule. Aromatic

carbon-carbon double bonds are called resonance bonds because electrons are shared

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

between multiple carbon atoms. This imparts chemical stability to the molecule.
Aromatic HCs have one or more benzene (C¢) aromatic rings as structural component

(Harayama et al., 1999; Potter and Simmons, 1998).

2.1.3 Petroleum Refining

Petroleum fuel mixtures are produced from crude oil through a variety of refining
and blending processes. After treatment to remove dissolved gas, dirt and water, crude
ot! is distilled, producing different petroleum fractions. The fractions can be used
directly or can be modified through cracking or reforming. During cracking, LC alkanes
are converted into smaller alkanes and alkenes. This is the origin of most of the alkenes
because they are not abundant in the crude oil. Reforming converts aliphatics into
aromatics. The composition of a distillation fraction can be altered through treatment to
add, remove or convert a specific compound. The products from the different refining
processes are blended to produce petroleum fuel mixtures with charactenistics required

for specific uses (Table 1) (Potter and Simmons, 1998).

2.1.4 Impact of Weathering on Petroleum Composition

Petroleum products suffer changes when they are released to the environment in
the process called weathering (Potter and Simmons, 1998). The main types of
weathering are dissolution of HCs into water, velatilization, photodegradation and

biodegradation.
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Table 1. General characteristics of individual petroleum fuel mixtures. (Taken from Potter and Simmons, 1998)

Petroleum | Density Alkane Carbon
Fuel g/mL Number Range Distillate Characteristics Compound Classes End Use
Mixture (20°C) g
High concentration of BTEX,
Low-end distillate, Monoaromatics and branched alkanes, Automotive
Gasoline ~0.73 n-C4 - n-C12 Boiling point range of 40- | Lower concentration of n-alkanes, | spark-ignition
200°C alkenes cycloalkanes, and naphthalenes, | engines
Very low concentration of PAHs
High concentration of cycloalkanes and
Middle distillate, n-alkanes, Critical kerosene
Kerosene ~0.80 n-C6 - n-C16 Boiling point range of 150- | Lower concentrations of monoaromatics b‘umcrs
300°C and branched alkanes,
Very low concentration of PAHs
M3ddlc dlSll"alC,‘ < High concentration of cycloalkanes and
Mixture of gasoline (65%) n-alkanes
JP4 fuel ~0.75 n-C5 - n-Cl4 and petroleum  distillated Lower  concentrations of mono Aviation turbine
(35%), . engine
Boiling point range of 150- aromatics, BTEX anq alkenes,
275°C Very low concentration of PAHs
Middle distillate High concentration of cycloalkanes and o ‘
Specially blcndc'd kerosene n-alkanes, : . AV’?“on turbine
IP-5 fuel ~0.82 n-C8 - n-C17 Lower concentration of monoaromatics engines,
Boiling point range of 150- and branched alkanes,' Shlpboard
275°C Very low concentration of BTEX and | engines
PAHs
Middle distillate, High concentration of cycloalkanes and
High flash point kerosene, | n-alkanes. Awviation turbine
IP-7 fuel ~0.80 n-C10 -n-C17 Boiling point range of 150- | Lower concentration of monoaromatics | engines
275°C and branched alkanes

BTEX = Benzene, Toluene, Ethylbenzene and Xylene

PAH = Polycyclic Aromatic Hydrocarbons

14!
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Table 1. (Continued) General characteristics of individual petroleum fuel mixture (Taken from Potter and Simmons, 1998)

Variable concentrations of sulfur
heterocyclics

Petroleum | Density Alkane Carbon
Fuel g/mL Number Range Distillate Charactenistics Compound Classes End Use
Mixture (20°C) &
High concentration of n-alkanes,
Middle distillate, Lower concentration of branched High-speed
Diesel (#2) | ~0.83 n-C8 - n-C21 Boiling point range of 200- | alkanes, cycloalkanes, monoaromatics, gh-spee
325°C naphthalenes and PAHs, engnes
Very low concentrations of BTEXs
High concentration of n-alkanes, Domestic
No. 2 fuel Mi@dlc disyillalc, Lower concentration of branchcd bum.crs, .
oil ~0.90 n-C8 - n-C21 Boiling point range of 200- | alkanes, cycloalkanes, monoaromatics, | Medium capacity
325°C naphthalenes and PAHs, commercial,
Very low concentrations of BTEXs industrial burmers
High concentration of n-alkanes and
Residual oil, cycloalkanes, Commercial
:?‘ 6 fuel ~0.95 2—;12 beyond n- Boiling point range of 350- | Lower concentration of naphthalene and | burners
700°C PAHs, Industrial burners
Very low concentration of BTEXs
Lower concentration of barium,
Lubricating Heavy end distillated, High concentration of n-alkanes and | Internal
n-C18 beyond n- . . .
and motor C34 Boiling point range of 325- | cycloalkanes, combustion
oil 600°C Very low concentrations of BTEXs and | engines
n PAHs
High concentration of n-alkanes
branched alkanes and cycloalkanes,
. n-Cl beyond n- Lower concentration of BTEX, PAH,
Crude oil ~0.94 C34 Feedstock and naphthalenes,

Sl
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Each HC group is weathered uniquely. For example, aromatics tend to be more
soluble in water than aliphatic HCs, whereas aliphatics tend to be more volatile,
contaminating the air. Solubility and volatility of all compounds generally decreases
with an increase in molecular weight. In general, the more water soluble and volatile
compounds are, the more rapidly they are weathered in contaminated soils. Individual
rates of dissolution and volatilization are retarded when compounds are present as fuel
mixtures. If volatilization rather than dissolution is the dominant weathering process,
lower molecular HCs within each series are depleted first. The greater a compound’s
volatility, the more rapid its loss from an HC mixture. Considering volatilization and
dissolution trends together, it is possible to predict the composition of a fuel mixture after
its release into the environment (Gustafson et al., 1997). Where volatilization is the
predominant process, the loss of lower molecular weight alkanes will be the most
significant change in the product. In situations where dissolution is the dominant
weathering process (e.g., sediment porewater), the aromatics will be depleted first with
benzene removed most rapidly. Photooxidation mainly affects the aromatic compounds

in crude oil and converts them to polar species (Dutta and Harayama, 2000).

2.1.5 TPH

TPH analysis is used as a general measure of the presence of crude oil or
petroleum products in soil, water or sediments (MADEP, 1998a; Rooney-Varga et al.,
1997). TPH is the measurable amount of petroleum based HCs present in the

environment. However, TPH is not a direct indicator of the nisk (i.e., mobility, toxicity,

and exposure to human and environmental receptors) posed by petroleum contamination.
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Other analysis or information in addition to a single TPH concentration must be used to
evaluated risk (Gustafson, 1998).

EPA Method 418.1 (1994) is the TPH analytical method required by some
regulatory agencies. It provides a value of TPH in an environmental medium (e.g.,
contaminated sand), but does not yield information on the composition of the HC
mixture. The amount of TPH measured by EPA 418.1 depends on the ability of the
solvent to extract the HCs from the environmental medium and the absorption of infrared
(IR) light by the HC in the extract. This method will also detect other organics such as
humic acids that act as interferences.

EPA Method 8015 (Modified) (1994) reports the concentration of purgeable and
extractable HCs referred to as gasoline (Co to Cio.;12) and diesel fuel (Cs.i2 to Cay.20)-
Purgeable HCs are measured by purge-and-trap GC using FID, while extractable HCs are
analyzed by GC following extraction with a solvent and subsequent concentration by
evaporation (Gustafson, 1998).

In practice, TPH is defined by the method of analysis used. No single method
gives a precise and accurate measurement of TPH for all types of HC contamination. The
four most commonly used TPH testing methods include GC, IR spectrometry,

gravimetric analysis, and immunoassays (Weisman, 1998).

2.1.6 TPH Determination

The chemical composition of petroleum products is complex and may change
over time because of weathering. These factors make it very difficult to select the most
appropriate analytical methods for evaluation of environmental samples (Weisman,

1998). Measuring the extent of crude oil degradation is challenging, because crude oil is
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a complex mixture of many compounds. Oil degradation is usually based on changes in
TPH concentrations (Huesemann, 1995). TPH may be measured by extracting total oil
and grease and adsorbing the polar (grease) component onto silica gel and measuring the
IR absorption (EPA, 1994). Although this method is subject to interferences, it is
satisfactory for monitoring gross changes in TPH (Huesemann, 1995).

More traditional analytical approaches have focused on the identification and
evaluation of specific indicator components (e.g., PAH and BTEX). However, because
of the inability to analyze for the large numbers of constituents in TPH and the lack of
toxicological and other relevant data for many of those constituents that could be
individually identified (Edwards er al., 1998), an indicator approach is generally accepted
and used by state regulatory agenctes for carcinogenic risks posed by TPH.

MADEP has developed a TPH analytical method based on the EPA Modified
Method 8015 (EPA, 1994). This method reports the concentration of purgeable and
extractable HCs, which are also referred to as gasoline and diesel range organics. The
MADEP method is designed to measure the collective concentration of extractable
aliphatic and aromatic petroleum HCs in water and soil. The extractable aliphatic HCs
are collectively quantified within two ranges; Cy through Cs3 (SC) and C;y through Cje
(LC) The extractable aromatic HCs are collectively quantitated within the C;; through
Ci, range. These aliphatic and aromatic HCs ranges correspond to boiling points
between ~ 150°C and 500°C. In this method, a sample is extracted by sonication with
methylene chioride, dried over sodium sulfate, solvent exchanged into hexane, and

concentrated. Sample cleanup and separation into aromatic and aliphatic fractions is
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conducted using commercial silica gel cartridges. The two extracts are re-concentrated
and separately analyzed by capillary GC/FID.

Surrogate standards are used to monitor the efficacy of the sample extraction,
chromatographic and calibrations systems. The recommended surrogate standards are
chloro-octadecane (COD) and ortho-terphenyl (OTP). Using these two compounds, a
surrogate spiking solution is prepared. Each sample and blank is fortified with a known

concentration of the surrogates.

2.1.7 Estimates of Risk from TPH

There are three approaches that are used to estimate potential human health nisks
posed by TPH contamination (Gustafson, 1998). The most used is the evaluation of the
carcinogenic risk from TPH as an “indicator” approach assuming that the risk is
characterized by a small number of compounds (i.e., BTEX, PAHs). The “surrogate”
approach assumes that TPH is not included as an indicator and can be charactenized by a
single compound. This approach can overestimate toxicity and mobility because of the
compounds used as surrogates. In the “‘whole product” approach the toxicity and
mobility of the TPH are based on a whole product of similar character (e.g., LC
aliphatics). All approaches are similar because they use specific knowledge of a single or
few constituents to characterize the many constituents in a HC mixture (Gustafson,
1998).

The TPH Criteria Working Group (TPHCWG), which is a national ad hoc
committee that was formed to develop a technically nsk-based approach to TPH, has

developed a combined indicator of the grouping or fraction approach (EPA, 1998,

Gustafson et al., 1997; Gustafson, 1998). The basic approach is similar to that developed
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by MADEP where the TPH is split into a small number of groups or fractions that have
similar properties. The main difference between the MADEP and TPHCWG approaches
is that the latter defines groups or fractions of TPH based on the potential mobility of the
HC within each group. In the MADEP approach, fractions are based on the available

toxicity data (MADEP, 1998a).

2.1.8 Effect of Oil in Marshes

Petroleum HCs can have a profound effect on marshes. Salt marshes are
occasionally impacted by crude oil spills from marine vessels and oil pipelines. Oil may
cover plants, remain on the water surface or become associated with sediments (Wright ez
al., 1997). Oil may have physical or toxic effects on marsh plants, animals and
microorganisms. Physical effects result from the viscous and adhesive properties of oil.
Stomata (gas-exchange pores) of plants may be blocked. The gills and mouthparts of
invertebrates may be clogged and the fine structure of birds’ feathers may be disrupted.
Toxic effects result from the oil’s interaction with the biochemical functioning of the
contaminated organisms (i.e., the replacement of fatty molecules in cellular membranes
resulting in membrane disruption, increased permeability and leakage of cellular
contents). In addition, an increase in respiration is often observed, possibly because
mitochondria are damaged so that the rate of oxygen use is no longer coupled to other
biochemical processes (Dibner, 1978; Walker et al., 1975; Wharfe, 1975).

When large amounts of oil are dispersed into the water column, heterotrophic
bacterial growth may show a transient inhibition within hours. The acute toxicity of the
most volatile petroleum HCs could also explain the lag phase (Siron et al, 1996).

Significant increases in bacterial productivity coupled with decreased primary
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productivity, suggest a shift toward heterotrophy following exposure to diesel fuel that
could cause serious trophic perturbations. The effects of petroleum pollution may have
complex ecological, trophic and biochemical implications in areas like marshes where
much of the ecosystem’s production and nutrient cycling is microbially mediated (Pichler
et al., 1997a).

A compound’s toxicity is a major factor determining its biodegradation in a
NAPL. Toxicity results from the major solvent or one or more minor components of a
heterogeneous NAPL. Many organic solvents suppress microbial proliferation and
metabolism (Diaz and Roldan, 1996). Experiments show that differences in petroleum
toxicity are attributable to individual fuel composition rather than charactenstics of the
individual alone (London and Robinson, 1984). As a rule, organic solvents with high
values for log Kow (= 4.0) do not suppress microbial activity, whereas those with low
values for log Kow (< 2.0) are highly toxic. (Note: Kow is the octanol-water partition

coefficient)

2.2  HC Biodegradation

2.2.1 Biodegradation Process

Problems associated with pollution can be reduced by conventional technologies
that remove, alter or isolate the contaminants. These technologies are expensive, and in
many cases they do not destroy the contaminant compounds, but transfer them from one
environment to another (Hickey, 1995; Hurst et al., 1997; Ritter and Scarborough, 1995).

Bioremediation exploits the biological breakdown or biodegradation of organic
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contaminants. It is not a new technology. The Romans used it to treat human-generated
wastes. They were the first to discharge sewage effluents onto soils, allowing the
naturally-occurring microorganisms to degrade them (Chapelle, 1996).

During biodegradation of HCs, microorganisms use the energy they denive from
the organic compounds to create cell biomass and less complex organic compounds or,
upon complete degradation, water and carbon dioxide (mineralization) (Atlas, 1992).
Bioremediation addresses the limitation of more conventional technologies because it can
completely degrade the pollutants into inert byproducts, in many cases at reduced cost.
As a result, over the past 20 years, bioremediation has grown from a relatively unknown
technology to one that is considered for the cleanup of a wide range of contaminants.

Bioremediation has also become an intensive area for research and development
in academia, government and industry. Because environmental regulations are becoming
more strict regarding the cleanup of contaminated sites, funding for basic and applied
research on bioremediation by government agencies and private industry has increased
over the past decade (Alexander, 1994; Crawford and Crawford, 1996).

The extent of biodegradation and the rate at which it occurs depend on
environmental conditions, the type and number of microorganisms present, and the
chemical structure of the contaminants being degraded (Hurst er al, 1997).
Bioremediation can be affected by other factors such as temperature, pH, nutnient status,
bioavailability and solubility of the organic compounds, biotic interactions, electron
donor (ED) and TEA availability, and the composition of the microbial community
(Atlas, 1981; McKee and Mendelssohn, 1994). The presence of contaminants in the

environment can alter the microbial community structure through selection of species
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capable of biodegradation or by causing acute toxicity effects (Long et al, 1995;

Macnaughton et al., 1999).

2.2.2 Thermodynamics of Microbial Metabolic Processes

Bioremediation is based mainly on microbial metabolism (Atlas, 1978). Most
microbes obtain energy by transferring electrons from EDs to TEAs. Contaminants can
act as TEAs or EDs and the rate of the metabolic processes is related to their availability
(Chapelle, 1996).

The relationship between reduced (TEA) and oxidized (ED) substrates can be
shown as a hierarchy of oxidation-reduction half reactions (Figure 2) (Hurst er al., 1997).
In this figure, the vertical axes are oxidation-reduction potential, Eh or pE values.
Compounds on the left side of the hierarchy are oxidized, while those on the right are
reduced. The transition from oxidized to reduced forms is governed by the redox status
of the system and by catalytic mechanisms of microbially-produced enzymes.

Highly oxidizing conditions appear in the upper part of the figure, while highly
reducing conditions are in the lower portion. Under environmental conditions, the lower
reaction proceeds to the left (electron producing or donating) and the upper reaction
proceeds to the right (electron accepting). In nature, a variety of TEAs may be present:
oxygen (O), nitrate (NO5"), manganese (Mny"), iron III (Fe;"), sulfate (SO52), and carbon
dioxide (CO,). Each of these coupled half reactions is mediated by microorganisms.
When diagonal arrows directing carbohydrate oxidation to these TEAs are drawn, the
length of each arrow is proportional to the free energy gained by the microorganisms

(Hurst et al., 1997).
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Figure 2. Relationship between reduced and oxidized substrates as a vertically-arranged
hierarchy of oxidation-reduction half reactions. (Taken from Hurst ez al., 1997)
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Microorganisms metabolizing carbohydrates using oxygen as a TEA generate more
energy in the form of ATP than those carrying out NO; respiration. These
microorganisms, in turn, gain more energy than those using Mn** and Fe*.

In a salt marsh, the sediment microflora require an organic substrate as a source of
carbon for biosynthesis and to serve as an ED. They also need an organic or inorganic
compound to serve as a TEA (McKee and Mendelssohn, 1994). Aerobes and facultative
anaerobes use oxygen as long as it is available because the energy yield of this pathway is
the highest (Table 2). As oxygen is depleted, the activity of obligate aerobic
microorganisms ceases and facultative and obligate anaerobes use the oxidants NO;,
Mn", Fe", SO, and CO; in a sequential fashion (Ponnamperua, 1972).

The sequences of the reductions are determined by the energy yield of each
reaction leading to the production of reduced compounds such as ammonium (NH;"),
manganous manganese (Mn"*), ferrous iron (Fe’*), sulfides (S, HS', H,S), and methane
(CH;). Due to incomplete decomposition of organic matter under anoxic conditions,
organic acids and alcohols are also produced (Table 2). With a sufficiently long
adaptation period and an appropriate TEA, most petroleum-HCs can be degraded by
anaerobic microbial communities (Coates ez al., 1996).

Although reducing conditions may prevail in the waterlogged sediments of a
marsh, oxidized zones exist at the soil-water interface and in the rhizosphere of plants
growing there. These zones result from the diffusion of oxygen from the overlying water
or atmosphere into the soil, but may only be a few millimeters thick (McKee and
Mendelssohn, 1994). Oxygen is also transported through the air space in tissues (i.c.,

aerenchyma) of wetland plants and diffuses out of the roots, forming an oxidized
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rhizosphere (Armstron, 1964). The width of the oxic zones depends on the rate of
oxygen diffusion to these interfaces and the oxygen demand of the bulk sediment.

Oxidized and reduced zones may occur very close together in marsh sediments.

Table 2. Selected reactions illustrating carbon transformation pathways and their energy
yields. (Taken from McKee and Mendelssohn, 1994)

Energy
Pathway Reaction yield
(kcal/mol)
Aerobic _
Respiration CeH 1206 (glucose) + 60; = 6CO; + 6H,0 686.0
Nitrate reduction | ¢ 1.0, + 24/6 NOy +24/5 H' = 6C0; + 12/5 N, +42/5
and H.0 649.0
Denitrification 2
Manganese . _ .
Reduction CeHi200 + 12 MOz + 24 H = 6CO; + 12 Mn;” +18H;0 457.8
. CeH,20, + 24Fe(OH); + 48H" = 6CO, + 24Fe," + 66H,0 100.4
[ron Reduction | 'y "0 + 12Fe,0, + 48H = 6CO, + 24Fe,” + 30H,0 86.9
Fermentation CeH 200 = 2CH3;CHOCOOH (lactic acid) 58.0
CeH 206 = 2CH,CH,0H (ethanol) + 2CO, 57.0
H; + 1/4 CO; = 2CH, + 1/2 H,0O 8.3
Methanogenesis | CH;COO- + 4H; = 2CHy + 2H,;0 39.0
CH;COO- = CH, +CO, 6.6
Sulfate CH;CHOHCOO (lactate) + 1/2S0,” + 3/2H" = CH;COO"
Reduction (acetate) + CO,; + 1/2HS’ 8.9
CH;COO " + SO, = 2CO, + 2H,0 + HS” 9.7

223 Aerobic Respiration

Aerobic respiration is rare in marshes and the rate of oxygen movement from the
atmosphere is low, due to diffusion limitations in aqueous solutions. However,
microbially-mediated oxidation (e.g., nitrification, methane oxidation, sulfide oxidation)
occurs in reduced zones in saturated sediments (McKee and Mendelssohn, 1994).
Oxygen is the preferred TEA when its concentration exceeds 0.8 mg/L. Below ~ 0.5
mg/L, there is a potential for NO;" competing with oxygen for available electrons. If

there is no NOs’ present, the threshold oxygen concentration may be < 0.16 mg/L (Hurst
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et al., 1997). If dissolved oxygen is present, it is assumed that aerobic respiration is the
predominant process (Lovley et al., 1994). For in situ bioremediation of simple HCs,
oxygen transport is almost always the rate limiting step in biodegradation (Ritter and
Scarborough, 1995). The results of aerobically incubated total heterotrophic plate counts
on subsurface soil samples indicate that organisms capable of aerobic growth are present
in all sediments tested, even those from anoxic zones (Long et al., 1995). Studies have
confirmed that anthracene and naphthalene mineralization are strongly dependent on the
availability of oxygen in the marsh sediments (Bauer and Capone, 1985).

In passive bioremediation of petroleum HC contaminated soils and sediments,
diffusion is the pnmary mechanism for supplying oxygen to maximize the effectiveness
of treatment (Huesemann and Truex, 1996).

The enhancement of the biodegradation of HCs in soil by forced aeration has been
confirmed under field conditions (Yeung et al., 1997). Innovative bioremediation
approaches using air injection to stimulate biodegradation in situ (e.g., biosparging and
bioventing) are now popular. Unfortunately, the efficiency of oxygen transfer in situ can
vary widely. Because it is difficult to predict or adequately measure this transfer in situ,
there is a concem that techniques such air sparging or bioventing are often used where

they are not appropriate (Stroo, 1996).

2.24 Nitrate Reduction and Denitrification

NO; is reduced to nitrogen gas (N;) by denitrification or NH," by dissimilatory
NO; reduction. Denitrification is often the main process removing dissolved nitrogen in
wetlands (Stepanauskas er al., 1996). NO; reduction and denitrification are the major

anaerobic processes responsible for HC degradation in microaerophilic-flooded soils
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when NOs  is present in cold environments (McKee and Mendelssohn, 1994). In the
absence of oxygen, microorganisms use NO;™ as an alternative oxidant. NO;’ reduction
appears to be the preferred pathway when the electron supply (organic carbon) exceeds
the amount of available NO;™ (Hurst et al., 1997; Smith et al., 1991).

Dissimilatory NOs’ reduction can also contribute to the production of NH;" in
reduced environments. Denitrification and nitrification are reported to be the main
processes involved in N,O production in soils (Stepanauskas ez al., 1996).

Bench studies have shown that NO; can be used as a TEA for bioremediation of
soils contaminated with low molecular weight PAHs (Al-Bashir, 1990; Mester and
Kosson, 1996; Mihelcic and Luthy, 1988a, 1988b). A study demonstrated that NO;'-
dependent anaerobic degradation and mineralization of naphthalene by pure cultures is
possible (Rockne et al., 2000). The main reasons for using NO;™ as a TEA are its high
solubility in water, very low volatilization rate, and high biodegradation rates that
approach those achievable under aerobic conditions. Denitrification represents the
optimal redox environment when a tradeoff between volatilization and biodegradation of
low molecular weight PAHs is achieved (Burland and Edwards, 1999; Hess et al., 1996,

Leduc et al., 1992).

2.25 Manganese and Iron Reduction

Mn'* and Fe"’ are reduced in anoxic environments (McKee and Mendelssohn,
1994). The energy yield of manganese reduction is slightly lower than NOs', and the
energy yield for iron reduction is less than NO;” and manganese reduction (Table 2). Iron
is one of the most abundant elements in the earth’s crust, but is a minor component in

aquatic systems because of its relative insolubility in water. The form in which iron that
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is found in situ is greatly influenced by the in situ pH and oxygen concentration (Brock
and Madigan, 1997). Geobacter spp. have been associated with the oxidation of
monoaromatic compounds (e.g., benzene) using Fe” as a TEA in petroleum-
contaminated sediments and aquifers (Lovley er al., 1996; Rooney-Varga et al., 1999).
Sulfate reduction is generally inhibited in the presence of Fe" because iron reducers out

compete SRBs for EDs (Weiner and Lovley, 1998b).

2.2.7 Sulfate Reduction

After chloride, the anion most abundant in the marine environment is SO4*. In
organically-rich marine environments, the microbial reduction of SO, to S initiates the
cycling of sulfur compounds producing H,S, the precipitation of FeS and the formation of
a disulfide and the deposition of elemental sulfur.

SRB use low molecular weight organic compounds such as lactate
(CH;CHOHCOQ) or acetate (CH3;COQ) as energy sources and EDs, and use SO, as
their TEA. Even though the energy yield is less than for other anaerobic pathways,
sulfate reduction often dominates the organic carbon oxidation in coastal manne
sediments because of the great availability of SOs” in seawater. Sulfate’s oxidizing
capacity (640-960 mg/L) is 200 times greater than oxygen’s (3.2-4.8 mg/L) in marine
sediments (McKee and Mendelssohn, 1994). Sulfate reduction is the dominant TEA
process and accounts for more than half of the total decomposition of organic matter in
salt marshes (Rooney-Varga et al., 1997).

Much of the mineralization of organic matter in coastal marine sediments occurs
via anaerobic processes. Dissimilatory reduction of SO, results in the formation of

extracellular H;S. Sulfide oxidation by oxygen occurs at the interface between reduced
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sediments and the oxidized zone, typically in a suboxic zone immediately below the
aerobic layer. The oxidation of reduced S and aerobic respiration of natural organic
matter (NOM) are the major oxygen sinks in a salt marsh (Shin er al., 2000). The
addition of crude oil represents an additional demand and HC-degrading bacteria may
compete for oxygen with the demand from aerobic respiration of organic matter and
oxidation of §* produced at depth.

A wide vaniety of HC contaminants can be degraded under sulfate reducing
conditions in contaminated sediments, suggesting the use of sulfate reduction rather than
aerobic respiration as a treatment strategy in natural attenuation of HCs in these
sediments (Coates et al., 1996; 1997, Madsen et al., 1995). S. alterniflora roots produce
low molecular weight organic compounds such as ethanol and malate, and SRBs can use
these compounds directly (Haines ez al., 1996).

Sulfate reducing activity has been shown to be closely tied to plant growth stages,
suggesting that plant-SRB interactions in the S. alterniflora rhizosphere play an important
role in salt marsh biogeochemical cycles (Rooney-Varga et al., 1997).

The fact that HC metabolism can be linked to sulfate reduction is beneficial
because SO;? is one of the most abundant electron acceptors in manne environments
(Coates et al., 1997). In BTEX-contaminated aquifers, the presence of sulfate reducing
conditions and SRBs is coupled with a decrease in HC concentrations in the

contaminated sediments (Weiner and Lovley, 1998b; Gieg et al., 1999).

2.2.8 Methanogenesis
When other TEAs are depleted, carbon dioxide can be used as a TEA, being

reduced to methane during methanogenesis (Hurst et al., 1997). Methanogens are strict
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anaerobes, and may alternatively use low molecular weight organic compounds produced
by other bacteria as their electron acceptors (e.g., CH;COO') (McKee and Mendelssohn,
1994). Degradation of toluene under methanogenic conditions has been demonstrated in
laboratory studies (Gieg et al., 1999). Degradation of benzene, with the production of
methane, is possible after a long period (~30 d) in sediments contaminated with HCs,

probably after a microbial consortium is established (Weiner and Lovley, 1998a).

2.2.6 Fermentation

Fermentation is an important process mediated by microorganisms in anoxic
conditions. During the fermentation process, when an organic compound is oxidized
another organic compound is reduced (McKee and Mendelssohn, 1994). The energy
yield is less than a tenth that of acrobic respiration. Hence, the major limitation to

fermentative HC degradation is the low energy yield (Atlas, 1975).

2.3  Bioremediation of Petroleum HCs

The microbial degradation of HCs is a long recognized process that has been
measured by a variety of strategies (Atlas and Bartha, 1973a; Atlas, 1978; Chapelle,
1996; Leahy and Colwell, 1990; Ritter and Scarborough, 1995).

Biodegradation of the aliphatic HCs has been extensively studied (Watkinson and
Morgan, 1990). The metabolic capability to degrade aliphatic pollutants is usually
related to the size of the metabolically-active microbial community.

Aromatic HCs, with low solubility in water, are decomposed microbiologically.

The metabolic capability to degrade mono-aromatic compounds is usually related to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



level of pollutant exposure (Long er al., 1995). In soil, multi-ranged compounds like
anthracene, phenanthrene, pyrene, 1,2-benzopyrene, and chrysene can be biodegraded
(Bossert and Bartha, 1986). The microorganisms in soil sediments can also mineralize
anthracene and naphthalene (Bauer and Capone, 1985). In pure cuiture, PAHs such as
naphthalene, anthracene, and phenanthrene can serve as carbon sources for bactena
(Bastiaens et al., 2000). Recent observations of HC under anaerobic conditions also
indicate the possibility of other pathways for aromatic HC biodegradation (Hughes et al.,
1997; Watkinson and Morgan, 1990).

Two-and three-ring PAH compounds are readily degraded, while the four-ring
chrysenes are more resistant. While no microorganisms have been isolated that are
capable of using four- and five-ring PAHs as sole carbon sources, studies of naturally-
occurring microorganisms have demonstrated co-metabolism of pyrene, benz(a)pyrene,
benz(a)anthracene, and dibenz(a,h)anthracene in the presence of naphthalene or
anthracene (Herbes and Schwall, 1978; Walker er al., 1976, Watkinson and Morgan,
1990; Wrenn and Venosa, 1996). However, co-metabolism may be less important in
sediments than in liquid media, possibly because sorptive immobilization of the larger
PAHs to sediment particles limits their availability to microorganisms (Herbes and
Schwall, 1978). Different isolates have the ability to metabolize naphthalene or
phenanthrene as sole carbon sources. Representatives of the genera Pseudomonas and
Sphingomonas form a remarkably high fraction of these isolates (Meyer et al., 1999).

The most stable of the PAHs, hopane (17a(H),21p(H)-hopane) is often used as a
control in bioremediation studies (Atlas, 1981; Douglas et al., 1996). In addition, much

of the variability inherent in crude oil bioremediation during field studies can be
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eliminated when TPH concentrations are normalized to the hopane concentration (Venosa
et al., 1997).

The extent of TPH biodegradation is affected by the type of HCs in the
contaminant matrix, while the influence of vaniables such as soil type, fertilizer
concentration, microbial abundance and type of treatment (slurry vs. land-treatment)
appear to be less significant (Huesemann, 1995; Ramirez et al., 1996).

Molecular studies have shown that the alk (Cs to C,; n-alkanes), nah
(naphthalene), and x/ (toluene) genes are responsible for the HC degradation. They are
usually located on large catabolic plasmids (Whyte er al., 1997). Significant differences
in the frequency and distribution of plasmids among bacterial isolates have been observed

(Leahy et ul., 1990).

24 Biodegradation Mechanisms

The rate of degradation of oil depends on its rate constant and the concentration of
the oil (Uraizee er al,, 1998). Different mechanisms are postulated to explain how
microorganisms use compounds in LNAPLs or metabolize organic solvents with low
aqueous solubility. These mechanisms focus on how the compounds are transported
from the environment to the cell surface and from the outside of the membrane to the
interior to be processed by enzymes. Only the chemicals dissolved in the water are used,
but microorganisms can use molecules that enter the aqueous phase by spontancous
partitioning. Microorganisms also excrete some products (e.g., surfactants or emulsifiers)

that convert the oil compounds into <I um droplets that can be used. The cells must
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come in direct contact with the LNAPL, and the solubilized compounds pass through the
cell surface into the cytoplasm.

Substrates that have low log Kow values will typically dissolve rapidly in water.
The organisms will multiply as they use them as ED. Hence, biodegradation will
eventually be limited by the rate of dissolution if the process is ED-limited and will
depend on the initial concentration in the water and the spontaneous dissolution rate.
Other constituents of the LNAPL can affect the partitioning from the mixture to water.
Competition among the active microbial species for oxygen, nitrogen, phosphorus and
other inorganic nutrients may also occur (McKee and Mendelssohn, 1994).

The production and use of emulsifiers and surfactants in remediation has received
considerable attention in the case of environmental contamination by LNAPLs, oils and
oil products (Uraizee er al., 1998). Emulsifiers and surfactants facilitate the partitioning
of the molecules from the NAPL in the aqueous phase, thus resulting in enhanced
biodegradation. In contrast with a true solution, in which two or more substances are
mixed homogeneously at the molecular level, an emulsion is an immiscible liquid that is
dispersed intimately in another immiscible liquid as >0.1 um-1.0 pum droplets (Watkinson
and Morgan, 1990). The role of emulsifiers or surfactants in degradation of LNAPLs
other than pure aliphatic HCs remains uncertain (Alexander, 1994; Banat et al., 2000).
Because of their suspected toxicity, man-made surfactants are usually tested in lower
concentrations first in laboratory studies (Madsen et al., 1995). In addition some studies
have shown high toxicity of some of these emulsifiers or surfactants during field

experiments (Perkins, 1970)
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2.5 Aerobic and Anaerobic HC Metabolism

Catabolism of HCs has long been considered as a strictly oxygen-dependent
process. For aerobic organisms (e.g., fungi and bactenia), the initial attack of HCs always
requires molecular oxygen as TEA. The first enzymes in the metabolic pathways of
alkanes are monooxygenases, while aromatic HCs are attacked by either
monooxygenases or dioxygenases. These enzymes incorporate hydroxyl groups denved
from molecular oxygen, into the aliphatic chain or aromatic ning. The alcohols formed
are then oxidized to the corresponding acids; the phenolic compounds generated by ring
hydroxylation of the aromatic HCs are direct precursors for oxidative ring cleavage
(Harayama et al., 1999). Some microorganisms are also able to catabolize HC
compounds under anaerobic conditions. The microorganisms capable of this have
developed altenative, oxygen- independent reactions for the initial attack. All anaerobic
HC-degrading strains, available as pure cultures, are either denitrifying, Fe" -reducing
bactenia or SRB (Heider er al., 1999; MacRae and Hall, 1998).

The denitrifying species mineralize a variety of alkylbenzenes, including toluene,
m-xylene, ethylbenzene, propylbenzene, p-ethyl toluene and p-cymene. These bactena
are typically members of the genera Pseudomonas, Thauera and Azoarcus. Other known
species can degrade a wide spectrum of aliphatic HCs, but are restricted to few aromatic
HCs. For example, only one species of an Fe'*-reducing bacterium that degrades
aromatic HCs (Geobacter metallireducens), has been reported (Lovley and Lonergan,
1995). The growth of these bacteria in the environment is probably limited by the

availability of the insoluble Fe(OH);. Several SRBs have been reported to use aromatics,
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even though this process yields only small amounts of free energy (-205 kJ/mol of
toluene) (Table 3).

Benzoate (or its CoA-thioester) is a central intermediate in the anaerobic
mineralization of aromatic HCs (Harayama et al, 1999). Thus, the initial senes of
reactions in anaerobic toluene degradati