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Abstract

Aromatic ination of soil and isa

environmental problem. Among the compounds of interest is a range of low molecular
weight aromatic hydrocarbons that includes the so-called BTEX compounds (benzene,
toluene, ethylbenzene, xylenes). Aerobic bi ion by natural ions of

microorganisms represents one of the primary mechanisms by which petroleum and other

are elimi in the envi Several indi have been

utilized to evaluate this process but their measurement (e.g., of hydrocarbon
concentration, bacterial count, metabolites) maybe affected by other chemical and physical
processes. Stable carbon isotope analysis is one technique that has been previously used in
environmental studies particularly in tracing sources of organic pollutants. Compounds
have characteristic carbon isotopic compositicas that can be used to pinpoint their origins.
Any process in which the compounds are involved may likewise impart significant isotopic
fractionation. It is shown that abiotic processes affect the 2C/**C ratio but biological

transformation is known to produce the largest fractionation.

The purpose of this study is to ine the magnitude and direction of ion of

stable carbon isotopes ('*C,'*C) during microbial d ion of selected low

‘weight hydrocarbon compounds such as toulene, ethylbenzene, naphthalene, methanol and
hexadecane. Coupled with this objective is the identification of the various species that

make up the consortium used in the study and the metabolic pathways by which these



degrade the The ing goal is to examine if the isotopic

fractionation associated with such pathways can be employed for monitoring i sifu

bi diati
Replicate mi ial bi i i modified from an earlier protocol were
done using mi ial cultures grown i at room Optical density

measurements during the course of the experiments were undertaken to establish microbial
growth. In addition, hydrocarbon isotope analysis was conducted by periodically removing
a specific headspace concentration from the culture flask and analyzing it by gas

chromatography continuous flow isotope ratio mass spectrometry (GC-IRMS).

Laboratory biodegradation studies on toluene showed increase in microbial growth from

increases in optical density with i in

concentrations and no significant changes in the 5'°C values. Similar observations were

obtained using a higher substrate concentration (10 ul of toluene) except for differences in

periods. i on as the substrate likewise
demonstrated the same effects on microbial biomass as well as in concentrations of the
residual hydrocarbon. Carbon isotopic compositions also remained relatively constant

during microbial growth.

T ic identification of the mi resolved several strains that composed the

different hydrocarbon-specific cultures. These bacterial strains consisted of Gram negative



rods as well as Gram positive cocci. Gram negatives included strains from the genera of

F Oligella and Acic while Gram positives
belonged to Mic D and Kokuria (or Erythromyxa).
Results of the present study were ‘with other published works. Si ities and

in the of the T i indicate that the occurrence of
isotopic fractionation depends on the d ive p utilized by the

microbial consortia. In particular, the nature of the initial metabolic step (e.g., attack on
methyl group versus scission of aromatic ring) could control the extent of carbon isotope

fractionation.

Based on the results of the present study, application of stable carbon isotope analysis in

aerobic ion of aromatic i the BTEX does

not appear promising for of natural or engi in situ bi

Future studies should look more closely into the different degradative pathways and
enzyme systems used by individual microorganisms as well as mixed populations and their
effects on the magnitude of isotopic fractionation. Site-specific studies are also necessary

to determine the inherent presence of (these) microbial consortia and quantify the

isotope
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Chapter 1

Introduction

‘The widespread dispersal of hazardous and toxic organic compounds in virtually all areas
of the environment resulting from increased industrial activities of humans has become one
of the major problems facing the world today. Among the compounds of interest are low
molecular weight hydrocarbons used primarily as solvents and fitels. Their occurrence in

the surface and i is due to acci spills and leakage of

underground storage tanks, or through inadvertent releases during use, transport or
disposal. Because of the great concem for their relatively high pollution potential and high
toxicity (Gibson and Subramanian, 1984; Barker, et al., 1987; Alexander, 1994), the need

for immediate remediation becomes apparent.

Aerobic biodegradation, catalyzed by natural ions of mi
one of the primary isms by which and other are
in the envi icators that have been used to evaluate and monitor this

process involve the measurement of changes over time in the concentration of

hydrocarbon, number of bacteria, rate of bacterial activity, adaptation, metabolic by-

products, i bolites, growth-stis ing materials and ratio of

to dabls (NRC, 1993; Aggarwal and Hinchee, 1991;

Madsen, 1991). However, such measurements may be affected not only by biodegradation



but by other such as izati i ion, dilution, migration off the site,

sorption to the soil or transformation via abiotic chemical reactions (Riser-Roberts, 1992).

Previous works demonstrated the application of stable carbon isotope analysis to

studies, partic in ing sources of organic pollutants (O’Malley,

1994; Hunt, 1996; Santiago, 1997). These studies showed that compounds have
characteristic stable carbon isotope compositions that can be used to establish their
origins. In the same manner, any process in which a compound is involved will impart a
significant isotopic fingerprint (Abrajano and Sherwood Lollar, 1999). Abiotic processes

(volatilization, reductive ion) have been shown to affect the '*C/'*C ratio but

‘with biologi ion is known to produce the largest
fractionation in natural systems (Stahl, 1980; Galimov, 1985; Abrajano and Sherwood

Lollar, 1999). Therefore, stable carbon isotope analysis may be used to monitor

of organic

1.1.  Purpose of the Study

The present paper primarily focuses on the applicability of stable isotope analysis to

determine the magnitude and direction of fractionation of carbon isotopes ('*C, °C)

during microbial ion of selected ipounds such as toluene,

ethylbenzene, naphthalene, methanol and hexadecane. It also attempts to look at various

factors that brought about such fractionation and that play a major role in the



transformation of these compounds into less harmful forms. Coupled with this objective is

the ization of the various mi isms that make up the consortium used in
the study and this in turn will give us insight into the different metabolic pathways by

‘which these isms degrade the The ing goal is to ine if

the isotopic fractionation associated with such pathways can be used for monitoring in situ

bioremediation.

1.2.  Environmental Chemistry

The low molecular weight hydrocarbons selected for the study with their corresponding
chemical and physical characteristics are listed in Tablel.1 and their chemical structures
shown in Fig. 1.1. The following section briefly describes their occurrence in the
atmosphere, terrestrial and aquatic environments, and their impact on ecosystems and

humans.

1.2.1. Toluene

Toluene (C;Hs) is one of the monocyclic petroleum hydrocarbons known as the BTEX
(benzene, toluene, ethylbenzene and xylene) compounds. This organic compound is a
clear, colourless liquid with a sweet smell at room temperature (Environment Canada,

1984b). It is commonly found as solvents in many industrial products such as cleaners,

inks, paints, lacquer, resins and adhesives as well as in ical products (CCOHS,



Table 1.1. Chemical and physical properties of the selected

hydrocarbons.
Compound | _Chemical | Molecular | Melting | Boiling | Solubility | Density | Henry's
Composition | Weight | Point | Point | in Water | (gmiat | Constant
(amu) | C) | (C) | (mgL) | 25°C) |(atm-m’moie)
Toluene CiHs 213 | 95 | 1106 | 5348 | 882 574x10°
Ethybenzene | CaHio 106.16 | 9497 | 1362 | 161 863 844 x10°
CroHs. 12816 | 802 | 217.9 317 — 483x10°
583 x10*
Methanol CH.O 3204 | 978 | 647 | miscole | 786 135x10%
Hexadecane [ 22645 | 1834 | 187.0 | 0008 | 764
Note:

Hexadecane data taken fmm Galllnl and Yaws (1993), Dihﬁrd

inds from Howard (19!

from Yang (1

994).

compoun 90a and 1990b) except densi
toluene and ethylbenzene from TRC (1990) and that of methanol



Toluene

Q
S

3

Fig. 1.1. Chemical

of selected




1988; Environment Canada, 1984b; WHO, 1985). In Canada and the United States, its
main use is in the production of benzene and other chemicals and in lesser amounts, as a
major component of automobile gasoline and aviation fuels (Environment Canada, 1984b;
Moore and Ramamoorthy, 1984). Toluene is also employed in the manufacture of
explosives and dyes (CCOHS, 1988).

Toluene enters the envi chiefly during i of fuels and

toluene-based solvents and thinners and from motor vehicle exhaust. A substantial amount
is discharged into waterways and on land during storage, transport, and disposal of fuels
and oils (Howard, 1990b). Toluene released on soil may dissipate because of evaporation
from near-surface soils, slow biodegradation, and leaching into groundwater. Releases in
water will be diminished by evaporation (half-life of days to several weeks) or
biodegradation which can take several weeks depending upon temperature, mixing

and acclimatization of mi i In addition, toluene will not adsorb

onto sediment or bi in aquatic organisms. In the here, this
is removed by reaction with hydroxyl radicals giving it a half-life of three hours to slightly

over a day. It may also be washed out by rain.

A i amount of i ion on the toxi ical effects of toluene on test

animals and humans are found in the literature (WHO, 1985; Environment Canada, 1984b;
USPHS, 1989). Humans are primarily exposed to toluene by inhalation of contaminated

air near congested traffic or gas stations, or in areas where toluene-based solvents are used



(Howard, 1990b). The most important hazard to humans upon acute inhalation exposure
is its effect on central nervous system function (Environment Canada, 1984b; WHO,
1985). Toluene vapour can also cause mild irritation to the eyes, nose, throat and skin
upon contact. On the other hand, swallowing of this compound can cause nausea, diarrhea

and loss of consciousness (CCOHS, 1988).

Toluene can also affect aquatic and terrestrial life. It can be deleterious to marine animals

through ingestion and contact at levels ranging from 3.7 to 1180 mg/l (WHO, 1985) but

has no food chain ion potential (Envis Canada, 1984b). Toxicological
studies on test animals showed that LDs, (lethal dose to kill one-half of the population of
these animals) varies from 5,000 to 7,500 mg/kg by ingestion (rats) and 1,100 to 8,700
mg/kg by weight by absorption through skin. The LCso or the concentration in air which
kills half of the organisms following an exposure after an indicated time period is placed
between 26,000 to 72,000 mg/kg by weight by inhalation (CCOHS, 1988; Speijers, 1993).

Toxic effects include tremors, elevated i and loss of

Various bacteria can degrade toluene (Atlas, 1978; Gibson, 1984). Increase in growth rate
of some bacteria was observed with low level of toluene (20mg/l) but toxic effects

occurred at higher ions (200 mg/1) (Envi Canada, 1984b). Dx

by Pseudomonas fluorecens was inhibited at about 30 mg/l whereas that by Escheria coli

at 200 mg/l.



The concentrations of toluene in Canadian drinking water supplies averaged from 2.0 ug/L
(Govemnment of Canada, 1992). Groundwater near landfill sites in Ontario ranged from
0.2 ug/L to 730 pg/L. Concentrations in soils and sediments have not been identified but
measurable concentrations in soil would be expected to occur in case of spills and around

waste disposal sites.

1.2.2. Ethylbenzene

Ethylbenzene (CgHo) is also a i and a liquid with a

gasoline-like odour. It is used primarily for the production of styrene. It is an important
solvent and chemical intermediate in the chemical, paint and rubber manufacturing
industries. It is also an additive for motor fuel formulations (USDHHS, 1992a; WHO,

1996).

This hydrocarbon is released to the atmosphere mainly from fugitive emissions and
exhausts, wastewater and spills, related to the use of gasoline and manufacture of styrene.
It exists in the atmosphere mainly in gaseous phase due to its vapor pressure and degrades
by reaction with hydroxyl radicals with a half-life of a few hours to two days (Howard,
1990a). Spills into water form slicks that dissolve and diminish by evaporation and
degradation. Ethylbenzene may be adsorbed by sediment but is not usually bioaccumulated

or bioconcentrated (Howard, 1990a).



‘Human exposure to chiefly occurs by i in areas of

traffic. Inhalation of vapor causes irritation of mucous membranes, dizziness, headache,
and depression of the central nervous system (Environment Canada, 1984a). Contact with
the liquid irritates eyes and skin. After short single exposures, threshold level values that
affect the human central nervous system and mucous membrane were calculated to be

approximately 430-860 mg/m’ (100-300 ppm) (WHO, 1996).

A 13-week @ i i study of pure (99%), on ratsand
mice, at varying concentrations from 0 to1000 ppm showed, except for increased weights

of liver and kidney, no evidence of toxicity (USDHHS, 1992a).

The acute toxicity of ethylbenzene to some species of aquatic organisms is moderate with
the lowest values at 4.6 mg/l, 1.8 mg/l and 4.2 mg/1 for algae, invertebrates and fish,

respectively (WHO, 1996).

1.2.3. Naphthalene

Naphthalene (C1oHs) is a white, crystalline powder with a characteristic odor. Industrial

applications include the manufacture of various organic acids such as phthalic and

anthranilic acids and sulfonic acids (USDHHS, 1992b). Naphthalene is also used as an

antiseptic and icide. C ial moth and toilet bowl cleaners

contain this compound as a major ingredient.



Release of to the envi is from accidental emissions and exhausts

related to production and use of gasoline and fuel oil as well as from spills on land and
water during storage, transport and disposal of these materials. Rapid degradation,
however, occurs immediately upon contact with hydroxyl radicals in the atmosphere. In

water, is lost by izati i ion, and bi

(Howard, 1990a). When discharged on land, ion is reduced by

moderate adsorption and biodegradation.

People are generally exposed to naphthalene by inhalation of ambient air near heavy traffic
areas, gasoline stations and from tobacco smoke (Howard, 1990a). Spills on hand,
moderate ingestion through drinking water supplies and consumption of contaminated

food may also be some sources of exposure.

logical effects of to humans include headache, confusion, eye

irritation, nausea, profuse perspiration with vomiting, optic neuritis, hematuria and edema.
Ingestion of this substance gives rise to abdominal pain, nausea, vomiting, diarrhea,
darkening of the urine, irritation of the bladder, jaundice, anemia and hyperthermia
(USDHHS, 1992b). Possible evidence of its carcinogenic potential was observed in East
Germany where four cases of laryngeal carcinoma, a case of gastric carcinoma, a case of
colon carcinoma and a case of lupus erythematosus were found among 7 to 15 employees

involved in naphthalene manufacture (USDHHS, 1992b).



For animal toxicity, the oral LDs; value is 490 mg/kg for rats while lethal dose values for

mice are 533 mg/kg (oral), 969 me/kg ( ¢ and 100
mg/kg (inhalation) (USDHHS, 1992b).

1.2.4. Methanol

Methanol (CH;OH) is described as a clear, colourless, volatile flammable liquid with a

mild alcoholic odour when pure. It is a chief constituent of a large number of commercially

available solvents and consumer goods. It is also utilized as a chemical intermediate for

of and other i industrial organic chemicals
(Environment Canada, 1985; CCOHS, 1986; WHO, 1997). It is needed in the
manufacture of some pharmaceutical products, and is an essential gasoline additive, de-
icing agent, cleaning agent for leather goods, glass and photographic film, as a flushing
fluid for hydraulic systems, and an extractant in refining gasoline and removing impurities

from animal and vegetable oils (CCOHS, 1986).

Methanol occurs as a natural volatile emission product of some plants and comes from

of biological wastes, sewages and sludges (Howard, 1990b).
Anthropogenic sources are largely from evaporation of the solvent. Photochemical

reactions with hydroxyl radicals remove methanol from the atmosphere. Biodegradation



coupled with ization signi reduces its ion in water whereas

biodegradation and leaching notably decompose it in soil

Inhalation is the most likely route of exposure to humans although absorption through
dermal contact and consumption of various food and waters cannot be disregarded
(Howard, 1990b; WHO, 1997). Short-term exposure to methanol vapour can produce
irritation of the eyes, nose and throat, headache, nausea, vomiting, dizziness, drunkenness
and blurred vision (CCOHS, 1986). Massive exposure can cause blindness,
unconsciousness and death. Long-term exposure causes headaches, giddiness, eye
irritation, insomnia, abdominal pains, skin irritation, impaired vision and blindness

(CCOHS, 1986).

Methanol is moderately toxic to test animals such as rats, mice or rodents (CCOHS,
1986). Toxicity data for animals obtained from their LDso were placed at 6.2 to 13.0 g/kg
for rats upon ingestion, 20.0 mL/kg for rabbit by absorption through the skin and LCso

64,000 ppm for rat by inhalation for four hours.

For aquatic organisms, methanol is of low toxicity and effects due to environmental
exposure are unlikely to be observed except in the case of a spill (WHO, 1997). The LCso
ranges from 1,300 to 15,900 mg/1 for invertebrates (48-hour and 96-hour exposures), and

1,300 to 29,000 mg/1 for fish (96-hour exposure) (WHO, 1997).



Reported toxicity threshold values for methanol in the cell multiplication inhibition test
were 6,600 mg/l for the bacteri putida (Bri and Kuhn, 1980).

1.2.5. Hexadecane

Hexadecane (CHas) is an aliphatic straight chained hydrocarbon and a colourless liquid.
This compound, also called cetane, is employed primarily as a reference compound for

diesel fuels (Snell and Ettre, 1971). G ly, it is utilized for ization of

secondary reference fuels that are then used for quality control.

Like other alkanes, hexadecane occurs naturally in oil and gas deposits, and is discharged

to the environment during spills and issions (Moore and
1984). It is one of the volatile compounds isolated from heat-treated beef and cooked rice
and it contributes to the typical flavor of meat ( Dwivedi, 1971) and aroma of Basmati and

Ttalian rice (Tara and Bocchi, 1999). Concentrations of hexadecane in soil and water

are reduced by ization (Gidda et al., 1999) and biodegradation

(Bouchez-Naitali e al., 1999; Erikson et al., 1999; So and Young, 1999).

Exposure to high ions of hexadecane is ive to tissues of the

mucous and upper i ry tract, eyes and skin.




1.3. In situ Bioremediation

The impact of hyd to the envi has spurred

investigations to develop safe, effective and economically viable approaches to clean

contaminated soils, surface and (NRC, 1993; r, 1994; Baker and
Herson, 1994; Crawford and Crawford, 1996; Tinari, 1997). One technique currently in
use is in sifu bioremediation. This method makes use of natural microbial processes to
break down complex compounds in place into simpler, less harmless forms. For
biodegradation of hydrocarbons to occur and for bioremediation to be successful, some
basic requirements need to be considered. These include the presence of an appropriate
microbial population, energy and carbon sources, electron acceptors, nutrients, and

appropriate eavironmental conditions (Atlas, 1978; NRC, 1993; Bedient ef al., 1994).

Understanding the microbial degradation of any organic compound can be illustrated by

the golden triangle (Fig. 1.2) adapted from Doelman (1995). It consists of knowledge of

the microbial i i itions and dge of the structure and
physico-chemical istics of the organic The latter was discussed in the
previous section.

The key players in bi diation are the ubiquit i i i They are

ideally suited to the task of contaminant destruction because they possess enzymes that

allow them to use environmental contaminants as food and because they are so small that



Environmental
conditions

Microorganisms

Fig. 1.2. The golden triangle for microbial degradation
(after Doelman, 1995).



they are able to contact contaminants easily (NRC, 1993). Transformation of organic
contaminants by microbial activity is a natural consequence of the microorganisms’ ability
to utilize organic material, such as contaminants, for their growth and reproduction.

Organic contaminants such as hydrocarbons therefore become the source of carbon to the

organism for ion of new cell it At the same time, they become a source

of electrons from which the organisms obtain energy (NRC, 1993; Bedient er al., 1994).
Microbes break chemical bonds and transfer electrons from the contaminants to an
electron acceptor. They then invest the energy along with some electrons and carbon from

the contaminant to produce more cells (NRC, 1993).

The cellular components of microorganisms have a fixed elemental composition (NRC,
1993). Typically, a bacterial cell is 50% carbon, 14% nitrogen, 3% phosphorus, 2%
potassium, 1% sulfur, 0.2% iron and 0.5% each of calcium, magnesium, and chloride
(NRC, 1993). The lack of one of these elements will limit overall microbial growth and
therefore retard contaminant removal. Thus, one important goal of bioremediation is to
stimulate the microorganisms by supplying them with optimum levels of nutrients and

other chemicals essential for their metabolism (NRC, 1993).

Aside from proper concentrations of nutrients, microbial activity is likewise dependent

upon many envis iti These include ion of dissolved oxygen,

temperature, pH, salinity, pressure, soil moisture, oxidation-reduction potential,

concentration of pollutants, and presence of inhibitors (Atlas, 1978; Atlas, 1981; Cooney



et al., 1985; Wilson ef al., 1986; Leahy and Colwell, 1990; Daubaras and Chakrabarty,
1992; Riser-Roberts, 1992; Baker and Herson, 1994). Some of these parameters can be

modified at the site to stimulate the biod: ive activities of

microorganisms. Ideal conditions suited for efficient utilization of hydrocarbons by
microbes described by Roberts-Riser (1992) include a temperature between 20 and 35°C,

pH of 5 to 9 and a low population of predators, to name a few.

Site istics such as ical and chemical istics must also be assessed
to ine the iate in sifu bi iation system to be i (NRC,
1993).

1.3.1. Microbial Processes

Processes by which microorganisms can break down various hydrocarbons can be
classified according to electron acceptors utilized. Typical electron acceptors include
oxygen, carbon dioxide, nitrate, sulfate and certain metals such as iron and manganese.
Some organisms, known as aerobes, use only molecular oxygen as an electron acceptor to
destroy organic compounds. In this process, known as aerobic respiration, oxygen
oxidizes part of the carbon in the compound forming carbon dioxide while the remaining

carbon is used for production of new cells. Oxygen, itself, is reduced producing water

(NRC, 1993). Other mi i referred to as bes, exist without I

oxygen utilizing a process called anaerobic respiration. In addition to new cell mass, the



by-products of anaerobic respiration may include nitrogen gas (N;), hydrogen sulfide
(H:8S), reduced forms of metals, and methane (CH.), depending on the electron acceptor.
Still other microorganisms use a variation of aerobic respiration. Cometabolism is one

such process in which microbes a i but the i cannot serve

as the primary energy source for the organisms (NRC, 1993). Under these circumstances,

microbes require other compounds that can support their growth.

1.3.2. Microorganisms

A diverse group of microorganisms has been extensively reported on, utilizing a wide
range of hydrocarbon compounds (Zobel, 1946; Walker et al., 1975; Walker et al., 1976;
Austin ef al., 1977; Atlas, 1978; Ribbons and Eaton, 1982; Cemiglia, 1984; Gibson, 1984;
Cermiglia, 1992; Muller, 1992; Atlas and Cemniglia, 1995; Hall ez al., 1999). Low

molecular weight are parti Bacterial species that use the

aerobic process of degradation are described below.

Toluene and ethylbenzene are some of the most aerobically biodegradable petroleum

found in the i ding to Gibson and
Subramanian (1984) experiments done with the isolates of Bacillus hexacarbovorum
showed that this type of microorganism could grow with toluene (and xylene). They also
report that two organisms, Bacterium benzoli a and b, were capable of growth with

toluene and other monoaromatic compounds such as benzene and xylene, and that a strain



of Pseudomonas putida could grow with ethylbenzene as the sole source of carbon and
energy. Strains of Pseudomonas isolates were also shown to variably grow in toluiene
(Zylstra et al., 1988; Chang et al., 1993; Alvarez and Vogel, 1991). Hutchins (1991)
‘worked on aquifer microorganisms that could degrade benzene, toluene and xylene by

using different electron acceptors. Under aerobic conditions, he found out that these

degraded to ions below 5 pg/l within 7 days whereas only toluene

and xylene were degraded when either nitrate or nitrous oxide was used.

Experiments done by Cox and Goldsmith (1979) showed that using hexadecane as the
sole source of carbon aided in the conversion of ethylbenzene by a culture of Nocardia

tartaricans ATCC 31190 into two ites of 1-pheneth and

Removal of | with 7 aerugi ATCC 15442 loaded to sterile

sand columns was also studied by Herman et al. (1997). Species of Cornybacterium,

Mic and unidentified G gative rods (Jones and Edington, 1968) as well as

strains of Alcaligene= and (Bouchez-Naitali et al., (1999) were also found

growing on hexadecane.

A wide variety of bacteria have the ability to oxidize polycyclic hydrocarbons including
naphthalene (Walker ez al., 1976; Cemniglia, 1992). A considerable amount of research has
been conducted on strains of Pseudomonas putida which are capable of metabolizing
naphthalene (Davies and Evans, 1964; Patel and Barnsley, 1980; Cemiglia, 1984; Tagger

et al., 1990). The involvement of plasmids in the degradation of naphthalene has also been



reported (Dunn and Gunsalus, 1973). Mineralization half-lives of this aromatic
hydrocarbon in microcosms obtained from sediment and water samples collected from
three ecosystems ranged from 2.4 weeks in sediment chronically exposed to petroleum
hydrocarbons to 4.4 weeks in sediment from a pristine environment (Heitkamp et a.,

1987).

Aerobic biodegradation has posed some problems particularly in terrestrial subsurface
environments where oxygen concentration is initially low. Due to low solubility of oxygen
in water, and its low rate of transport through saturated porous matrices such as soil and

removal of such as BTEX and PAHs from such

contaminated sites is inhibited (Fries ef al., 1994). Recent studies have therefore focused

on the ic bi ion of these by mi isms under
denitrifying, sulfate-reducing, and iron-reducing conditions (Evans, 1977; Vogel and
Grbic-Galic, 1986; Zeyer et al., 1986; Evans and Fuchs, 1988; Mihelcic and Luthy, 1988;
Kuhn et al., 1988; Grbic-Galic, 1989; Grbic-Galic, 1990; Lovley and Lonergan, 1990;
Acton and Barker, 1992; Barbaro et al., 1992; Edwards ef al., 1992; Evans et al., 1992;
Schinck et al., 1992; Frazer et al., 1993; Rabus et al., 1993; Cozzarelli et al., 1995; Rabus
and Widdel, 1995; Ball ef al. 1996; Biegert et al., 1996; Krumholz et al.,1996; Beller and

Spormann, 1997; Gieg et al., 1999).
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14. itoring of In situ

D ing that in sifu bi ation is working requires evidence not only that

have d d but that mi isms caused the decrease.

A considerable amount of work has focussed on the capability of aerobic microorganisms

collected at i sites to mil i to CO; and water

under laboratory conditions (Austin ez al., 1977; Zylstra et al., 1988; Stehmeir ez al.,
1996; Herman ef al., 1997). Other research has concentrated on parameters such as

bacterial number, metabolic by-products, inorganic carbon isotope ratios and electron

acceptor ion to show evidences of bi iation in the field (NRC, 1993).

These approaches, however, do not attribute contaminant loss to microbial activity

q - F P

involving isolation of individual hydrocarbon
degraders using conventional methods (e.g. plate count method) have encountered some
difficulties as they are limited in the culturability of the targeted bacterial populations.
Wilson and Lindow (1992) showed that up to 75% of the viable bacterial populations

could be underestimated.

1.4.1. .Stable Carbon Isotope Analysis

One technique that has gained much attention to verify natural attenuation is the

determination of stable carbon isotope signatures. This method involves the measurement

of isotopic ratios (5'*C) of carbon dioxide in soil gas and/or dissolved inorganic carbon
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(DIC) (NRC, 1993; Suchomel ef al., 1990; Aggarwal and Hinchee, 1991; Trust et al.,
1995; Van de Velde et al., 1995; Jackson et al., 1996; Kelley et al., 1997; Landmeyer et
al., 1996; Aggarwal et al., 1997; Conrad, 1997; Conrad ef al., 1997). While such isotopic

render i L ion on microbial ion of |

other sources and sinks of CO; contribute to changes in 5'°C values (Suchomel et al.,
1990). Furthermore, significant overlap that exists between 5"°C values of CO; derived

from bi ion of hydrocarb i and those resulting from indigenous

(e.g. oot respiration or ion of soil organic matter) can

produce ambiguous results.

The recent development of compound specific isotope analysis (CSIA) using gas
chromatography isotope ratio mass spectrometry (GC-IRMS) interfaced with a
combustion fumace, has provided a more efficient way to assess in situ bioremediation by

enabling direct isotopic analysis of the contaminants themselves.

1.5.  Carbon Stable Isotope Biogeochemistry

Carbon appears in nature as one of several isotopes, two of which are considered stable
isotopes and important in the present study: '*C with a natural abundance of 98.89% and
C with a natural abundance of 1.11% (Hoefs, 1987). The enrichment or depletion of the

less abundant isotope in the products of chemical reaction is referred to as isotopic



fractionation (Lajtha and Michener, 1994) and is caused by two main processes: isotope

exchange reactions and kinetic processes.

1.5.1. Isotope Exchange

Isotope exchange involves the ' i ion of isotopes between different

ds, phases and (Hoefs, 1987) as:
aA+bB; = aA;+bB,
where A and B are different chemical species and the subscripts 1 and 2 indicate whether

they contain the lighter or heavier isotopes, respectively. For such reaction, the

equilibrium constant will be equal to:

(2]

The equilibrium constant (K) is related to the fractionation factor a which is defined as:

a = Ry
Rs



where R, and Rg are the ratios of the heavy and light isotopes (A»/A;, By/B;) in chemical
compounds A and B, respectively. In some cases where only one atom is exchanged, the

equilibrium constant is identical with the fractionation factor, K=a.

Stable isotope ratios are measured usually by utilizing isotope ratio mass spectrometer that
measures the ratio of the heavy and light isotopes in a sample (Rumpic) and compares this
to that of a standard (Ruudu). Therefore, the isotopic composition of a compound is
generally defined as the differences in isotope ratios of a compound and the standard, and

is calculated in “del’ (8) notation and expressed in units per mil (%o):

8 = [(Renpis/Ramia - D] x 10°

The primary standard for carbon is a marine limestone fossil, the Peedee Belemnite (PDB)
(Hoefs, 1987). For the stable isotopes of carbon, the ratio is *C/ '*C and the isotopic

composition is written as 5'°C.

1.5.2. Kinetic Effects

Kinetic isotope effects occur during unidirectional or incomplete reactions (Hoefs, 1987).
Galimov (1985) pointed out that kinetic effects are produced by differences in the reaction
rates of compounds resulting from mass differences between isotopes. Faure (1986) and

Hoefs (1987) further explained this based on dissociation energies of the isotopes.



Because of mass differences, isotopes have different dissociation energies, and the bonds
that are formed by the light isotope are weaker than those involving the heavy isotope, and
thus are more easily broken. During a reaction, compounds bearing the light isotope will,
in general, react slightly more readily than with the heavy isotope (Hoefs, 1987). This then
implies that during unidirectional chemical reactions, there is preferential enrichment of the

lighter isotope in the reaction products.

In biological systems, living i i plants, discriminate against °C in their
uptake of CO; during photosynthesis such that the organic molecules produced from such
process are enriched in *C relative to °C (Abelson and Hoering, 1961; Broecker and
Oversby, 1971; O’Leary, 1988). This fractionation stems from the differences in activation
energies of these isotopes. Because "°C is heavier than "’C and forms slightly stronger
chemical bonds, higher activation energies need to be overcome to break the bonds
formed by a heavier isotope than that the same bonds formed by a lighter isotope. Hence,
molecules having the light isotope will generally react at a slightly faster rate, causing the
residual molecules to become heavier. In a similar manner, in microbially mediated

e.g., in vitro bi ion of an organic contaminant, isotopic fractionation

due to i i i lism of i it light isotopes of a substrate can
also occur and lead to progressive enrichment of the heavy isotopes in the residual

substrate.



1.5.3. Rayleigh Distillation

Since dif in the vapor of isotopic compounds can also lead to

are signif in the study of carbon

isotope systems (Hoefs, 1987). This isotopic separation process can be approached

in terms of fracti i ion or ion under

and this can be expressed by a Rayleigh equation. As most of the compounds selected in

this study are volatile, only the distillation process will be given attention to.

For a di ion process, the i isotope ratios of the remaining liquid and the

vapor leaving the liquid are different and given by:

Ry
- gae
Ry
and
R, 1
= __ g
Reo a

where Ry, is the isotope ratio of the initial bulk composition; R, is the instantaneous ratio
of the remaining liquid; R, is the instantaneous ratio of the vapor leaving the liquid; and f

is the fraction of the residual liquid. In this process, either one isotope will preferentially



fractionate to the vapor phase or vice versa. As the process progresses, the remaining

liquid will become progressively enriched with respect to the heavy isotope (Hoefs, 1987).

1.6. Compound Specific Isotope Analysis (CSIA)

As previously mentioned, CSIA has the potential to be used to trace the source of a
compound (Galimov et al., 1983; O’Malley, 1994; O’Malley et al., 1994; O’Malley et al.,
1996). The technique basically makes use of the compound’s distinct isotopic
compositions with regards to the known stable isotopes of carbon, nitrogen, sulfur,

oxygen and hydrogen. For analysis of carbon stable isotopes, it involves on-line

and mi ion of organic d ification of

produced CO;, and real time measurement of '*C/"*C ratios (Abrajano et al., 1992). This

method has potential in the ination of bi i used in the
diagenesis, or indigeneity of a material (Macko and Estep, 1984; Macko et al., 1987;
Hayes et al., 1989; Freeman et al., 1990; Hayes, 1993; Macko, 1994; Boschker e al.,
1998). Several biotic and abiotic processes occurring in the natural environment can also
change the isotopic composition of compounds of interest. If such compositions can be
investigated, the CSIA can also be utilized to study the mechanisms involved in the

transformations of compounds being studied. Dayan ez al. (1999) suggested that abiotic

of in the envi maybe predicted using information on the
direction and magnitude of the change in isotopic composition from their experiments on

reductive dehalogenation of chlorinated ethenes. In the same manner, biological processes



in which a compound is involved can likewise be studied and isotopic data generated can

then be used in the monitoring of iz situ bioremediation.

To date, only a few studies have been found that used CSIA in demonstrating in situ
bioremediation in the field as well as in the laboratory. Dempster ef al. (1997) developed a
pentane extraction technique that can remove dissolved BTEX compounds, at very low
concentrations, from groundwater prior to isotopic analysis. In conjunction with the

GC/IRMS method, application of such a technique enables the accurate determination of

the 5°C composition of dissolved BTEX at ions signi to

settings and with great spatial and temporal precision. In addition, its suitability in field

ditions has signi implications with respect to both tracing the source of a

particular i and identifying the affecting saturated zone behavior. On

the other hand, Stehmeier ef al. (1999) and Sherwood Lollar ef al., 1999 have actually

applied compound specific studies to ine any isotopic

aerobic ion of some I weight such as benzene and

styrene, and toluene, respectively. Sherwood Lollar ez al. (1999) also studied changes in

isotopic itions of a
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Chapter 2

Experimental Procedures

Bench scale bi i i and i ion were

using the facilities of the Department of Earth Sciences Isotope Biogeochemistry
Laboratory and the Department of Biology Applied Microbiology and Biotechnology
Laboratory. Sterilization of all glassware and media needed in the experiment was
initially done with an autoclave maintained for one hour at 121°C and 15 psi. This was

done to ensure that only the desired microorganisms were being cultured. During

proper aseptic were empl to prevent external contamination.

2.1. Materials

Hyds used in the i were obtained from different chemical

companies. Toluene was purchased from Sigma-Aldrich Chemical Companies, St. Louis.
MO and Milwaukee, WI, U.S.A. while ethylbenzene came from Aldrich Chemical
Company, Inc., Milwaukee, WI, U.S.A. Methanol was acquired from Fischer Scientific,
Nepean Ontario, Canada and crystals of naphthalene were purchased from Supelco, Inc.,
Bellefonte, PA, U.S.A. All chemical reagents and solvents were of highest available

purity.



2.2. Hydrocarbon Degrader Medium

The minimum salts medium or the hydrocarbon degrader medium (HDM) used in the

is described in fer et al. (1996). It contained per liter of distilled

water: 1 g K;HPO, 1 g KH,POs, 2 g NHiNO3, 0.3g MgSO4.7H 70, 0.001 g CaCL2H;0.
0.001 g FeSO4.7H,0. One milliliter of micronutrients was also added to the solution. The
micronutrients were prepared by dissolving the following in one liter of distilled water:
2.9 g H3BO3, 1.8 g MnCly-4H;0, 0.2 g ZnSO4-7H;0, 0.4 g Na;MoO4-2H;0, 0.08 g

CuS04-5H;0 and 0.05 g Co(NO;)-6H,0.

2.3.  Source of the Microcosm

The source of t was a mixed mi ial culture obtained from a

monitoring well at a petrochemical site (Stehmeier, pers. comm., 1998). The mixed

culture was origi enriched in minis salts medium ining pyrolysis gas as a

carbon source. Pyrolysis gas is a mixed hydrocarbon liquid obtained during the cracking
of ethane to make ethylene (Francis et al., 1997). From this consortium, specific
hydrocarbon-degrading cultures were enriched and maintained by subculturing every

month utilizing one of the hydrocarbons of interest as the only substrate (toluene,

and methanol).
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The biodegradation protocol undertaken in this study was adapted and modified from an
earlier microbial and isotopic study of benzene and styrene (Stehmeier e al., 1999).
Microbial cultures were grown aerobically at room temperature in sidearm flasks having
an average volume of 274 ml and equipped with Teflon miniert valves for ease of
sampling. Each flask contained 35 ml of hydrocarbon degrader medium (HDM)
augmented with 2 pl of a particular hydrocarbon, inoculated with 5 ml of microbial
culture, and shaken at about 150 rpm on a Gyratory shaker at room temperature (22 ° + |
°C). The pH of the starting and final culture suspensions of each experiment were

recorded to determine whether acid was produced during microbial growth.

It should be noted that the amount of hydrocarbons (2 pl) used in the experiments when
added to the medium (40 ml) resulted in concentrations that are comparable to
concentrations found in groundwater affected by actual spills. This concentration is close

to the solubility of the hydrocarbons in water (Table 1.1).

The previous method cited above used duplicate vials, one for optical density
measurements and the other for headspace analysis (Stehmeier ef al.,1999). In the present
study, only one flask of modified design was used for each experiment to prevent opening

of the bottle that would lead to inevi loss of h in the head




Furthermore, the design of the flask allows easy measurement of optical density by tilting

the bottle and inserting the side arm into the spectrophotometer (Fig. 2.1).

To ine the growth of mi isms, optical density were done

utilizing a Bausch and Lomb set at 600 nm. were taken

at the beginning, at hourly intervals (or whenever necessary) and at the end of each

experiment.

Hydrocarbon isotope analyses were done at approximately the same intervals as the
optical density measurements. The Isochron II Series gas chromatograph continuous flow
isotope ratio mass spectrometer (GC-IRMS) (Fig.2.2) of the Department of Earth
Sciences, Memorial University was used. The GC was a Hewlett Packard HP5890 Series

11 equipped with a Restek RTX 502.2 column having a length of 105 m, an internal

diameter of 0.53 mm and a 3-um polysiloxane film
(Chromatographic Specialties, Inc.). A specified concentration of hydrocarbon in the
headspace being analyzed (listed in Table 2.1) was injected into the GC, and was then
carried by helium gas (12 psi) to a furnace that combusted the organic compound at 300
°C. Table 2.2 shows the different chromatographic parameters used in setting a
temperature program for the analysis of toluene and ethylbenzene. The resulting carbon

dioxide then passed into a VG Optima dual inlet triple collector gas source mass

. Data acquisition and ing was done by PC-based software supplied

by OPTIMA. Carbon stable isotope compositions are expressed as:



Fig. 2.1. Side-arm flask used in laboratory degradation
experiments.
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IRMS

Fig. 2.2. Gas chromatography continuous flow isotope ratio
mass spectrometer (GC-IRMS) of the Isotope
Biogeochemistry Laboratory, Department of Earth
Sciences, Memorial University.



Table 2.1. Headspace concentration.

Compound Used Concentration
(ul)

Toluene, 2 pl 30
Blank 30
Toluene, 10 pl 10

lank 8
Ethylbenzene, 2
Blank 20

Table 2.2. Chromatographic conditions for
toluene and ethylbenzene.

Toluene Ethylbenzene
250°C 250°C
1 minute 1 minute
35°C

25°C/minute

Rats 25°C/minute
final temperature 250°C 265°C

hold 12 minutes 12 minutes
Total

21.6 minutes 22.2 minutes




83C (%0) = [Rsample/Recerence)-1] x 10°

where 5'3C is per mil (%o) difference of *C/'2C of the sample and reference standard

PDB (Peedee Belemnite).

The initial ions of the in the were calculated using
Henry’s law constant from data listed in Tablel.1. The corresponding concentrations (C.)
at a given time t were determined by using the peak areas in the chromatograms from the

GC-IRMS:

where A, is the peak area at time = t and Ay the peak area at time = 0.

Isotopic analysis and optical density measurement of blanks containing 40-ml HDM and
2 pl (or 10 pl) of the selected hydrocarbon were also undertaken to act as controls, to

loss due to ilization and to ensure that the HDM used was

totally devoid of unwanted microorganisms.

In each experimental run, three replicates were done but inoculation was not

simultaneous. Based on initial experiments involving optical density measurements. it



was found that the log phase of microbial growth was 15 to 30 hours and 4 to 7 days for
toluene and ethylbenzene, respectively. For toluene, because of the short log phase

duration, it was deemed necessary to separate each inoculation by a period of 24 hours in

order to have as many isotopic as possible, especially during the

exponential rise in each replicate.

Another set of experiments using 10 pl of toluene was also conducted to obtain more
isotopic measurements and to determine if there were differences in '°C values with

increases in substrate ion. The same and

mentioned above were duplicated except that the injected headspace concentration of

individual experiments and blank solutions were different (Table 2.1).

Initial experiments conducted with methanol and naphthalene as substrates showed that

of these was ing as indicated by the increase in microbial
biomass (optical density measurements increased over time). Headspace analyses carried
out during these experiments were deemed inconclusive. For methanol, it was difficult to
measure isotopic signatures as no methanol was likely detected in the headspace. This
was probably due to the high miscibility of methanol in water (Howard, 1990b), in this
case water in the hydrocarbon degrader medium (HDM). Similar difficulty in headspace
measurement was also observed for naphthalene. Since the naphthalene used was in
crystal form, its low solubility in water prevented it from going into solution and

interacting with the headspace. This resulted in determination of unreliable isotopic



measurements. Small peaks recorded in blank measurements could not be resolved and
this led to differences in 8'>C values. For hexadecane, by the time isotopic work was

scheduled, the GC-IRMS started to i ime which ledtoa

situation where no isotopic data were obtained.

2.5.1. Isolation of Pure Colonies

Because accurate identification of the bacteria depends significantly on obtaining a pure
culture, isolation of pure strains was the first step undertaken. This was initially done by
using a combination of dilution processes known as the spread-plate and streak-plate
methods. The aim of these techniques was to deposit individual cells far apart on the plate
so that each cell could grow into isolated colonies (Morris, 1998) (Fig. 2.3). The spread-
plate method was accomplished by initially mixing | ml of hydrocarbon culture to 10 ml
of HDM. From this mixture, several dilutions were prepared and then 0.1 ml from each
dilution was aseptically removed and directly plated on a trypticase soy agar. The streak
plate was then employed when growth occurred after 24 to 72 hours at an incubation
temperature of 25 °C. Isolated colonies distinguished by notable differences in

morphological characteristics were picked and streaked on fresh plates. Further streaking
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Fig. 2.3.

Different colonies of microbial species
found in each specific hydrocarbon
culture: naphthalene (A), toluene (B),
hexadecane (C), methanol (D) and
ethylbenzene (E).



was done to confirm the purity of the cultures. The colony morphological characteristics
such as shape, margin (edge), elevation, color, texture and pigmentation of these pure
isolates were also noted. Once this was accomplished, pure cultures were maintained in

trypticase soy agar plates and stored at a refrigeration temperature of about 5 °C.

2.5.2. Testing Procedures

The next step required i ical and bi ical tests ibed by several

microbiology manuals (Blazevic and Ederer, 1975; Ballows e al., 1991; Leboffe and
Pierce, 1996; Morris, 1998). Bacterial cultures grown for 24 to 72 hours at 25°C in either
tryticase soy broth or trypticase agar plates were employed to inoculate test media. Unless

otherwise stated, all tests were examined every 24 hours for a period of five days.

Gram staining was done not only to differentiate between Gram-positive and Gram-
negative cells but likewise to obtain information on the size, shape and arrangement of
microbial cells using a light microscope. It was based on a four-step process in which a
decolorization step occurred between the application of two basic stains. The first step
involved staining a loopful of bacterial cells smeared and heat-fixed in a glass slide with
basic dye crystal violet followed by treatment with iodine that functioned as a mordant to
increase the interaction between cell and the dye forming a crystal violet-iodine complex
(Leboffe and Pierce, 1996). The smear was then decolorized by flooding it with 95%

ethanol. Finally, the smear was counterstained with another basic dye known as safranin
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O. This dye caused Gram-positive cells to stain purple and Gram-negative cells to stain
pink. The Gram staining also allowed the determination of the shapes of the microbial
cells, whether they were cocci or rods, as well as their average dimension. The

arrangement of cells, i.e., either occurring singly, in pairs or in chains. was also observed.

Aside from the Gram stain, other methods used to further verify whether the unknown

cells were G positive or G gative were the MacConkey agar and
antibiotic sensitivity tests. Test plates of McConkey agar were inoculated with different
microbial strains. As the MacConkey agar was a selective and differential medium
containing nutrients, including lactose as well as bile salts, neutral red and crystal violet,
the presence of bile salts and crystal violet inhibited growth of Gram-positive bacteria.

For the antibiotic sensitivity test, in-i discs were placed on

trypticase soy agar plates smeared with the cultures. Development of an inhibition zone
around the discs was indicative that the microorganisms were affected by the antibiotic

and thus were Gram positive cells.

The aerotolerance or the ability of the organisms to grow in the presence of oxygen was

by several i Such i included thiogly deep tubes, the

ic jar and oxidati ion (OF) tests. In the first method, thioglycolate
broth deep tubes were stabbed with an inoculating needle down to the bottom of the tubes
and incubated for 24 and 48 hours. Diffusion of free oxygen was limited only to the top

portion of the tubes as indicated by formation of a blue layer. Growth on top then



indicated the presence of aerobes (organisms that requires oxygen), while growth only in
the lower portion indicated anaerobes (organisms that cannot live with the presence of
oxygen). Growth throughout, but more in the aerobic zone, was indicative of facultative

anaerobes (microbes that grow in both aerobic and anaerobic conditions).

The second method utilized an anaerobic jar into which inoculated culture media were
placed and where the addition of 10 ml of water to a mixture of dry chemicals (i.e.
sodium carbonate, iron powder and an inert extender) produced hydrogen gas and carbon
dioxide. The jar was then sealed to prevent entry of atmospheric oxygen. The rest of free
oxygen inside the jar reacted with the evolved hydrogen to form water. Occurrence of
growth in the culture media indicated that the tested organisms were anaerobic, that is,

they can live without oxygen.

The ability of the organisms being studied to oxidize or ferment a specific sugar was

by the oxidati ion (OF) test. This medium contained a high sugar

to peptone ratio. Two tubes were stab-i d with the same organism being tested.
After inoculation, one tube was covered with sterile mineral oil and the other was left

unsealed. Because the oil excluded oxygen from the medium, this method was also used

in ining the of the i Oiled and unoiled tubes that turned

yellow showed that the tested organisms could ferment and oxidize the sugar and were
facultative anaerobes. Unsealed yellow medium and sealed green medium indicated that

the organism could only oxidize the sugar and were basically obligate aerobes.



Motility was detected with motility test medium ining 2,3,5-tripl
chloride (TTC). Motility agar tubes were inoculated by stabbing with an inoculating
needle and incubated for 24 to 72 hours. A positive result was indicated by diffuse growth

outwards from the line of inoculation.

253. C ization of Aerobic O

Organisms that were identified as Gram-negative and Gram-positive aerobes required
further investigations. For the former, an additional test was needed to ascertain whether
they were non-enteric (GN-NENT) or not. The oxidase test was performed by moistening
a piece of filter paper with a few drops of 1% tetramethyl-p-phenylenediame
dihydrochloride and smearing it with a loopful of growth. Formation of a blue/violet
color after 10 to 20 seconds was indicative of a positive result that in turn showed a GN-

NENT organism.

Gram-positive isolates were further characterized by conducting the catalase test. The
catalase reaction was determined by dropping 3% hydrogen peroxide solution on a
trypticase agar slant containing growth of tested organisms. Immediate formation of gas

bubbles indicated a positive catalase production.

43



254. C ization Using the g i ification System

The Microlog™, or Biolog, is a computer based system for the identification of bacteria
and other microbes (Solit, 1999). Using this system, a 95-well microplate is inoculated

and incubated for an i length of time. ifications are made based on

metabolic profiles obtained from 95 A redox dye, i iolet, is
reduced to an insoluble violet product that can be read visually or by using an automated
reader. For each plate the metabolic profile of the organism is recorded by the computer

and cross-referenced with a bank of profiles of known organisms. The computer then

gives an identification.
Before a mi was inoculated, a bacterial ion was made. Depending upon
the istics of the fum, it was in one of the suspending fluids

(either GN/GP-IF suspending fluid or GN/GP-IF+T suspending fluid). The difference
between the two fluids is that GN/GP-IF+T contains thioglycollate. The choice of
suspending fluid was based on the preliminary results of Gram stain reaction,
aerotolerance tests, the oxidase test and the catalase test. These tests, made on the basis of

the ical, cultural and bi i istics of the unknown bacteria, were

described earlier and are shown in the flowchart (Fig.2.4).



Isolation of Pure Colonies

Streak Piate, Spread Piate Methods
Testing Procedures
‘Aerotolerance Tesls
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‘Gram Reaction Tests
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‘Vancomycin Test

onkey Agar

" Gram-positve

T
Catalase Test

S

Preparation of Inocula

GNIGP-IF. GNIGPIF + T
BIOLOG

Fig. 2.4. Flowchart for taxonomic identification
using MicroLog™ system.



2.54.1. Preparation of Liquid Inocula

The strains were inoculated onto blood agar and incubated for 24 hours or longer for slow
growing species, and these in turn were suspended in special inoculating fluids. GN/GP-
IF for Gram negatives and GN/GP-IF + T for Gram positives at a specified density. The
GN/GP-IF was prepared by mixing 0.1 g Gellan Gum, 4 g of NaCl and 0.3 g Pluronic F-
68 in 1000 ml of distilled water and was dis-pensed in tubes and autoclaved. The same
preparation was carried out for GN/GP-IF + T, except for the addition of three drops of
thioglycolate solution. The cell suspensions., about 150 pl, were inoculated into individual
wells in microplates provided specifically for Gram negatives and Gram positives and
were incubated at the same temperature used to culture the microorganisms.

As described earlier, the mi contaired 95 carbon sources. Cells that

used the carbon sources in certain wells respired, reducing the tetrazolium dye leading to
formation of a characteristic pattern of purple wells which comprised the “metabolic

int” of the ilities of the i

2.54.2. Reading of Microplates

The final step was the reading of the pattern:s produced after 24 to 48 hours of incubation
using a MicroStation Reader (Fig.2.5). The fingerprint data were analyzed by the Biolog

MicroLog software that i searched its i and provided an

identification in seconds.
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Fig. 2.5. MicroStation Reader for BIOLOG identification.
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Fig. 3.1. Plot of optical density (OD) readings against incubation
time using 2yl of toluene. Solid line indicates growth
curve of the degrading microcosm.
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Fig. 3.2. Plot of optical density (OD) readings against incubation
time using 10pl of toluene. Solid line indicates growth
curve of the degrading microcosm.
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Fig. 3.3. Plot of optical density (OD) readings against incubation
time using 2yl of ethylbenzene. Solid line indicates growth

curve of the degrading microcosm.



0.0075 and reached up to 0.245 occurred within 25 to 45 hours from the time of
inoculation (Fig. 3.2). Likewise, an increase in optical density measurements was also
noted for ethylbenzene. The exponential growth of the consortium utilizing this
compound was initiated only after 3 to 7 days of incubation (Fig. 3.3). Initial and final

OD readings were about .0025 and 0.08, respectively.

Using the i i ibed in Section 2.4, ions of residual

in the headspace were calculated from the peak area measurements from the GC-IRMS.
These concentrations are shown in Figs. 3.4 to 3.6. Comparing Fig. 3.1 to Fig. 3.4, it is
noted that an inverse relationship exists between optical density and concentration of

residual A similar i ip is di ible when Fig. 3.2 is to

Fig. 3.5 for 10 ul toluene and Fig. 3.3 to Fig. 3.6 for ethylbenzene. With an increase in

biomass as indicated by the increase in optical density, a corresponding decrease in

concentration was observed i removal of the

of hy ion in the control solutions remained relatively

consistent over time for the two sets of experiments for toluene as well as for
ethylbenzene. The plots for the blank solutions are also shown in Figs. 3.4 to 3.6. Any
observed deviations in the blank solution measurements were likely caused by
fluctuations in the performance of the GC-IRMS or in other sources of analytical error.

All in all, peak areas in the control solutions can be said to have remained unchanged.
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Fig. 3.5. Concentrations of toluene (10pl) in the headspace over time
during biodegradation experiments. (@) represents data from
experimental flasks and (@) from the control flasks. Error bars
represent +1c.
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Figures 3.7 to 3.9 give the §'°C values of each experiment with respect to time. As the
hydrocarbon concentration was depleted and microbial biomass increased during the
course of experiments, the §'°C values did not show any significant changes. The values

were still within analytical uncertainty of the initial §"°C.

In Figure 3.7, with 2 pl of toluene as the substrate, the last measurement has significantly
high 5'3C compared with the starting value of approximately -27 %o. This last
observation, however, has a large standard deviation of 3.17 %o associated with it that

could be attributed to increased with i ion of

residual hyd The isotopic of the solution in the control flasks
averages about -27 %o with standard deviation of 0.65 %o but this includes the last

of -28.8 %o i to other values. Without the

last one, the standard deviation is only 0.37 %o which is close to analytical variability. The
uncertainty of the last measurement could be due to performance of the machine or other

sources of analytical errors.

For the experiments using a higher substrate concentration (10 p! of toluene) which was
used to determine whether there would be isotopic effects induced by increased
concentration (Fig. 3.8), the isotopic compositions were considerably constant at about
-27.3 %o £ 0.16 %o. At the same time, the blanks gave very similar values (mean of -27.3

%o £ 0.2 %o). It is very clear that variations of both samples and blanks are within
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Fig. 3.7. 5'°C values of toluene (2ul) over time. (@) represents
data from experimental flasks and (0) from the control flasks.
Error bars represent + 1c.



-27

513¢ (permil)

28

29

30

- N Foc.lj&..".

15 20 25 30 35 40 45

Time (hours)

Fig. 3.8. 3'C values of toluene (10pl) over time. (@) represents

data from experimental flasks and (0) from the control flasks.
Error bars represent +1c.
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analytical variation.

For the setup, the toward the end were isotopically shifted

slightly by about 2 %a from the value of nearly -29 %o at the start of the experiment (Fig.
3.9). Isotopic compositions of controls exhibited the same shift that could mean an
artificially induced error by the IRMS rather than an actual change in the isotopic

of the residual

The initial and final pHs of each culture flasks were also recorded. The initial pH of the
hydrocarbon degrader medium was 6.34 to 6.5. To prevent hydrocarbon loss and
introduction of unwanted organisms, the initial pH of the solution blanks and the culture
flasks was not measured. [t was assumed that their pH was almost the same as that of the
hydrocarbon degrader medium due to the small amount of hydrocarbon added (2 yl and
10 pl) and that microbial activity had not yet started at that early stage of the experiments.
However, final pH for each culture flask was obtained at the end of each experiment. For
2 pl of toluene, 10 pl of toluene and 2ul of ethylbenzene, the average final pH was
slightly acidic with values of 6.31, 6.03 and 6.37, respectively. This suggests that some
acidic metabolic products might have been produced by the consortium after degradation

of each compound.



32. T i ion of Mi

A series of i transfers gave ic diversity to the
bacterial community used in the present study. Although the consortium was taken from

an aquifer i with various the were initally

acclimatized by supplementing them with specific hydrocarbon compounds as the only

substrates. This gave rise to morphologically distinct colonies isolated from cultures

adapted to that e.g., toluene culture, ethylbenzene culture. Though

isotopic studies for the three selected hyds bons were not i i ion of

the different species that make up the naphthalene, methanol and hexadecane cultures was

carried out for future work.

From the five different cultures, about 26 pure strains were identified according to their
morphological characteristics as listed in Tables 3.1a, b and c. Some strains isolated from

one culture were found to have characteristics similar to those in other cultures.

Results of the thioglycollate deep tubes, anaerobic jar and OF tests showed that all are
aerobic bacteria. In all three tests, growth was affected by the absence or presence of free
oxygen. Growth was limited to the upper portion of the deep tubes where free oxygen
existed while TSA plates streaked with the organisms and placed in an anaerobic jar and

the inoculated OF test tubes covered with oil showed no growth. The OF test also
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Table 3.1a. Morphological characteristics of microbial
strains isolated from toluene (EDT) an
ethylbenzene (EDE) cultures.

Gram Arrangement/ Motility
Organism |  Colony Description | Reaction | Shape Size Test
EDT | 1 | brown, circular, convex, - Tods | single, pair, chain, | _motie
entire, smooth rounded ends,
stubby
ave size 1.0mm ave size 1.9x
068 ym
2 | yellowish, circular, convex, | - Tods | single, pair, chain, | _motie
entire, smooth thin, stubby
ave size 1.3 mm ave size 1.58x
06um
3 | beige, circular, convex, B tods | single, chain, thin | _motile
entire, smooth
ave size 1.1 mm ave size 2.35x
4| dark brown, circular, - Tods | single, pair, chain, | _motile
raised, entire, smooth, almost square
giistening ends
ave size 1.6 mm ave size 1.7 x
0.7 um
light brown, circular, raised - rods | single, pair, chain | _motile
(2, ertve, amooth
025 avesize 16x
0.35 ym
2 | yellow, circular, raised, - Tods | single, pair, some | motie
ente,smooth, glistening are stubby
ave size m (2) ave size_?pm
3 | light brown, u«:ulsr. - tods | single, thin, long motile
convex, entire, smooth
avesize 0.75m (?) ave size 2um
4 | light brown, entire, - rods | single, very thin motile
punctiform, very small to avesize 1.75x
measure 0.55um
5a | white, circular, convex, ¥ cocci | single, pair, ‘nonmofile
entire, smooth, dull c(ustels, chains
ave size 0. .0 um
5b | fight beige, curcuhr raised + cocci | single, pair, more | nonmotile
(aimost flat), e oval in shape
smooth, dull
ave size 0.45 mm ave size 0.8 um
7| dark brown, circular, - Tods | single, long, motie
raised, entire, smooth stubby
avesize 1.2 mm (?) ave size_?um
8 | light brown, Gircular, B Tods | single, stubby, ‘motile
nvex, entire, s palisade

car smooth,
dull, punciform, very small
to measure

ave size 7um




Table 3.1b. i
phlhalene (EDN) and
methnnol (EDM) cultures.

Gram Arrangement/ | Motility
Organism | Colony Description | Reaction | Shape Size Te:
EDN | 1 |fight brown (urur e B rods | single, pair, motile
middle), circul stubby, palisade
avesze 1.3mm ave size 1.05x
0.5um
2b | yellowish, circular, raised = rods | single, pair, ‘motile
(aimast convex), entire, squarish ends
smooth
avesze 1.1mm avesize 1.45x
0.5 um
3| whitish brown, circular, - rods | single, pair, ‘motie
convex, entire, smooth
ave sze 2.0mm avesize 2.05x
0.75 um
[ dark brown, circular, B rods | single, pair, chain, | motile
raised, entire, smooth, thin, stubby
punctiform
ave size 0.65mm ave size 2.31x
0.56 ym
3 [ beige, circular, aimost flat, B motile
entire, dull, punctiform
avesize 05mm
4a | beige (dark brown), - motile
circular, convex, entire,
ave size 1.5mm
45 | dark brown, circular, ¥ nonmotie
raised, entire,
‘punctiform, very small to
measure
S | whitish (cream), Gircular, B rods | Single motile
convex, entire, smooth,
pun
ave sze 0.5mm avesize 1.35x
0.5 um
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Table 3.1c. Mor i istics of mi i
strains isolated from hexadecane (EDH)
culture.

Gram Arrangement | Motility
Organism |  Colony Description | Reaction | Shape Size Test
EDH | 2 | fight brown, circufar, - fods | single, paiisade motile
ot flat(2), entire,
smoot
ave size 0.25 mm avesize 1.8x
.5 um
3 | dark brown, circutar, - Tods | single, chain, motile
convex, entire (imegular?), alisade
smooth
avesize 1.0mm avesize 1.4x
pm
2a | saimon, Gircular, convex, T cocci | single, tetrad nonmotie
entire, smooth, dull
avesize 0.25mm ave size 0.95
pm
ab | beige, circular, convex, + cocci | tetrads, chain onmotile
re, i
ave size 0.85mm
& | mustard yellow, circular, * cocci | parr, chain nonmotile
convex, entire, smooth, (streptococci)
dull chain, tetrad
ave size 0.65mm ave size 1.0 um
7| mustard yellow, circular, + cocci | pair, tetrad, chain | nonmotile
convex, entire, smooth, (staphylococei)
dull
ave size 0.55mm avesize 1.0um




indicated that they were oxidative organisms.

Based on the outcome of the Gram stain and antibiotic tests, all bacterial strains were
Gram-negative rods except for two (2), one (1), and four (4) species from ethylbenzene,
methanol and hexadecane, respectively, which were Gram-positive cocci. Motility tests
using the TTC reagent indicated that the Gram-negative rods were motile while the

Gram-positive cocei were non-motile.

The oxidase test further verified that the G gati isms were ic as

they exhibited positive results indicated by formation of a blue color when a loopful of

bacteria was smeared on a filter paper moi: with p-pl
dihydrocloride. Gram-positive cocci, on the other hand, gave positive reactions with the

catalase test where production of frothing or bubbling was observed.

Biolog identifications of the microbial strains are listed in Tables 3.2a and b. Gram-
negative bacteria were mostly strains of the genera Pseudomonas, Stenotrophomonas,

Oligella, Bordetella and Acidovorax. On the other hand, Gram-positives were identified

as belonging to the genera of Mi z D and Kokuria

(or Erythromyxa).
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Table 3.2a. Identification of the

toluene (EDT),

different microbial strains from

(EDN) cultures.

(EDE) and e

Identification

EDT | 1 B

Pseudomonas fluorescens.

‘Stenotrophomonas maltophiia

Pseudomonas fluorescens

al w W

E%%?i

‘Pseudomonas fluorescens
Pseudomonas marginalis!
Pseudomonas fluorescens biotype F

38
&

Pseudomonas pseudoalcaigenas!
Bordetella trematum
(Bordetella hinzi)

g

‘Stenotrophomonas maitophiia

§

Oiigelia ureolytica
(Bordetella hinziy)

R
|
!
%;

EDN | 1 -

Pseudomonas fluorescens Giotype G

g

Stenotrophomonas maltophiia

rods Pseudomonas fluorescens,




Table 3.2b. of the different mi ial strains from
(EDM) and e (EDH) cultures.
Organism | Gram Reaction | Morphology Tdentification
EDM 1 - rods. Bordetella hinziil
Bordetella-like species
(Oligella ureolytica)
3 B Tods "Acidovorax facilis
(Alcaligenes xylosoxydans!
Comomonas acidovorans)
Za - Tods Pseudomonas putida biotype BI
Pseudomonas fluorescens biotype G
b + = ‘Dermacoccus nishinomiyaensis
5 B rods Z Z
Pseudomonas fluorescens
EDH 2 - rods. Acidovorax facilis
(Pseudomonas synxanthal
idomonas fluorescens biotype C)
3 B Tods Pseudomonas fluorescens!
Pseudomonas fluorencens biotype G
4a - cocei Kocuria roseal Erythromyxa
b + Cocci Kocuria rosealErythromyxal
Micrococcus diversus
s ¥ Cocct "Micrococaus luteus
7 * cocci Micrococcus luteus




Chapter 4

Discussion

4.1.  Laboratory Biodegradation Studies

4.1.1. Microbial Degradation

The toluene culture was dominated by two isolates belonging to the genera of

and (Table 3.2a). These organisms are aerobic, Gram-

negative rods. Oligella, Aci 3 and species were also
found in the ethylbenzene culture. The first three are Gram-negative rods but the latter is

Gram- positive coccus.

Based on a number of reports, £ d species are ubiqui and known
to degrade wide classes of hydrocarbons in marine and soil environments (Gibson, 1984;

Vanderbergh and Kunka, 1988; Swanson, 1992; Caldini et al., 1995; Whitman et al.,

1998). On the other hand, ilic found in soil
environments, has only been reported to degrade high molecular weight hydrocarbons
(Boonchan er al., 1998). The role of the other identified species in biodegradation of

has not been
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The present work was not able to ine the i and the

metabolic products as well as the enzyme systems used by the above-mentioned aerobic
microorganisms. However, the general degradative pathways established in previous
works are described. These pathways could have been used by the said organisms to

degrade the aromatic (e.g- toluene, etc.) but future work
would benefit from determining the exact pathways that these organisms used and the by-

products that influence the overall degradation of the compounds.

Several studies have the ility of mis isms to

hydrocarbon compounds utilizing a wide array of chemical reactions or metabolic
pathways. However, most aerobic bacteria use three types of initial reactions to transform

the compounds into products that are structurally similar to chemicals that

are used to izis et al., 1993). With only one or
a few initial transformations, the resulting chemical products can be included in the more
common degradation pathways and be fully degraded. These reactions are often mediated

by a variety of enzymes that function as catalysts, hence increasing the rate of chemical

reactions in the bacterial cell.

Oxidation by species of 7 is i using an

form of oxygen to actively mi ize aromatic in the envil (Atlas,
1978; Gibson, 1984). The oxidation of | i such as the BTEX

compounds, for instance, may be initiated by two functionally distinct classes of



oXygenase enzyme systems extensively described in the literature (Gibson and
Subramanian, 1984; Schwarzenbach et al., 1993). These include the monooxygenase and
dioxygenase enzyme systems. Generally, the aromatic compounds are first transformed
into catechol or its derivatives by these systems and subsequently metabolized through
common metabolic pathways (Fig. 4.1) ( Fewson, 1981; Ribbons et al., 1982; Gibson,
1984; Cemiglia, 1984; Pitter and Chudoba, 1990; Muller, 1992; Baker and Herson, 1994;
Hall er al, 1999). Benzene is initially oxidized by the introduction of two hydroxyl
groups from a two-component enzyme system forming cis-hydrodiols, which in turn are
dehydrogenated to yield catechol (Fig. 4.2) (Gibson and Subramanian, 1984). Toluene has
many separate biodegradative pathways, some of which include 3-methylcatechol as an

product (see ing section). Many separate pathways also exist for

ethylbenzene, which can be degraded to 3-ethylcatechol. In each of these cases, the

aromatic ring of the substituted catechol is later cleaved by dioxygenase enzymes.

After catechol formation, the aromatic nucleus in these compounds is broken through one

of two the ortho-cleavage or the leavage pathway. The ortho pathway

involves cleavage of the carbon bonds between the hydroxyl groups (Fig. 4.3) (Baker and

Herson, 1994). This leads to the ion of the respecti: and
muconolactones, which are further ized to 4 i 1-1 and then to
3 i (B Iy ism finally proceeds to intermediates acetyl-CoA

and succinate of the trunk pathway called the Krebs cycle. These intermediates are

metabolized by trunk pathway enzymes and used as growth substrates.
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Fig. 4.1. Aerobic ion of the BTEX
Benzene: R = H; Toluene: R = C:Hy
Ethylbenzene: R = CH,CH;; m-)Cylene R =CH,.
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Fig. 4.2. Initial reactions utilized by bacteria to oxidize
benzene (after Gibson and Subramanian, 1984).
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Fig. 4.3. The ortho-cleavage pathway (after Baker and Herson, 1994).
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In meta cleavage, ring cleavage occurs between a carbon atom with a hydroxyl group and
the adjacent unsubstituted carbon atom, forming a 2-hydroxy-muconic semiaidehyde

(Fig. 4.4) (Baker and Herson, 1994). ism results in the ion of

final products such as pyruvate, formate and acetaldehyde, which are further oxidized via

the Krebs cycle.

Naphthalene, the simplest polycyclic aromatic molecule, is degraded by initial attack of a

dihyds forming a cis-di iol, which is to 1,2-
dihydroxynaphthalene (Figure 4.5) (Gibson and Subramanian, 1984). The aromatic ring is
then cleaved oxidatively. The side chain, from the resulting molecule, is subsequently
removed forming salicylate. Salicylate is oxidized to catechol whose oxidation has been

described above.

4.1.2. Isotopic Fractionation

The molecular and stable isotopic compositions of hydrocarbons and other organic
contaminants in surface and groundwater reflect the combined effects of the (1) nature of
contaminant sources, (2) biotic and abiotic transformation during transport, (3) dynamics
of source mixing, and (4) post-accumulation diagenetic reactions. This multiplicity of
possible sources and processes affecting organic contaminants requires a complete

understanding of the impact of specific processes or sources on the molecular and
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Fig. 44. The meta-cleavage pathway (after Baker and Herson, 1994).
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Fig. 4.5. Aerobic degradation pathway of naphthalene (after
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isotopic chemistry of the contaminant. This in turn requires the availability of multiple

geochemical tools that are able to uniquely identify or seriously constrain specific

sources and/or One of the goals of the present study is to examine
the possible utility of carbon isotopic itions as a means of
biodegradation. If carbon isotope fractionati ies bi on, it was our

secondary goal to examine the systematics of such fractionation.

Large carbon isotopic fractionation has been shown to accompany a variety of microbial
processes (e.g., Abrajano and Sherwood Lollar, 1999). It has been observed during sulfate
reduction (Jones and Starkey, 1957; Nakai and Jensen, 1964; Rees, 1973), denitrification

(Mariotti et al., 1988; Aravena and 1998), and meth: is (Barker and

Fritz, 1981; Coleman et al., 1981; Krzycki et al., 1987; Botz et al., 1996). However, the

of isotopic ionatis hibited by microbial ion of organic
differs ing on their ition and structure. For instance, a large
carbon isotopic ionation was i with microbial ination of

ethenes (Hunkeler e al., 1999; Huang ez al., 1999) and aerobic degradation of a

aliphatic i (Heraty et al., 1999) but no significant

fractionation occurred during mi i ion of aromatic (O’Malley

etal., 1994; Trust et al, 1995).

The result obtained in previous studies on hydrocarbons (O'Malley er al, 1994) was

confirmed by the present study in which i were to



carbon isotopic variations during aerobic ion of low weight

(toluene and As shown in Figs. 3.1 to 3.6, biodegradation

was manifested by increases in microbial biomass and decreases in hydrocarbon
concentrations. In Fig. 4.6, as the fraction of remaining toluene with initial concentration
of 2 ul decreases (and disregarding the last measurement as quantity of residual toluene
was not sufficient at this point to perform a reliable isotopic measurement), the '>C/2C
remains relatively constant indicating no isotopic fractionation occurring. With a greater
initial substrate concentration of toluene (10 pl), the same observation can be seen in Fig.
4.7. The §"C values stay relatively uniform though the amount of residual toluene was
reduced to about 20%. This similar result for 2 pl and 10 pl toluene suggests that
concentration is not a limiting parameter for isotopic fractionation to occur. Likewise, no
significant change in §'*C was noted for ethylbenzene as the residual concentration of the

compound was diminished to as low as 20% of the original concentration (Fig. 4.8).

Recent batch vial experiments carried out by Sherwood Lollar ef al. (1999) on
biodegradation of toluene under aerobic conditions also showed results identical to that of
the present study.

In contrast to the i results, a ial isotopic

(6-10%2) was

obtained by Meckenstock et al. (1999) associated with aerobic and anaerobic
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of the same (toluene) used both by Sherwood Lollar er al.

(1999) and the current study. The contrasting results observed by Meckenstock et al.
(1999) and the present experiment as well as that of Sherwood Lollar ef al. (1999)

suggest that different microbi ities and envis itions could control

isotopic ionation (Abrajano and Lollar, 1999). It is also possible that
differences in experimental design could have affected the results since these experiments

were conducted under different itions (e.g., initial i pH).

However, this is not the case with Sherwood Lollar er al. (1999) and the present study.

Although they a different i design and mi the outcome

revealed that aerobic biodegradation of toluene involves no significant fractionation in its
carbon isotopic composition. The same observation was made by Sherwood Lollar er al.

(1999) when a different i ining toluene degraders was utilized.

One major difference between the studies of Sherwood Lollar er al. (1999), Meckenstock

etal. (1999) and the present study was the species employed in the respective

experiments. The kinetic isotopic ionation obtained by M etal. (1999)
reflects only the effect of the degradation of toluene by a single strain of bacterium
(aerobic bacterium Pseudomonas putida strain mt-2). The present study as well as that of
Sherwood Lollar er al. (1999) reflects the overall effect of degradation by mixed
populations of microbial species. It is a common observation that the rate of
biodegradation of a particular compound is faster with microbial communities compared

to pure cultures (Slater and Lovatt, 1984). This is due to the interactions between species



making up the microbi: ity where ition between bacterial strains vying

for the same substrate can lead to a faster degradation rate.

It is unclear why carbon isotopic fractionation would be influenced by the presence of a
competitive microbial consortia, given that kinetic isotope effect, if present, will likely
result in similar heavy isotope discrimination (i.e., "’C-enriched residual hydrocarbon). It
is therefore tempting to speculate that the difference between the Meckenstock et al.
(1999) experiments on the one hand, and the present experiments and those of Sherwood
Lollar et al. (1999) on the other is that the microbial degradative pathways are different

(Abrajano and Sherwood Lollar, 1999). This would likewise imply that the bacterial

species i ible for the ion in our
consortia experiments is not the Pseudomonas putida strain utilized by Meckenstock et

al. (1999).

During aerobic microbial degradation, toluene has two likely sites for oxidative metabolic
attack: the aromatic ring itself (Zylstra ef al., 1988) and the methyl group (Kitagawa,

1956; Nakazawa and Yokota, 1973). Some mi isms such as the 7

putida F1 (PpF1) of Zylstra et al. (1988) oxidize toluene by the incorporation of both

atoms of molecular oxygen into the aromatic nucleus to form cis-toluene dihydrodiol

(Fig. 4.9A). This reaction is facili by multi enzyme system desij as

toluene di Further ism of cis-toll i iol involves an NAD+-

independent dehydrogenation reaction to form 3-methyl catechol. Initial oxidative attack
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of toluene can also take place at the methyl constituent mediated by 2 monooxygenase

enzyme system. This involves incorporation of one atom of oxygen into per dioxygen

In this reaction, ion of toluene gives rise to the formation of benzyl
alcohol and requires NADH and FAD (Nakazawa and Yokota, 1973; Gibson and
Submaranian, 1984) (Fig. 4.9B). The benzyl alcohol is subsequently transformed to
benzoic acid which is in turn converted to cyclo-3,5 diene-1,2 diol-1-noic acidate and

finally to catechol.

It is probable that the initial oxidation of toluene utilized by Pseudomonas putida strain
employed by Meckenstock ef al. (1999) could be the same pathway as that of
Pseudomonas putida F1 (PpF1) of Zylstra et al. (1988). It is possible then that isotopic

observed by et al. (1999) might be related to this initial attack

to the aromatic ring where two atoms of oxygen were added. The kinetic isotope effects

associated with breaking one of the carbon-to-carbon bonds within the ring that led to the

of the cis-toll il iol likely caused this observed fractionation.

Benzene, being the simplest aromatic hydrocarbon, possesses only the basic aromatic ring
and its degradation generally occurs with the oxidation of the aromatic ring itself where it
is converted to cis-benzene dihydrodiol aided by the benzene dioxygenase multi-enzyme
complex (Fig. 4.2) (Gibson and Subramanian, 1984). It is interesting to mention at this
point that our previous aerobic microbial degradation experiments using benzene as

substrate demonstrated isotope enrichment of '>C in residual hydrocarbon (Stehmeier et
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al., 1999; see Appendix). This was accompanied by a decrease in concentration as
indicated by hydrocarbon loss of an average of 83% and by an increase in microbial
culture absorbance as an indicator of microbial growth. Although small in magnitude, the
isotope enrichment ranges between 2 to 7 times the analytical error of 0.3 %o (Fig. 4.10).
Based on these observations, it seems probable that if the degradative pathway used by a
single bacterial strain or by microbial consortia starts with the attack on the aromatic ring
itself, notable isotopic fractionation could be observed, as shown by the results of

Meckenstock ez al. (1999) and our benzene experiments.

In contrast, the respective competitive consortia of the present study and Sherwood Lollar
et al. (1999) could have initiated the degradation of toluene through oxygenation of its
methyl group (Kitagawa, 1956; Nakazawa and Yokota, 1973). In this first reaction, only a

carbon-hydrogen bond within the methyl substituent is broken to yield benzyl alcohol and

this is not i with signi isotopic

‘What was exhibited by the ic hyd toluene and , was

likewise described for some polycyclic aromatic hydrocarbons mentioned earlier (e.g.,
O’Malley et al., 1994). Studies on microbial degradation of polycyclic aromatic
hydrocarbons made by O’Malley et al. (1994) showed no enrichment of *C in the
residual hydrocarbons. Pure culture aerobic degradation experiments on naphthalene
indicated that although rapid bacterial growth and up to 95% consumption was observed

after 6-hour exposure (Fig. 4.11), no significant alteration in isotopic values was noted
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‘when this compound was used as the sole source of carbon (O’Malley et al., 1994).

Similar results were recorded when a larger starting concentration was utilized.

The same holds true with that of the fluoranthene study conducted by O’Malley er al.

(1994) in which the concentration of this hydrocarbon was reduced by 63% after 60 hours

of exposure to an active bacterial ion. F there was no si
alteration in the isotopic values of this hydrocarbon (Fig. 4.12). Trust ez al. (1995) also
found no isotopic fractionation associated with the microbial degradation of this

compound.

Biod ion of

P ic aromatic (e.g., occurs with the
initial attack on one of its aromatic rings (Fig. 4.5). Although one would expect isotopic
fractionation to occur in such a case, no significant fractionation was observed by

O’Malley e al. (1994) or Trust et al. (1995). Harrington et al. (1999) suggested that the

lack of isotopic enrichment could be due to the mi ization rate of these

The mineralization rate might have been so fast that the fractionation factor decreased

with i i ion rates (Gt and Kaplan, 1975). Another reason could be

correlated with the molecular masses of the The isotopic

factor will be effectively “diluted” over the number of carbon atoms in the molecule
(Harrington ez al., 1999). It could also be possible that fractionation has occurred but this

was not due to microbial degradation but to an abiotic process, e.g. dissolution process.
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The hydrocarbons were in crystalline form and had to undergo a dissolution step prior to

microbial degradation.

Further studies should still be conducted to elucidate the role of the different metabolic
pathways and enzyme systems utilized by individual microorganisms as well as by mixed

populations in their effects on the magnitude of isotopic fractionation.

4.2.  Field Studies

By examining residual hydrocarbons in soil extracts and vapor samples collected from

four different contaminated sites, Stehmeier ez al. (1999; see Appendix) attempted to

demonstrate the applicability of the isotope technique in the field. One of the sites (Site 2)

is a bi i ion in Alberta i ing gasoline released from an underground
storage tank. Field measurements from two monitoring wells within the site are illustrated
in Fig. 4.13 to Fig. 4.14. About 28 hydrocarbon components were resolved in gas
chromatography of samples from 2.2 m and 24 constituents from 4.3 m depth in
monitoring well A (Fig. 4.13). Twenty-two of these compounds were found at both

depths and therefore a ison of their isotopic itions can be made. Two

compounds corresponding to retention times of 1275 and 1313 seconds have differences
in 8'°C of less than 1%o. Eleven components increased in 8'°C values by more than 1 %o
while 8 components increased by more than 2 %o. In monitoring well B, 20 hydrocarbon

constituents were resolved at 2.2 m depth and 18 constituents at 4.3 m (Fig. 4.14). Of the
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Fig. 4.13. Isotopic effects of gasoline contaminants from soil samples in
Well A located in Site 2 (after Stehmeier et al., 1999). (@)
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(@) from 4.3 m depth.
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16 compounds found at both depths, only two showed 8'°C di of

less than 1 %o with six and eight components having 5'"°C shifts of greater than 1 %o and 2

%o, respectively.

Based on laboratory degradation experiments carried out for benzene and styrene
(Stehmeiier ef al., 1999), increases in §°C of hydrocarbons in Well A seem to be due to
biodegradation occurring at shallower depths. In contrast, enrichment of '*C occurred at a
deeper level in Well B (Fig. 4.14). Possible explanations for this disparity include
substantially greater porosity at 2.2 m resulting in much higher concentrations of
hydrocarbons at this depth which could have led to local reduction in E# that pre-empted
aerobic biodegradation at the shallower depths. Another plausible explanation for the
reversal in *C-enrichment pattern in Well B is the impact of toxicity of hydrocarbon at

elevated levels.

The field results of Stehmeier ef al. (1999), however, are inconsistent with the present
study in which no significant isotopic fractionation was obtained with the degradation of

low molecular weight aromatic Field i on microbial

degradation of BTEX compounds by Kelley er al. (1997) similarly showed that the
isotopic composition of these compounds remained the same at different sampling
periods. It is thus possible that the field observations (Stehmeier ez al., 1999) can be

attributed to other processes involving the organic contaminants (Diegor et al., 1999).



In natural envi abiotic often play an i role in the

of organic i Only a few studies concerning isotopic

effects iated with these were available in the literature.

Whereas isotopic fractionation effects due to soil adsorption are likely small (e.g.,

Harrington ef al. 1999), isotopic effects due to vaporization generally varies with respect

to the variety of organic Unlike equilibrium isotope fractionation, where the
heavier isotope fractionates into the liquid rather that the vapor, vaporization of organic
compounds seem to exhibit what is referred to as an inverse isotopic effect (e.g., Huang er

al., 1999; Harrington et al., 1999).

Balabane and Letolle (1985) found out that liquid fractions taken during distillation of
benzene and toluene were enriched in the heavy isotope compared to the initial substrate

and that the residual liquid was i depleted as distillati o

completion, indicating a positive change in delta values. In addition, experiments on the
BTEX compounds by Harrington er al. (1999) showed small positive isotopic effects. On
the other hand, Huang ef a. (1999) and Poulson and Drever (1999) pointed out that large

isotopic i ion was i with ization studies on i aliphatic

The observations from the Alberta hydrocarbon spill can now be reconciled with the

. Note, in it the il iour of the shallow
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and deep samples from Wells A and B. In Well A, the hydrocarbon samples were shifted

to isotopically heavier values, an i i with aerobic bi ion, if it

is assumed that biodegradation pathways that promote preferential destruction of 2C-
involving bonds are involved. Preferential biodegradation at shallower levels is promoted
by the greater access to oxygen at these depths. However, if it can be shown that the
laboratory-cultured microcosm (i.e., those utilized in the present experiments) is

for bi ion at the levels, then the observed fractionation has

to be due to other than bi ion. Given that cultures i

alter the microbial structure compared to what is present in the field, it is not surprising
that carbon isotopic fractionation was observed in the field whereas none was observed in

the microcosms.

‘Well B, however, exhibited shallow fractionation that favored enri of 2C in the

residual hydrocarbons, and opposite that observed in Well A. In the initial assessment of
this fractionation pattern, it was speculated that carbon isotope fractionation preferentially
occurred in the deeper samples (Stehmeier et al., 1999). It was also suggested that
anaerobic degradation, similar to those observed experimentally (Fig. 4.15), may have
occurred. In light of the discussion noted above, it now appears more likely that the
shallow hydrocarbon samples from Well B was affected by volatilization of
hydrocarbons. The reverse carbon isotope fractionation observed is consistent with the
reverse fractionation noted by Huang er al. (1999) and Harrington et al., 1999). Indeed,

the substantial carbon isotope shift shown by the shallow samples (2-3 %o) from Well B
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suggests very high degrees of volatilization. The problem with the previous suggestion of
Stehmeier ef al. (1999) is that the deeper samples for both Well A and Well B have very
similar carbon isotope values. This would imply that if the deeper samples in Well A are
relatively unaltered values, it becomes difficult to argue that the deeper hydrocarbons in

Well B are residues of anaerobic degradation.

4.3. to In situ

In assessing the effecti of in situ bi jation, the monitori ique used

must satisfy the criteria set by the National Research Council (NRC, 1993). These include

loss of i y assays showing that microorganisms from
site samples have the potential to transform the contaminants under the expected site

conditions; and one or more pieces of i ion showing that bis ion potential

is actually realized in the field.

Stable isotope analysis has already been used as a valuable technique in investigating the
behavior of organic contaminants in the subsurface and to some extent in assessing the

of bi iati i ion is of parti interest since it is often

the only process that may result in complete ion of i to

product. With the application of this technique, it is shown that results of our bench scale
experiments satisfied criteria 1 and 2 in which selected hydrocarbons have been

microbially degraded under aerobic conditions. Evidence of such is manifested with
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increase in biomass and decrease h ion. However, of

3"C in residual hydrocarbons such as toluene and ethylbenzene has shown no significant

change in isotopic itions of residual These observations still have
to be demonstrated in the field, but if correct, the application of carbon isotope techniques

to monitoring aerobic BTEX degradation seems suspect.

Sherwood Lollar er al. (1999) also that in itoring of in situ bi

by natural microbial communities using the stable carbon isotope analysis, field evidences
should further show the following criteria. Systematic changes in §"°C values, or
fractionation must occur during biodegradation. Fractionation must be greater than
analytical uncertainty, and under given set of conditions, the fractionation must be

reproducible. Finally, the effects of isotopic fractionation during biodegradation must also

be readily discerable from isotopic effects i with other sub: of

mass ion such

and sorption.

Site-specific studies are necessary to determine the presence of inherent microbial
bacterial populations and to quantify the stable isotope fractionation occurring

biologically. In conjunction with these studies, determination of the effects of the variety

of envil itions such as pressure, pH, electron acceptors,

geologic and i ies, on the i of isotopic ionation of organic

should also be




Chapter 5

Summary and Conclusions

The extensive occurrence of aromatic hydrocarbons through accidental spills and leakage
of underground storage tanks, or through inadvertent releases during use, transport or

disposal has caused ination of surface and

Among the compounds of interest are low molecular weight hydrocarbons such as the

monoaromatic BTEX compounds because of their toxic and carcinogenic potential.

Aerobic degradation catalyzed by inherent microbial populations is one of the
mechanisms that could aid in the complete removal of aromatic hydrocarbons in the
environment. Several approaches have been utilized to assess this process but their
measurement of the changes over time (e.g., of hydrocarbon concentration, bacterial
count, metabolites) may be affected not only by biodegradation but also by other

chemical and physical processes.

Stable carbon isotope analysis is one technique that has been previously used to trace

sources of organic C have istic carbon isotopic

compositions that can be used to pinpoint their origins. Any process in which the

compounds are involved with may likewise impart significant isotopic fractionation.
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modified from an earlier protocol (Stehmeier et

al., 1999) were performed in replicates utilizing selected hydrocarbon compounds as the

bial cultures acclimatized to the specific ‘were used and

grown aerobically at room temperature in side-arm flasks. To establish microbial growth,

measurement of optical density was To ine changes in
and isotopic ition of residual isotope analyses were
by ing a specific ion and analyzing it by gas

chromatography continuous flow isotope ratio mass spectrometry (GC-IRMS).

Biodegradation of toluene showed that microbial growth exhibited an overall increasing
trend as indicated by increases in optical density. A corresponding decrease in

with no signi changes in the §"°C values was also noted.

Similar observations were obtained using higher substrate concentration (10 pl of

toluene). i on as the substrate likewise demonstrated

the same effects on microbial growth as well as in the concentration of residual

Isotopic itions also remained i constant.

Identification of the microcosm revealed various species that make up the different
hydrocarbon-specific cultures. About 26 bacterial strains were identified that consisted of
Gram negative rods as well as Gram positive cocci. Gram negatives included strains from

the genera of Oligella and Aci while Gram
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positives belonged to Mi S D and Kokuria (or

Erythromyxa).

The present study revealed that no isotopic fractionation accompanied microbial

degradation of toluene. A recent study ing two different
likewise exhibited the same outcome (Sherwood Lollar e al., 1999). In contrast, another

work obtained a i ionati iated with bis ion of the

same compound (Meckenstock er al., 1999). These contrasting results indicate that the

of isotopic fractionation depends on the ive pathways utilized by the

consortia. i the nature of the initial metabolic step (e.g.,

attack on methyl group versus scission of aromatic ring) could control the extent of

carbon isotope ionation. The i i used in the present study
and Sherwood Lollar et al. (1999) could have initiated the degradation of toluene through
oxygenation of its methyl group (Kitagawa, 1956; Nakasawa and Yokota, 1973) in which

a carbon-hydrogen bond was broken, and this was apparently not associated with isotopic

The F strain used by et al. (1999) might have
initially attacked the aromatic ring (Zylstra ef al., 1988) in which the accompanying

cleavage of one of the carbon-to-carbon bonds might have caused the fractionation.
Benzene is basically composed of an aromatic ring and thus its degradation occurs with

the oxidation of the aromatic ring itself (Gibson and Subramanian, 1984). Earlier

microbial degradation experiments done with benzene showed isotopic enrichment
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ranges, though small in magnitude, from 2 to 7 times the analytical error of 0.3%o
(Stehmeier et al., 1999). These observations, as well as the results obtained by
Meckenstock et al. (1999), seem to point out that if the degradative pathway used by a
single bacterial strain or microbial consortia occurs with the attack on the aromatic ring

itself, notable fractionation could be observed.

The outcome exhibited by the i toluene and ethy 3
was similar to that obtained from degradation studies of some polycyclic aromatic

(eg. and (O’Malley er al. 1994; Trust et al.,

1995). Although initial microbial attack also occurs with one of the aromatic rings, the
lack of isotopic fractionation could be attributed to several factors such as mineralization
rate (Goldhaber and Kaplan, 1975), molecular masses (Harrington er al., 1999) or to an

abiotic process, e.g. dissolution.

Field results conducted on soil samples collected from an Alberta hydrocarbon-
contaminated site (Stehmeier et al., 1999) were inconsistent with the present study. The
contrasting behaviour of shallow and deep samples from two monitoring wells suggested
that other process e.g., volatilization (Harrington e al., 1999; Huang et al., 1999) might

have affected the observed isotopic values.

Based on the results of the present study, application of stable carbon isotope analysis in

aerobic ion of aromatic i the BTEX do not
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appear promising for assessment of natural or engineered in situ bioremediation. Future
studies should look more closely into the different degradative pathways and enzyme

systems used by individual microorganisms as well as mixed populations and their effects

on the i of isotopic i ion. Site-specific studies are also necessary to
determine the inherent presence of (these) microbial consortia and quantify the associated
biological isotope fractionation. . In addition, the role of the various environmental
conditions such as temperature, pressure, pH, electron acceptors should also be
considered to determine their effects on the magnitude of isotopic fractionation

of organic
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Field and in vitro evidence for in-situ bioremediation using
compound-specific '*C/'?C ratio monitoring

L.G. Stehmeier™*, M.McD Francis®, T.R. Jack®, E. Diegor®, L. Winsor®,
T.A. Abrajano Jr"
‘Nova Research and Technology Centre, Calgary. Alberta, T2E 7K7, Canada
®Department of Earth Sciences and Environmental Science Programme, Memorial Universityof Newfoundland. St Joh's,
Newfoundland, A18 3X5. Canoda
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Abstract

This work describes the use of 5'°C values of residual hydrocarbons as a method for demonstrating in-situ
biodegradation. Miceoblal gromh, hydrocarbon Joss and focrase in 8 'C. valos were demonstzaid in vio s
benzene and styrene as carbon substrates. Isotope evidence of biodegradation were subsequently sought in four feld
sites contaminated with a wide variety of hydrocarbons. Analysis of residual hydrocarbons in the field indicated that
an overall increase in the §'°C generally accompanied loss of hydrocarbons. an observation consistent with in-sit

biodegradation.

‘The field samples were analyzed using vapor or soil extracts, and the increases in °C were observed using both
types of samples. Vapor sampling is of practical interest because stable isotope ratio mnmmnn‘ufsudvlpmwu.ld
dramatically reduce the number of wells required for monitoring of ongoing remediation efforts. Our preliminary
studies of contaminated field sites allude to the potential of compound-specific isotopic monitoring techniques as a
cost-effective measure of in-situ biodegradation. © 1999 Elsevier Science Lid. All rights reserved.

Keywords: Aerobic microorganisws; Stable isotope fractionation; Dicyclopentudiene; Benzene: Styrene: Toluene; Residual hydro-

1. Introduction cost, to protection of high-risk receptors (Davis et al.
1997). If regulators can be shown maL (1) biological
Naqural atienuation of hydrocarbon contaminated ~ degradation is occurring. (2) contaminant plumes are
weation

soil and groundwater has recsived increased at ried at rates that will not allow migration off-
in the last few years because of a better i site, and (3) degradation products will not pose an en-
of risk-based approaches to remediation (Hinchee et~ vironmental threat then patural autenuation will be
al, 1995; Alleman and Leeson, 1997). The emphasis ~ accepted as an option to expensive interveations.
changed from removing the contamination, at any ‘Several processes contributing to natural atieauation

or intrinsic remediation are volatilization, sorption and
biological degradation (Cookson, 1995). The ultimate
* Corresponding author. goal for remediation is the complete conversion of con-

Email  address:  stehmelg@novachemcom (LG taminants to benign end-products such as carbon diox-
Stehmeier) ide and water. In the subsurface. this occurs almost

0146-6380/99/5 - see front matter {5 1999 Elsevier Science Ltd. Al rights reserved.
PIL: S0146-6380(99)00065-0
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-mlusxv-ly through bmhpul dgglthnun. Proof or
be difficult. A

egpmpmammumsnubyumm
Research Council (1993), and m.lly accepted for
proof, consists of:

rse, many bacteria
are difficult to isolate, and as much as 75% of the tar-
geted organisms may be missed using conventional
methods (Wilson and unAow, 1992). Thus, no single
method is presently available to pinpoint microbial
removal of contamination definitively. The present
work describes measuring the ratio of stable carbon
isotopes in specific residual hydrocarbon compounds in
vitro and in vivo as an atempt to define the extent of
biodegradation. Such an analy the three
criteria cited above (NRC, 1993): documenting the loss
of hydrocarbons in vlvn. showing the potential of mi-
crobial degrade hydrocarbons in vitro,
and ﬂmﬂyhnhnlih:lnsm biologically mediated iso-
tope fractionation in vivo.
The first atempt 1o elucidate the eavironmental fate
of organic molecules using mpnw stable
carbon isotope measurements are those of Abmjazo et
al. (1993), O'Malley (1994) and O'Malley et al. um)
It has long beea known that bi
tionate carbon isotopes. 1980; Galimov, ms
Blair et al, 1985; Zyakun, 1996). Galimov (1985)
wgsu-t that biological fractionation could occur by
tic mass transfer.

duced by differences in the reaction rates of isotopic
forms (Galimov, 1985). This means that in an cosem-
ble of interacting atoms, the smaller masses have
greater velocities, and molecules containing lighter iso-
topes are more mobile than those containing heavier
isotopes. Second, chemical bonds formed by a heavy

isotope arescongsr than those formed by the lght so-
tope lumnonmagy

resulting in higher any reac-
tions in which the heavier isotope. tes.
In this benzene and styreae were used as car-

ﬂnﬁwcfhmﬂummﬁdnmm

2. Methods
1. Laboratory degradation studies

Chemicals for hboﬂmry degradation studies were
purchased fro Chemicals, Milwaukes, WI.
a tho mn mnvw ratio were measured as

= l'\lnwnn of hydrocarbon degradation for aerobic mi-
bial cultures. The source of benzene and styrene
dep:dns was a mixed microbial culture obtained
from contaminated groundwater at an Alberta petro-
chemical site (Site n The groundwater sample was
originally enriched with N and P nutrients and micro-
scopically observed untl microorganisms were abun-
dant (approximately 107 per ml). The microbial culture
then maintained in minimal salts medium (I g
K.HPO,, 1 g KH;PO, 2 g NH.NO;. 03 g
MgSO.7H;,0, 0001 g CaCL2H.0, 0001 g
FeSO,.7H;O per liter of distilled water) containing py-

degrading
cultures were incubated with intermittent shaking/stir-
ring at 25°C.

Duplicate vials were prepared with one vial used for
optical density measurements as an indicator of mi-
crobial growth and the other for headspace analysis of
hydrocarbon. An abiotic control using minimal salts
medium and respective hydrocarbons was also set up
and sampled during the experiment to determine if iso-
tope fractionation occurred during shaking and volatil-
ization. Optical density measurements (ODgao) Were
taken throughout each experiment to provide a growth
curve and an initial and final ODgay measurement on



Tuble 1

ssayed i the present study

Summary of field s

Monitoring dur

Sumple medium

Remediation scenario

Contaminants

L.G. Stehmeier et al| Orgunic Geachemistry 30 (1999) 821-833 s

e headspace vial to ensure both vials were compar-
able. For hydrocarbon isotope analysis, a 30 ul head-
space sample was analyzed by gas chromatography
combustion isotope ratio mass spectrometry (GC-C-
IRMS) at the Isotope Biogeochemistry Facility,
Memorial University of Newfoundland

The conditions for the Hewlet Packard 5890 gas
chromatograph have been described in O"Malley et al.
(1996) with the following changes. The column was a
Restek 502.2 (105 m length, 0.53 mm L.D.) with a 3 pm
Crossbond”  phenylmethyl _polysiloxane
(Chromatographic Specialties, Brockville, ON). The
chromatographic conditions were 35°C held for I min
followed by a temperature ramp of 25°C/min to 251
held for 15 min.

The carbon isotope compositions were expressed
using the conventional delta notation:

17 wesks
6 weeks
6 wesks
3 years

ichloromethune

3"C = 1000(R./Reoa — 1),

R represents the ratio'’C/'"’C and the subscripts s and
PDB refer to sample and standard Pee Dee Belemite,
respectively. The analytical reproducibility for &'*C
values during these tests was better than £0.3%.

zones as well as discrete soil headspices

‘Vapor swept from cont
Vapor swept from pile
Sediment extructed

Soil headspice

2.2. Field sites

Soil and vapor samples from four different contami-
nated sites were obtained to determine if carbon iso-
tope variations occur under field conditions, and if
these variations occur in a manner consistent with bio-
degradation. Sites were chosen that could provide
samples at different time intervals to determine if isoto-
pic fractionation occurred. A summary of the sites is
given in Table 1. Site | contained primarily volatile
aromatic compounds generated at a petrochemical
plant in Alberta. Site 2 is a biosparging operation in
Alberta recovering in ground gasoline released from an
underground storage tank. Site 3 is a biopile from
Cambridge, ON, which contained mixed aromatics
with the primary contaminant being styrene. Site 4 was
a river sediment site (St Claire River, ON), contami-
nated with heavier petroleum compounds.

Bioremedi

Natural attenuation in river sediments

5
2%
IF
g2
SE
25
EE

3
g2

Biopile

2.3. Field experiments

(C5+)

At Site 1, soil hydrocarbon concentrations were
measured using a modification of EPA Method 3810
(EPA, 1986). The field soil samples (45 g) were placed
in 118 ml crimp tops vials with 28 ml of deionized
water and equilibrated at 25°C before a 30 ul head-
space sample was analyzed by GC-C-TRMS (Tsotope
Biogeochemistry Facility, Memorial University). The
hydrocarbon components were identified by injecting
external standards and comparing retention times.

Gasoline from  leuking
Mixed styrene contaminants
Unknown mixture of hydrocarbons (> Cie)

Pyrolysis gis spi

site
Site 2
site 3
Site 4

At Site 2, contaminated vapor samples were col-
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lected in Tedlar bags (SKC Inc., Eighty Four, PA) and
the gasoline vapor-phase hydrocarbons concentrated
using solid-phase microextraction (SPME) following
procedures outlined in the manufacturer’s document
(Supelco, 1994). The SPME fiber was injected directly
into the GC-CIRMS instrument. The first bag col-
lected in each sampling period was to ensure
true subsurface vapor was being collected. In the pre-
sent paper, the gasoline hydracarbon components were
identified only by their retention times, but external
standards were injected and used to ensure retention
times were comparable from sample to sample. Soil
samples from three wells (A, B, and C) were analyzed
using soil headspace technique previously described.
Furthermore, samples from different depths were col-
lected from two of the wells (A and B). Two wells (A
aad C) were drilled in approximately the same location
and depth, but at different times, in order to evaluate
the change in §'C over the time period (four months).

Site 3 contaminants were analyzed using the same
method as Site 2 for soil vapor. Styrene was the only
hydrocarbon identified using the injection of an exter-
nal sandard and comparing retention times.
Hydrocarbon concentration was monitored for total
hydrocarbons using a field monitor with a photoioni-
zation detector (PID) (Raymond, personal communi-

ion).

St 4 contaminants were too heavy to be extracted
with SPME and were solvent- extracted with n-pen-
tane. Sediments (20 g) were placed in crimp-sealed
vials and sonicated for IS min in the presence of n-

pentane using an ultrasonic bath. The exiracts were
transferred to new vials with a new Pasteur pipette and
concentrated under nitrogen. The hydrocarbons were
recovered again using pentane, and injected into the

C-IRMS instrument. No attempt was made to
identify all the compounds present in these samples,
but retention times were noted and external standards
were used to ensure retention times were comparable
between samples.

Microbial activity at Site 1 was measured using flu-
orescein diacetate (FDA) hydrolysis (Song, 1988). Soil
(1 g) was added to 25 ml of sterile phosphate buffer
(60 mM, pH 7.6) and 0.5 ml of 2 mg FDA per ml of
acetone in a 50-ml Erlenmeyer flask. The reaction was
stopped after 1 h with 25 ml of acetone; 5 ml of sol-
ution were filtered through a PTFE syringe flter
(Chromatographic Specialties Inc., Brockville, ON)
and the absorbance measured at 490 nm in a Turner
Model 30 spectrophotometer.

3. Results
3.1 Laboratory studies

Biodegradation experiments using benzene as the
substrate showed an inverse correlation between ben-
zene concentration and optical density, indicating the
depletion of benzene as the microbial culture increased
in biomass (Fig. 1). The & '*C for residual benzene also
increased as benzene degraded. and microbial biomass

an

i

2T

&

8 B
Total Banasos i th Headepace (o)

H

i L Astobi biodegradation of benzen usshown by un inceae i tubidity and  sKl i the 51 valu. Benzen s measured

ace concentration and increase
{nterals as labels o the benzene concentraion plo.

rial growth is measured at 600 nm. The 5 °C of residual benzene is shown at 2-h
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Table 2
Loloic cmpriion, ydrocashon coczstration e cltre meflm. ot deasy befors and ale exposue o bydrocasbon
‘under acrobic conditions*

HC initially preseat  Percent HC lost  Initial 'C (%) Final 5°C (%) Change in 5°C (%) Initial ODyoo Final ODeco
Benzene

44 mgl 30% 282 o8 0.025 0.22

44 mg/l 8% -2 12 0.045 0.169

130 mg/l 90% 82 22 0049 0390

218 mg/t 8% 282 o8 0.093 0.609
Styrene

45 mg % 219 &) 0.060 ous

= optical density at 600 nm:

increased (Fig. 0.7 The initial concentration of benzene

in this vial was 44 mg/L The shift in 5'°C was not

large but was significantly greater than the analytical

reproducibility of carbon isotopic measurements.
nal

from beginning to end of the experiment ranging fi
80 to 90% benzene consumption (Table 2). Sterilized
controls were run at the same time with benzene only.
The average 5°C value for 18 analyses was —28.3%
with a standard deviation of 0.3%.. Also included in
Table 2 are the results of an experiment where styrene
was the substrate. Optical density increased while styr-
ene decreased and the §'°C for styrene was enriched
from the initial to the final sampling point. In this ex-
periment the earichment of & '°C for styrene was also
substantially higher than the reproducibility of §'°C
measurements.

3.2. Field studies

3.2.1. Site
During the course of remediation, field-measured hy-
drocarbon loss of benzene, toluene and dicyclopenta-

Table 3

hydrocasbor

= parts per thousand as defined in the text.

diene (DCPD) were estimated at 99, 99 and 84%
respectively at Site | (30 cm depth, Table 3). The cor-
responding 5'"C values of residual benzene, toluene
and DCPD were enriched by 2.1. 59, and 2.3%e re-
spamv:ly (Table 3). Microbial activity, measured by
increase in FDA. hydrolysis, indicated that at 30 cm
depth, theo was 4 400% increase (Table 3 This core
responds to the pattern of results obained in the lab-
oratory studies where 5°C was enriched while the
hydrocarbon concentrations decreased and indicators
of microbial growth increased. Curiously, 5"C
increase observed for benzene was of a similar magni-
tude as that observed in vitro, specifically at the high-
est degrees of benzene degradation (cf Tables 2 and 3).
We note that the results for sampling at 90 cm
depth (Table 3) seem to contradict the suggestion that
biodegradation was occurring at this site. At this
sampling depth, a significant amount of benzene
appears to have been lost (99%), and FDA hydrolysis
indicated  microbial activity _increased
during the study period. ~Interestingly.
composition of the residual benzene did n
sxmﬁmuy relative to our analytical 5 °C pm-:lsmn of

d FDA hydrolysis at Site | before and after stimulation by augering®

Depthand £5 HC  Initial HC Final HC Initial 5°°C
(mg/kg) 8) (%)

Final %C Change in 5°C Initial FDA pg/h/g Final FDA pg/h/g
(%) )

30em
25 mve Benzene 39.6 oot -1
Toluene 154 0oL -399
DCPD 324 50 -4
90 cm
-200mV*  Benzene 288 0oL 30 —311
Toluene 5.1 003 -392 -362
DCPD 101 304 -368 -369

27 08"
2t
59
23
16 a5
03
30
—o1

* FDA = fluorescein diacefate,
® Value at respective depth. 30 cm or 90 cm.

. measured as ug hydrolyzed pec h per g of soil or water: HC = hydrocarbon.
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o o 14

Tine Dt}

Fig. 2. The change in 5C value over time for an unknown contaminant peak at Site 2 with 4 retention time of 1314 s. Soil vapor
was collected in a Tedlar bag from a manifold collecting air swept through gasoline contaminated soil.

from 50 to 150 ppm. over the two sampling depths
with a uniform sandy clay soil (Table 4; Fontaine. per-
determined. from vapor and soil samples from a site sonal communication). The §'’C values were generally
actively being bioremediated. An increase in &'°C more enriched at 2.2 m than at 4.3 m (Table 4). Well
values for gasoline components of the soil vapor B (Table 5) had a different subsurface lithological pro-
occurred over approximately two months (Fig. 2). Soil  file with a sand layer at 2.2 m with very high concen-
samples from the site were also measured using the trations of hydrocarbon (3700 ppm) overlying a clay
headspace technique described above (Tables 4, 5, and lens with substantially dec: contaminant (30
6). In Well A, the hydrocarbon contamination ranged ppm) (Fontaine, personal communication). In this well

322 Site 2
At Site 2, §"°C values of gasoline components were

mde) vopansasios ety

s o
- s [ s mkg 7w sep
e Oute)
Fig. 3. Hydrocarbon analysis and & C values of soil vapor samples withdrawn from a biopile at Cambridge, ON during remedi

s o Sty consumioted so. Hydoarbon smayss whs o doge stmplesnsye wih = e potolnization deetr. Te
5C values are an average of two 5| Tedlar bag samples taken the same day
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Table 4

Stable isotope fractionation of gasoline contaminants from soil samples in a two meter interval at Well A- Hydrocarbons found at
a greater depth (43 m) were isotopically lighter than those found nearer the surface (2.2 m)

Retention time (s) Change in 5°C from 22 m to 43 m  Monitoring Well A at 2.2

mdepth Monitoring Well A at 43 m depth

995.0
10850
11010
11250
11950 L8
12020 L1
12270 23
12750 06
1287.0 L1
12940
3130
13240
13740 12
1406.0 L4
14150 17
1469.0 20
1503.0
15120 L
15200 23
1569.0 14
1580.0 L4
1588.0 23
1607.0
1633.0 20
16480 24
1676.0 Lo
17040 L7
17340
1808.0 27
1827.0
1870.0
20170 39
20880

the 51°C values were enriched more in the deeper clay
layer (43 m) than in the sand layer (2.2 m. Table 5).
The §'°C values of the gasoline contaminants in Well
C (same depth and soil as Well A) shifted over a four-
month period and became enriched in'*C (Table 6).

3.23.Site 3
Vapor from a_styrene-contaminated soil bio-pile

indicated some "*C enrichment in the residual styrene

but this cannot be simply related to the observed hy-

drocarbon concentration (Fig. 3). We note, neverche-

less, that the §'°C values shown in Fig. 3 are for

styrene only but the hydracarbon concentration reflects

as measured via

river site that received discharge from petrochemical
facilities was analyzed at an interval of three years.
These results showed significant increase in §'°C
values during a three-year period for some components
while a few other components seem to have been
depleted in ’C (Table 7).

4. Discussion

4.1. In vitro biodegradation

Enrichment of °C in residual hydrocarbon was
with benzene and styrene as substrates

detector.

3.24. Site 4
Residual hydrocarbon from sediment samples in the

for aerobic microbial growth using an enrichment cul-
ture of soil organisms from Site 1 (Fig. | and Table 2).
The enrichment of '’C in laboratory experiments,
while small, ranges between 2 and 7 times greater th
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Table 5

of stable i ionation of i ﬁmnﬂ-—’hh-hﬂymm—msﬂhﬁm:l
B.22m) and the i 2 below (43 m). der depth

vier than those found nearer the surface.

Reteation time (5) Changein §”C from 43 m 1022 m Monitoring Well B at 22 m depth

Monitoring Well B at 43 m depth

29
210
-3
v

inoculum with benzene as

extent of fractionation be
upon the amount of hydrocarbon degraded,
iments are not sufficient to establish the nature of this
dependence.

Other work in the literature suggested that "’C frac-
tionation of ons did not occur during biode-
gradation (O'Malley, 1994; Trust et al., 1995). In these
reports the carbon substrates were larger molecular
weight polycyclic aromatic hydrocarbons. Previous
work done in our lab using a mixed hydrocarbon sub-

state of primarily CS alkanes, alkenes,
amun fmnd!hxm:i“Cnhsdml

eariched by as much as 8% (standard devi-
ion=0.5%) aher biodegradation. (Francs et al.
1997). Elsewhere in this volume, Heraty et al. (1999)
also report that substantial *’C fractionation occurred
during aerobic biodegradation of dichloromethane.
The magnitude of fractionation for styrene was com-
parable to the benzene results but fractionation in e
ene occurred with less exteasive degradation (T:

4.2. In situ biodegradation

A Site 1, three compounds were identified and mon-
itored for *C/C fractionation at two different depths
(Table 3). Results for 30-cm depth suggest a shift in
13C of residual hydrocarbon that is comparable to
that observed in the laboratory experiments. The
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Table 6

uwmwan«m-umanumn_q

Reteation time (s) Change in §°C from September to January Well A January 1998 Well C September 1997

10850 -25

uoLo s

1250 -8

1950 os -us

0 13

2270 L6 s

2750 -7 v
0 02 s
.0

BBo

13240 07

13740 os

14060 o7

14150 10

1469.0 2

It

15120 03

15200 Ll

1569.0 og

1580.0 02

1588.0 07

1607.0

16330 12

1648.0 L4

1676.0 (X3

17040 Lo

17340 02

1808.0 21

18270

18700

20170 29 -0

extent of biodegradation for beazeae and
the field exceeded 9%, and the shift in §°C was

hydrocarbons (cf. Harrington et al. 199%; Huang et
al, 1999).

The shift in 5'C of residual DCPD was similar to
benzene but the extent of degradation was only 84%.
Biodegradation of DCPD s difficult 0 measure in
vitro because of its slow degradation rates and incom-
plete mineralization (Stehmeier, 1997). The relatively
large fractionation observed for DCPD suggests stable

isotope analysis may be a seasitive technique to deter-
‘mine when DCPD is being metabolized.
‘The results for the 90-cm sampling depth at Site 1

g depth

ing quite reduced £k values (—200 mV. Table 3).
Hence one way of resolving the discrepancy is to
suggest that the low £h values dramatically limited the
activities of aerobic organisms thereby also limiting the
resulting & C shift. If this is correct, however, we
have 10 also conclude that the actual biodegradative
loss is substantially less than what can be inferred
from the total hydrocarbon loss.
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Table 7

St lmiome Msonniinof hoer postintl contmlntne Wt (o ek 0 O e et O G

son s for a single site during a three-year in

Retention time (s)

Change in 5 C from June 1994 to June 1997

3D Nearshore 1994 3D Nearshore 1997

752
i

861

899

948

1043

1088 13
s o1
126
1154
1176
1237
1326
1346
B2
1389 02
1432

1643 Ls
1665 a7

303
=
-7
318
ey
-3
24 —2n1
314 -33
-3
358
313
-3
-7
-0
-295
-26
g

A more plausible explanation is that biodegradation
indeed occurred at 90 cm depth, albeit, anacrobic
degradation. Such possibility is consistent with the
FDA ‘measurement and hydrocarbon loss estimate, but
implies that anaerobic degradation may not result in
sunuu 3'3C shift as that observed in the aerobic in
vitro experiments. If correct, it may also be inferred
that anaerobic metabolic pathways could exhibit differ-
ent carbon isotope fractionation than aerobic degra-
dation. Experiments comparing §°C fractionation for
a given hydrocarbon in acrobic and anacrobic systems

is currently in progress (Diegor, unpublished data).
results of isotopic measur

resolved at 43 m and 28 components at
Twenty-one components were comparable with only
wo having changes in §'’C values of less than 1
(0.6% and ~0.3%). Eleven components increased in
4C by more than and eight campanenu
increased by more than 2%. The ir e
values suggests increased biodegradation nccurmd at

the shallower depth compared to the 4.3 m depth in
Well A. In Well B, again compared at 2.2 3m
depth, 20 hydrocarbon components were resolved at
22 m and 18 components at 4.3 m. Oxly two com-
ponents had §'°C differences of less than 1% (0.5%
and —0.3%), with six components showing & '°C shift
of greater than 1%, and eight components showing
shifts in excess of 2%. In contrast to the observation
in Well A, however, the "’C enrichment occurred at
the deeper (4.3 m) rather than at the shallower
sampling point (22 m). At 2.2 m depth a sand lens
existed with 100 times the concentration of hydro-
carbon that existed at 4.3 m depth (Fontaine, personal
communication). Our results are far from conclusive,
although some possible explanations can be offered to
reconcile the shift in 5'°C values in Well B. We note
that the subsiantially greater porosity at 2.2 m did
result in much higher concentrations of hydrocarbons
ac this depth. It is therefore possible that local re-
duction in Eh could have pre-empted aerobic biodegra-
dation at these shallow depths, in contrast to the
deeper less porous layer. The possibility that an
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inverted Eh profile exists for this well is obviously tes-
table, but these measurements were not available for

ese wells at the time of our sampling. An equally
plausible explanation for this reversal in '’C enrich-
‘ment pattern in Well B is the impact of toxicity of hy-
drocarbon at elevated levels (Leahy and Colwell,
1990). In a hydrocarbon plume, the greatest level of
degradative activity is at the periphery where concen-
tration is less toxic and nutrients are more available
(NRC 1993).

‘The usefulness of the isotopic technique as a moni-
toring tool in a short time span was demonstrated at
Wells C and A. Comparing Wells C and A at the same
depth shows variable "’C enrichment for the 22 com-
parable hydrocarbon components. Of these, two had
differences greater than 2% and seven had differences
exceeding 1%». Hence, an overall 5'’C earichment for
the comparable hydrocarbon components  was
abserved over the four-month period at the same time
that the hydrocarbon concentration decreased..

One component in the soil vapor from Site 2 was
also cnnummus)y monitored over approximately six
weeks and indicated & ’C enrichment of 1.7%» (Fig. 2).
One area of concern for monitoring in-situ biodegrada-
tion (using any technique) is the necessity of penetrat-
ing the ground surface to obtain samples. The results
in Fig. 2 indicate that soil vapor can be used to deter-
mine isotopic shift on the substrate that is taking place
in the subsurface. If substantiated by subsequent
measurements, compound-specific carbon  isotope
monitoring of soil vapor could reduce the number of
wells required for monitoring the progress of remedia-
tion. Slater et al. (19%9) and Sherwood Lollar ct al.
(1999) have suggested that any isotopic effects associ-
ated with equilibrium volatilization, sorption and dis-
solution are less than 0.5%. However, other papers in
this volume (Huang et al., 1999; Harrington et al,
1999) point 1o the possibility of larger (>0.5%) frac-
tionation as a result of volatilization processes in the
field.

At Site 3, vapor was also used to determine if 5°C
fractionation occurred during active bioremediation of

contaminated soil. In this instance the results

were not conclusive, as seen in Fig. 3. We believe that
the results shown in Fig. 3 could have been the result
of mixing styrene of varying degrees of biodegradation
through channeling or actual physical disturbance. In
Fig. 3, two instances are observed where the §'°C
became heavier and then returned to a value of ap-
proximately —40%.. The hydrocarbon concentrations
also showed periods of increase and decrease, though
they did not correlate well with the decrease and
increase of &'*C values. When the biopile was dis-
mantled, it was found that there were many pockets of
hydrocarbon with high concentrations, and additional
work was required before disposal was possible

(Raymond, personal communication). This supports
g occurred and that non-
buzmg admixed with more

ly
The use of stable \snmne ratios for monitoring Lhe
progress of historical surface spills was examined
Site 4 (Table 7). This site contained heavier p:u’oleum
‘contaminants released into the St Claire River approxi-
mately 10 years ago. Analysis of frozen samples taken
three years apart found that in 1994, there were 25
resolvable components that decreased to 12 by 1997.
‘These samples contained nine common compounds
(based on RT) with only one compound enriched in
C by more than 2% (4.7%) and two compounds
enriched by more than 1%. Indeed, two cumpound:
showed substantial decrease in & (—2.2% and
—1.0%) whereas others were unchanged i e
analytical error. Given the long duration of degra-
dation that these sediments went through, it is likely
that only the most recalcitrant hydrocarbons are left.
Further molecular characterization is clearly required,
but we note that O'Malley (1994) and Trust and co-
workers (1995) have shown that the biodegradation of
recalcitrant higher molecular weight compounds such
as naphthalene and fluoranthene, did not result in iso-
topic fractionation. It is therefore possible for bnod>
gradation to have left minimal imprint on the 5'°C of
residual recalcitrant compounds. It should llknwnsc be
born in mind that the length of time that elapsed from
initial hydrocarbon release could also have allowed a
range of other ‘weathering’ reactions to affect the 5 °C
values of residual compounds. The fact that both
enrichment and depletion were observed indeed lend.
an indication that the residual hydrocarbons could
have been exposed to a multiplicity of weathering reac-
tions. Additional detailed molecular characterization is
uired to resolve alternative explanations for the car-
‘bon isotopic shifts in this case.

5. Conclusions

The objective of this work was to demonstrate the
use of *C ratios in residual hydrocarbons for monitor-
ing in vitro and in vivo biodegradation. The laboratory

increasing degree of biodegradation. This shift was
reproducible and correlated with the fraction of hydro-
carbon degraded. The most significant shifts in & °C
occurred when greater than approximately 75% of the
bydrocarbon  component had  been degraded.
Preliminary testing of the technique in the field also

vapor samples. although only
one sample type should be used for any given site. The
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installation of wells for monllnnn‘ Ddl.ndaunn

mmalsnr&unmmuwm-mhm
lmmnr(ﬁ"cmmu:)m-ymlhnﬂﬁm
ive complex reaction histories.
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