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Summary

Unresolved complex mixture (UCM) is the fraction of some petroleums that cannot be
resolved by conventional gas chromatography and is characteristic of biodegraded petroleum
oils and some refined products such as lubricating oils. This study aimed to investigate the
effects of environmental biodegradation, and more specifically shoreline bioremediation, on
the chemistry of UCM. A number of wet chemical and instrumental analytical
methodologies, including gravimetry, urea adduction, spectroscopy, chromatography and
mass spectrometry, were evaluated for their suitability to monitor UCM compositional
changes during the course of biodegradation trials. Six UCM rich oils were also
characterised using these methods, three crude oils and three lubricating oils. In parallel, an
investigation of microbial degradation of UCM in solution was carried out in the laboratory.
Using respirometry trials, undefined consortia of natural marine micro-organisms enriched
on UCM demonstrated an enhanced ability to metabolise UCM. The pooled crude enriched
consortium also performed considerably better at metabolising UCM when compared with a
cocktail derived from the apparently dominant individual colonies (not identified) isolated
from the crude consortium using standard techniques. Initial investigations of UCM
biodegradation using gas chromatography (GC) and gas chromatography-mass spectrometry
(GC-MYS) were carried out at this stage. An inoculum based on the undefined consortium was

prepared for testing in microcosm trials.

Microcosms were designed that provided a controlled environment with a basic simulation
of shoreline conditions, including a simple tidal cycle, to assess the effect of bioremediation
treatments for the decontamination of UCM contaminated sediments. Treatments included
nutrient supplementation (T3) only, inoculation with the enriched consortium (T1), and
augmentation with rapidly grown micro-organisms isolated from the sediment used as a base
for contamination (T2). Both T1 and T2 were also nutrient supplemented. A seawater control
(C1) and poison control (C2) were also employed. Two sets of microcosms using different
contaminating oils were set up. The two oils used were environmentally weathered Forties
crude oil (~90% UCM) and Alba crude oil, a reservoir biodegraded crude. A comprehensive
monitoring programme was undertaken. The microcosms proved a very effective tool for
assessing biodegradation. Results indicated that, despite the enhanced capacity of the T1
inoculum for UCM biodegradation exhibited in respirometry trials, bioaugmentation had no
appreciable effect on biodegradation of UCM or any UCM component monitored, compared

with the nutrient only treatments. Nutrient treatment, biostimulation, had a discernible effect,

XXI



the extent of which differed for various parameters monitored. A simple model [A], = [A]o.€”
K was used to compare biodegradation rates over the course of the microcosm trials (473
days) for GC and gravimetric results. A modest enhancement for total oil and UCM
biodegradation was observed for nutrient supplemented microcosms, but a marked
acceleration of PAH biodegradation was evident in these microcosms. Compositional
changes were also more advanced in nutrient treated microcosms than seawater control units.
Results suggested that biodegradation proceeded along intuitive lines, with lower molecular
weight UCM material being more degradable. PAH biodegradation rates increased with
decreasing ring number and alkyl substitution. In the aliphatic fraction, acyclic components
were more biodegradable than cyclic and recalcitrance increased with increasing condensed
ring number. The saturate fraction was more biodegradable than the aromatic fraction with

the resin fraction most recalcitrant. Washout was a notable feature for Alba microcosms.

This study enabled the comparison of a range analytical tools and techniques for monitoring
UCM biodegradation, such as the n-octadecane:phytane ratio which was observed to be only
useful for monitoring the early stages of biodegradation. A methodology developed for oil
spill fingerprinting purposes was adapted for long term GC-MS monitoring of
biodegradation and proved very effective, overcoming some of the inherent difficulties in
using GC-MS for this purpose. The biomarker compound 17a., 213-C30-hopane has been
used as a conserved internal marker in recent years for assessing biodegradation of
hydrocarbons. For Alba nutrient supplemented microcosms, this was seen to be substantially
biodegraded and would thus lead to an underestimation of biodegradation and
bioremediation. C28 (20R) triaromatic sterane was chosen as a preferred alternative as it was
abundant, resolvable by GC-MS and considerably more resistant to biodegradation than
C30-hopane. The use of relative ion abundance ratios was also developed as a tool for
gaining an insight into bulk compositional change in UCM and this proved very useful.
Finally, an investigation into the effect of severe biodegradation on a range of oil spill source
identification parameters and patterns was carried out, and the results are presented in the

thesis.
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1. BACKGROUND

1.1 BACKGROUND

Shoreline bioremediation of oil spills involves intervention by man to accelerate biodegradation
of the spilt oil, through optimisation of conditions that may otherwise be rate limiting. Often this
simply involves the addition of nitrogen and phosphorus, as natural background environmental
concentrations of these elements may limit biodegradation rates. However, in some cases it may
entail more complex manipulations. The potential of bioremediation in enhancing biodegradation

of oil spills has been demonstrated in the laboratory and the field.

Crude oil and most petroleum products are very complex mixtures of organic chemicals. In
general, preferential biodegradation of simpler substrates in petroleum, in particular n-alkanes,
occurs before biodegradation of more complex molecular structures. This results in a pronounced
‘unresolved complex mixture’ (UCM), which is a mixture of cyclic and branched hydrocarbons
that is unresolvable by capillary gas chromatography analysis with conventional detection
techniques. Should clean up goals be defined in terms of concentration or even percentage
removal of contamination, removal of the UCM may be critical to achieving desired clean-up
objectives. UCM is especially pronounced in weathered crude oils, some fuel oils and also in
reservoir biodegraded crude oils. Also, the bulk of petroleum based lubricating oils consists of

aliphatic UCM.

This project aimed to ascertain whether there is a role to play for bioremediation in clean-up of
shores contaminated with petroleum containing significant UCM. This was to be achieved by
investigating a number of bioremediation strategies and evaluating the effect on UCM removal.
Broadly, the strategies investigated were biostimulation (supplementation with nutrients) and
bioaugmentation (addition of seed microbial cultures). Although there has been little independent
evidence to support the effectiveness of bioaugmentation, it was considered useful to investigate
the role of addition of specialist cultures with a demonstrated capacity for UCM degradation. A
further objective was to gain an insight into the alteration of UCM during bioremediation,
ascertain what component groups were most resistant to biodegradation, and to study

biodegradation of specific compounds in the UCM. The study was also intended to give an



indication of the limitation of petroleum hydrocarbon bioremediation as a technology in terms of

substrate recalcitrance, i.e. which UCM substrates offer greatest resistance to biodegradation.

There are many analytical methods for determining the biodegradation of oil and selection of
methods for this purpose undoubtedly has a bearing on defining whether a clean-up operation has
been successful for not. This study enabled a comparison of a number of analytical approaches
and an evaluation of the suitability of methods for measuring oil spill biodegradation.
Furthermore, an insight into how severe biodegradation effects patterns and parameters that are
commonly used in fingerprinting and source identification of oil spills was an indirect benefit

from the project.

1.2 PETROLEUM HYDROCARBONS AND UNRESOLVED COMPLEX MIXTURES
(UCM)

Crude oil is a highly complex mixture of organic compounds, in which hydrocarbons
predominate. It is formed, subsurface, at elevated temperature and pressure and derives from
biological material (often marine algae) (Tissot & Welte 1978, Brooks 1983). Transformation into
crude oil involves a variety of processes such as maturation (thermal alteration), migration to
reservoir (chromatographic effect) and changes in the reservoir (primarily biodegradation and
water washing). Individual crude oils differ from each other depending on the initial material
from which they are derived and the processes involved in this derivation. Most crude oils are
similar in their constituents and can be differentiated based on the relative proportions of certain
components. Thus, oils formed in the same basin are more likely to exhibit similarities (Wrang &

Adamsen 1990a).

Crude oil composition can broadly be classed into normal paraffins, isoparaffins, naphthenes,
aromatics, resins, and asphaltenes (Butt 1986). Normal paraffins are n-alkanes; a homologous
series of the simplest straight chain hydrocarbons. They usually account for 10-20% of the oil but
can account for up to 60%. Normally the lower n-alkanes predominate. Isoparaffins are branched
alkanes, and in particular isoprenoids such as pristane and phytane are important constituents.
n-Alkanes and to some extent isoprenoids are the components responsible for the typical gas
chromatographic trace of environmental crude oil samples. Naphthenes are cyclic aliphatic

compounds based on cyclohexane and cyclopentane units, often existing as condensed structures.



The aromatic component of crude oil consists primarily of substituted benzenes or fused ring
benzenoids (polyaromatic hydrocarbons, PAH) such as naphthalenes and phenanthrenes.
Alkylated PAH compounds are more prevalent than parent PAH structures. High molecular
weight fractions usually contain significant naphthenoaromatics, and these are particularly
abundant in immature crude oils. The polar fraction contains compounds that incorporate
nitrogen, sulfur or oxygen (NSO) in their molecular structure. Sulfur is the most abundant element
in crude oil after carbon and hydrogen (Tissot & Welte 1978). Thiophene derivatives are
generally abundant in high sulfur crude oils. Asphaltenes are high molecular weight NSO-

compounds with complex structures that are defined by their insolubility in n-hexane.

Crude oil is often divided into four classes of compounds i.e. saturates, aromatics, resins and
asphaltenes, (SARA), (Table 1.1). A typical North Sea crude oil is light and contains over 60%

saturates, primarily n-alkanes.

Saturates Aromatics Resins Asphaltenes
Straight chain Monocyclic and Nitrogen, oxygen and High molecular
hydrocarbons condensed ring sulfur containing weight components
i.e. n-Alkanes (polycyclic aromatic ~ compounds (insoluble in hexane)

hydrocarbons - PAH)
Branched alkanes Substituted mono and
e.g. isoprenoids, polycyclic aromatics
‘T-branched’ alkanes
Cyclic alkanes
e.g. steranes,
hopanes,

alkylcyclohexanes

Table 1.1. The chemistry of crude oil

Biodegraded oils analysed by gas chromatography, (GC), often exhibit a pronounced unresolved
‘hump’, after biodegradation of simple resolved compounds, (n-alkanes). This is the unresolved

complex mixture, (UCM), and consists of myriad compounds at levels that cannot be resolved by
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conventional GC. There can be many structural isomers for most hydrocarbons of the same
molecular weight and isomeric possibilities generally increase with increasing molecular weight.
This results in complex mixtures that cannot be resolved by gas chromatography. Examples of
molecular structures of petroleum compounds are presented in figure 1.1. The UCM comprises of
cyclic compounds, and there is also evidence that ‘T-branched’ alkanes to be a significant
contributor (Gough & Rowland 1990). Cyclic aliphatic compounds in crude oils include alkyl
substituted cyclohexanes and polycyclic compounds such as steranes and cyclic triterpanes.
Aromatic compounds in crude oil include alkyl benzenes, which may have linear or branched
substitutions and are often multi-substituted, and substituted polyaromatic hydrocarbons (PAH).
Parent PAH are not prevalent in crude oil and their occurrence in the environment is generally

associated with fossil fuel combustion products or coal tars/ creosotes.

Killops and Al-Juboori (1990) used a number of analytical techniques for characterisation of
UCM. They concluded that approximately 10% seems to be typical for the amount of aromatic
carbon. Aromatic components are primarily alkyl benzenoid compounds. Terminal alkyl chains of
up to ca. C19 are present. Cycloalkanes form an important component and probably comprise of
more monocycloalkanes than fused polycyclics. ‘T-branched’ alkanes have been suggested as a
significant component of UCM (Gough & Rowland 1990, 1991). The biodegradability of model
compounds, proposed as typical of UCM molecular structures, was examined and these
compounds were found to be recalcitrant (Killops & Al-Juboori 1990, Gough ef al. 1992). UCM
is a significant part of reservoir biodegraded crude oils, petroleum based lubricating oils, some
fuel oils, and often environmentally weathered oils. As well as aromatic and aliphatic multi-ring
compounds, some compounds may have both cycloparaffin and aromatic rings. Although multi-
ring aromatics generally exist as condensed rings, more than one ring system may exist for multi-

ring aliphatics (Melpolder et al. 1956, Hood & O’Neal 1959).
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Fig. 1.1: Molecular structures of example crude oil compounds. A) C25 n-alkane [pentacosane], B) Pristane [2,6,10,14 tetramethyl
pentadecane], C) a ‘T-branched’ alkane [9-heptylheptadecane] D) alkylbenzene [n-decylbenzene], E) T-branched alkyl-cyclohexane [8-(2-

cyclohexylethyl)-hexadecane], F) a C3-phenanthrene [2,3,5-phenanthrene], G) dibenzothiophene H) steranes, 1) hopanes, J) triaromatic steranes



1.3 PETROLEUM HYDROCARBONS IN THE MARINE ENVIRONMENT

1.3.1 Inputs and sources
There is a range of mechanisms by which petroleum hydrocarbons enter the marine environment.
The GESAMP report no. 50 (IMO 1993) on the * impact of oil and related chemicals and wastes
on the marine environment’, reviewed estimates of global input of petroleum hydrocarbons into
the oceans. The main source indicated was urban run-off and discharges, followed by operational
discharges from tankers at sea and then accidents from tankers at sea. Other sources included
natural seeps, losses from non-tanker shipping, atmospheric deposition, and coastal refinery loss.
While the figures quoted are probably outdated (most recent data 1981), they suggest a decrease
in petroleum hydrocarbon pollution of the world’s oceans, due to international measures taken to
reduce hydrocarbon inputs. Despite improvements in preventative measures however, the
occurrence of major oil spills due to tanker accidents will always be a risk while oil is transported
in bulk by sea. The catastrophic effects of major oil spills on the marine and coastal environment
is evident and usually results in public outcry for rapid counter measures to be taken (Miller 1990,
Maki 1991, Lord Donaldson’s Inquiry 1994, SEEC 1998). As well as severe damage to marine
ecosystems and wildlife, such as seabirds, impacts on fisheries and tourist amenities can have
direct economic effects. Some of the more infamous marine oil spills are listed below:

Torrey Canyon (Scilly Isles, UK 1967) ~100,000 tonnes

Amoco Cadiz (Brittany, France 1978) ~220,000 tonnes

Ixtoc I blow out (Gulf of Mexico 1979) ~350,000 tonnes

Exxon Valdez (Alaska, 1989) ~ 37,000 tonnes

Gulf war spill, (Persian Gulf, 1991) ~800,000 — 1,000,000 tonnes

Braer, (Shetland Islands, UK, 1993), ~ 84,700 tonnes crude & 1,600 tonnes bunker fuel

Sea Empress, (Milford Haven, UK, 1996). ~ 72,000 tonnes crude & 420 tonnes bunker.

1.3.2 Physical and chemical fate of oil spills

After an oil is spilled at sea its physical and chemical characteristics begin to alter rapidly by
processes collectively known as weathering (Butt 1986, Wrang & Adamsen 1990b). Lighter
components are evaporated and within 48 hours components with a boiling point of less than that
of tetradecane (nC14) can be completely removed. Furthermore, polar compounds can be

dispersed in the water column, and photo-oxidation can degrade certain compounds (Garret et al.



1998). Oil spreads on the water surface forming slicks. Wave action may aid in dispersing the oil,
or a water-in-oil emulsion known as ‘chocolate mousse’ may be formed. Mousse is stable and
persistent in the environment. Biodegradation of oil is a slower process (weeks to months after a
spill) and depends on factors such as availability of nutrients. The n-alkanes are amenable to
degradation and are removed in the early stages of biological weathering but the UCM is more
resistant due to more complex chemical structures of its components. There are many factors that
influence the rate of biodegradation and these will be considered later in this chapter. Substantial
physical weathering and wave action can result in the formation of tar balls. These present a small

surface area to volume ratio with more weathered exteriors and are therefore slow to biodegrade.

After the Sea Empress oil spill in Milford Haven 1996, it was estimated that approximately 40%
of the oil evaporated, 52% dispersed into the water column and 5-7% was stranded on the
shoreline. A year later less than 1% of oil remained on the shoreline; the rest having been

removed, biodegraded or washed back to sea (SEEC 1998).

Evaporation

Photo-oxidation

.
e, .

Dispersion/ Biodegradation
Dissolution <

Fig. 1.2 Simple schematic of the primary weathering effects on spilt oil

Fusey and Oudot (1984) investigated the relative influence of physical removal and
biodegradation in the removal of hydrocarbons from shoreline sediments and concluded that the

stage of biodegradation after experimental oilings was directly related to the residual
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concentration of the oil in the sediments. Oil was found to persist at depths of 25-50cm on
intermittently exposed coarse-grained gravel beaches in Prince William Sound 8 years after the
Exxon Valdez spill, under the protective cover of cobble/boulder armour (Hayes & Michel 1999,
Michel & Hayes, 1999).

1.3.3 Toxicity of petroleum hydrocarbons and impacts of marine oil spills

The effects of major oil spills on marine flora and fauna have been well documented and can
cause immediate death of organisms or delayed death by sublethal effects. Massive bird kills
occurred after the Torrey Canyon and Amoco Cadiz spills (IMO 1993). In 1978 the Amoco Cadiz
lost 220,000 tonnes of crude oil off Brittany. Insignificant effects on fin-fish were observed but
aquaculture was damaged (NRC 1985). By 1985, the concentration of the weathered Amoco
Cadiz in sediments was small when compared to other hydrocarbon inputs. This was due to the
numerous more recent hydrocarbon inputs due to the high level of shipping activity (Page et al.
1988). Oyster growing areas remained polluted with aromatic hydrocarbons seven years after the
spill and other detrimental effects on marine biota were noted seven to eight years after the spill
(Berthou et al. 1987, Dauvin 1987). The Exxon Valdez spill caused major mortalities of sea otters
and sea birds, including bald eagles. Clams mussels and finfish were also contaminated (Maki
1991). The huge crude oil release into the Persian Gulf during the Gulf War in 1991, caused
extensive environmental damage and one year after the spill most severely impacted areas were
found to be halophyte marsh/algal mat complexes and mudflats at the head of sheltered bays.
Heavy oiling of burrows was also observed (Hayes ef al. 1993). Subtidal sediments showed that
contamination largely consisted of UCM by 1992 and that levels of contamination had decreased
by approximately 50%. The reduction in the 1992-1993 period was much less (Readman et al.
1996 ). Biological effect studies have indicated that the recovery of the subtidal region after major
oil spills is generally rapid (Lee & Page 1997).

The effect of oiling of environmentally sensitive ecosystems such as mangrove swamps, coral
reefs, and mudflats has also been investigated. The severe damage of oil contamination in

mangrove habitat and coral reef has been described. (Burns & Knap 1989)

The Sea Empress spill resulted in closures of fisheries, within a designated area, for up to 8
months for some shellfish species. Although significant contamination of fin-fish was not

detected, shellfish did show contamination. Negative ‘scope for growth’ and modulations in cell-



mediated immunity were recorded after the spill. The bird species most effected were razorbills,

guillemots and especially the common scoter. (SEEC 1998)

The initial impact of oil spills on marine ecosystems is related to the physical effects, such as
coating and ingestion by marine wildlife and smothering of sediments by oil slicks. The toxic
effects of oil have been primarily attributed to the aromatic component. The toxicity of
monoaromatics and PAH has been considerably researched and there is growing evidence of
mutagenic and carcinogenic effects of PAH (NRC 1985). While higher molecular weight PAH
may have a greater inherent toxicity, the greater solubility of lower molecular weight components
may increase their uptake and relative effect. Aliphatic UCM does not appear to have significant
toxicological effects, UCM oxidation products have been shown to have an increased toxicity on

Mpytilis edulis probably due to increased solubility (Thomas et al. 1995)

1.3.4 Clean-up of marine oil spills

In the event of a major oil spill a wide variety of technologies and control agents can be employed
to clean-up oil spills or at least to mitigate the effects (Westermeyer 1991, IMO 1993, Lunel et al.
1995). Initial efforts usually involve attempts to contain and recover oil or/and to disperse the oil
while still at sea. Deployment of booms and skimmers to corral oil at sea is commonly used but
such methods are of limited effectiveness, particularly in bad weather. There has been much
debate about the use of dispersants, regarding their effectiveness as well as their environmental
impact. With modern oil spill dispersants, toxicological impacts of dispersant application are
generally due to the effects of dispersed oil rather than dispersants themselves (Singer et al. 1993,
Burridge 1995). Other approaches include burning, sinking, use of recovery agents and use of

emulsion preventers and breakers.

On the shoreline, approaches include removal and disposal elsewhere of contaminated material,
hot and cold water washing, use of surfactant or solvent based washing agents, and
biodegradation enhancement (bioremediation). In 1991 the Exxon Valdez grounded in Prince
William Sound in Alaska spilling nearly 11 million gallons of Prudhoe Bay crude oil in an
ecologically sensitive area. A massive clean-up operation was launched. Many of the available
techniques were used as part of the Exxon Valdez spill response. This afforded the opportunity to
carry out a major assessment of the clean-up operation and the immediate and long-term effects of

the oil spill (Miller 1990, Kelso & Kendziorel 1991).



Tie appropriate choice of clean-up technologies, or combinations of technologies, depends on the
circumstances, such as type of oil, environmental factors, type of location effected (e.g. nature
reerve, amenity beach, etc.), and necessity to protect/deflect pollution from a sensitive area. On
storelines, techniques such as power washing can drive oil into the subsurface where it may be
sbwer to degrade, or remove oil from the upper-intertidal zones to mid- and sub-intertidal areas,
wiere it may cause greater damage. (Houghton ef al. 1991) In some circumstances, the best
ajproach may be “the do-nothing option”. The treatment may cause more damage than the oil
itelf, and hydrocarbon degrading micro-organisms are ubiquitous and will naturally biodegrade

oi in time (Atlas 1984).

Boremediation as a clean-up technology involves accelerating biodegradation rates (Atlas &
Alas 1991, Atlas 1996). It has the advantage of being a technique which is perceived as a natural
nechanism for oil removal from the environment, and that it is a relatively ‘soft’, i.e. low
inrusion approach, with minimal physical manipulation of the shoreline. Thus, it may be more
sutable for ecologically sensitive environments than more aggressive approaches. It results in the
eventual transformation of the pollutants to relatively innocuous substances (carbon dioxide and
witer) as opposed to removal or relocation in the environment. There are certain instances where
bbremediation may not be suitable; a quick clean-up may be required, (amenity beaches for
example), or it may be difficult to overcome the rate limiting factor. Furthermore, it can be
dificult to predict how effective bioremediation will be for a given spill situation (Hoff 1993).
While the technology may be relatively inexpensive, the cost of monitoring over an extended time

paiod may be prohibitive.

10



1.4 BIOREMEDIATION OF OIL SPILLS

1.4.1 Application and case studies

Bioremediation has been proposed as a technology for clean-up of many organic contaminants in
a variety of environments. Land-farming was one of the earliest forms of biotreatment and was
used for disposal of waste oils and sludges at refineries, and involved nutrient addition and tilling
of contaminated soil (Morgan & Watkinson 1989, Atlas & Bartha 1992). More recently soil
bioremediation has involved using more engineered systems such as soil banking or composting.
Soil banking utilises a greater degree of engineering and containment, and along with nutrient
addition, other strategies to optimise biodegradation are employed such as aeration/oxygenation,
amendment of soil structure, surfactant additions, irrigation and pH control (Wilson & Jones
1993). As well as treatment of hydrocarbons, investigations into the role of bioremediation in
PCB, pesticide, explosive and metal decontamination have been carried out (Kaplan 1992,
Summers 1992, Worne & Fortune 1993). Bioremedial treatment of ground water can involve
pump and bioreactor treatment. Much effort has also been put into developing in situ
bioremediation techniques for ground water and soil (Morgan & Watkinson 1989, Wilson &
Jones 1993, Ellis & Gorder 1997). A wide range of commercial products are available that claim

to assist bioremediation and many are based on the use of microbial seed cultures.

Bioremediation has also been used to treat marine oil spills (Swannell et al. 1995) and was used
as one of the shoreline clean-up techniques following the Exxon Valdez spill. Oleophilic, (Inipol
EAP22), slow release (Customblen), and soluble inorganic fertilisers were applied on a number of
beaches (Pritchard & Costa 1991, Prince 1997). Fertiliser levels were adjudged not likely to
present toxic effects to marine fish or invertebrates. An increase in hexadecane and phenanthrene
mineralisation activities was demonstrated for fertilised as opposed to non-fertilised sites on three
beaches (Lindstrom et al. 1991). Ratios of total GC detectable hydrocarbons (TGCDHC), total
resolved hydrocarbons (TRHC: n-alkanes + pristane & phytane) and sum of selected PAH
(TPAH) to C30-hopane was used to assess biodegradation. Results indicated significant
enhancement of biodegradation rates correlated to the amount of nitrogen delivered per unit of oil
(Prince et al. 1994, Bragg 1996). On one beach the rate enhancement was approximately five-
fold.

Venosa et al. reported on the bioremediation of an experimental oil spill on the shoreline of

Delaware Bay, USA (Venosa et al. 1996). This experiment was designed on a randomised block
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basis to provide statistically sound evidence for the efficacy of bioremedial treatments.
Treatments included nutrient supplementation and nutrient/ microbial inocula addition, and were
assessed with reference to untreated control plots. Although substantial biodegradation was
observed for the untreated plots, a statistically significant increase in biodegradation rates of total
target alkanes:hopane ratios (£ (nC10- nC35):hopane) and total aromatic:hopane (XPAH:hopane)
was observed for the treated plots. No significant difference was detected between the nutrient

only and nutrient/inocula treatments.

In 1996 the Sea Empress grounded off Milford Haven releasing 72,000 tons of Forties blend
crude oil and approximately 420 tons of bunker fuel. An investigation of bioremediation for
treating a mixture of the oils was carried out on a gravel beach at Bullwell bay. Also using a
randomised block experiment and hydrocarbon:hopane ratios, it was found that nutrient amended
plots were biodegraded by, on average, 37% more than untreated plots. There was no evidence

that bioremediation of the sediments increased oil toxicity (Swannell e al. 1999).

A shoreline study in the Bay of Brest, France, measured biodegradation rates for total oil,
aliphatics, cycloalkanes and aromatics in a bioremediation trial using slow release fertiliser.
Norhopane rather than hopane was used as conserved internal marker. High background
degradation was observed with no significant improvement for treated plots. This was attributed

to the high background nutrient levels (Oudot et al. 1998).

The necessity for operational guidelines has been recognised (Swannell ef al. 1996, Lee 1998, Lee
& de Mora 1999), to assist in

making the decision to bioremediate or not,

choice of bioremediation product,

e designing monitoring strategies,

consideration of toxicity and health factors.

1.4.2 Microbial biodegradation of petroleum hydrocarbons

The ability of many microorganisms to utilise hydrocarbons as sole carbon sources was identified
as early as 1946 (Zobell 1946). The microflora of the marine environment includes bacteria,
microalgae, protozoa, actinomycetes, yeasts, fungi and virus’. The ability to metabolise

hydrocarbon is common in marine bacteria and is spread through a wide variety of genera. The
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genera most frequently described was listed by Floodgate as Pseudomonas, Achromobacter,
Flavobacterium, Acinetobacter, Vibrio, Bacillus, Arthrobcater, Nocardia, Corynebacterium, and
Micrococcus (Floodgate 1984). Hydrocarbonoclastic bacterial numbers have been linked to
previous exposure to hydrocarbons (Zobell 1969, Atlas 1981). This is important in determining
the rapidity of degradation of subsequent hydrocarbon inputs (Hoff 1993). Bacteria and yeasts
apparently are the predominant degraders of hydrocarbons in the marine environment and
filamentous fungi do not appear to play as significant a role as for hydrocarbon degradation in soil
(Floodgate 1984, Atlas & Bartha 1992). There is some evidence that plasmids may play a role in
hydrocarbon biodegradation, as there is an increase in proportion of bacterial populations

containing hydrocarbon utilising plasmids (Hoff 1993, Atlas 1995).

There has been much attention on the possible role of white rot fungi in remediation of soil
contaminated with persistent organics such as high molecular weight PAH (e.g. gas works sites).
White rot fungi have received a lot of research interest as they produce non-specific extracellular
ligninolytic enzymes (Lamar 1992). As well as degradation of lignin, these fungi have shown the
ability to degrade persistent organics such as DDT, PAH and PCBs (Field et al. 1992, Colombo et
al. 1996). As the enzymes are extracellular they may prove to be useful in the bioremediation of

insoluble compounds, when bioavailability is a limiting factor for other microorganisms.

In general the alkanes degrade more readily than aromatics with n-alkanes being most
biodegradable. The resistance to aliphatic biodegradation increases with degree of branching and
cycloalkanes are slow to biodegrade (Atlas 1981). Oudot (1984) used capillary GC and direct MS
analysis to determine the relative biodegradability of BAL petroleum (Arabian light crude) in
quasi-continuous culture using an enriched mixed marine microbial inoculum. He concluded that
the n- and iso-alkanes exhibited most degradation, followed by 6-, 1-, 5- and 2-ring alkanes,
sulfur aromatics and monoaromatics. 3- and 4- ring alkanes and 2- and 3- ring aromatics were
moderately susceptible, while 4-ring aromatics and biomarkers were resistant. He concluded the
most resistant to be S-ring aromatics, resins and asphaltenes. Gough and Rowland proposed T-
branched alkanes as significant contributors to the UCM and demonstrated the recalcitrance of
model branched UCM alkanes (Gough & Rowland 1990, Gough et al. 1992). The refractory
nature of the larger condensed cycloalkanes has made them useful in fingerprinting severely
weathered oils and enabled use of C30 hopane as a conserved internal marker. However,
biodegradation of steranes in laboratory conditions has been shown to occur (Chosson et al.

1991). The route of attack on structures with long alkyl chains on ring structure is of interest and
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C2-C7 alkyl benzenes have been shown in one study to be attacked through the ring structure by a
Pseudomonas sp.(Smith & Ratledge 1989). It is probable that different populations are
responsible for degrading hydrocarbon classes or that they are at least incapable of biodegrading

structurally different compounds simultaneously (Prince 1993)

Aerobic biodegradation is undoubtedly the primary mechanism for the biodegradation of
hydrocarbons. However, hydrocarbons can also be degraded in anaerobic conditions and this has
received research interest due to the potential application in oxygen depleted environments, such
as in situ treatment of groundwater. Sulfate reducing bacteria and nitrate reducing bacteria have
shown an ability to degrade hydrocarbons. The biodegradation of up to 4-ring PAH under
denitrifying conditions has been observed for environmental isolates (McNally ez al. 1998). Rates

of anaerobic degradation are generally considerably slower than aerobic biodegradation rates.

1.4.3 Metabolic pathways

Much effort has been spent on the elucidation of biodegradation pathways. For n-alkanes, the
primary aerobic pathway involves mono-terminal oxidation to the primary alcohol, aldehyde and
finally the carboxylic acid. Carboxylic acid biodegradation takes place by -oxidation with
subsequent formation of a fatty acid, two carbon units shorter, and eventual liberation of CO,.
Diterminal (omega) and subterminal oxidation have been reported but are less important
mechanisms. Branched chain molecules, such as isoprenoids, undergo omega oxidation and the
greater the methyl substitution the more resistant they are to biodegradation (Atlas 1981, Singer &
Finnerty 1984).

Cycloalkanes are a major component of crude oil but are quite resistant to biodegradation. Co-
oxidation appears to play an important part in cycloparaffin degradation and alkyl substitution
often increases the susceptibility to biodegradation. The presence of another substrate is
sometimes necessary to enable biodegradation of cyclic compounds by certain micro-organisms
(Perry 1979). Although some micro-organisms can not utilise cyclic hydrocarbons as a sole
source they may be able to oxidise the compound to a ketone or alcohol, which is a substrate for

other microorganisms (Beam & Perry 1974, Atlas 1981, Perry 1984).
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Bacterial degradation of aromatics usually involves hydroxylation to form cis-dihydrodiols with
subsequent formation of catechols and ring-cleavage. Fungi tend to produce trans-diol
intermediates (Cerniglia 1984, Rosenberg et al. 1992, Atlas 1995). Examples of isoprenoid and

aromatic degradation pathways are given in figures 1.3 and 1.4 respectively.

Pristane (2, 6, 10, 14 tetramethylpentadecane)
2

2, 6, 10, 14 tetramethylpentadecanoic acid

(w-oxidation) (B-oxidation)

2,6, 10, 14 tetramethylpentadecanedioic acid 4,9, 12 trimethyltridecanoic acid
2,6, 10 trimethylttidecanedioic acid 20630 trimethyJ;undecanoic acid
2,610 trimethyljndecanedioic acid

2,6 dimethylninanedioic acid

\
2, 6 dimethylheptanedioic acid

2 methylpentanedioic acid

Fig. 1.3: Pathway for pristane oxidation by Brevibacterium erythrogenes

(adapted from Singer & Finnerty 1984 in Petroleum Microbiology ed. Atlas)
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f@ (adapted from Cerniglia 1984 in Petroleum Microbiology ed. Atlas)

16



1.4.4 Factors affecting, and optimisation of hydrocarbon biodegradation

There are many factors that affect and control the environmental rates and these have been
extensively reviewed (Morgan & Watkinson 1989, Leahy & Colwell 1990, Atlas & Bartha 1992,
Prince 1993, Atlas 1995, Head 1998, Swannell ef al. 1996, Prince 1997).

1.4.4.1 Nutrients

Metabolism of hydrocarbons requires the availability of certain nutrients, especially nitrogen (N)
and phosphate (P) for incorporation into biomass. After an oil spill, the organic carbon source is
abundant and nutrient availability may then become rate limiting (Prince 1993). Most
bioremediation treatments involve some form of nutrient addition. Shoreline and microcosm
nutrient supplementation strategies have included application of soluble inorganic nutrients
(Venosa et al. 1996, Swannell ef al. 1999), oleophilic fertilisers (Inipol EAP22™ (Swannell ef al.
1995, Bragg et al. 1996)) and slow release fertilisers (Swannell ez al. 1999) (Customblen™
(Bragg et al. 1996), Max-Bac™( Swannell et al. 1995, Oudot et al. 1998)). In many instances the
application of nutrients did enhance biodegradation rates and slow release, dissolved, and
oleophilic fertiliser applications have all been shown to be successful. Economic considerations
are therefore likely to be important when selecting the fertiliser for use. In some studies the
substantial biodegradation of the control sites due to background nutrients is commented on
(Venosa et al. 1996, Oudot et al. 1998). Oudot et al. suggested that if background level of N in
the interstitial pore water of the sediment is >100 pmoles litre then bioremediation through
fertilisation may be of limited use. Recently it has been suggested that both the absolute amount
of inorganic nutrient and the ratio of N:P can effect hydrocarbon degradation rates (Smith ez al.

1998, Head & Swannell 1999).

Lithium nitrate (Wrenn ef al. 1997a, 1997b) has been used as a conserved tracer to assess the
effect of beach hydraulic dynamics in the intertidal zone on dissolved nutrient concentrations and
distributions. Movement of the tracer vertically through the sediment subsurface and horizontally
in a seaward direction from the bioremediation zone was observed. Rapid washout of tracer from
the bioremediation zone suggested that, in this case, frequent application of dissolved nutrients
(24 hourly) would be required to maintain elevated nutrient concentrations, and thus by
implication for continued stimulation of biodegradation. Use of tracers such as lithium provides a
useful technique for evaluating the role of shoreline physical dynamics on nutrient application

during bioremediation thereby assisting the design of an effective nutrient addition programme.



L

1.4.4.2 Oxygen

As shoreline bioremediation relies on aerobic metabolism, oxygen is critical to the biodegradation
rates. Dissolved oxygen concentrations in water are very low (~8mg/l) and therefore could rapidly
become limiting in subsurface sediments. Wave action can cause supersaturation of water and
oxygen is less likely to be limiting in high- energy beaches. Waterlogged sediments will be
oxygen depleted. It should be noted that subsurface water levels will probably not subside with
receding tide levels but will form a gradient to open water level dependent on sediment
permeability (Wrenn et al. 1997a). Adequate sediment drainage to enable O, diffusion to
hydrocarbon degrading microbes is therefore essential for effective bioremediation (Atlas &
Bartha 1992). Tidal cycles facilitate air exchange in intertidal shoreline sediments with good
drainage. The low sediment permeability of mudflats means subsurface O, is limiting and nutrient

addition alone is unlikely to be sufficient for effective bioremediation in these environments.

Unsaturated subsurface soil is normally aerobic, but O, utilisation may exhaust supplies faster
than they can be replenished by diffusion, while oxygen is often limiting during in situ
bioremediation of groundwater. Physical techniques to improve aeration include manipulation
(raising and lowering) of the ground water table, alteration of soil characteristics using fillers (in
soil banking), pumping to improve drainage, and bioventing. Chemical oxygenation through use

of hydrogen peroxide (H,0O,) has also been investigated (Morgan & Watkinson 1992).

1.4.4.3 Seeding

The introduction of cultures into the spill environment is referred to as bioaugmentation, or
‘seeding’, or inoculation (Pritchard 1992). Many of the products commercially available and
marketed for bioremediation include microbial formulations. While hydrocarbon degrading
microrganisms are ubiquitous in the environment there is a broad range of hydrocarbon structural
heterogeneity and some hydrocarbons are resistant to biodegradation. Seeding may introduce a
broader range of enzymatic capability than present in the indigenous population. Furthermore, an
adaptive period is necessary for the indigenous microbial population so there may be an
advantage in adding pre-adapted culture that have demonstrated hydrocarbon degrading ability.
While it is theoretically promising, ‘seeding’ has not been convincingly demonstrated in the field
as significantly affecting biodegradation rates. Some commercial products also contain
dispersants and/or nutrients and it can be difficult to discern whether it is the introduced
microorganisms, as opposed to other additives, that have enhanced biodegradation. After the

Exxon Valdez spill, 10 products were screened for efficacy in stimulating oil biodegradation,
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using a two-tier system. After laboratory tests only two products were selected for field trials

(Anon. 1991a, Venosa et al. 1991). Neither product demonstrated enhanced biodegradation when
compared with nutrient application alone in field trials (Venosa et al. 1992). In the Delaware Bay
study, a mixed consortium isolated from the experimental beach was grown on the same crude oil
as that used to contaminate the beach as sole carbon source (Venosa et al. 1996). This was used as

an inoculum but did not enhance biodegradation relative to the nutrient only plots.

There are potentially many factors that may limit the ability of introduced cultures to survive and
proliferate in the environment (Pritchard 1992). Cultures that have been substantially laboratory
cultured or that were initially isolated from a different environment may not be viable; a
minimum inoculum concentration may be required; competition may occur from indigenous
micro-organisms and predation. Environmental influences are paramount and it was shown that
the hydrocarbon mineralisation potential in Prince William Sound after Exxon Valdez was not
related to substrate concentration but other factors such as intensity of physical mixing

experienced, treatments received and the availability of alternative carbon sources.

The use of genetically engineered microorganisms (GEMs) has also been proposed (de Lorenzo
1992). The first patent for a recombinant micro-organism was issued to Chakrabarty and General
Electric for a hydrocarbon degrading bacteria (Atlas 1992). However, the potential use of
genetically modified micro-organisms is controversial due to considerations such as safety,
control, and ethical issues. Therefore restrictions remain on environmental release (Atlas &
Bartha 1992). Furthermore, the concept of using genetically engineered ‘superbugs’ to
bioremediate highly complex mixtures, such as petroleum hydrocarbons, is suspect (Lethbridge et

al. 1994).

Generally, there are few details available with most commercial products, but it is probable that
many are based on cocktails of individual isolates that demonstrate hydrocarbon mineralisation
potential on single hydrocarbon substrates in the laboratory. Thus, the complexity and synergistic
effects present in the environment when a range of microbes interact to degrade a range of
compounds may not be incorporated. This could be particularly important for biodegradation of
cyclic compounds where co-oxidation has been demonstrated to be an important factor. Many of
the vendors claims for microbial based bioremediation products remain to be independently

verified.
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1.4.4.4 Physical state of the oil and bioavailability

The availability of hydrocarbon substrate has been recognised as a key element that may limit
biodegradation in the environment (Head 1998). Biodegradation takes place at oil interfaces or on
dissolved hydrocarbons. As hydrocarbon solubility is very low, the biodegradation on true
dissolved compounds is relatively low. Therefore a high surface area to volume ratio of oil is
necessary. Mechanisms of hydrocarbon uptake are via dissolved phase hydrocarbons, direct
contact with oil surface, or surfactant solubilised hydrocarbon (Floodgate 1984, Singer & Finnerty
1984). An area that has attracted much attention in recent years is the role of biosurfactants,
particularly rhamnolipids, in solubilising and enabling hydrocarbon transport into the cell (Singh
& Desai 1988). Rhamnolipids have been shown to enhance biodegradation of octadecane (Zhang
& Miller 1992) and to increase solubilisation and removal of soil sorbed phenanthrene from soil
columns (Noordman et al. 1998). A glycolipid was shown to be more effective than Tween-80 for
solubilisation of naphthalene and methyl-substituted naphthalenes from crude oil. It was also
shown to be less toxic (Kanga ez al. 1997). In some cases the use of synthetic surfactants has been
shown to enhance biodegradation (Prince 1993, Ducreux et al. 1994). Liposome encapsulation of

nC18 and nC36 was also shown to enhance microbial uptake (Miller & Bartha 1989).

If surfactant addition is to be used, the possibility of inhibition of biodegradation due to
introduction of competitive substrate should be considered and careful choice of surfactant is

required.

1.4.4.5 Other factors — pH, temperature, competitive substrates

Seawater is naturally well buffered and seawater pH enables high rates of oil biodegradation.
Generally metabolism rates decrease with decreasing temperature and often biodegradation will
be substantially reduced during winter. Furthermore, physical effects on the oil such as increased
viscosity may reduce degradation. However, hydrocarbon degrading microorganisms have been
isolated for a wide temperature range and oil biodegradation has been observed in polar climates
(Sexstone & Atlas 1977, Kennicutt 1990, AMAP 1998).

Obligate hydrocarbonoclastic bacteria are rare and most hydrocarbon degraders can metabolise
other substances. If other substrates are available they may be preferentially degraded rather than

oil, or alternatively, may actually induce hydrocarbon biodegradation, possibly through
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biosurfactant production (Zhang & Miller 1992, Prince 1993, Al-Hadrami et al. 1996).
Bioremediation product formulations are being investigate that include nutrients, alternative

carbon sources, surfactants etc. (Kjeilen 1997).
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1.5 ANALYSIS OF PETROLEUM HYDROCARBONS

Methods of analysis of hydrocarbons, and in particular UCM, were reviewed, with a view to
selecting and evaluating suitable methods for development and use in monitoring bioremediation

trials.

1.5.1 Fractionation techniques
There are numerous techniques that can be applied to hydrocarbons and petroleum oils to separate
into subgroups or classes. These techniques may lead to direct analytical information pertaining to

the subgroups or be used as preparative fractionation for further analysis (Philp 1994).

1.5.1.1 Column and thin layer chromatography

The fluorescent indicator adsorption (FIA) method {ASTM D1319-98} (ASTM 1998) is the
petroleum industry standard for hydrocarbon class (group/type) determination. This involves use
of silica gel in a specially designed glass column, and separates hydrocarbons into saturates,
olefins and aromatics. The method is not suitable for dark coloured samples. Alumina and silica
gel are widely used to achieve separation into saturates, aromatics, resins, and asphaltenes
(SARA). Separation of olefins is not required for crude oils as they are present in insignificant
proportions in crude oils (Tissot & Welte 1978). Thin layer chromatography (TLC) can also be
used for class separation (Harvey et al. 1984) and can be used with FID detection to directly
quantify petroleum subgroups (Selucky 1985). Killops and Al-Juboori (1990) used silica gel
(Merck 60G, 0.4mm, pre-eluted for 24h with dichloromethane prior to re-activation). Bands were
isolated corresponding to aliphatics (Rf>tridecylbenzene), monoaromatics (tridecylbenzene > Rf
> naphthalene) and polyaromatics (naphthalene > Rf > 0) by reference to appropriate standards
applied to channels at both edges of the TLC plate. Standards were visualised under
UV(254nm)after aerosol application of Rhodamine 6G in methanol. Quantitation was achieved in
relation to internal standards (squalane, tridecylbenzene, anthracene) added to each fraction, each
at a level of 2pug/mg total hydrocarbons. Gough and Rowland (1990) used argentation TLC in

conjunction with column chromatography and triple urea adductions to isolate aliphatic UCM.

1.5.1.2 Molecular sieve and urea and thiourea adductions
Urea adduction (Baron 1961) and 5A molecular sieve (O’Connor et. al 1962, Murphy 1969) are

both used in separating n-paraffins from crude oils. Both can form channel complexes that can
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accommodate straight chain alkane molecules but exclude branched and cyclic molecules due to
the SA internal diameter crystal lattice. Urea adduction involves a urea clathrate forming around
the molecule whereas in a molecular sieve the cavity already exists. A comparison of SA
molecular sieve with urea adduction (Chukwuemeka & Nwobodo 1994) found urea adduction to
include a broader range of adductable n-paraffins and also indicated that urea was more efficient.
Killops and Al-Juboori (1990) used urea adduction in studying UCM composition. Using
reference compounds (eicosane, anthracene, trideyclbenzene, pyrene and squalane) they found
that while n-eicosane was completely urea adducted as expected, all other reference compounds
were also adducted to some extent. They quantified UCM relative to non-adducted squalane
(assuming that the same quantities of non-adductable squalane and UCM were retained in the
adduct fraction). This suggested that 25% of UCM was adducted suggesting a significant presence
of components containing a terminal n-alkyl group attached to another structure. In the same
paper, thiourea adduction was also employed. This has a crystal lattice of 7A and should retain
branched acyclic components, cycloalkanes and benzenoid compounds with suitable alkyl chains.
n-Alkanes and some of the larger cyclic components are reported not to be retained but the author

found all reference components were retained to some degree.

Silicalite has also been used to remove branched and cyclic fractions from the n-alkane fraction

(West et al. 1990).

1.5.2 Spectroscopic techniques

1.5.2.1 Infrared spectroscopy (IR)

US EPA method 418.1 (US EPA 1983) for measuring total petroleum hydrocarbons (TPH) in
water (and soil - EPA 418.1 modified) is based on IR analysis of the hydrocarbon extract in a
CFC 113 solution. The aliphatic C-H stretch at ~2930cm™ is quantified against the same peak for
a reference solution. This may be a reference oil sample or a mixture of reference compounds in
solution. However, the unavailability of CFC as a solvent is likely to make this method redundant.
A similar ASTM standard test method for oil and grease and petroleum hydrocarbons in water
also employs CFC 113 as the solvent (ASTM 1996). ASTM method D3141-80 (ASTM 1981)
uses IR spectroscopy for comparison of waterborne petroleum oils and includes guidelines for
interpreting weathering of the oil. FT-IR has been used to qualitatively analyse UCM as a film on
a sodium chloride cell (Killops & Al-Juboori 1990).
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Comparing %IR/Gravimetric for a number of oils measured by EPA method 418.1 using a single
calibration oil illustrates the bias inherent in such a method (Douglas et al. 1992). Oils, such as
lube oil, with a higher proportion of saturates to total oil than the calibration oil are positively
biased, (%IR/Gravimetric > 100%), and oils such as gasoline, with a lower proportion of saturates
than the calibration oil are negatively biased, (%IR/Gravimetric < 100%). Measuring the IR
absorbance of the oil directly using a fixed path transmission cell or attenuated total reflectance

(ATR) can eliminate solvent background absorbance.

1.5.2.2 Fluorescence/Luminescence spectroscopy

Fluorescence spectroscopy has been used for measurement of hydrocarbons in the marine
environment (Law et al. 1988) using fixed excitation and emission wavelengths and measuring
the emission intensity against a crude oil, such as Ekofisk, or a polyaromatic hydrocarbon mixture
standard curve. Synchronous scanning fluorescence and fixed excitation scanned emission spectra
enables fingerprinting of petroleums (Pharr ef al. 1992, Shadle et al. 1994). However, total
fluorescence spectroscopy gives a much more detailed fingerprint, usually displayed as contour
plots (Butt 1986). Aliphatic components do not fluoresce and this must be taken into account if
using fluorescence for quantification of oil samples, as bias may be introduced if a comparable
standard is not used. Mason (1987) has obtained total fluorescence spectra for oil contamination
in mussels and also obtained total fluorescence spectra for individual PAH compounds. This
enabled information to be gained on the aromatic composition of the oil based on the contour plot,

and also preparation of a suitable standard mixture of PAH that produced a similar contour plot.

1.5.2.3 NMR

Killops and Al-Juboori have used FT-'H NMR and FT-"C NMR in the analysis of UCM.
Although some useful structural information was obtained for UCM composition, the complexity
of UCM made interpretation difficult (Killops & Al-Juboori 1990).
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1.5.3 Chromatography

1.5.3.1 Gas chromatography

Gas chromatography with flame ionisation detection is a well-established technique for the
analysis of hydrocarbons and oil samples. There are many capillary columns available suitable for
crude oil analysis resolving n-alkanes, and pristane and phytane, and recently the advent of high
temperature columns has enabled detailed investigations of high molecular weight hydrocarbons
present in oils, waxes, bitumens and source rocks (Philp 1994). GC is regularly used in estimating
the boiling range of both crude petroleums and refined products (ASTM 1984, Yancey et al.
1994). The term ‘unresolved complex mixture’ refers to the "hump’ of unresolved or poorly
resolved components in GC-FID traces. The presence of UCM in GC analysis of environmental
samples has been considered to provide a better indication of petrogenic contamination than
resolved compounds, as there is a greater chance of resolved compounds having a recent biogenic
origin (Volkman et al. 1992). ASTM prescribe a method for comparison of waterborne petroleum

oils by gas chromatography (ASTM 1991b).

I5.3.2-HPEC

Fractionation of oils by high performance liquid chromatography (HPLC) has proved useful in
separating petroleum into component classes. Separation of petroleum into saturates, aromatics,
resins and asphaltenes (SARA) has been achieved by initially deasphalting the sample and then
performing HPLC analysis using silica, alumina, amino, cyano or aminocyano columns, or
various combinations of these columns (Lundanes & Greibrokk 1994). Two columns are
commonly used, often amino or cyano as the first column and silica, amino, cyano or amino-
cyano as the second. Usually backflushing of the resins from the first column is employed, and
often backflushing of the second column is used to determine the aromatics. Grizzle and Sablotny
(1986) used two amino columns in series, with hexane to elute saturates, and hexane:methylene
chloride gradient to elute aromatics, with separation according to ring number. Polar compounds
were eluted by backflushing with 90% methylene chloride in hexane. Detection was achieved
with a refractive index (RI) detector and ultraviolet (UV) detector. Pearson and Gharfeh (1986),
used a cyano and an amino-cyano column and two backflush valves to achieve separation.
Hexane eluted saturates before the aromatics were backflushed from the second column with
hexane and then polar compounds eluted from the first column with MTBE. A flame ionisation

detector was used. Shadle et.al. (1994), used a cyano and a silica column in series to analyse shale
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oils and crude oils using hexane:methylene chloride gradients and eluting polar compounds in a
forward direction. Killops and Readman (1985), used two PAC (amino-cyano) columns in series
to analyse the aromatic fraction of sediment extracts. Adsorption of water and irreversible binding

of heteroatoms on silica can cause reproducibility problems.

1.5.4 Mass spectrometry (MS)

1.5.4.1 Gas chromatography-mass spectrometry (GC-MS)

GC-MS in positive electron ionisation mode is widely used for petroleum analysis. GC-MS
analysis of oils and kerogens is particularly useful in geochemical studies for assessing potential
of oil bearing source rocks, correlation of oils and sources, studies of depositional environment,
assessment of maturation, extent of biodegradation, and other processes (Peters & Moldowan
1993, Requejo et al. 1996). These techniques have also been adapted as the preferred
methodology in identifying the source in oil spill incidents (Albaiges & Albrecht 1979, Anon.
1991b, ASTM 1995). The power of GC-MS lies in the use of mass spectrometry as a selective
detector to obtain gas chromatographic ‘fingerprints’ for various groups of components that
would be occluded in oil by more concentrated components when analysed by more conventional
methods. There are two basic component groups that are used for this purpose (Wrang &

Adamsen 1990a, 1990b).

(i) Substituted aromatics - Selected ion recording (SIR) of a suitable molecular mass
can allow a chromatogram to be obtained for a group of structural substituted aromatic
isomers e.g. methyl phenanthrenes at m/z 192. As the chemical and structural properties of
such isomers are very similar, the isomer ‘pattern’ as depicted by a GC-MS trace is relatively

resistant to weathering.

(ii) Biomarkers - The biomarkers are ‘molecular fossils’ that can be directly related to a
biological precursor compound from their molecular structure, for example cyclic alkanes
such as steranes and hopanes. Although biomarker groups tend to have a number of
homologous compounds of differing molecular weights, they often have common structural
attributes that can be detected as fragments using GC-MS in EI+ mode. Furthermore,
stereoisomers of compounds are often present adding to the complexity of the patterns. The

resulting chromatogram is referred to as a ‘mass fragmentogram’. The term mass
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chromatogram will be subsequently used in this report to denote a chromatogram for a given
mass-charge ratio, including mass fragmentograms. The aliphatic biomarker mass
chromatogram patterns are relatively resistant to weathering, as the compounds are resistant

to the primary weathering processes (i.e. evaporation, biodegradation and dissolution).

Standard test procedures such as NORDTEST use diagnostic ions based alkyl substituted 2,3 and
4 ring PAH and dibenzothiophene (e.g. m/z 192, 212, 226 for C1-, C2- and C3-phenanthrenes)
and biomarker fragments (e.g. m/z 217 steranes and m/z 191 pentacyclic triterpanes). Other ions
that have a diagnostic use include m/z 57, 71, 85 etc for acyclic alkanes, m/z 55 for alkenes and
cycloalkanes, m/z 83 for alkylcyclohexanes and m/z 95 for naphthenes (Simoneit 1986).
Multivariate analysis (principal component analysis) was used to compare sterane and triterpane
data after artificial weathering of crude oils from the Cook and Brent formations in the same well
(no. 9) at the Gullfaks field (Brakstad & Grahl-Nielsen 1988). The steranes were unsuitable for
identification of weathered oils after four months, but the pentacyclic triterpanes, and in particular
the demethylated triterpanes, were deemed a good diagnostic tool for oil identification throughout

the course of experimental weathering (1 year).

Prince et al. (Prince et al. 1994), used the resistance of pentacyclic triterpanes to weathering to
suggest the use of 17a(H),21B(H)-hopane (C30-hopane) as a conserved internal marker for
estimating the biodegradation of crude oil. As quantification of total crude oil biodegradation in
the field is extremely difficult, the use of an internal marker is an invaluable tool for measuring
the reduction of the biodegradable components relative to the conserved marker. From
biodegradation experiments, Prince et al. concluded that C30-hopane was neither biodegraded or
generated during the biodegradation of crude oil fractions on time scales relevant to the estimation
of oil spill cleansing. More recently in the absence of C30-hopane, the use of norhopane has been

used as conserved internal standard (Oudot et al. 1998).

The use of 17a(H),21B(H)-hopane as an conserved internal standard was further developed
during the EUROCRUDE project, (Anon. 1995). This was a six laboratory collaboration funded
by the EU LIFE programme to develop an analytical, (GC-MS), database of crude oils that are
produced and transported in European waters, and to evaluate and develop statistical methods and
computer software for comparing and matching fingerprints with the database. When spilt oils are

compared with suspect sources by GC-MS, the samples are run on the same machine within the
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same sample batch. Thus, the primary problem faced was to treat the data in such a way that
samples analysed on different instruments (or indeed instrument types e.g. quadrupole or
magnetic sector instruments), or at different times could be compared. This was achieved firstly
by using a Brent crude oil as a reference, for quality assurance of data. Analysis of spilt crude oil
samples for comparison with the database involves analysing the reference Brent crude oil by GC-
MS, followed by the sample twice, and then again the reference oil. Up to 56 peaks can be used
and the integration data for the sample and reference oils are entered into the model for
comparison with the database. Four normalisation routines can be used but the most effective for
reducing interlaboratory and long term variability is triple normalisation. It involves normalisation
against C30-hopane for both samples and reference oils. The hopane normalised samples are

averaged and further normalised with the bracketing hopane normalised reference samples.

GC-MS analysis of biomarkers and aromatics has also proved a useful tool in investigations of
chronic hydrocarbon contamination of the marine environment, and for reconciling the source
(Volkman et al. 1992). Tricyclic and pentacyclic terpanes have been considered as indicators of
the origin of diffuse lubricating oil contamination in plankton and sediment (Bieger et al. 1996).
GC-MS analysis of biomarkers and aromatics has also been used in tracking oil spillages and in
assessing the environmental effect of such spillages in cases such as the Sivand spill, Humber
Estuary 7983 (Jones et al. 1986), Exxon Valdez, Alaska 1989 (Krahn et al. 1992, Bence et al.
1996), The Gulf War spill, Kuwait /991 (Sauer et al. 1993), and the Braer spill, Shetland /993
(Wolff et al. 1993, Glegg & Rowland 1996).

1.5.4.2 Direct sample introduction mass spectrometry

A current ASTM method is available for estimation for 0-6 ring saturates and monoaromatics in
non-olefinic saturate petroleum fractions of average carbon number between 16 — 32 (ASTM
1991b). This is based on the fragment peak method devised by Hood and O’Neal (1959). A
similar ASTM method enables aromatic type analysis for non-olefinic aromatic fractions

(Robinson & Cook 1969, ASTM 1991c¢).

In their study of UCM Killops and Al-Juboori (1990) used probe MS and used ion abundance of

major fragments in the UCM spectrum in their interpretation of UCM composition.
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1.5.4.3 Chemical ionisation mass spectrometry (CI-MS)

CI-MS has been less frequently applied to the characterisation of crude oils and heavy oils. CI
mass spectra, using N,O as a chemical ionisation reagent gas, for total crude oils from a range of
fields within four geographical areas was tested as a potentially useful fingerprinting tool for
distinguishing the geographical origin of the oil (Burke et al. 1982). Principal component analysis
and discriminant analysis demonstrate the clear differentiation in the oil composition for the
diagnostic ions chosen. The ions used as diagnostic ions were of m/z 2180 to exclude volatile
components and m/z < 259. CI-GC-MS has also been used for analysis of prefractionated heavy

oil contaminated soil sample extracts (Pollard et al. 1994), although few details are supplied.

1.5.4.4 Chromic acid oxidation

Interpretation of the products of UCM oxidation has proved useful in providing an insight into the
composition of the UCM and indeed surprisingly resolved chromatograms can be obtained.
Usually chromium (V1) oxidation is used, and in particular CrOs, (chromium trioxide). A general
review of chromium oxidations in organic chemistry is available (Cainelli & Cardillo 1984).
Chromium oxidation of saturated hydrocarbons is not especially selective and considerable
second stage oxidation does occur. Thus complex mixtures of reaction products are produced. The
C-H attacked in chromic oxidation depends on the attached structures. Methyl groups are
relatively resistant to oxidation and are eventually oxidised to acetic acid while tertiary
hydrocarbons are much more prone to attack and this sensitivity is further increased with a phenyl

group attached.

Although oxidation of relatively simple hydrocarbons can give rise to complex mixtures of
product, oxidation of the UCM can produce surprisingly resolved chromatograms as there is a
limited class of structures that are oxidised and similar compounds tend to be oxidised to the same
products. Chromic acid oxidation has been used to study the UCM composition (Gough &
Rowland 1990, 1991) and has been proposed as a potential mechanism for fingerprinting oils
(Revill et al. 1992).

1.5.4.5 Stereochemistry and nomenclature of petroleum hydrocarbons
Some understanding of the structural configurations of petroleum hydrocarbon molecules in

three-dimensional space is required when interpreting GC-MS analysis of biomarkers
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(MacKenzie 1984, Peters & Moldowan 1993). Asymmetric or “chiral” carbons, that is carbons
with four differing substituents, are common in petroleum hydrocarbons. Two forms of such
molecules, known as enantiomers, may exist, each being a mirror image of the other. The two
possible configurations around an asymmetric carbon are called “R” and “S” in conventional
nomenclature. If more than one asymmetric centre is present, inversion of all the asymmetric
centres results in enantiomers. However, if less than all the asymmetric centres are inverted the
different molecular configurations are referred to as diastereomers or epimers. As an example
pristane contains two asymmetric carbons (fig. 1.5 a). The 6R, 10R and 6S, 10S configuration are
mirror images and thus are enantiomers. However, note that the 6S, 10R and the 6R, 10S
configurations can be superimposed on one another and they are therefore identical. These
configurations are known as meso-pristane and their relationship with 6R, 10R or 6S, 10S pristane

is diastereomeric.

A property of enantiomers in solution is that they exhibit optical activity, i.e. the extent and
direction of rotation of plane polarised light is equal and opposite for each enantiomer. The
physical and chemical properties of enantiomers are very similar, and their chromatographic
separation requires special chiral stationary phases. However, diastereomers can have different
chemical and physical properties and can generally be separated on conventional stationary
phases. Asymmetric configurations in ring systems are distinguished using the nomenclature o
and . Subtituents that are above the plane of the molecule are designated 3 and those below a.
As an example, Sa(H), 14a(H), 17a(H), 20R cholestane, [denoted acoaR], indicates that
hydrogens at the 5, 14 and 17 positions of the ring structure face below the plane, and that the

acyclic asymmetric carbon in the 20 position has an R configuration (fig 1.5 b&c).

Abiotic production of chiral molecules will usually result in a racemic (50:50) mix of
enantiomers. In biological production of asymmetric molecules, usually only one configuration
occurs. The fact that most petroleums are optically active is further evidence of the biological
origin of petroleum. The stereochemical configurations present in biological precursor molecules
are not necessarily stable during petroleum formation and stereoisomerisation can produce
different isomeric patterns in petroleum. The aocaR configuration described above is the natural
biological configuration of sterane precursors. During petroleum formation stereoisomerisation of
the biological configurations results in other configurations occurring in petroleum contributing

to, for example the complex sterane pattern observed in GC-MS analysis.
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6(R), 10(S) Pristane = Meso-pristane = 6(R), 10(S) Pristane

JC e ke e DS

6(R), 10(R) Pristane
6(S), 10(S) Pristane

a) Stereoisomeric configurations of pristane

b) Sa(H), 14a(H), 17a(H), 20R cholestane
Solid circles are used to represent 3 configurations on asymmetric ring carbons and R
configurations on acyclic asymmetric configurations. Hollow circles represent the equivalent o

and S configurations.

¢) 3-d representation of cholestane showing the Sa (H) and the 3B(H) (adapted from Peters and
Moldowan 1993).

Fig. 1.5: Stereochemistry and nomenclature of petroleum hydrocarbons.
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1.6 OBJECTIVES OF THE PROJECT

There are many factors involved in successfully bioremediating oils spills on the shoreline. The
preparation of bioremediation ‘guidelines’ to aid personnel engaged in an oil spill clean-up has
been proposed by researchers in this field (Swannell ef al. 1996, Lee 1998, Lee & de Mora, 1999).
This would assist a clean-up team to decide whether bioremediation is an appropriate tool for a
given set of circumstances, and to effectively implement the technology. This project provides
additional information to the current knowledge base that may prove useful in the preparation of

guidelines.

The objectives of the project were to

e Achieve an understanding into the alteration of the UCM during bioremediation.

e Establish any order of biodegradation for certain compound groups characterised by
molecular structural attributes.

e Assess whether bioaugmentation of the microbial population with laboratory enriched
cultures from a spill site can enable enhanced biodegradation rates of UCM.

e Determine whether specifically selected microbial cultures may have a role to play in
bioremediation of UCM.

e Determine if bioremediation is a suitable technique for treating oil spills with high UCM
content such as lubricating oils and some heavily weathered oils.

e Achieve an insight as to whether recalcitrance of UCM components can be attributed to
physical parameters (bioavailability) or biological limitations (metabolism).

e Comparison of analytical tools for measuring and assessing biodegradation of petroleum
hydrocarbons.

e Insight into the effect of severe biodegradation on patterns and parameters used in

fingerprinting and source identification of oil spills.
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1.7 OUTLINE OF THE WORK PROGRAMME

The project was divided into two phases. Phase I included a comprehensive literature survey. This
was followed by analytical method development to select, develop, and become familiar with
methods for UCM analysis, and determine the information set returned by each method. A
number of UCM-rich oils were selected and characterised using these methods. These were a
physically weathered North Sea crude oil, two reservoir biodegraded North Sea crude oils and
three lubricating oils. In parallel with this work, a number of marine sedimentary microbial
consortia were selectively enriched on UCM. The capacity of these consortia for UCM
biodegradation was evaluated and inocula for the subsequent microcosm trials prepared. GC and

GC-MS analysis of the substrate oil was carried out to determine changes to the composition.

Phase II involved microcosm trials using a simple ‘tidal simulation’ system. Two oils were
selected for the trials and bioremediation strategies involving bioaugmentation and biostimulation
were tested along with a seawater control and a poison control. This system was designed to be as
representative of field conditions as possible, but retain greater control of the system parameters
than is possible in the field. A comprehensive analytical monitoring programme, based on the
methods developed in phase I, was used to measure and assess biodegradation. An analytical
quality assurance programme supported this. Figure 1.6 outlines the project schedule. The

microcosm trials were run for 473 days.
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Phase 1

Literature survey

'

v

Analytical method development
Selection of 6 UCM rich oils
Development of methods
Determination of information sets
Familiarisation with methods
Characterisation of oils

Selection of 2 oils for phase I1

Microbial development

Selection of marine sediments

Preparation of UCM carbon source

Selective enrichment of UCM degraders

Evaluation of enriched consortia

Evaluation of propagation media

Evaluation of selected cocktail vs.
undefined consortia

Investigation of UCM biodegradation

Preparation of inocula for phase I1

______..________i_..__.._______

Phase 11

C1 — seawater control
C2 — poison control

Experiments in duplicate

2 x oils contaminated sediments -
T1 - bioaugmented specially developed inocula + nutrients
T2 - bioaugmented with rapidly grown indigenous population + nutrients

T3 — nutrient supplementation only

Analytical monitoring programme

Microcosm trials

Fig. 1.6: Overview of the project
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2. ANALYTICAL DEVELOPMENT AND
CHARACTERISATION OF OILS
(PHASET A)

2.1 PURPOSE

The purpose of this section of the project was:

(1) To develop and refine analytical techniques suitable for analysis of UCM constituent
components and suitable for monitoring of biodegradation during bioremediation trials (Phase II).
(1) Familiarisation with analysis of oil using these techniques.

(111) To determine information-sets/descriptors returned by these methods.

(iv) To assess the performance of these methods. '

(v) To characterise 6 petroleum oils using these methods.

2.2 SELECTION & ACQUISITION OF OILS FOR PHASE I OF PROJECT

6 oils for which UCM is a substantial feature were obtained for this phase of the project and the
details of these oils are listed below. Characterisation of these oils by different analytical methods
served as an aid in developing these analytical techniques for use in assessing UCM

biodegradation in phase II.

2.2.1 Forties crude oil

In March 1996 approximately 200 miles of the south eastern Irish coastline was affected by
oiling. Detailed analysis by fluorescence spectroscopy and GC-MS at the Marine Institute
Fisheries Research Centre demonstrated that this oil matched the cargo spilled from the Sea
Empress off Milford Haven (UK), one month earlier (McGovern & Nixon 1996). The oil was a
Forties blend crude oil which is a light North Sea crude. Samples of oil were taken for this project
from the beach at Kilmore Quay (Co. Wexford) which had been heavily oiled. The oil was black
and very viscous, often in the form of small pellets. It had been extensively weathered by

evaporation and dissolution but there was no evidence of biological degradation and n-alkanes
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above tridecane (nC13) were still present. Weathering processes had resulted in the relative
proportion of the UCM being greatly increased in the oil that came ashore with respect to a
semple of fresh Forties crude. A gas chromatography trace of the weathered oil is given, (fig. 2.1).

(Fresh Forties blend crude oil was supplied courtesy of Texaco, UK)

Phytane

\h hUk%L NINN “-UJJJ&_A#_«_-»

Fig. 2.1: Gas chromatogram of weathered Forties crude oil

r

2.2.2 Gullfaks crude oil

Gullfaks crude oil is also a light North Sea crude oil. In January 1993 the Braer foundered off the
Shetland islands releasing its entire cargo of 84,700 tonnes of Gullfaks crude oil (SEEC 1998).
Gullfaks is a reservoir-biodegraded crude oil (Horstad ef al. 1991). Substantial biodegradation has
taken place in situ within the reservoir over geological time. Thus, the n-alkanes have been
removed prior to abstraction of oil from the reservoir. Gullfaks, therefore, serves as a good model
UCM. Although Gullfaks does contain many resolved peaks they are primarily low molecular
weight compounds that will be lost to the atmosphere in a spill situation. A gas chromatography
trace of a Gullfaks sample is given, (fig. 2.2).

(Stabilised Gullfaks A was supplied courtesy of Statoil, Norway)

Phytane

; B

Fig. 2.2: Gas chromatogram of Gullfaks reservoir biodegraded crude oil

ORI | ————
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2.2.3 Alba crude oil

Alba crude oil is also a reservoir degraded North Sea crude oil. It is heavier than Gullfaks and
contains less resolved components. n-Alkanes have been completely removed in situ prior to
abstraction. Alba also serves as a very good model UCM. A gas chromatography trace of an Alba
sample is given, (fig 2.3).

(Alba was supplied courtesy of Chevron, UK)

Phytane

)

Fig. 2.3: Gas chromatogram of Alba reservoir biodegraded crude oil

2.2.4 Lubricating oils

Three petroleum based lubricating oils were obtained. Lubricating oils are refined products that
are primarily aliphatic in content and contain little or no n-alkanes. They usually are of a narrow
distillation band of relatively high molecular weight hydrocarbons. The three oils used were
marine, hydraulic and engine lubricating oils.

(All three lubricating oils were supplied courtesy of Shell Ireland)

b

\K \ o
I 45 o
a) Engine lubricating oil b) Hydraulic lubricating oil ¢) Marine lubricating oil

Fig. 2.4: Gas chromatograms of lubricating oils
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2.3 ANALYTICAL METHODS

For the purpose of monitoring the alteration of component groups and individual compounds
during the bioremediation microcosm trials (phase II), it was necessary to develop methods to
adequately measure parameters or ‘descriptors’ for these components. Absolute measurement of
components is unnecessary in many instances, particularly as some of the parameters are defined
by the analytical methods, (e.g. asphaltenes are defined as the non-hexane soluble fraction).
Relative quantification of parameters indicative of certain components can enable assessment by
comparison to other components within the oil, and then compared with the control sample and
initial sample t,, to detect trends and comparative changes.

Analytical methods are described in appendix A

2.3.1 Gravimetric

The gravimetric assessment of petroleum oils involved a simple dissolution into solvent, removal
of water using anhydrous sodium sulfate, and molecular sulfur using activated copper. n-Hexane
and dichloromethane (DCM) were used as solvents in separate experiments. Hexane does not
dissolve asphaltenes while DCM dissolves a broader spectrum of petroleum components.
Solutions were dried under nitrogen to obtain a gravimetric result. This is a measure of the
proportion of oil recovered after removal of sulfur, water, asphaltenes, detritus and volatile
components. Non-soluble material was also dried and weighed. GC analysis was carried out on
the reconstituted dried extract. The methodology is described in more detail in appendix A.3. The

percentage of each oil recovered gravimetrically after hexane extraction is given in table 2.1.

Forties Alba crude Gullfaks Marine Engine Hydraulic
crude crude lube lube lube
Mean 52.3% 90.2% 73.9% 96.5% 93.9% 93.7%
Standard 3.7 32 245 2:3 3] 4.9
deviation
Number 7 13 10 10 7 10

Table 2.1: Gravimetic recovery of oil after hexane extraction/dissolution
The asphaltene residues were estimated gravimetrically as 30% (Forties), 3% (Alba), 1%

(Gullfaks), 1% (marine lube), 1% (engine lube) and 1%(hydraulic lube). The presence of detritus

(i.e. sediment and other insoluble material incorporated in the oil after it was spilt) may exagerate
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the actual asphaltene values for the Forties oil. The values for the oils indicate that the lubricating
oils comprise predominantly of hexane soluble material with low volatile content, asphaltenes and
water as indeed does the Alba crude oil. The 24% of Gullfaks crude not recovered is due to water
content and loss of the volatile fraction. The 48% of Forties not recovered was due to the high

water content, asphaltenes and debris, such as sand, incorporated into the oil after it was spilt.

A number of silica/alumina gel and solvent combinations were investigated for fractionation of
the oils into saturates, aromatics and resins/polars. GC-MS and GC-FID on aliquots of eluant was
used to ascertain the aliphatic — aromatic — polar cutoff points. The final selected method
(described in appendix A.4) was capable of separating the steranes and pentacyclic triterpanes
into the saturates portion and aromatics of a molecular weight greater than methylnaphthalenes
into the aromatic fraction. Fractionation and gravimetric assessment of the oils yielded the

percentage breakdown given in table 2.2, expressed as a percentage of the hexane extracted oil.

% Saturates % Aromatics % Polars % Retained
Gullfaks 63.6 30.95 3.90 1351
Alba 527 39.36 2,22 S8
Forties 59.6 30.90 3819 6.35
Hydraulic 83.3 8.53 0.94 725
Marine 76.1 7220 2.41 4.19
Engine 82.9 10.58 0.76 5.73

Table 2.2: Fractionation of oils expressed as a percentage of hexane extracted oil

2.3.2 Urea and thiourea adduction

Urea forms a crystal lattice with an internal diameter of 5A. n-Alkyl chains or long n-alkyl side
chains can be adducted into this lattice but branched components are excluded. Similarly thiourea
has a larger lattice (7A) and is reported to retain cycloalkanes (not tri- and tetracyclics), acyclic
alkanes, substituted benzenes but not n-alkanes (Killops & Al-Juboori 1990, Nwadinigwe &
Nwobodo 1994). The shape of alkyl groups strongly influences adduction. Urea and thiourea
adduction experiments on UCM samples containing squalane, tridecylbenzene (TDB) and
docosane as internal standards were undertaken (methodology appendix A.5 and A.6). GC
analysis of adducts and non-adducts demonstrated squalane and TDB to be retained to some

extent in the adduct, as previously reported (Killops & Al-Juboori 1990). The percentage of
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internal standards that were urea adducted were docosane 96% (SD=4.9), squalane 13% (SD=13)
and TDB 53% (SD=18.2) for n=22 (experiments with all of the oils). The percentage of internal
standards thiourea adducted was docosane 26.8% (SD=18.5), squalane 39% (SD=31.4) and TDB
24% (SD=10.3) for n=21. The percentage of UCM adducted was calculated based on the total
area as measured by GC for adduct and non-adduct. GC analysis shows adducted material to be
composed of n-alkanes and some UCM over the entire molecular weight range while the bulk of

the UCM and resolved isoprenoids are observed in the non-adduct fraction (fig 2.5).

Urea Thiourea
G e I'n % Adducted Standard n % Adducted Standard
(mean) deviation (mean) deviation
Forties e o 1.2 3 DAy 8.6
Alba 2.5 31 - 3 16 9.2
Gullfaks 2 38 - 4 24 8.7
Hydraulic lube S 16 6.6 4 23 4.5
Engine lube iy 285 - - 29 7.0
Marine lube S 29 13.4 4 29 5.9

Table 2.3: % urea adducted and thiourea adducted material from oils

The technique does not exhibit good reproducibility and care must be taken not to draw many
conclusions. All of the oils exhibit a similar proportion of urea adducted material with the
exception of the hydraulic lube. This would suggest that they have similar degrees of n-alkyl
substitution. Also the distribution of squalane and TDB suggest that a significant proportion of the
UCM may be due to alkyl benzenes and cycloalkanes with relatively large n-alkyl chains.
However, it might be expected that the Forties crude oil would exhibit a greater percentage of
material adducted than the other oils due to the presence of n-alkanes. This was not observed.
Also, mass spectrometry suggests that the hydraulic oil is similar in composition to the other

lubricating oils making the low percentage included difficult to understand.
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Cl8

Forties crude adducted fraction

3

Forties crude urea non-adducted fraction

Fig. 2.5: GC traces of adduct and non-adduct fractions

The thiourea adductions would suggest more complex structures than isoprenoids and simple
cyclic structures. However, the poor reproducibility of the internal standards distribution and the
large standard deviations make the recoveries questionable. Therefore, urea and thiourea
adduction were not pursued further as an analytical method for assessing changes in the relative

structural composition during the bioremediation trials.

2.3.3 Gas chromatography (GC)
The term ‘unresolved complex mixture’ (UCM), in effect, derives from gas chromatography
analysis of petroleum oils. GC, and in particular capillary GC, enables the separation of complex

mixtures of organics based primarily on the boiling point distribution but also based on the
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chemistry of the components. The analytical methods used for GC analysis of these oils are given
in appendix A7. Chromatograms of oil samples dissolved in hexane are displayed in figures 2.1-
2.4, and chromatograms of dried oil extracts, displayed in figure 2.6, represent the oils after loss
of the lower boiling point components for Gullfaks and Alba crude oils. The dried oils were
prepared as described in appendix A.3, i.e. oil was dissolved and centrifuged in hexane and the
supernatant dried under a gentle nitrogen stream after removal of water and molecular sulfur.
There is no appreciable difference between the chromatograms of the original weathered Forties

crude and lubricating oils and the dried samples of the same oils.

Phy

K

[

Gullfaks (dry oil chromatogram)

Phy

B
Alba (dry oil chromatogram)
Fig. 2.6: Gas chromatograms for nitrogen dried oils (appendix A.3 for methodology)

The Forties crude oil is a weathered oil and lower molecular weight components have been

removed, (<nC14). Comparison with fresh Forties crude oil indicates that biodegradation has been
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minimal, with heptadecane:pristane and octadecane:phytane ratios unchanged. A decrease in these
ratios is a commonly used indicator of biodegradation as n-alkanes are more biodegradable than
the isoprenoids. Descriptive data for oils are given in table 2.4. Also included in the table are the
upper and lower UCM boundaries of dried oils, in terms of reference n-alkane retention. The
bimodal distribution of dried crude oil UCM is evident, although most apparent for Forties oil,
which also exhibits a bimodal n-alkane distribution (nC17 & nC24). This is not untypical of

weathered oils.

Sample Upper and lower Max. UCM Pristane:Phytane
UCM boundaries ratio

Forties crude oil nC13-nC35 nC20&nC30 1.54

Alba crude oil nC13-nC35 nC19&nC30 1.22

Gullfaks crude oil nC13-nC35 nC19&nC30 1.98

Marine lube oil nC20-nC36 nC30 1.39

Engine lube oil nC13-nC35 nC25 0.75

Hydraulic lube oil nC13-nC35 nC26 0.63

Table 2.4: GC parameters. UCM description in terms of n-alkane retention

A good regression (R2 =0.995), for UCM quantification based on total area versus concentration,
was calculated from a 7 point standard curve between 3 and 300 mg/g for Forties crude oil in

hexane. This demonstrated the linearity across a wide concentration range.

To quantitatively ascertain whether the UCM profile is changing, the UCM chromatogram can be
sub-divided into defined sections and the areas measured. Division of UCM into measurable n-
alkane to n-alkane +1 segments based on the retention times of n-alkanes in a standard oil
analysed with each sample batch enabled the UCM to be described in quantitative terms based on
boiling point distribution. An example bar chart from such an exercise is given in figure 2.7 and
although resembling the UCM profile it does give a quantitative picture of the boiling
point/molecular weight distribution of the oils that is suitable for quantitatively assessing the

change in profile of UCM with biodegradation.
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Fig. 2.7: UCM area ‘segments’ between n-alkanes (Peak ends) as percentage of the total area.
Measured by GC-FID for Forties crude oil{Baseline subtracted & area excluding n-alkanes}

2.3.4 Spectroscopic

Fluorescence (UVF) spectroscopy

Fluorescence spectroscopy has been used as a method for measurement of total hydrocarbon
contamination in the environment and also for fingerprinting of petroleum oils (Butt 1986, Law et
al. 1988, Ehrhardt ez al. 1991). Fixed wavelength (excitation and emission), synchronous

scanning and total fluorescence spectroscopy have been employed for oil analysis.

Aromatic compounds strongly fluoresce at excitation wavelengths in the ultra-violet /visible
spectrum while the aliphatic components of oil do not. Therefore, fluorescence spectroscopy of
petroleum oil is based on the aromatic fraction of the oil. Thus, a requirement for the accurate use
of fluorescence spectroscopy in quantification of hydrocarbons in environmental samples is that
the reference oil should have a similar chemistry to the analyte oil, especially in terms of aromatic

concentration and composition.
Total fluorescence spectra of the oils were obtained using a computer linked Perkin Elmer LS30

instrument and displayed as contour plots (Methodology: appendix A.9). Total fluorescence

spectra were also obtained for a number of aromatic hydrocarbons to determine how the number
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of condensed aromatic rings and degree of substitution of rings effected the region of maximum
excitation/emission. A BASIC™ programme was written to control the LS30 spectrometer and
collect data through an RS232 interface. Data acquisition was acquired by automatic sequential
scans through the basic programme. This involves fixing excitation wavelengths and acquiring
emission intensities while scanning emission wavelengths. After each scan the excitation
wavelength is automatically increased by a fixed interval and a scan of emission wavelengths
again carried out, albeit using a higher initial emission wavelength. This was continued until the
maximum excitation wavelength was reached. The combined scans are collected as one ASCII
text file organised as three columns of data; excitation wavelength, emission wavelength and
emission intensity. Surfer” , (Golden Software — an off-the-shelf software package) was used to
plot contours. Considerable effort was undertaken to demonstrate the validity of the above data
acquisition process. This was achieved by comparison of emission intensities of a sample at a
number of fixed excitation and emission wavelengths, for direct measurements from the
instrument and equivalent datapoints as recorded in the ASCII files acquired. Also fixed
excitation/scanned emission spectra were visually compared for direct instrument printouts and
the same data as recorded on the ASCII files and plotted using EXCEL. The results indicated that

data collected in ASCII format was a valid representation of the spectrometer output.

The total fluorescence spectra for the 6 oil samples are given in figure 2.8. and selected aromatic
compounds in figure 2.9. A gradual increase in the excitation and emission wavelengths that
correspond to emission intensity maxima for compounds with increasing ring number is evident.
The 5-ring perylene exhibiting a noticeably higher excitation and emission wavelength for the
intensity maximum than the 4-ring chrysene. The three crude oils demonstrate similar patterns as
do the three lubricating oils, but the lubricating oils are markedly different from the crude oil
spectra. Each of the three crude oils has a maxima at approximately ExA = 230nm and EmA =
338-342nm with a shoulder peak at ExA = 270nm and EmA = 360-370nm. Comparison with the
spectra for the individual compounds suggest that the bulk of the emission is produced by
substituted 2- and 3-ring aromatic compounds. The ratio of the intensity of the two maxima (i.e.
the maxima and the shoulder peak) is similar for each oil, suggesting a similar distribution of 2-

and 3-ring aromatics.
The spectra for the lubricating oils exhibited the main maxima at ExA = 200nm and EmA = 290 —

295 nm, and smaller maxima at ExA = 240 nm, EmA = 338-340nm.The latter would suggest 2-

ring aromatics and the larger maxima is probably due to monoaromatic components. There is no
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evidence of significant 3- ring or higher aromatics in the lubricating oils although it would appear
that that the marine lubricating oil has a higher aromatic content than the engine or hydraulic

lubricating oils.

Fixed wavelength fluorescence spectroscopy was carried out using Alba as a calibrant. The
wavelengths selected for this purpose corresponded to the maxima observed for the total
fluorescence spectra of the crude oils. 7-point standard curves for emission intensity vs. Alba
crude oil concentration for ExA = 230 nm, EmA = 340 nm and ExA = 270 nm, EmA = 365 nm
show good linearity with regressions of 0.9999 in the concentration range 0.1 — 7.0 pg/g n-
hexane. It is noted that the former wavelength produces a standard curve largely based on the

presence of 2- ring aromatics while the latter is probably based primarily on 3-ring aromatics.

Quantitatively analysing the other oils at these wavelengths, using Alba as calibrant indicated
very low concentrations of 2- and 3-ring aromatics in hydraulic and engine lube oils, with slightly
higher levels in marine lube oil. The levels of 2- and 3-ring aromatics in Forties oil were about

half that in Alba and Gullfaks had similar levels of 2-ring but less 3-ring aromatics than Alba.

A simple method for assessing the change in the aromatic composition of the oils over time is to
measure the ratio of emission intensities for the total fluorescence maxima, (ExA = 230 nm, EmA
=340 nm and ExA =270 nm, EmA = 365 nm). This is given in table 2.5. This ratio is an
indication of the 2- ring : 3-/4- ring prevalence in an oil. Experiments showed that this ratio is
independent of the concentration of the oil sample within the linear range. These ratios also

compared well to ratios taken from total luminescence contour plots at the given wavelengths.

il Ratio (1270 /1230)
Alba 0.825(0.014) n=7
Forties 0.715°€0.021) n=5
Gullfaks 0.569 (0.012) n=>5
Marine 0.558 (0.020) n=5
Hydraulic 0.133 (0.010) n=7
Engine 0.162 (0.011) n=6

Table 2.5: Ratio of fluorescence intensity at ExA=270nm, EmA=340nm and ExA=230nm, EmA=

365nm —expressed as mean & (standard deviation) of the ratio
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For phase II analysis, the intended use of fluorescence spectroscopy, based on these tests, was to
obtain contour plots as descriptors of aromatic profile. The ratios of the intensity of the two
maxima (for ExA =230 nm, EmA = 340 nm and ExA = 270 nm, EmA = 365 nm) were to be
recorded as an indication of the change of the relative concentrations of 2- to 3-\4- ring aromatics

in the system.
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Infrared (IR) spectroscopy

Quantification of petroleum hydrocarbons by IR spectroscopy is similar in principle to
quantification by fluorescence spectroscopy, except that the quantification is based on the
aliphatic portion of the oil rather than the aromatic portion. IR spectroscopy provides a
common standard method for determination of petroleum hydrocarbons in the environment
and several national and international agencies recommend a standard method based on IR
(USEPA 1983). An aliphatic carbon — hydrogen bond (C-H) stretch results in the absorbance
of infra-red radiation at 2930cm™ . Since most oils consist primarily of aliphatic hydrocarbons
the aliphatic C-H is the predominant molecular bond. The absorption of IR radiation obeys the
Beer-Lambert law and thus can be linearly related to concentration of the analyte and also to
the path length. Thus, measuring absorbance for C-H stretch and comparison against a
standard curve, prepared from a suitable reference oil or mixture of compounds, enables
quantification based predominantly on the aliphatic component of the oil. A prerequisite is

that solvents used must contain no C-H bonds.

The ASTM ‘Standard Test Method for Oil and Grease and Petroleum Hydrocarbons in
Water’, (method 3921 — 96) (ASTM 1996), was assessed as a basis for an IR quantification.
As with other standard IR based hydrocarbon quantifications the recommended solvent is
CFC 113, a solvent no longer readily available. A suitable alternative solvent was necessary
for this analysis. Perchloroethylene, (tetrachloroethane, PCE), was tested as an alternative and
it was found to absorb to some extent at the ~3000cm™' region. With a double beam instrument
and using a reference cell, this could be adequately blanked. Oil samples were diluted in PCE
and anhydrous sodium sulfate used to remove water. Silica gel was used to remove polar
components which may cause interference. Serial dilutions of Alba were prepared in PCE to
assess the linear working range of the technique on the instrument. The solutions were placed
in 10 mm quartz cuvettes and the absorbance scanned from 3300cm™ to 2700cm™' (over the
range of aliphatic C-H stretch absorbance). The peak height at 29060cm™ was measured and a
linear regression of R’=0.985 was determined for a 5 point standard curve in the
concentration range of 4 — 101 ug.g"' PCE. Based on the literature study, a number of other
wavelengths in the same region were considered, i.e. 2960cm™’, 2880cm™’, 2860cm™'. The
2960cm™ was the most sensitive and best corresponded to aliphatic stretch. The response of
the other five oils relative to Alba highlights the bias due to the different proportions of
aliphatic components, (table 2.6). However, this bias is not as great as for the fluorescence
method as the aliphatic content of the oils accounts for a significantly higher proportion than
the aromatic content. The lowest response when related to Alba, is for Forties oil but this may

be due to the higher water content and the presence of detritus.
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cm’

Absorbance

¥ TN r 2960

il 2960 2930 2880 2860 +2930

+2860
Gullfaks 1.03 (.15) n=5 0.94(.12) n=5 0.95(.13) n=5 0.95(.12) n=5 0.94(.13) n=5
Forties 0.49(.06) n=>5 0.75(.10) n=5  0.69(.12) n=5  0.82(.13)n=5  0.66(.10) n=5
Marine 0.93(.11) n=3  1.05(18) n=3  0.90(.15)n=3  1.11(.16)n=3 1.00(.20) n=3
Hydraulic 0.94(.16) n=4  1.04(.11) n=4  1.01(.22) n=4  1.13(.10) n=4  1.02(.12) n=4
Engine 0.93(.07) n=4  1.01(.06) n=4 1.01(.15)n=4  1.22(.14) n=4  0.96(.06) n=4

Table 2.6 : IR respo;;s—e of oils relative to Alba crude oil

Mean (Standard deviation) n=sample number

The ‘Standard Test Method for Comparison of Waterborne Crude Oils by Infrared
Spectroscopy’ (ASTM method D3414 — 80) (ASTM 1991a), was used as the basis for a
qualitative examination of the oils to discern differences. Droplets of oil in solvent solutions
were allowed to air dry onto NaCl windows and a full scan, 4000cm™ — 600cm™, was
recorded to computer using an analogue to digital converter (12 bit resolution). The main
peaks when examined (excluding the ~3000cm™' region) were at ~1377cm™, 1458cm™, and
smaller peaks at 1604cm™, 1708cm™, and peaks in the ‘oil fingerprint’ region of 700cm™ to
900cm™. The 1708cm™ carbonyl peak may increase with oxidative weathering. However,
there are few reproducible spectral features that distinguish the oils and give an insight into

their different compositions.

2.3.5 High performance liquid chromatography (HPLC)

Normal phase HPLC methods have been used to class fractionate petroleum hydrocarbons
into saturates, aromatics, resins and asphaltenes, (SARA), and often for further fractionation
of aromatic fractions based on ring size (Lundanes & Greibrokk 1994). Asphaltenes are
measured gravimetrically prior to HPLC. The method developed in this experiment used an
amino (NH;) and a cyano (CN) column in series with a back-flushing configuration. n-Hexane
followed by an n-hexane:DCM gradient was used as the mobile phase to elute the saturate and
aromatic fractions and back flushing with 100% DCM was used to elute the polar compounds

(methodology appendix A.8).
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A suitable detector was not available for direct quantification of saturates. Using UV detection
at 265nm, a range of aromatic standards was injected to ascertain the elution order of different
ring number compounds. Substituted compounds elute prior to the parent aromatics. Perylene
was used as an internal standard to enable a relative quantification approximately based on
ring number and an Alba crude oil sample was run with each batch of samples. Oil sample
extracts were dried under N, and reconstituted prior to analysis. The chromatograms were
divided into segments based very approximately on ring number, using retention time of
reference parent PAH compounds as the point of division between segments. Measurement of
the reduction of a ‘ring-number’ component over the period of the bioremediation trials can be
achieved by relating the values to a reference oil or internal standard. Table 2.7 presents the
aromatic distribution based on ring number as a percentage of equivalent Alba oil
concentration. This does not relate to absolute concentrations as different compounds have

different detector responses.

Mono- Di- Tri- >Tri- Resins  Total
aromatics aromatics aromatics aromatics
Gullfaks 0.948 1.015 0.990 0.756 0.685 0.890
Forties 0.432 0.642 0.908 0.785 0.688 0:792
Engine 0.852 0.271 0.039 0.016 0.014 0. 113
Hydraulic 0.879 0.269 0.38 0.007 0.002 0.111
Marine 1.638 0.435 0.095 0.075 0.073 0.226

Table 2.7: Aromatic component distribution for oil samples relative to Alba reference oil

A 5-point phenanthrene standard curve based on peak area within the range of 16-399 pg.g”
n-hexane gave a linear regression coefficient of 0.9991 and a 4-point naphthalene standard
curve within the range of 44-391 ug.g” n-hexane gave a linear regression coefficient of

0.9999,

The aromatic content of the lubricating oils was shown to be predominantly monoaromatic.
The crude oils show primarily three and four ring components, although this is to some extent
a function of differing detector sensitivities to different components. The aromatic distribution

is similar for the lubricating oils.

The role of HPLC in phase II was to monitor the biodegradation of aromatic UCM in the

bioremediation trials.

52



2.3.6 Mass Spectrometry

Mass spectrometric analysis was carried out on a VG (Micromass) TRIO 2000 quadrupole
instrument. Solid insertion probe analysis was used in positive electron ionisation mode (EI+)
and gas chromatography — mass spectrometry (GC-MS) was carried out in positive electron
(EI+) and chemical ionisation (CI+) modes. Data acquisition in total ion current scan (TIC)

mode and selected ion recording (SIR) mode was used.

Solid insertion probe analysis was carried out on all of the oils in full scan mode to obtain
mass spectra of the oils. However, practical difficulties resulted in poor quality spectra. The
combination of separation and molecular structural data obtained using gas chromatography-
mass spectrometry analysis in EI+ and also in CI+ modes provided a powerful technique for

quantitative and qualitative analysis of UCM components.

GC-MS (TIC) chromatograms are similar to those obtained using GC-FID but structural
information is obtained for resolved peaks. EI+ spectra produce generic spectra for many
compounds such as alkanes, due to extensive fragmentation. The combination of retention
time, EI+ spectra and methane-CI+ spectra (which is a softer technique and induces less

fragmentation than EI+) enabled tentative peak assignations (appendix B).

Total spectra were obtained for these oils by combining the spectra for the total UCM and
subtracting a combined baseline spectrum from the same chromatogram (fig 2.10). n-Alkanes
and isoalkanes (i-alkanes) fragment readily with electron ionisation and reveal a similar
fragmentation pattern (Rose & Johnstone 1982, Smith & Busch 1999). The primary fragments
are the series C,Hy,+ (i.€. 57, 71, 85 etc.) which dominate their spectra. Cycloalkane spectra
are similar to those of n-alkanes/i-alkanes but the principal fragment series corresponds to
CiHan+12r Where r=number of rings, (i.e. 55, 69, 83, 97 for monocyclic alkanes) and the
molecular ions are more abundant. The cyclohexane fragmentation pattern is similar to that
obtained for mono-alkenes but although often present in oils containing cracked products,
alkenes are not significantly present in crude oils (Tissot & Welte 1978, Wrang & Adamsen
1990a).

The total oil spectra show fragments indicative of the relative composition of the oils.
Fragments associated with n-alkanes/i-alkanes (m/z 57, 71, 85, 99...), substituted
cyclohexanes (m/z 83), substituted methylcyclohexanes (m/z 97), dicyclic alkanes (m/z137),
substituted benzenes (m/z 91) and substituted methylbenzenes (m/z 105) are apparent at
varying abundances in each oil (Killops & Al-Juboori 1990, Peters & Moldowan 1993).

Figure 2.11 shows ratios of the primary peaks from the series enabling comparisons of the
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relative hydrocarbon class composition between the different oils. These ratios are not
measurements of the actual proportion of component classes, such as alkanes:cyclohexanes.
However, they serve as indicators, and changes in the proportions of component classes will

be reflected as changes in ion abundance ratios.

With the exception of the weathered Forties crude oil the total spectra for the oils all reveal a
significant proportion of monocyclic alkanes and the m/z 97 abundance suggests substituted
methylcyclohexanes to be a significant component of all the UCMs. The spectra of the
weathered Forties crude oil is dominated by the C,H,,+, series, indicative of the n-alkanes
present. However, the spectra of the biodegraded Forties oil after removal of the n-alkanes is
typical of the other crude oils although the degree of cyclicisation in the UCM appears to be
less than for Alba or Gullfaks. The Gullfaks crude oil also contains a greater relative
proportion of alkylated benzenes and methylbenzenes as demonstrated by the m/z 91 and 105
ion abundances. It is believed that monocyclic compounds in petroleum often contain methyl
groups on the ring as well as a longer alkyl substitution (Hood & O’Neal 1959). 141 and 155
m/z fragments, evident in Alba and especially Gullfaks, are indicative of 2-ring aromatics
(substituted naphthalenes). Fragments indicative of 2-ring saturated components are also

evident.

The three lubricating oils are all very similar in composition in terms of cycloalkanes: n-/i-
alkanes. It should be noted that alkenes may be present in the lubricating oils as they are
refined products and may contain some cracked product. The ratios of m/z 83:97 are similar
for all suggesting they have a similar proportion of cyclohexane to methylcyclohexane based
components. The spectra indicate the presence of substituted cyclohexanes and
methylcyclohexanes, and bicyclic saturates. However, fragments due to aromatics, including

alkylbenzenes are not a significant contributor to the spectrum.

For ratios calculated for Alba crude oil, 9 repeat analyses gave relative standard deviations of

between 1.4% (69/71) and 13.1% (97/83) as presented in table 2.8.

54



57

100

97.99,

11‘1 1217155 /183 224225 253 -
- Tl rITTS b e
50 75 100 125 150 175 200 225 250 275 300 325 350

a) Weathered Forties crude oil mass spectrum
57

100

% 97

101
1/19 149

165167 231

§. lhl L1MB3|J 217 //239
Y ) Dale
176 200 225 250 275 300325 350

0

50 75 100 125 150

b) Biodegraded Forties crude oil mass spectrum
57
100

%

0

MRYUL I Rafrgupagay PR + Dale
507 76 00 1125 1505 75 EE00 =006 SPsEE P75 FR3i 3265 360

c) Alba crude oil mass spectrum
85

100

% 71 97 405

N

141 155
721

65
r 181196
bttty Dafe
176 200 225 250 275 300 325 350

0

50 75 100 125 150

d) Gullfaks crude oil mass spectrum

Fig. 2.10: Mass spectra for crude oils and lubricating oils (Combined spectra over entire UCM and combined baseline subtracted)
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ALBAI1
ALBA2
ALBA3
ALBA4
ALBAS
ALBA6
ALBA7
ALBAS
ALBA9

Average
Std dey
RSD

Ion abundance ratios mz/mz

55/57
1.00
0.99
0.99
1.00
1.07
07
121
1517
LIRS

1507
0.08
7.6%

69/71 83/85 97/83 99/97

1.45
1.46
1.46
1.47
1.45
1.50
1.43
1.45
1.44

1.46
0.02
1.4%

1879
179
1.78
1579
1.83
1.92
1.86
1.88
1.89

1.84
0.05

1.03
1.08
1.06
1.07
0.94
0.76
0.86
0.82
0.84

0.94
0.12

2.8% 13.1%

0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.17
0.17

0.18
0.00
2.1%

95/97 105/91 99/91 99/105

0.96
0.95
0.96
0.96
0.98
1.02
1.00
1.02
1.02

0.98
0.03

1.09
1.10
1.09
1.10
0.98
0.91
0.91
0.86
0.88

0.99
0.10

0.59
0.61
0.60
0.60
0.54
0.47
0.49
0.45
0.46

0.53
0.07

2.9% 10.5% 12.3%

1.01
1.01
0.93
097
102
0.77
0.94
0.87
0.89

0.93
0.08
8.8%

Table 2.8 : Total ion abundance ratios for repeated alba oil analysis by GC-MS.
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ASTM D2786-91 (ASTM 1991b) provides a method for quantifying the composition of
petroleum saturates and monoaromatics from mass spectra fragmentation patterns, using the
method devised by Hood and O’Neal (1959). This method employs inverse matrices to calculate
the percentage of 0-6 ring saturates and monoaromatics. Using combined spectra for the
lubricating oils and applying these matrices suggests the lubricating oil composition given in table
2.9, assuming an average molecular size ~C24 and applying a deisotoping procedure to account
for the effect of heavy isotopes. Results presented are the mean of two GC-MS analyses in the
same sequence, although the duplicate analyses agree very well. These calculations are based on
matrix tables assuming that isoalkanes are the dominant acyclic components and using an average
carbon number of 24 for hydraulic and engine oils and 28 for the marine oil. This information was
estimated from GC data. There is in fact little difference between the estimation of aliphatic

composition for these three oils.

Marine Hydraulic Engine

Isoalkanes 30% 31% 31%
1-ring 20% 20% 20%
2-ring 15% 15% 14%
3-ring 12% 9% 10%
4-ring 10% 12% 13%
5-ring 2% 2% 2%
6-ring 1% 1% 1%
monoaromatics 11% 9% 9%

Table 2.9: Composition of the lubricating oils calculated from mass spectra (based on ASTM
method D2786-91)

An alternative method of examining the oil to identify components within the UCM, is to select
certain ions indicative of given components and plot a mass chromatogram for these ions. Alba
mass chromatograms are given in appendix B and homologous series of substituted cyclohexanes,
substituted methyl cyclohexanes, substituted methylbenzenes are apparent. The m/z 83
homologous series at suggest linear alkylcylcohexanes while the m/z 97 shows an homologous
series of peak groups, suggestive of different positions of methylation in substituted
methylcyclohexanes. The tentative peak assignations are given on the basis of retention times and

EI+ and CI+ spectra.
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Using techniques based on oil fingerprinting (Anon. 1991a, Peters & Moldowan 1993, ASTM
1995). GC-MS with selected ion recording was used to examine two distinct sets of compounds
within the UCM. The distribution of substituted polyaromatic compounds was analysed for all oil
samples by selecting the molecular ions and plotting mass chromatograms, (Alba oil — appendix
B). The three crude oils contained significant substituted naphthalenes, phenanthrenes and

dibenzothiophenes. The lubricating oils as expected contained only trace quantities.

The other group of components used in GC-MS fingerprinting techniques are often referred to as
biomarkers as they have a clear structural relationship to the biological molecule from which they
derive. The isoprenoids could be classed as biomarkers, but for this purpose the larger
cycloalkane based structures, such as steranes and pentacyclic triterpanes, were used. Steranes
yield a common molecular fragment at m/z 217 in EI+ MS and a chromatogram or
‘fragmentogram’ at m/z 217is useful for sterane analysis. Fragmentograms were also obtained for
monoaromatic steranes (m/z 253), triaromatic steranes (m/z 231), hopanes (m/z 191), methyl
hopanes (m/z 205), and norhopanes (m/z 177). Selected fragmentograms for Alba are displayed in
appendix B.

The biomarker patterns are similar for the crude oils. This is not surprising as all three crude oils
have a North Sea origin. Triaromatic steranes were not detected in the lubricating oils but the

steranes and pentacyclic triterpanes were particularly abundant.

Biomarkers exhibit a relative biological recalcitrance. Due to this, 17 a(H), 21B(H)-hopane (C30-
hopane) has been used as a conserved internal standard in the assessment of biodegradation
(Prince et al. 1994b). However, even with this normalisation technique, when samples such as
biodegraded oil and control/ reference, or spilled oil and suspect source, are to be compared they
must be analysed in the same batch due to the inherent variability of GC-MS. The LIFE funded
EUROCRUDE project developed a technique for comparing spilled crude oils with a database of
GC-MS data (Anon. 1995). This enables biomarker and PAH data to be compared with oils
collected at different times, on different instruments, and in different laboratories. This technique
involves analysing an oil sample in duplicate bracketed by a reference crude oil, (in this case
Brent crude). The sample data (peak areas for up to 56 biomarkers and substituted PAH) are
normalised against the C30-hopane and then against the C30-hopane normalised reference oil
before comparison with the database. The database contains data collected and normalised in a

similar format, i.e. Brent crude bracketed and C30-hopane normalised. To ascertain the
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effectiveness of this technique the Forties, Gullfaks and Alba crude oils were analysed using the
EUROCRUDE system. The technique of reference oil bracketing improved the comparability of

data acquired in different batches.

2.3.7 Other methods evaluated
Column chromatography fractionation of the oils using Sephadex LH-20 gel proved unsuitable

with high variability. Silica gel thin layer chromatography also proved unsuitable.
An in-depth literature review indicated that chromic acid oxidation would be unsuitable for

monitoring over the course of the bioremediation trials due to the complexity of products and the

complexity of target UCM.
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2.4 CONCLUSIONS

Six UCM-rich oils were acquired and characterised. They were also used for developing,
evaluating, and familiarising with analytical methods for use in the bioremediation trials (phase
IT). UCM composition of three crude oils were similar with isoalkanes, saturated mono- and
polycyclic, and mono- and polyaromatics present. Forties weathered oil consisted of n-alkanes as
well as a broad UCM. The crude oil UCMs exhibited a bimodal distribution when analysed by
GC. The Alba oil contained proportionally more higher molecular weight aromatics than the other
oils. Lubricating oils, though containing saturated cyclic components, contained little aromatics

and that was predominantly monoaromatics.

Alba and weathered Forties crude oils were selected for use as target oils in phase II of the
project. Alba presents a broad range of UCM components of varied polarity and molecular
weight. Weathered Forties crude contains n-alkanes as well as a substantial UCM. The
biodegradation of UCM in crude oils, one with and one without n-alkanes present, was considered

to be of interest.

A number of analytical methods refined in this phase of the project were applied in subsequent
monitoring of the biodegradation trials. In particular GC, GC-MS (EI+ TIC and SIR),

spectroscopy, gravimetry and HPLC methods were used, based on the evaluations carried out.
Urea and thiourea adductions, TLC, size exclusion chromatography, chemical ionisation mass

spectrometry, chromic acid oxidation were not used in phase II.
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3. INOCULA DEVELOPMENT AND EVALUATION
(PHASE 1B)

3.1 BACKGROUND

This section of the project was carried out in parallel with characterisation of the oils /analytical
method development. Respirometry trials, microbiological testing and preparation of the inocula
was carried out by Dr. Barry Kiely’s team under contract at BioResearch Ireland - National Food
Biotechnology Centre (NFBC), University College Cork where the necessary equipment and
facilities are available. Analytical chemistry was undertaken at the Marine Institute’s Fisheries

Research Centre laboratories.

Objectives
The objectives of this part of the project were:

1. To develop a consortium of selected marine micro-organisms which can demonstrate UCM
biodegradative capacity.

2. To produce an acclimated inoculum based on this microbial consortia for use in the
bioremediation trials (Treatment 1: see phase II).

3. To produce an inoculum based on the indigenous population from a marine sediment to act as
a ‘booster’ of indigenous microbes during the bioremediation trials (Treatment 2: see phase

).

These objectives were achieved as follows:

e Culture microbial consortia from marine sediments that have been exposed to hydrocarbons.

e Selective enrichment of the consortia on UCM.

e Preliminary evaluation of the capacity of consortia and individual microbial strains isolated
from the consortia for UCM biodegradation by respirometry.

e Identification of a suitable rapid growth media for production of the inocula for use in
bioremediation trials.

e Production of developed inocula in sufficient quantity for bioremediation trials (Treatment 1).
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e Production of non-specific ‘booster’ microbial population from natural marine sediment
microflora for use in bioremediation trials (7reatment 2).
e Preliminary investigation of the effect of biodegradation on UCM in laboratory flask

conditions.

3.2 ENRICHMENT OF MICROBIAL CONSORTIA FROM MARINE SEDIMENTS

The possibility of selecting and using a commercial microbial based bioremediation product as an
inocula for bioremediation was considered. Many are readily available on the market, particularly
for hydrocarbon bioremediation. It was considered that these products are almost exclusively
developed for application based on total oils and thus are most likely to contain an abundance of
n-alkane degraders. The abundance of strains in these products with an ability to degrade more
complex chemical structures typical of UCM was questionable. It was therefore decided that
development of a marine microbial ‘cocktail’, by selective enrichment on UCM as a sole carbon

source, was more appropriate.

Sediment samples were obtained from the industrialised Cork Harbour area, and specifically from
sites where local activities, such as boating, were expected to result in chronic exposure to
hydrocarbons. Thus, these are sites where it would be most likely to isolate hydrocarbon

degrading bacteria.

Forties crude oil was used as UCM substrate for the enrichment of the consortia. As this oil
contained significant n-alkanes it was not immediately suitable. Therefore, n-alkanes were
removed from the Forties crude oil by treatment with known n-alkane degraders in minimal media
in shake flasks. GC-MS analysis demonstrated the complete removal of n-alkanes but remaining
UCM (fig. 3.1). The residual oil was sterilised for use as an enrichment substrate. Further GC-
MS analysis of the UCM showed that other relatively simple components had also been
substantially biodegraded. Examination of a chromatogram for m/z 83 demonstrated that a
homologous series of compounds, presumably linear alkylcyclohexanes had been removed. The
removal of a series of peaks, presumably alkylbenzenes, is also evident from the 91m/z trace.

Therefore the ‘Forties UCM’ used for selective enrichment and for evaluation of microbial

62



consortia consisted of structurally complex components that would be relatively slow to degrade

in the natural environment.
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Fig. 3.1: Weathered Forties crude oil GC-MS (TIC) trace (t=0) (bottom), and same oil after

e

treatment with n-alkane degraders for 24 days (top). This t=24 day biodegraded oil was used as
the UCM carbon source for the enrichment procedures. The late eluting peak in this

chromatogram is a phthalate ester co-extracted from the sample collection vessel during analysis.

Sediments were added to sterilised UCM/Bushnell-Haas (Anon. 1991a, Appendix C) sea water
media in flasks and shaken for ten weeks at 28°C. Six sediment samples were enriched in this
manner, (flasks 1,2,4,5,6,7). A control sample flask containing sediment and minimal media but
no UCM substrate was also set up using the same sediment as in flask 7, (flask 7 control).
Bacterial enumeration of the flasks was undertaken by pour-plates, using plate count agar (PCA)
prepared with sea water. Bacterial numbers in the range 1.3 x 10°- 1.6 x 107 were obtained for
UCM exposed flasks and for flask 7 control (no UCM) a count in the order of 1.1 x 10° was
obtained. This suggests growth of bacteria capable of metabolising UCM. It should be noted that
it is recognised that a large percentage of environmental microbes may not proliferate on plate

count media (Amann ef al. 1995).

Samples were taken from the flasks for evaluation using respirometry trials, but the enrichments

were continued during these evaluations.
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3.3 EVALUATION OF ENRICHED CULTURES

Degradation/growth trials were conducted in a ten chamber electrolytic respirometer, and growth
assessed by measuring oxygen consumed by the growing biomass with UCM as the sole carbon
source in Bushnell-Haas seawater minimal media. Incubation was at 30°C, although it was

recognised that this may not be the optimal temperature for many enviromental microorganisms.

GC-MS TIC and SIR analysis and GC-FID was carried out on the UCM at the end of respiration
tests using methodologies developed in phase I A of this project, and described in appendix A
(GC-MS data is presented in appendix D.1). For SIR analysis total PAH group areas were used
(e.g. total area for C2-phenanthrenes) or selected peaks. Mass chromatograms in appendix B show

peaks quantitatively assessed using GC-MS SIR.

3.3.1 Determination of suitable propagation medium for crude inoculum

A sample of crude enrichment broth (flask 7) was grown overnight on three substrates; seawater
containing glucose, succinate and LB broth. A representative sample from each medium was
washed and used as an inoculum for growth tests on UCM. Using respirometry, oxygen
consumption rate was measured to assess if these growth substrates were detrimental to UCM

degradation rates. The results of this experiment are shown in figure 3.3.

The results indicate that the use of glucose does not negatively affect, and may in fact stimulate,
subsequent respiration of the consortium on UCM when compared to crude preparations from
flasks 5 and 7. LB broth does not inhibit respiration but succinate appears to inhibit the respiration

rate. Glucose was therefore chosen as the preferred propagation substrate.

GC-FID and GC-MS analysis was carried out on UCM from the abiotic control and the glucose
grown samples from the respirometry trials. The lighter end of the chromatogram was reduced,
and pristane and phytane and other isoprenoids were completely removed in the sample compared
with the control. Furthermore, ion abundance ratios from total mass spectra (see section 2.3.6.
Appendix A.11) of the samples showed an increase in the ratios of 55/57, 69/71, 83/85, 97/99.
This indicates a decrease in the relative abundance of i-alkanes to cycloalkanes and

methylcycloalkanes. The 105/99 and 91/99 ratios also increase indicating a similar decrease in
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the i-alkane to substituted benzene compounds. A shift in the 83/95 ratio is indicative of
preferential biodegradation of cyclohexanes with respect to bicycloalkanes. An Alba sample was

run as a reference and compared very well to previously calculated ion abundance ratio data.
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Fig. 3.2: Respirometry trial - sample and control
Ion abundance ratios from mass spectra of UCM after 2 weeks, for sample subjected to enriched

consortia and for an abiotic control

Peak areas for individual aromatics and biomarker compounds were normalised against C30-
hopane peak area as determined by GC-MS analysis (see section 2.3.6 Appendix A.11). There
was no evidence of significant reduction of any of the compounds in the UCM sample compared
with the control. The 12-day length of the trial may not have been sufficient to allow extensive

biodegradation of these components to occur.

3.3.2 Comparison of enrichments on UCM as sole carbon source

Each crude enrichment from flasks 1,2,4,5,6 and 7 (labelled EF 1, EF 2 etc.) was grown overnight
on glucose media and inoculated into respirometer flasks containing seawater media and ‘Forties
UCM’. An abiotic control containing no inoculum was also set up. Also, a sample from the
control flask (sediment from site 7 treated as other flasks but not exposed to UCM — labelled CF

7) was inoculated. The results of this experiment are represented in figure 3.4
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Interpretation of results was made difficult, as three flasks leaked during the course of the six
week trial. Samples 6 and 7 leaked after 130 hours incubation and the abiotic control after 512
heurs. The abiotic control however had shown no activity to this point. However, of the remaining
enrichment flasks all samples indicated that the microbial consortia present were capable of
significant respiration of UCM components. There appears to be only minor differences in the

relative rates achieved between samples, possibly due to population differences.

As a control, the consortia in sample 7 (CF 7) which had NOT had previous exposure to UCM did
not show any significant oxygen consumption until 640 hours of incubation, when compared with
the test samples, and even then the activity was relatively minor. This suggested significant

degradation of UCM by unacclimated populations may not occur until 3-4 weeks.

Total counts for each flask were as follows:

Flask Count (CFU/ml)
EF1 2.8x 10°

EF2 8x 10*

EF4 2 xAF

EF5 < 10

EF7 test L1x 107

EF7 control 3.6x 10°

The ion abundance ratios from combined mass spectra for the first half of the UCM
chromatogram are displayed in figure 3.5. The results concur with the previous section, indicating
that the i-alkanes are being biodegraded at a faster rate than the substituted cyclohexanes and the
substituted benzenes. This also suggests that substituted cyclohexanes and benzenes are degraded
at similar rates to their methylated counterparts. EF6 does not show this trend but respirometry for
this flask showed no activity before the flask leaked, and continued to show no activity
afterwards. The slight change in the ion abundances ratios for the control sample not previously
exposed to UCM, is in agreement with the comparative extent of respiration for that sample. In
general, the degree of alteration of ion abundance ratios is in accordance with the extent of

activity for each sample as measured by respirometry.
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Plot of oxygen uptake for UCM biodegradation
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Fig. 3.3: Evaluation of rapid propagation media on subsequent capacity of enriched consortia to biodegrade UCM
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Plot of oxygen uptake against time for UCM biodegradation
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Fig. 3.4: Respirometry on UCM by enriched (EF) and non-enriched (CF) microbial consortia. (Abiotic control plotted until leak at 512 hours. To this point
abiotic control had shown ~0 mg O, consumption).
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Selected ion (SIR) GC-MS shows the relative reduction of components within the UCM.
These analyses also indicate that EF1 and EF2 show the greatest reduction for selected
substituted methylbenzenes and naphthenes, but also for substituted PAH and biomarkers. The
significant amount of GC-MS data is reduced by presenting summed component data (e.g. =
C2-phenanthrenes) to C30-hopane ratios and plotting these values for the test as a percentage
of the equivalent value for the abiotic control (fig. 3.6). The actual percentage reduction of
components may be even greater than indicated as it is possible that the C30-hopane

concentration may also have been partially reduced in the samples with greatest activity (see

Chapter 6.5.2).

The analytical evidence supports the respirometry trials, which indicate that the basic marine
environmental consortia tested are capable of degrading UCM at a slow rate, with some weeks
necessary for acclimation. Consortia enriched on UCM demonstrate a substantially greater
capacity for UCM metabolism and degrade a range of complex UCM structures. These
consortia were considered suitable for preparation of an inoculum for use in the
bioremediation trials as they exhibited an inherent UCM metabolic advantage over unadapted

cultures of marine micro-organisms.
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3.3.3 Efficiency of isolated strains vs crude enrichment broths

A number of visually identified representative colonies isolated on PCA from the 7
enrichment flasks were grown in minimal plate count (PC) broths overnight. A cell suspension
of each culture was pooled and subjected to respirometry trials and compared with a sample
crude enrichment broth, pooled from the enrichment flasks, (the inoculum chosen for the

bioaugmentation treatment in the subsequent bioremediation microcosm trials — phase II).

Respirometry vessels were set up as shown in table 3.1

Test Carbon source
UCCI11 -abiotic control UCM
UCCI12 - pooled crude consortium pre-enriched on UCM (EF1-7) None
UCC13- pooled crude consortium pre-enriched on UCM (EF1-7) UCM
UCC14- cocktail of representative isolated cultures UCM
UCCI15- population from sediment used for bioremediation trials (T2) UCM
UCC16- Control population — no pre-exposure to UCM (CF7) UCM

Table 3.1: Setup of respirometry trials for evaluating efficiency of isolated strains vs crude

enrichment broths

Based on relative oxygen consumption, results indicated that the selected culture inoculum
was not as efficient as crude enrichments when grown on ‘Alba UCM’ as sole carbon source.
As indicated in figure 3.7, the crude enrichment showed substantial biodegradation, while the
pooled PCA plate isolated cultures showed poor biodegradative capacity. This may be due to
the loss of efficient UCM degraders in the isolation steps, particularly bearing in mind the
inability of many environmental bacteria for proliferation on PCA. Also co-metabolism may
play a role in UCM degradation and synergistic influences may be lost in isolation. No
attempt was made to speciate the bacterial cultures. Interestingly, the control sample (CF 7)
that had not been previously exposed to UCM showed a significant ability to metabolise
UCM, conflicting with the results observed for the previous experiment, (fig. 3.4). This may
be due to the use of ‘Alba UCM’ as sole carbon source in this respirometry test, as opposed to
‘Forties UCM’ in the previous test, which has been substantially physically weathered, and
also has been shown to have many of the relatively simpler substrates, such as linear
cycloalkanes, removed prior to use. Thus, the Forties UCM presents a mixture comprising of

more refractory substrates.
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The booster population used in the microcosm trials in phase II consisted of a population
grown overnight on glucose with ‘Alba UCM’ from a sample of sediment to be used in the

microcosm trials. The respiration observed was less than that for the enriched population.

The selected GC-MS total ion chromatograms for extracts of samples taken at the end of the
respirometry experiment are displayed in figure 3.8, and give a useful indication of the
alteration of UCM. Clearly, lower molecular weight components, including resolved
isoprenoids, are degraded preferentially. However, biodegradation does occur across the

molecular weight range. GC-MS spectra combined over the molecular weight entire range.

Again, changes in ion abundance ratios (fig. 3.9), based on the total oil combined spectra,
accord with the extent of respiration observed, (e.g. UCC13 — crude pre-enriched consortium-
exhibited maximum respiration and maximum change to relative ion abundance ratios). Alba
reference oil samples used to bracket the GC-MS analysis sequence demonstrate the
reproducibility of this technique for this sequence and the abiotic control agrees well with the
reference sample. The results are in agreement with that observed from GC-MS analysis from
the other respirometry trials. However, more extensive changes appears to have occurred in
this experiment, and respirometry indicates greater O, uptake. In this test, the results suggest
that methylated cycloalkanes and methylated benzenes are more amenable to biodegradation
than their non-methylated counterparts based on the m/z 97/83 and 105/91 ion abundance

ratios.

GC-MS SIR (fig. 3.10) indicated that complete removal of C1-C3 phenanthrenes and C1-C3
dibenzothiophenes occurred for UCC13. Biodegradation occurred preferentially for lower ring
number compounds but partially biodegraded components indicate that there may be changes
in isomer patterns. Dibenzothiophenes were more resistant than phenanthrenes. None of the
treatments showed substantial change in the pentacyclic triterpane pattern. Analysis of a series
of peaks for the m/z 137 chromatogram, possibly due to substituted aliphatic bicyclic
compounds indicate removal of these components in all samples, bar the abiotic control.
Sterane patterns have been affected by biodegradation, as is indicated by the mass
chromatograms in fig 3.11. In particular the two initial peaks, attributed to (20S) and (20R)
138, 17a-diacholestane, labelled S1 and S2 respectively in figure 3.11a, have been almost
completely removed in UCC13. Changes in PAH isomer and biomarker patterns have

implications in oil spill fingerprinting/ source identification techniques (see chapter 7).
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Plot of oxygen uptake against time for UCM biodegradation
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Fig. 3.7: Respirometry — comparison of pooled selection of micro-organisms(14) and crude enriched (13) and unenriched (16) consortia
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ADC1 A, ADC1 (C:\MYDOCU~1\UCCVOV97\UCCNOV03.D)
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Fig. 3.8: GC chromatograms of extracts from respirometry trial.
Blue= abiotic control (UCC 11),
Green= treated with CF 7 consortium (not enriched UCC 16),

Red — Treated with enriched consortium (UCC 13)
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Fig. 3.9: GC-MS ion abundance ratios for total oils from respirometry trials. Alba reference oil samples were used to bracket the analytical batch sequence
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Fig. 3.10: Biodegradation of aromatic components in respirometry test flasks. Complete removal of these aromatic components has occurred for UCC 13.
Degradation expressed normalised to the refractory internal marker C30-hopane. (Peak assignations are given in appendix B)
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Fig. 3.11: Biomarker fragmentograms for a) steranes b)Triaromatic steranes c) pentacyclic

triterpanes — for each the upper trace represents sample UCC 13 (biodegraded UCM) and the
lower UCC 11 (abiotic control)

17




3.4 PREPARATION OF INOCULA FOR MICROCOSM TRIALS -PHASE II

The specialised consortia, (microcosm T1), was prepared from the pooled broths from flasks 1, 2,
4,5and 7. The booster population, (microcosm T2), was prepared from the sediment being used
for the microcosm trials. Each of these inocula was grown separately overnight in a Bushnell-

Haas/Glucose media and also in the presence of UCM (Alba crude oil). The resulting suspensions

were used as an inoculum for the microcosm trials.

3.5 CONCLUSIONS

Laboratory results indicate that the crude consortium, pre-enriched on UCM, has the capability to
biodegrade UCM. There is a significant acclimation period for crude consortia that have not been
previously exposed to UCM. It is probable that this acclimation period depends on the chemical

composition of the UCM.

A cocktail of predominant microbial colonies, isolated using simple PCA plate culture techniques,
demonstrated a very poor ability to metabolise UCM compared with the crude pre-enriched
consortia. To rapidly propagate the consortia with minimal effect on the UCM degrading

capability glucose was selected as a suitable medium based on respirometry trials.

The results suggest that a crude environmental consortium of micro-organisms, pre-enriched on
UCM, may have a role in biotreatment of slowly degradable hydrocarbons and UCM, assuming
that metabolism is the rate limiting factor. However, this is dependent on whether the
performance of micro-organisms in the laboratory is transferred to the field, i.e. if they can
effectively proliferate, compete with indigenous population and actively metabolise the target

substrate.

GC and GC-MS have been demonstrated to be useful for assessing the changes in UCM with
biodegradation. Lower molecular weight hydrocarbons are degraded preferentially but
biodegradation occurred across the entire UCM molecular weight range of the crude oils. The

branched components were degraded more rapidly than the cyclic components and
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alkylcyclohexanes more rapidly than alkylbenzenes. The greater the number of rings in the
molecular structure, the less the extent of biodegradation observed, both for aromatic and
aliphatic components. Methylcyclohexanes and methylbenzenes may be more amenable to
biodegradation than their non-methylated counterparts. Biomarkers are resistant to biodegradation
but there are changes to the sterane pattern with severe biodegradation, and the reduction of the

two C27-diacholestane peaks is particularly evident.
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4. DESIGN OF BIOREMEDIATION MICROCOSM TRIALS
(PHASE II)

4.1 BACKGROUND

Microcosms were designed to assess bioremediation strategies for UCM biodegradation, and in
particular bioaugmentation and biostimulation strategies were compared with control
microcosms. Laboratory studies in phase I of this project (see chapter 3) demonstrated the
resistance of UCM to biodegradation, and also the capability of an acclimated enriched
consortium to greatly enhance biodegradation. Crude microbial consortia were considered more
likely to be effective than commercial ‘cocktails’ of individual micro-organisms as ‘seed’.
Therefore, the consortium developed in phase I was used as ‘seed’ inoculum for the microcosm
trials. Two UCM rich crude oils were selected as test oils, based on phase I analysis. A range of
analytical methodologies was employed to assess the alteration of UCM composition. This was an
effort to establish the UCM components that are most resistant to biodegradation, and thus the

components that limit the effectiveness of bioremediation as a clean-up technique.

4.2 EXPERIMENTAL DESIGN OF BIOREMEDIATION TRIALS

4.2.1 Design

The following treatments were evaluated:

Treatments

e TI : Bioaugmented with a specially prepared inocula/microbial consortia (see chapter 3.4) +
indigenous population + nutrients

e T2 : Bioaugmented with booster population (see chapter 3.4) + indigenous population +
nutrients

e T3 :Indigenous population + nutrients
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Controls
e (1 : Sea water control

e (2 : Poison control

The treatments were designed to ascertain whether inoculation with a specialised microbial
consortia with a laboratory demonstrated capacity for UCM degradation (T1), or increased
numbers of non-target selected indigenous species prepared from sediment to be used in the
microcosm tests (T2), exhibit enhanced biodegradation over the indigenous microflora population
supplemented with nutrients (T3). The seawater control (C1) represents the untreated (i.e. natural)
situation with an indigenous population present but not artificially supplemented with nutrients.
Microbial growth is inhibited with mercuric chloride as a poison control, (C2), and any reduction

in sediment hydrocarbon concentration from this system is due to abiotic factors.

Each experiment was performed in duplicate and for two oils. A total of in 20 experimental units

resulted, i.e. ((3 x treatments + 2 controls) x 2) x 2 oils.

Treatment I 17 S (AT L O (R 67
Microbial inocula that exhibits capacity for UCM biodegradation | v/

Booster population inocula ¥

Indigenous population v v v 4 v
Nutrient addition v v v

Oil/UCM contaminated sediment v v v v v
Sea water v v v v v
HgCl, poison v

Table 4.1: Bioremediation trials experimental design

4.2.2 Selection of oils for trials

The selection of crude oils for the microcosm trials was based on the characterisation carried out
in phase L. Forties weathered crude oil and Alba crude oil were chosen. The crude oils contain
more aromatic compounds and a wider molecular weight range than the lubricating oils, thus
presenting a broader diversity of UCM components for study. Alba, as a relatively heavy reservoir

biodegraded crude oil, provides a very good model UCM. Although the Forties crude oil does
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contain a significant amount of n-alkanes, it was chosen as the presence of n-alkanes may
influence the degradation of more recalcitrant UCM compounds either positively or negatively.
Furthermore, the presence of relatively simple substrates, such as n-alkanes, is useful for

comparative purposes with experiments where they are not present.
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Fig. 4.1: GC chromatograms of the initial oil extract from sediment (t=0 samples). Top=Alba
(At=0), and bottom= Forties (Ft=0).

4.2.3 Nomenclature

In referring to a given microcosm and microcosm sample the labels T1, T2, T3, C1 and C2 are
used to denote the treatments and controls as outlined in table 4.1. The letters F and A are used to
denote Forties and Alba oil respectively and the numerals i and ii used to distinguish between
duplicate experiments. Thus FiiT3 denotes the microcosm test (duplicate no. 2), containing
Forties contaminated sediment with nutrient addition but no bioaugmentation. Samples taken for
analysis use this labeling system followed by the code ‘t = number’ indicating the number of days
after the initiation of the trials that the sample was taken. If the Roman numeral representing the
duplicate test unit is not used, the code refers to both duplicate or a mean value for the duplicate
test units, e.g. AT3 = mean of AiT3 and AiiT3. If ‘(t=number)’ follows ‘t=0’ this refers to the
time zero sample analysed as a reference sample along with samples taken at t=number, e.g. At=0

(t=280) is the reference samples analysed with the t=280 day batch of microcosm samples.
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4.3 MICROCOSM UNIT DESIGN

Much consideration was given to the design of the bioremediation units and a simple ‘tidal
simulation’ system was developed. This involves recirculation of seawater/nutrient using a fill

and discharge system on a 12-hour cycle.

4.3.1 Spiked sediment

A coarse intertidal coastal sediment was obtained from Howth in the Dublin Bay region. Particles
>2mm and <250pum were removed. A particle size distribution test was carried out on the
resulting sediment. Sediment was contaminated with oil in pentane (general-purpose reagent
grade, Labscan) carrier solvent. To ensure that bacterial populations in the sediment were only
minimally affected by the contamination process, a fraction of sediment was contaminated and
diluted with fresh sediment after drying. Oil was dissolved in n-pentane and applied to 15kg of
sediment and mixed thoroughly. The solvent was evaporated from the sediment over a 5 day
period, assisted by regular mixing and spreading and an electric fan. The contaminated sediment
was diluted with a further 46kg of uncontaminated sediment and thoroughly mixed. This process
was carried out for both Forties and Alba oils and the calculated final concentration of oil in
sediment was 3.1% w/w for Forties and 4.1% for Alba, not accounting for loss due to evaporation
and non-pentane soluble material. T=zero samples were taken at this point and contaminated
sediment not used in the test was kept in cold storage for use as analytical reference samples

throughout the trials.

4.3.2 Microcosm Unit Design

Approximately 7kg of sediment was supported in a 250um nylon square mesh ‘sock’. This was
supported by a durable plastic “oyster mesh” (wide mesh) basket resting upon a cobble bed
within a 25 litre vessel. This vessel stood above a 25 litre reservoir containing seawater (with
nutrients if required). The vessel was filled with seawater/nutrients media from the reservoir by
means a 24-channel peristaltic pump (Ismatec BVP) operating on a timer. At a specified level in
the vessel, the seawater was discharged into the reservoir by siphon. The siphon system was
constructed with tubing (Tygon R3603, 2.4 mm i.d.) that exited the vessel through a cable gland.
A wider diameter tubing (Tygon R3603, 4 mm i.d.) was used for much of the siphon length within

the vessel to reduce capillary action and thus avoid discharge prior to the set level. Ismatec 3.18
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mm i.d. (Tygon R3607) tubing was used for delivering nutrients from reservoir to the microcosm
vessel. for The periodicity was set by control of pump flow rates, timer settings (pump was on for
7 hours out of each 12 hour cycle) and tubing dimensions to achieve a 12-hour cycle period. The
approximate flow into the vessel was in the region of 50 mls/min with an approximate flow out of
90 mls/min. The advantages of such a system is that it ensures adequate aeration and exposure to
nutrients and is entirely self-contained. Furthermore, it is a simple representation of a tidal
system, although in the field the tide does not recirculate and exhibits more complex cycles than

represented by this design.

Seawater feed

i o || —Protective basket

Owvetflow

Peristaltic pump

9.
s

Sediment in 200um o
nylon mesh bag -

Cobble bed

LJ

25L Seawater (+nutrient) reservoir

Fig.4.2: Bioremediation trials: Microcosm unit design
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4.3.3 Seawater/ nutrients

Seawater was obtained from the Dublin bay region at the same location as the sediments. This
seawater was used alone for the seawater control (C1) experiments, and was used as solution for
the three nutrient addition treatments (T1, T2 and T3). The nutrient formulation used was
Bushnell-Haas in line with US EPA/NETAC guidelines for screening bioremediation products for
use in marine oil spill situations (Anon. 1991a, appendix C). The poison control was prepared by
addition of HgCl, to seawater to 1% strength. Seawater/nutrients for each reservoir was changed
at approximately 8 week intervals with the exception of the seawater in the poison control

reservoirs. A small amount of seawater was retained in each reservoir at each change.

4.3.4 Inoculation of T1 and T2 tests

The inocula for T1 and T2 were prepared as previously described. 21 of each inocula was
available and 500 mls of the specially developed consortia was gradually added to each T1 test
(AiT1, AiiT1, FiT1, FiiT1) in the microcosm units with constant mixing. The T2 tests were
similarly inoculated. Care was taken through the course of the trials not to cross contaminate the
trials. As no evidence of enhancement of biodegradation in inoculated trials was evident in the

initial stages of the experiment (chapter 6) the tests were reinoculated at t=281 days.

4.3.5 Location
The microcosms were set up in an ‘portacabin’. The room was kept in the dark to ensure algal

growth did not cause competition for nutrients and foul the siphon system.

4.3.6 Temperature

This experiment was scheduled to run through winter months. To ensure low temperatures did not
effectively limit degradation, and due to the limited time frame of the trials, nighttime
temperatures were elevated using an electric fan. Maximum and minimum temperatures were
recorded daily at three positions in the room to demonstrate that temperatures were constant

throughout the room.
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Fig. 4.3: Photograph of the experimental setup, showing microcosm units (vessels- higher tier and

reservoirs -lower tier) and 24 channel peristaltic pump

4.4 MONITORING OF MICROCOSMS AND OIL BIODEGRADATION

4.4.1 Assessment & testing of the units

A number of parameters were measured and assessed during the microcosm trials. pH of the
reservoir solutions was recorded on a number of occasions using an Orion pH meter calibrated in
the range pH 7 — 9. Measurements of pH, salinity, dissolved oxygen (DO), temperature of the
reservoir solution was recorded using a Minisonde Multiprobe. Nutrient levels were analysed

using a Brann & Luebbe TRAACs 2000 system and salinity using a Portasal salinometer.

Wet weight: dry weight determinations of the drained sediments (just prior to a fill cycle) were

carried out by weighing before and after oven drying for 24 hours at 120°C.
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Microcosm reservoirs were monitored for evaporation of solution and, if necessary, topped with
laboratory grade water to their initial volume to avoid increases in salinity. This was rarely

required.

4.4.2 Respirometry trials to assess UCM biodegradation potential of microcosm microbial
populations

Soil samples were taken on t=280 days and washes from the duplicate samples were combined
and respirometry trials carried out to assess the capability of the sediment population for
degradation of UCM. This was intended to see did the treated tests, and in particular the
inoculated tests, exhibit a greater capability for UCM biodegradation. The respirometry method

was as described earlier (phase I), using 1g of Alba as the UCM substrate in each test.

4.4.3 Sampling for biodegradation monitoring
Each sediment was mixed in the nylon mesh bag by pummeling at regular intervals to ensure
homogeneity. Each test unit had its own sampling equipment to ensure cross contamination did

not occur. Samples were taken with PTFE spatulas into solvent rinsed glass museum jars.

4.4.4 Chemical monitoring of oil biodegradation

The monitoring programme involved regular sampling and chemical analysis of sediments for
assessment of UCM biodegradation. Based on phase I of this project, the following monitoring
programme was implemented to ascertain changes in bulk parameters or individual components

throughout the bioremediation trials, (table 4.2).

The full battery of analytical tests was not applied at each sampling point for practical reasons. A
large amount of data was generated and the measured parameters and reference parameters stored
as raw data (e.g. peak areas) in a purpose designed Microsoft Access™ database system. Data
analysis was performed primarily using Microsoft Excel™ and SPSS™ as well as specialist

scientific software packages.
Analytical methodology used is described in detail in appendices A1-11. Gravimetric, gas

chromatography and gas chromatography-mass spectrometry data are presented in appendices

D2-5.
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4.5 QUALITY ASSURANCE

Microcosm tests were set up in duplicates. The microcosms were attended daily (working days)

and a comprehensive log book maintained.

Archived Forties and Alba t=0 samples were used as reference materials throughout the course of

the experiment, enabling an evaluation of analytical variability.

Alba crude oil was also used as a reference oil in some instances and in particular was used in
GC-MS analysis. The performance of the reference oil can be used to assess the variability of
these tests over the period of the trials. Also for selected ion GC-MS analysis, selected biomarker

compounds were employed as a conserved internal standard.
The raw data stored in the Access database was screened using Excel to check for outliers.

Outliers were few and when checked and could generally be attributed to errors in data input/

transfer.
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Anagyses Anagyses aelae LJUrmaion set Sampung iniervai Qualily assurance
(days)
Gravimetric (1) Extraction Total oil 0, 28, 56, 98 140, Alba reference oil run with
203, 280, 350, 473 each batch
(i1) Silica/alumina fractionation and Saturates/aromatics/polars breakdown 0, 28, 56, 98 140,
weight determination 473
GC-FID (1) Total UCM quantification Total oil/ucm 0, 28, 56, 98 140, Forties t=0/ Alba t=0
203, 280, 350, 473 reference samples
(ii)) UCM segment quantification based ~UCM profile - whether it is reduced 0, 28, 56, 98 140,
total area between n-alkanes across the ucm or lower molcular weight 203, 280, 350, 473
materials removed initially
Spectroscopy (i) Infra-red scan of oils Other changes e.g. increase in carbonyl 0,473 Forties t=0/ Alba t=0
content reference samples
(i1) NMR spectroscopy oils Total oil based on aliphatic content 0,473 Forties t=0/ Alba t=0
reference samples
(1) Total luminescence spectroscopy Change in aromatic profile 0, 203, 407 Forties t=0/ Alba t=0
scans Ratio of 2- ring: 3-ring aromatic reference samples
GC-MS EI+ (1) Full scan mode Total oil mass spectra indicating 0, 56, 203, 473 Samples run in duplicate
Relative changes in component classes bracketed by Alba reference
e.g. cyclics, alkanes, substituted oil.
benzenes Forties t=0/ Alba t=0
reference samples
(i1) Selected ion monitoring Biodegradation of many individual 0, 28, 280, 473 Samples run in duplicate
components i.e. cycloalkanes, bracketed by Alba reference
naphthenes, alkylbenzenes, substituted oil. Normalised vs. C30
PAH, steranes, hopanes hopane and Alba.
Forties t=0/ Alba t=0
reference samples
HPLC (i) Dual column with reverse flow Aromatic content based on ring number 0, 280 Alba reference oil

switching

& polar fraction

Perylene internal standard
Forties t=0/ Alba t=0
reference samples

Table 4.2:Hydrocarbon monitoring programme for bioremediation microcosm trials
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5. BIOREMEDIATION TRIALS RESULTS -
MICROCOSM DESIGN

5.1 CONTAMINATION OF SEDIMENT

By using pentane as carrier solvent for contaminating the sediment, non-pentane soluble
components present in the oils such as asphaltenes were not transferred to the sediment.
Recoveries calculated from gravimetric analysis indicates that due to non-pentane solubility, a
significant proportion of oil components were not transferred to the sediment, particularly for the
Forties oil (see gravimetric results, chapter 6.2.1). This can be attributed to non-soluble oil
components (asphaltenes), debris and water contained in the oil. As the oil was well mixed into
25% of the total sediment in carrier solvent, and the dried contaminated sediment thoroughly
mixed into uncontaminated sediment (i.e. % dilution), the oil should be homogeneously
distributed (chapter 6.2.1). This method was used to ensure that even contamination of sediment
would be achieved but that the indigenous sedimentary microbial population would not be

exposed to the carrier solvent which may potentially be inhibitory.

5.2 SEAWATER CYCLE

Based on average flow rates (in & out), pump on/off times, and available vessel volume, the
theoretical cycle periodicity is graphed in figure 5.1. The periodicity of 12 hours was chosen to
approximate field conditions. However, the mechanism does not yield the complex sinusoidal
graphs that are associated with true tidal cycles. The cycle height is 30 cm and the average
submerged time for the sediments is 6.3 hours per cycle so the sediment is exposed to

atmosphere for an average of 47% of the cycle time (34% for bottom sediment and 61% for top).

In a shoreline application of bioremediation where oil contamination is treated in situ, the
position of the oil on the shore in relation to the tide lines is important, as the length of time
sediment is submerged may vary greatly. This will influence factors such as aeration and nutrient

exposure.
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Fig. 5.1: Approximate microcosm seawater cycle periods (break in slope due to pump off period)

5.3 TEMPERATURE

Daily monitoring of temperatures at three different locations in the room indicated temperatures
were constant throughout the experimental space. Temperature details are given in table 5.1 and
figure 5.2. An electric fan was used to elevate nighttime air temperatures to ensure that
degradation continued during the winter months. Air temperature fluctuations during the course of

the experiment can be considered typical of a field situation.

Average Standard
s &) Deviation
Daily minimum 1§72 20%
temperatures
Daily maximum 23.6 15%
temperatures
Daily temp. differences 6.3 34%

Table 5.1: Microcosm trials air temperatures — descriptive statistics
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Temperature limits microbial metabolism and at low temperatures, slower biodegradation is to be
expected. Hydrocarbon biodegradation has generally found to be optimal at 30-40°C (Bossert &
Bartha 1984) but at lower temperatures environmental populations with lower optimal
temperatures may be selected (Morgan & Watkinson 1989). Temperature may also affect
biodegradation by affecting individual hydrocarbon solubility in water and influencing fluidity of
the hydrocarbon bulk. The lower the viscosity, the greater the ease of spreading, thus presenting a
greater surface area to micro-organisms for biodegradation. In reality, it is difficult to predict the
affect of temperature on selection of microbial populations in the environment. At best, a

knowledge of the general effect of temperature can probably assist in the decision making process

of whether to bioremediate or not.

35
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Fig. 5.2: Air temperature fluctuations over the course of the experiment. Daily maximum and

minimum temperatures are plotted and general trends depicted using moving averages.
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5.4 NUTRIENTS

Much literature has indicated that nutrients are a key limiting factor in shoreline biodegradation of
petroleum hydrocarbons (Floodgate 1984). Many fertiliser formulations have been used to
supplement nitrogen and phosphous levels (Swannell ez al. 1996). The use of oleophilic fertilisers
such as Inipol EAP22™ (EIf Aquitane) and slow release fertilisers such as Customblen™
(Pritchard 1991), and Max-Bac™ (Oudot et al. 1998) and applications of nutrient solutions have

been investigated (Venosa et al. 1996).

In the course of this experiment real seawater was used as opposed to artificial seawater as the
intention of the project was to simulate field conditions as much as possible. Thus, the C1
seawater control contains a natural level of nutrients and T1-T3 microcosms contain seawater
supplemented with a nutrient formulation. The seawater was collected from the Dublin bay area
and salinity analysis indicated that the water did not contain significant freshwater. Limited
analysis indicated that the stock seawater contained relatively high nutrient levels. In stock
seawater, total oxidised nitrogen was ~32.4pumol/l which was effectively entirely attributable to
nitrate. Silicate levels were measured at ~7.4pmol/l and ortho-phosphate at ~1.8umol/l. These
results are not untypical of Dublin Bay area and total oxidised N is below the winter median for
the inner bay/estuary (Anon. 1999). The design in this experiment involved recirculation of
seawater with a change approximately every eight weeks, unlike a field situation, which would

receive a fresh supply of background nutrients at each tidal cycle.

It is difficult to predict when nutrient concentrations may be limiting for a given situation. Most
estimates of optimal N and P are based on batch studies of oil biodegradation in solution (Atlas
1981, Floodgate 1984). Much research has shown an increase in biodegradation in solution, on
shorelines (Bragg et al. 1996, Swannell et al. 1996, Venosa et al. 1996) and in soils (Bossert &
Bartha 1984, Morgan & Watkinson 1989) with nutrient supplementation, indicating that in these
situations it was limiting. LePetit and N’Guyen (1976) estimated that the phosphorus
concentration required for optimum growth was 2 — 8 x 10*M in seawater when salinity was close
to the oceanic mean and 1.5 x 10 M at lower salinities. Other studies have shown nitrogen
requirements in the range of 3.2 — 11 mg/l and phosphorus of 0.6 — 2 mg/1 (Floodgate 1984).
Optimum C/N ratios in soils have been reported from 9:1 to 200:1 (Morgan & Watkinson 1989).
Floodgate (1979) proposed the concept of a nitrogen demand, analogous to a biochemical oxygen

demand. Based on data for natural Irish Sea populations challenged with Kuwait crude at 14°C, a
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nitrogen demand of ~4nmoleN/ng oil was proposed. If this was to hold true for the microcosm
units in this experiment, it would suggest severe nitrogen limitation in the C1 units, with only
minimal degradation occurring. However, significant biodegradation was shown in C1 units over
the course of the experiment as presented later in the report. A number of shoreline
bioremediation studies have found high background levels of oil biodegradation without nutrient
supplementation. For a study in France, background N concentrations of 70 — 280 uM resulted in
high rates of biodegradation for a topped light Arabian crude oil, and nutrient addition did not
significantly increase the rates (Oudot et al. 1998). Venosa et al. (1996) also recorded high
biodegradation rates for a Nigerian light crude oil in an experimental spill in Delaware Bay with
background nitrate of ~60 uM. Nutrient addition resulted in a relatively minor but significant
increase in biodegradation. Nutrient addition did significantly enhance biodegradation during the
Sea Empress spill bioremediation trials (Swannell ef al. 1999) but background nutrient levels

were lower 25-184 ng/l total inorganic nitrogen (~1.8-13.1uM).

A study of oil biodegradation in seawater after the gulf war spill, reported that the otherwise rapid
degradation of aromatic compounds was inhibited by addition of nutrients while saturate

degradation, as measured by C17:pristane ratios, was enhanced (Fayad & Everton 1995).

The bioremediation programme undertaken after the Exxon Valdez spill involved treating
shorelines with Inipol EAP 22 and Customblem fertilisers. Bragg et al. (1994) concluded that
biodegradation rates depended mainly on the concentration of nitrogen within the shoreline, the

oil loading, and the extent to which natural biodegradation had already taken place.

The nutrient formulation used for supplementation for theT1-T3 microcosms was a modified
Bushnell-Haas described in the NETAC/US EPA guidelines for ‘Oil spill bioremediation products
testing’ (Anon. 1991a). This formulation includes many essential minerals as well as N and P and
is the same media used in respirometry trials in phase 1. This has been demonstrated to be an

effective media for supporting metabolism of hydrocarbons in the laboratory.
Algal growth could have resulted in competition for nutrients in the microcosms and was avoided

by maintaining the experiment in a darkened environment. Algal growth was not observed during

the course of the trials.
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5.5 SEDIMENT CHARACTERISTICS

Prior to the experiment the sediment was sieved to a range of >250pm and < 2mm. A particle size
distribution (PSD) shows that the sediment particle size is completely within this range and well
distributed within the range (fig. 5.3 & table 5.2).

BS Sieve Size (mm)| % Passing
5 100
2.36 100
1.48 85
0.6 62
0.425 39
0.3 11
0.212 0
0.15 0
0.075 0

Table 5.2: Particle size distribution sediment
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Fig. 5.3: Particle size distribution of the microcosm sediment. Percentage passing through sieve.
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Hexane soxhlet extractable material in uncontaminated sediment was negligible, (<0.03% w/w).
The sediment density was measured at 1.6kg/l and the pore size was estimated, by displacement,
as 39% of the total sediment volume. Some simple experiments were carried out to investigate
water holding and drainage characteristics of the sediment. The resistances to gravity assisted
passage of water through Alba contaminated and uncontaminated sediment held in a Buchner
funnel (~2 cm depth, 7.5 cm diameter ) were similar for both seawater and freshwater. Wet
weight/dry weight (WWDW) determinations indicated that water drained very rapidly from
contaminated sediment to equilibrium, and residual water (13% v/v, 34% pore volume) was

retained over a 24-hour period.

The test results have implications for aeration/oxygenation of the sediment as well as exchange of
seawater within the sediment. Contaminated sediment, despite the presence of hydrophobic
hydrocarbons did not offer a noticeably greater resistance to seawater penetration. The sediment
drainage reaches a certain level rapidly but further drainage will not occur within a single

microcosm cycle period.

Water was observed to flow easily through the mesh bags containing the sediments at all stages of
the trials. Removing sediment cores to the centre of the sediment bulk contained in the mesh bags
during fill and empty cycles allowed visual observation of the water penetration within the bulk
sediment. As the water level rose in the surrounding vessel the water level rose in the drilled
sediment well at the same level. During the empty cycle the water clearly drained with the
lowering of the external water level. This indicates that water penetration into the bulk sediment
during the fill cycle and subsequent water drainage occurred effectively, enabling efficient air and

water exchange.

A WWDW determination was carried out on sediment samples taken from the centre of the
sediment mesh bags for each experiment at t=350. The samples were taken toward the end of a
‘low tide’ period. Results are tabulated in table 5.3 and indicate that the water retention is
generally lower for microcosm sediments than observed for the previous (buchner funnel) tests.

Approximately 77% of the pore volume is available for air transfer during ‘low tide’ periods.
Microbial activity takes place on dissolved phase hydrocarbons or at the oil — water/air interface,

unless the interface is due to a water in oil emulsion thus limiting oxygen. The surface

area:volume ratio of the bulk hydrocarbon is important to maximise biodegradation. As oil was
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well mixed into sediment, it can be assumed that the oil presents a high surface area per gram of

sediment for microbial activity to take place.

Duplicate Alba Forties
| " 24.3% ' 31.2%
= 21.5%  '23.8%
TR 236% ' 27.6%
C1 26.3% - 232%
Cc2 195% * 21.0%
] i) 28.6% 24.4%
T2 19.0%  23.5%
¥ 282%  20.6%
C1 19.9% 19.0%
Cc2 208%. 15.8%
Average 23.2% 23.0%
Std. Dev. 3.6% 4.4%

Table 5.3: Moisture content of drained microcosm sediments at t=350 as % volume of pore space

5.6 WATER PARAMETERS

The above results indicate effective seawater penetration into bulk sediment, and subsequent
drainage and air replacement, suggesting that oxygen levels within the sediment were probably
representative of near ideal field conditions. Dissolved oxygen, pH, salinity, water temperature
and specific conductivity values for microcosm seawater just prior to water changes are given in
table 5.4. Measurements of dissolved oxygen levels in the seawater reservoirs prior to
water/nutrient changes indicated that levels were quite low. The low levels of dissolved oxygen in
the microcosms would not be typical of a field situation, (which would experience a constant

supply of new seawater and wave action).
Seawater is a well-buffered media. pH values for the microcosms seawater on 4 different

occasions just before a water change are listed in table 5.4 and in general the treated microcosms

(T1-T3) are slightly lower in pH than the controls, possibly due to microbial activity in the treated
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microcosms. Aerobic hydrocarbon metabolism usually involves the production of acids such as
carboxylic acids that may result in lowering of pH. However, as the pH for all samples is in the

range 6-8 it should not hinder biodegradation.

Time =27 |t=54 =386 =467
(days)
Sample pH |pH |[Temp DO Salinity PH |Temp DO Salinity pH
(°C) mgil (°C) mgl
AiTl 7258712 23.01 3.2 334 697 17.8 5.0 33974763
AiT2 7210711 229" 3.0 33.7 696/ 18.1 44 342 7.73
AiT3 7.22 |7.06 231 3.5 332.6.92|, 179, 416 33:50 1768
AiCl 7.81 |7.48 23915355 33.8 7:44] 17.8 5.6 33910880
AiC2 8.06 |7.83 22805 ST 36.3 7.94| 16.6 - 375838
FiTl 7.47 |7.24 22161528 38956841 179 £S5 335501733
FiT2 7.44 7.2 22:6523.11 33,30 7.00]" «19.9 4.7 3361 .62
FiT3 7.44 |7.18 22:61 218 33.30.6.88] % 17.9° 38 33.6 7.64
FiCl 7.86 |7.45 23.8 “1316 38R 35 | S RS 1 34.1 8.02
FiC2 8.03 |7.75 23105557 BOI2N 7107 R - 36.3 8.34
AiiTl 7.32 [7.08 P30 310 333601 S 765 S 8 3353764
AiiT2 7.1 51691 22195 315 8329 6:01i S 7,47 50 334 7.61
AiiT3 737 ol 2395216 388601l ST SRS D) 334 7.71
AiiCl 7350|158 281 0N B35S T T Sl ST 38 /8808
AiiC2 8.01 |7.76 DT SIG SOIOSNTE OIS 1750 - 39.9 8.24
FiiTl 7.42 |7.14 22:65°33 3316011 e 7B Sl 38276
FiiT2 7.46 (7.22 226 3.8 331318 619 3 |l 73S 46 3316: 8773
FiiT3 7.42 16.84 225641318 328 691 172 48 3810716
FiiCl 7.83 |7.6 233 4.1 B3RO ST S D) 342 821
FiiC2 7938 (799 23 0SS 35187203 e[ 78] - 38.8 8.38
Average 22:9 17.4
Std. Dev. 0:3 0.8

Table 5.4: Seawater parameters in microcosms
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5.7 OXYGEN

Oxygen is required for aerobic biodegradation to take place and is often a limiting factor within
sediments. There are three sources of oxygen in bioremediation: water dissolved, air, and oxygen
incorporated in larger molecules, such as polar petroleum compounds. Oxygen incorporated in
petroleum molecules is not a significant factor in aerobic bioremediation of crude oil. The
measured microcosm seawater oxygen content was low and obviously was not being replenished
in the bulk water at a rate equivalent to microbial use. However, oxygen solubility in seawater is
low and oxygen content in saturated bulk seawater would still be a limiting factor based on the
following calculations. Oxygen has a low solubility in water (~8mg/l) and it has been calculated
that oxidation of 1 litre of hydrocarbon will exhaust the dissolved oxygen (DO) of 385,000-
400,000 litres of water (Atlas & Bartha 1992). A similar calculation can be carried out for this
experiment. Assuming, that each tidal flush contained saturated DO of 8mg O, / litre and knowing
a sediment pore volume of 39%, this implies a DO input of 1.95mg O, kg sediment™ .cycle™.

Using a stoichiometric oxygen requirement based on the following formula,
(—CHz—) + 1% 0, =CO, + H,O

and knowing the oil concentrations used in this experiment, and assuming each tidal cycle
resulted in total utilisation of the saturated O,, it can be calculated to require a minimum of 37 and
71 years to achieve total biodegradation of the Forties and Alba oils in the microcosms

respectively, using bulk water dissolved oxygen alone.

During the empty cycle, the atmospheric oxygen introduced into the pore space by water
displacement results in an input of approximately 56mg O, kg sediment™.cycle™. Further
replenishment of pore space gaseous O, will also take place during an ‘empty cycle’ by diffusion

as O, is utilised by microorganisms.

The results and calculations indicate that oxygen was unlikely to be a limiting factor during the
course of this experiment, especially considering the complex nature of the substrate used, for
which rapid biodegradation is unlikely. This trial was meant to simulate field conditions, and
subsurface sediment contamination in field situations will, more often than not, have a sediment
structure where oxygen limitation is much greater. Introduction of gaseous O, into the pore space

is the major route of oxygen acquisition, with bulk seawater DO being relatively unimportant.
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This illustrates one of the advantages of a shoreline cycle as opposed to soil bioremediation. If the
sediment drains efficiently with ebbing tide, the falling water level will draw air into the
interstitial sediment space. Soil bioremediation relies on oxygen diffusion and forced aeration
and/or oxygenation through oxidising agents such as hydrogen peroxide. The use of bulking
agents mixed in with soil or sediment can improve drainage and oxygen transfer through
soil/sediment. Although, tidal flushing is an important mechanism for aeration of subsurface
sediments, it is important to consider sediment structure and tidal dynamics when proposing

bioremediation of a shoreline with subsurface contamination.

5.8 MICROBIOLOGY

The main focus of this project was on the alteration of UCM chemistry during bioremediation.

Consequently, only limited microbiological testing of the microcosms was carried out.

Respirometry trials were carried out on sediment washes from samples taken from the
microcosms on day t=280. This was intended to establish whether, after this period, the microbial
population in the inoculated treatments, T1 and T2, exhibited greater potential for UCM
biodegradation than the uninoculated treatment T3 and the seawater control. Duplicate sediment
washings were pooled and used as inocula for the respirometry, with Alba UCM as the sole
carbon source. The results, shown in figure 5.4, indicate that there was no microbiological activity
in the poison controls (C2). For Forties microcosms, the C1 sample showed the maximum
respiration with the T1 having a slower initial rate. For the Alba the T1 exhibited the greatest
initial respiration rate with T2 showing slightly higher total respiration over the entire experiment
time. T3 respiration leveled off at ~200 hours. Significant differences between the treatments T1-
T3 and Cl1 are not evident, suggesting that the initial inocula either did not establish sufficiently to
achieve enhanced UCM biodegradation in the T1 microcosms or that in the intervening period,

the indigenous population had ‘caught up’ with the added inocula.
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Fig. 5.4: Respirometry trials on microcosm sediments washes (sampled at t=280 days) Top =

Forties trials, bottom = Alba trials. Duplicate microcosm sediment washes were pooled for
respirometry.
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5.9 MICROCOSM AND FIELD SITUATION: A COMPARISON

This pilot study was carried out using microcosms rather than field trials and the following points

should be taken into consideration:

e All field situations are unique and for bioremediation there is a very complex array of
environmental factors involved. No field trial can definitively demonstrate that the technology
will work in another field situation.

o Field trials are by their nature heterogeneous, while greater homogeneity can be achieved in a
microcosm system. This ensures that control experiments are representative of the treated
experiments. In this case, it can be demonstrated that microcosm PSD, water exchange cycles,
initial contamination levels and distribution are near identical for each experimental unit for a
given oil type. This would be extremely difficult to achieve in a field situation.

e Much greater sampling and analysis is required in a field trial to control variability.
Considering the large analytical workload for this project, this would be impracticable.

e The control and measurement of many parameters is possible in a microcosm study that

would be difficult if not impossible in a field trial.

In attempting to assess different bioremediation treatments and controls the following sources of

variability limit the ability of a monitoring programme to discern significant differences between

treatments.

e Analytical variability — variability inherent in measurement of a parameter

e Sample variability — a measure of the representativity of a sample for the entire population
(treatment plot).

e Treatment variability — variability between replicate treatments

In field situations, sample variability is typically high due to the inherent heterogeneity of oil
contaminated sediment. Techniques such as pooling samples and analysing replicates from a
given treatment plot may be used to reduce this variability, but this can greatly increase the
analytical workload. The microcosm design used for this experiment ensured initial homogeneity
of sediment contamination by mixing of the total sediment prior to sampling, thus minimising
sample error. Furthermore, the ability to control other parameters (such as seawater exposure,
sediment characteristics etc.) reduces the variability inherent between replicate treatments. It is

impossible to exert the same degree of control of these factors in a field situation.

102



The reasons outlined above illustrate the importance for using microcosm systems to evaluate and
understand bioremediation and the processes involved. This does not preclude the necessity of

carrying out trials and evaluations to demonstrate the efficacy of bioremediation in the field.
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6. BIOREMEDIATION TRIAL RESULTS II
CHEMICAL ASSESSMENT OF BIODEGRADATION

6.1 VISUAL

Oil was washed from sediments and adhered to the walls of the reservoirs. However, the oiled
reservoir walls were most evident for the C2 tests, and for the C1 tests to a lesser extent. Much
less oiling occurred for the T1, T2 and T3 tests suggesting enhanced biodegradation of the washed
oil in treatments to which nutrients have been added. This pattern was evident for the duplicate

Alba and Forties experimental sets.

6.2 GRAVIMETRIC ASSESSMENT

6.2.1 Extractable matter

Four randomly selected samples from the Alba and Forties spiked sediment were analysed
initially to demonstrate the homogeneity of the sediments before use in the microcosms. The
method is given in appendix Al and data in appendix D2. Averaged gravimetric results for these
samples were used as t=0 values. Alba and Forties contaminated sediment was also stored for use
as a reference material throughout the trials for assessment of analytical uncertainties. The

descriptive statistics for the gravimetric results for the reference sediment are given in table 6.1.

Alba t=0 | Forties =0 | Alba t=0 Forties t=0
Total reference Total reference
Mean mg/g 29.6 16.6 30.9 16.0
Std. Dev. 2% 0.2 2.6 Rl
RSD 9.2% 1.0% 8.4% 6.9%
n 4 4 13 10

Table 6.1: Gravimetric results for t=0 reference sediment. Column 1& 2 present statistics based
on four initial t=0 samples. Columns 3 & 4 present statistics for the total t=0 reference samples

analysed over the course of the trials.
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The results indicate a higher degree of uncertainty in gravimetric determination of Alba compared
with Forties contaminated sediment. For the initial t=0 sample this is largely attributable to one
result of the four. Over the course of the experiment, the long-term uncertainty is largely
attributable to batch-to-batch analytical differences, as the results for t=140 and 203 are somewhat

lower than anticipated for all samples at these times.

Gravimetric analysis exhibited a steady decrease in oil concentration in microcosm sediments
over the course of the trials. Gravimetric analysis of all sediments was carried out at t=0, 28, 56,
98, 140, 203, 280, 350, 407 and 473 days, (appendix A). The percentage reduction from the t=0
samples (i.e. based on all t=0 measurements) is given for all samples at the final sampling point

(t=473) in table 6.2

Alba Forties
/ ] Mean I 1 Mean
fii 80.7% 41.0% ~492d%| 68.1% - 65.5% @ 066.8%
T2 941% 49.7% 51.9%| ©66.6% ' 64.0% ©653%
73 478% 394%  43.6%| 119% « B7.6% 68.8%
Cc1 412% 39.7% 404%| 583% 63.8% 61.0%
Cc2 63.2%  -602% - Q1.IER 158% .. 28.5% .. 19:9%

Table 6.2: Percentage reduction of oil concentrations in microcosms at t=473 days

The trends observed at t=473 were typical of all sampling periods. The results indicate that the
duplicate microcosms behaved similarly, and this was observed throughout the experiment. For
the Forties sediment, slightly more oil was removed from the treated sediments than for the
seawater control (C1). Approximately 20% of oil was lost from the poison control sediments,
probably due to sediment washing. Due to the higher concentration of Alba, compared with
Forties, in the initial sediments, more oil was removed in those sediments, although this is still
generally less than 50% of the oil. Again the treated samples (T1-T3) show slightly more oil
removal than the seawater control samples (C1) but, interestingly the poison control shows greater
oil removal. Although the Forties oil was actually weathered by water washing at sea before use
in this experiment, it is unlikely that solubilisation of components in the Alba compared to the
Forties is responsible for such a substantial concentration reduction in the poison control, as both

oils are pentane soluble fractions. Presumably, the removal of oil in both Alba C2 test units is due
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to water washing of the oil from the sediments, but why it is greater in the poison controls than
the other units is not clear, although possible explanations are discussed later in this thesis.
Respirometry studies showed no biological activity in C2 sediments. The absence of the -
paraffin waxes in Alba oil results in a lower viscosity than the Forties and thus it is probably more
amenable to washing from the sediment. As a pentane soluble UCM it may behave in a similar
manner to a hydrocarbon based lubricating oil, (which consist primarily of aliphatic UCM — see
phase I). For both Alba and Forties contaminated sediments, there is no evidence from the

gravimetric results that addition of micro-organisms have enhanced biodegradation.

There was clear batch-to-batch analytical variation for gravimetric results and this can be
corrected by normalising with the results for the Alba t=0 reference samples that were analysed at
each sampling period. This reduces the RSD for the other reference material (Forties t=0) from
8.0% to 5.4% for the time series. In general the duplicate experiments compare well. The Alba

reference normalised graphs are given in figures 6.1 a&b.

A simple kinetic model is used to estimate the rate of biodegradation of hydrocarbons and to
compare the treatments. Venosa used first order rate model to determine biodegradation rate
constants for bioremediation of an experimental spill in Delaware Bay (Venosa ef al.1996). His
model used the washout rate of C30-hopane in determining the rate of oil removed solely by
biodegradation. In this case first order integrated rate equations (eq. 6.1) are used to compare rate

constants based on the complete dataset (both duplicates) for each treatment.

d[A]/dt = -k[A]; (eq. 6.1)
[Alo s the initial concentration of oil, [A]; is the concentration at time=t and —k is the rate
constant. The integrated rate equation (eq. 6.2) can be solved using regression statistics.

[Ali=[Alpe™ (eq. 6.2)

The transformed version (eq. 6.3) yields the equation for a straight line which can also be solved

using linear regression.

In[A],= -kt + In[A], (eq. 6.3)
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The calculated rate constants and regression statistics were calculated with SPSS software, using
Levenberg-Marquadt non- linear regression. It should be noted that this is a simple model that
dozs not account for the growth of microbial population, the complexity of the substrate, the
effect of nutrient concentration, temperature fluctuation and other environmental factors. The

results are given in table 6.3.

Forties k 495% CI '3
(day™)
¥ 224x%10° | 0.16x 107 | 0.965

; 2.14x10% | 0.18x10° | 0.948
T3 230x10° | 0.18% 102 |0.964

Cl 1.84x10° | 0.16x 107 | 0.945

C2 636210 | 1.37x10% ] 0:318
Alba

T1 200x107 | 0.25x 107 }0.856

T2 1:88x 10° §. 020% 10| 0918

T3 1.56x10° | 021%'10™ | 0240

Cl 1.80% ¥0* | ‘028107 | 0.774

C2 2.16x10° | 0.13x 107 | 0.976

Table 6.3: Estimated rate constants (k), 95% confidence intervals, and coefficients of
determination (R’) for non-linear solutions of gravimetric biodegradation using the model given

in equation 6.2.

The coefficient of determination (R?) value is a measure of how well the data fits the simple
bicdegradation model. R? values suggest a reasonably good fit for Forties but less so for Alba. The
dwlicates demonstrate good agreement throughout the course of the experiment, with the
exception of AT3. AiiT3 exhibited a lower biodegradation rate than other nutrient supplemented
mi:rocosms and this is reflected in the lower k value estimated for AT3. The Forties results
indcate a higher biodegradation rate for the nutrient treated samples (T1-T3) as opposed to the
Clsample and that biodegradation is the primary mechanism of removal. The wash out rate of the
Aba oil as indicated for the C2 experiment is even greater than the removal (washout +

bicdegradation) for the other Alba experiments (T1-C1).
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Fig. 6.1: Gravimetric reduction of hydrocarbon in microcosms (normalised to Alba reference
samples) [y-axes: concentration mg oil/g sediment - normalised to t=0 for each batch using Alba

t=0 reference oil samples]

6.2.2 Fractionation

Alumina and silica gel column chromatography was used to achieve aliphatic, aromatic and polar
class fractionation for t=0, 28, 140, and 473. For Alba and Forties microcosms, fractionation
shows that biodegradation of the aliphatic UCM to be substantially greater than the aromatic
component, and that the polar fraction is most resistant, when compared to the poison control and
t=zero samples. This is illustrated in figure 6.2. This is in agreement with many previous
observations (Oudot 1984, Oudot ef al. 1998). The t=473 experiments suggest that a greater
reduction in the aliphatic proportion has occurred in the nutrient supplemented trials compared

with C1 microcosms.
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Fig. 6.2: Gravimetric results expressed as % aliphatic, aromatic and polar components for Alba

(i) (top) and Forties (i) (bottom) microcosms at t=0, 140 and 473 days.
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6.3 CHROMATOGRAPHY

6.3.1 Gas chromatography

Gas chromatography with flame ionisation detection (GC-FID) was used to quantify and assess
biodegradation of resolved n-alkanes and isoprenoids as well as UCM biodegradation. The
methodology is described in appendix A.7 and raw data is presented in appendix D3. For the
purpose of this project the UCM is regarded as hexane soluble oil, excluding n-alkanes. Thus, the
Alba oil is considered to consist of UCM only. For Forties contaminated sediment, using an -
alkane standard to quantify n-alkanes and heptamethylnonane as a UCM model compound for
quantifying UCM, it is estimated that in the region of 90% of the oil is UCM, by weight. This
illustrates the importance of considering UCM degradation in bioremediation experiments as

monitoring of n-alkane degradation alone may severely overestimate total oil biodegradation.

n-Heptadecane (nC17) —pristane (Pr) ratios are frequently used as indicators of biodegradation as
they are<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>