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Résumé — Bioremédiation des pollutions maritimes pétroliéres — A long terme, la biodégradation
constitue I’ ultime étape du devenir du pétrole déversé en mer qui ne peut étre ramassé ou brdlé. La
stimulation de cette biodégradation est donc une option importante pour optimiser I’ éimination du
pétrole de I’ environnement et minimiser I'impact environnemental d'un déversement. Pour le traitement
de I'huile flottant a la surface de la mer, les produits dispersants sont intéressants car ils augmentent au
maximum |’aire interfaciale disponible pour les attaques microbiennes et favorisent ainsi la
biodégradation. Si le pétrole se répand sur les cotes, il est probable que la biodégradation soit limitée par
des nutriments tels que I’ azote et le phosphore, d' autre part, | application raisonnée d engrais stimule la
biodégradation du pétrole résiduel en place. Ces approches constituent un parfait exemple de
technologies environnementales modernes : fonctionner en s appuyant sur les phénomenes naturels afin
d obtenir un nettoyage rapide tout en minimisant les effets indésirables sur I environnement.

Abstract — Bioremediation of Marine Oil Spills— In the long run, biodegradation is the eventual fate
of oil spilled at sea that cannot be collected or burnt. Simulating this biodegradation is thus an
important option for maximizing the removal of oil from the environment, and minimizing the
environmental impact of a spill. For handling oil while it is till floating on the sea surface, dispersants
are advantageous because they maximize the surface area available for microbial attack, and stimulate
biodegradation. If oil beaches on a shoreling, it is likely that biodegradation is limited by nutrients such
as nitrogen and phosphorus, and the careful application of fertilizers stimulates the biodegradation of
residual beached oil. These approaches epitomize modern environmental technologies, working with
natural phenomena to achieve a more rapid clean-up while minimizing undesirable environmental
impacts.


http://ogst.ifp.fr/
http://www.ifp.fr/

464 Oil & Gas Science and Technology — Rev. IFP, Vol. 58 (2003), No. 4

INTRODUCTION

It is no exaggeration that il fuels the world's economy, and it
is used on a staggering scale. World production was some
80 Mbhl (11 Mt/day) by the end of 2000, and thisis expected
to increase by 1.9%lyear in the next decade [1].
Approximately 40% of the world’s oil travels by water at
some time between its production and fina consumption, and
again the volumes are staggering. For example, the US
imported 350 000 t of oil per day from the Middle East done
in 1999 [1]. Unfortunately, despite the best efforts of the
major part of the petroleum industry, a small amount is
inevitably spilled. Fortunately this is only atiny fraction of
that transported, and there has been a general improvement in
oil spill statisticsin the last two decades[1, 2.

Massive releases from pipelines, wells and tankers receive
the most public attention, but in fact these account for only a
relatively small proportion of the total petroleum entering the
environment. The National Research Council has recently
updated its classic Oil in the Sea [1] and now estimates that
the total input of petroleum into the sea from all sources is
approximately 1.3 Mt/year. Almost 50% comes from natural
seeps, and less than 9% emanates from catastrophic releases.
Consumption, principally due to non-tanker operational
discharges and urban run-off, is responsible for amost 40%
of theinput (Fig. 1).

Consumption
38%

Natural seeps
47%

Transportation
12% Production
3%

Figure 1
Sources of oil into the sea.

Nevertheless, major oil spills highlight the need for
environmentally responsible and cost-effective mitigation
technologies. Marine spills generate widespread public
concern, with enormous pressure on the responsible parties,
backed by legidation, for prompt response and resolution of
the problem. Physical collection of the oil with booms,

skimmers and adsorbents is generally the first priority of
responders, but this is rarely easy, nor very effective after a
large spill. There is therefore a continuing search for
alternative and additional responses. Amongst the most
promising are those that aim to stimulate the natural process
of oil biodegradation.

1 BIODEGRADATION OF CRUDE OIL

Hydrocarbons have been part of the marine environment for
millennia; the average age of crude oil in commercial
production is some 100 Ma, and seeps have probably aways
been significant contributors to the biosphere, as they are
today (Fig. 1). The composition of crude oils varies
substantially, but Tissot and Welte [3] quote the average
composition of 527 crude oil samples as 58.2% saturated,
28.6% aromatic and 14.2 % polar compounds. The absolute
vaues vary widdly in different oils, but on average there is
rough parity between paraffins, naphthenes and aromatics.
Paraffins are saturated linear and branched hydrocarbons, and
naphthenes are cyclic saturated hydrocarbons; by convention,
molecules that have saturated ring structures attached to
aromatic rings are included in the aromatic fraction. Modern
biogenic hydrocarbons are also important carbon sources in
the sea; many are produced by planktonic algae, while others
are volatilized by terrestrial plants and are washed into the
sea [1]. It is thus no surprise that oil-degrading
microorganisms are ubiquitous in the world's oceans [4].
Research in the last 30 years has elucidated much of the
microbial, genetic and biochemical diversity of these
organisms. More than 170 genera of microorganisms have
been identified that are able to degrade hydrocarbons, and we
now have a clear understanding of some of the pathways
involved in the aerobic biodegradation of aliphatic and
aromatic compounds [4]. Hydrocarbons are not all
biodegraded at similar rates, and not all hydrocarbons are
degradable, but estimates for the biodegradability of different
crude oils range from 70 to 97% [4-7]. What remain are
principally the asphaltenes and resin compounds; these lack
oiliness, are friable in small quantities, and are essentially
biologicaly inert.

So how can bioremediation, the stimulation of the natural
process of biodegradation, be integrated into oil spill
response? It is useful to consider what happens when ail is
released into the marine environment. Almost all oils in
commerce float, so any spilled material will spread on the
water. There are exceptions such as the very heavy fue oil
that spilled from the Presidente Rivera into the Delaware
River in June 1989 [8], but these are uncommon. The
spreading increases the surface area of the dlick, and
encourages the evaporation of smaller molecules [9]. Most
crude oils contain an enormous array of hydrocarbons,
ranging in size from methane to molecules with hundreds of
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carbons. Usually molecules with up to about 12 carbons
evaporate [9], and while they are thus removed from the spill
site, they are subsequently destroyed either by atmospheric
photochemistry, or by biodegradation after they are washed
from the atmosphere by rain. At the same time, a small
amount of the hydrocarbons will dissolve into the underlying
water [10], while photochemistry may oxidize some of the
larger aromatic compounds in the slick [11]. The floating
dick will dso aosorb water [12]. In time the oil will disperse
naturaly in the water, aided by wave energy. If the oil spill
occurs in severe weather, the oil may be dispersed into the
water column in a matter of hours, as happened to the
8.3 x 107 | of light crude ail from the Braer off the Shetland
Idands in January 1993 [13]. Dispersed oil has a very large
surface area, and biodegradation is likely to be rapid.

If the spill is near land, it is likely that some oil will
become stranded on the shoreline. Again, physicd collection
is the response of choice. Scraping the oil into trenches and
recovering it with vacuum trucks is the usual response on
sandy shores: for example this was used very effectively
following the Sea Empress spill in Wales in February 1996
[14]. On rocky shores the usua response is to wash the ail
back into the sea, and collect it with skimmers, as was done
following the 1989 Exxon Valdez spill in Alaska [15]. Any
residual oil will either leave the shoreline flocculated with
small neutrally buoyant particles of silt [16], and be
biodegraded [17], or eventually be biodegraded on the beach
[3-7]. As we shall see below, the stimulation of this process
by adding fertilizers has been shown to be safe and effective.

2 DISPERSANTS

One major option for stimulating biodegradation of spilled
oil is to encourage natural dispersion by adding chemical
dispersants to the ail slick [18-20]. ExxonMobil has a long
history of developing safe and effective dispersants, for
example the development of “self-mixing” dispersants that
are effective even when there is relatively little wave energy
to aid the dispersion [21]. ExxonMobil’s Corexit 9527® was
developed in 1972, and became one of the world’s most
widely used dispersants.

While Corexit 9527® is very effective on fresh ail, it isless
effective on ail that haslost lighter compounds by evaporation
and become more viscous, or has absorbed large amounts of
water. Thus as oil viscosity rises above 7000-10 000 centi-
poise (cp) as a result of weathering, Corexit 9527® and most
other dispersants lose their effectiveness. This means that
these dispersants must be applied promptly to ensure their
efficacy. To deal with heavier and weathered oils, Exxon
therefore developed Corexit 9500% in 1992. This dispersant
effectively extends the “window of opportunity” because
it is effective on crudes with viscosities up to 20 000 cp.
Corexit 9500° contains the same surfactants at essentially the

same high concentration as Corexit 9527°, but with
improved solvents. For the majority of crude oils as well as
bunkers (heavy fuel ails), Corexit 9500® can be applied much
later in the spill than less robust products and still be effective
[22, 23]. For most species it is aso lower in toxicity than
other dispersants, though the toxicity of dispersants is
becoming increasingly less of an issue than effectiveness
because of the very rapid dilution to extremely low levelsin
the water column [24-26].

Another important feature of Corexit 9500% is its
capability to break emulsions and disperse the ail, as has
been demondtrated in large-scale fidld tests in the North Sea
[27]. This is a major advance in oil dispersant technology
because it was thought that dispersants were no longer
effective once water-in-oil emulsionsform at the sea surface.

The use of dispersants has always been thought to
stimulate the natural process of biodegradation, because
microbial attack is at the oil-water interface and the
dispersion of the oil dramatically increases the area available
for microbial colonization [1, 18]. Since the oil is dispersed
into such a large volume, other nutrients required for the
growth of bacteria, such as nitrogen, are not limiting because
they are available in sufficient concentrations. The rate of
biodegradation of oil droplets is immediately enhanced by
the dispersion process, and much of the oil can be converted
to microbia biomass, CO, and water over the following days
to weeks [28-31].

There may also be additional benefits from the surfactants
themselves, for it has recently been shown that the
surfactants used in Corexit 9527® and 9500° enhance the
biodegradation of dispersed oil by providing a digestible
substrate that stimulates the growth of organisms and makes
more of them available to attack the oil [28, 29]. Dispersants
containing these surfactants are thus one way of stimulating
the rate of biodegradative removal of oil from the marine
environment. Recent work also shows that they can be safely
used near-shore to minimize the ailing of shorelines[32, 33],
although recent regulations may limit their use in some parts
of the world. The United Kingdom has a protocol for
approving dispersants that can be used on shorelines. Infact,
all products must pass this protocol, even to be used out at
sea. This has limited use of Corexit products in the United
Kingdom as they have been unable to pass the rocky shore
test, asit is caled. Work is underway to modify the formula
to overcome this restriction. In the United States approval of
products for shoreline use is totally distinct and separate from
at-sea approval and Corexit digpersants are fully approved for
at-sea use, accounting for the overwhelming percentage of
stockpiled products. United States regulations have recently
been proposed that will require dispersant use in those areas
where they are pre-approved any time spilled ail isin the pre-
approved zones.
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3 SHORELINE BIOREMEDIATION

Biodegradation is the ultimate fate of any oil not collected (or
burned [34]) during a spill response, so stimulating this
process is an appealing option. As discussed above, oil-
degrading microorganisms are ubiquitous, but their
abundance is usudly limited by low levels of hydrocarbons
in the environment. An oil spill obviates this limitation, and
there is typically a population explosion of il degrading
microorganisms after a spill [35-37]. Where once their
growth was limited by the availability of hydrocarbon, it is
now limited by something else. In aerobic environments, the
most likely limiting nutrients are nitrogen and phosphorus,
followed by iron and other trace nutrients. In marine systems,
these nutrients are virtualy unlimited, although they are low
levels, and they are delivered by every tide. It is thus no
surprise that oil degradation proceeds without human
intervention.

The simplest way of stimulating biodegradation, and the
only one that has achieved experimental verification in the
field, is to carefully add nitrogen and phosphorus nutrients.
This was first used on alarge scale in Alaska, following the
1989 spill from the Exxon Valdez [38-40]. Two fertilizers
were used in the large-scale applications. an oleophilic liquid
product designed to adhere to oil (Inipol EAP22 [41]), and a
slow-release granular agricultural product (Customblen).
Inipol EAP22 is a microemulsion containing an internal
phase of urea in aqueous solution in an externd oil phase of
oleic acid and trilaureth-4-phosphate, cosolubilized by
butoxy-ethanol. It contains 7.4% nitrogen and 0.7% phos-
phorus by weight. Inipol EAP22 was applied with airless
sprayers transported on small pontoon catamarans.
Customblen is a high quality agricultura fertilizer designed
to release its nutrients over several weeks. It consists primar-
ily of ammonium nitrate, calcium phosphate and ammonium
phosphate, encapsulated in a polymerized linseed oil
covering. Customblen contains 28% nitrogen and 3.5%
phosphorus by weight. It was applied with broadcast
spreaders carried by workers walking the beaches.

The rationale behind the use of these two products was
that the Inipol EAP22 would adhere to the ail film on surface
beach material, stimulating its degradation, while the
Customblen would become lodged in the shoreline gravel
and dowly release nutrients that would penetrate subsurface
sediments. Thus Inipol EAP22 was applied where there was
surface ail, and Customblen where there was subsurface oil.
Both fertilizers were applied when both surface and
subsurface oil was present. In 1989, Customblen was applied
at 28.7 g/m2, and Inipol EAP22 at 0.31 I/m2, based on
USEPA calculations of the highest concentrations of
ammoniathat could be released, with the lowest dilution, and
still maintain acceptable water quality. In 1990, the dose of
Customblen was amended to 15.8 g/m? if applied with Inipol
EAP22, and 95.7 g/m2 if applied alone. Inipol EAP22 could

be reapplied after 30 days, and Customblen after 15 days, if

required. In 1991 the guidelines for Customblen application

were further increased to up to 95.7 g/m2 if applied with

Inipol EAP22, and up to 191.3 g/m2 when applied alone.

Inipol EAP22 was thus the principal fertilizer used in the first

year of the cleanup, while Customblen was used more widely

in subsequent years after the surface sediments were clean.

More than 120 km of shoreline were treated in 1989, using a

total of approximately 23t of nitrogen. A similar amount was

used as several treatments of a much smaller length of
shoreline in 1990, and because the clean up had been so
successful, only approximately 3 t of nitrogen were applied

in 1991, the third and final year of the clean up [39].

The bioremediation was very successful, as shown in a
joint monitoring program conducted by Exxon, the USEPA
and the Alaska Department of Environmental Conservation
[40]. The fertilizer applications were successful at delivering
nutrients throughout the oiled part of the shorelines,
microbia activity was enhanced, and oil biodegradation was
stimulated 2 to 5 fold [38-40]. Furthermore, this was
achieved with no detectable adverse environmenta impact
[38-4Q].

Since then, bioremediation has been used on alimited site
as part up of the cleanup of the Sea Empress spill [42], and
has been demonstrated on experimental spills in marine or
brackish environments on the Delaware Bay [43], a Texas
wetland [44], a fine-sand beach in England [45], mangroves
in Austrdia [46], and an Arctic shorelinein Spitsbergen [47].
It is likely to be included in responses to future spills where
oil strands on rocky or inaccessible shordlines. It isimportant
to note that success to date has relied on stimulating the
growth of the indigenous bacteria. Severa companies offer
microbial inocula for bioremediation purposes, but there has
been no clear demonstration that these products offer any
advantage over the indigenous organisms[e.g. 48].

When bioremediation is to be used as part of the response
to an oil spill, the results of the Alaska experience [38-40]
and the various field tests [42-47] can be summarized to
recommend a tiered monitoring approach on a representative
piece of shoreline to ensure success:

— Monitor fertilizer nutrients in interstitial water from the
oiled zone of the beach, and adjust application rates and
frequencies to keep nitrogen nutrients near 100 puM.
Simple field test kits are adequate for this[47].

— Monitor dissolved oxygen levelsin the interdtitial water; a
decrease probably indicates increased microbial activity
caused by the fertilizer. Smple field test kits are adequate
for this[40, 47].

— Monitor carbon dioxide evolution from a beach; increased
evolution suggests the bioremediation strategy is working.
Portable infrared spectrometers are adequate for this
[49, 47].
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— After some months, take samples for analysis of the
spilled oil by GC/MS, and use conserved internal markers
in the il to evaluate biodegradation [50]. Calculate the
percent depletion of analytes within the oil using the
equation:

% loss = [((A/Cp) — (AJCY) / (AJCy)] x 100

Where: A, and C, are the concentrations of the target

analyte(s) and conserved marker in the oil sample, respec-

tively, and A, and C, are the concentrations in the initialy
spilled ail.

Bioremediation epitomizes modern environmental tech-
nologies; working with natural phenomenato achieve amore
rapid cleanup while minimizing undesirable environmental
impacts. The careful application of dispersants on floating
oil, and fertilizers to oiled shorelines, can speed removal of
oil from the environment with minimal additiona environ-
mental impact.
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