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Abstract The sampling and analytical methods, along
with available microorganisms, used for in situ hydro-
carbon bioremediation are reviewed. Each treat-
ment method is brie¯y described and its advantages and
limitations pertaining to potential applications are
evaluated. Bioremediation provides cost-e�ective, con-
taminant- and substrate-speci®c treatments equally
successful in reducing the concentrations of single com-
pounds or mixtures of biodegradable materials. In situ
treatments rarely yield undesirable byproducts, but
precautions and preliminary baseline tests are always
recommended. Sampling methods should adhere to
good laboratory and ®eld practices and usually do not
require highly trained personnel. Analytical methods
vary in sensitivity, cost, duration of sample analysis and
personnel training required. Voucher specimens of bac-
terial strains used in bioremediation exist in various re-
positories (e.g. ATCC, DSM, etc.) or are commercially
available, and are usually covered by patent rights. Each
one of these strains may yield spectacular results in vitro
for speci®c target compounds. However, the overall
success of such strains in treating a wide range of con-
taminants in situ remains limited. The reintroduction of
indigenous microorganisms isolated from the contami-
nated site after culturing seems to be a highly e�ective
bioremediation method, especially when microorganism
growth is supplemented by oxygen and fertilizers.

Introduction

Bioremediation is a rapidly developing ®eld of envi-
ronmental restoration, utilizing natural microbial activ-

ity to reduce the concentration and/or toxicity of various
chemical substances such as petroleum products, ali-
phatic and aromatic hydrocarbons (including poly-
aromatic hydrocarbons and polychlorinated biphenyls),
industrial solvents (phenols, benzene, acetone etc.),
battery liquids, pesticides, and metals (arsenic, chromi-
um, selenium, etc.).

Biodegradation is a natural process carried out by
soil and aquatic microorganisms ± mostly bacteria and
fungi. Certain bacterial strains have a demonstrated
ability to break down or transform the chemical
substances present in petroleum products. Oil-spill
bioremediation methods aim at providing favorable
conditions of oxygen, temperature and nutrients to
maximize biological hydrocarbon breakdown. Such
methods have been applied successfully in restoring
polluted seashores, airports, military operations, power
plants, etc.

This paper is a short overview of the commonest
petroleum hydrocarbon bioremediation methods cur-
rently used. Emphasis has been placed on sampling
and analytical methodologies (Table 1), microorganisms
(Table 2), and treatment enhancement by supplying
nutrients, oxygen, etc. (Table 3).

Sampling precautions

Hydrocarbon samples are subject to chemical, biological,
and physical changes as soon as they are collected.
Sample handling, preservation, and storage techniques
should minimize changes in sample composition by re-
tarding chemical and/or biological activity. Contamina-
tion of sediment samples during collection and handling
should be avoided. A detailed procedure for sampling
equipment operation and sample handling and storage
should be clearly stated in the sampling plan. This may
be accomplished by using standard operating procedures
[U.S. Environmental Protection Agency (EPA) 1995].
For example, samples designated for hydrocarbon anal-
ysis should not come into contact with plastic surfaces.
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Sample contamination from vessel emissions and sam-
pling apparatus must be avoided. Core samples are rec-
ommended for the determination of contamination at
di�erent depths. Water samples should be collected with
either a non-contaminating pump or a discrete water
sampler. When sampling with a pump, using a peristaltic
pump or one with a magnetically coupled impeller can
minimize contamination. Water samplers should be
made of stainless steel or acrylic plastic, while seals
should be Te¯on-coated whenever possible. Prior to
sample collection, water sampling devices should be
rinsed by a solvent that does not react with the sampler
material. For extended storage, freezing in solid CO2 or a
freezer is recommended. For shorter periods of storage,
refrigeration at 4 °C is su�cient.

Hydrocarbon analysis

Sediment samples are dried overnight at 60 °C. Residual
oil is extracted in chloroform for 8 h using a Soxhlet
apparatus. Total oil content is estimated by weighing the
dry residue after solvent evaporation. Subsequently, the
extract is sonicated in 60 ml hexane (5 min, 40 kHz).
The hexane-insoluble fraction contains asphaltenes,
which are obtained by ®ltration on solvent-washed,
preweighed Whatman GF/A glass-micro®bre ®lters. The
asphaltenes retained on the ®lters are, in turn, dried
and weighed. The hexane-soluble fraction (maltenes) is
separated by solid/liquid chromatography on a 15-cm
length ´ 1-cm diameter silica gel column (100±200
mesh), activated overnight at 110 °C. The saturated
petroleum hydrocarbons, aromatics and resins are suc-
cessively eluted with 60 ml hexane, 60 ml 60:40 (v/v)
mixture of hexane/dichloromethane and 60 ml metha-
nol. After evaporation of the solvents, each fraction is
weighed and the relative percentage of the four classes
(saturates, aromatics, resins, and asphaltenes) can be
calculated. The saturated and aromatic fractions are
analyzed by computerized capillary gas chromatography
using a gas chromatograph with a direct-injection port,
equipped with a ¯ame ionization detector and a capillary
column (50 m ´ 0.32 mm, ®lm thickness 0.25 lm); He
at 0.8 bar is the carrier gas. The column temperature
is programmed from 100 °C to 320 °C at 3 °C/min for
the saturated fraction, and from 100 °C to 300 °C at
3 °C/min for the aromatics (Oudot 1994).

A variant of the aforementioned analytical procedure
uses a column packed with silica gel, where the hexane-
soluble fraction is partitioned into saturated, aromatic
and polar fractions (Mille et al. 1991). Each fraction is
weighed using a microbalance. Saturated hydrocarbons
are analyzed by capillary gas chromatography. The ap-
paratus used is equipped with a capillary column (30 m;
0.32 mm inner diameter), an on-column injector and a
¯ame ionization detector. Temperature increase is pro-
grammed from 70 °C to 300 °C at 5 °C/min, with heli-
um as the carrier gas at 0.5 bar. Aromatic hydrocarbons
are analyzed by UV synchronous luminescence spec-

troscopy on a spectrophotometer. Polar compounds are
analyzed by UV ¯uorescence and Fourier-transform
infrared spectroscopy (FTIR) on a spectrophotometer,
whereas asphaltenes are analyzed by FTIR.

The fraction containing the saturated and aromatic
hydrocarbons is separated by capillary gas chromatog-
raphy using standards. n-Alkanes are identi®ed by
comparing their retention times with those of standard
n-alkanes ranging from n-C11 to n-C31. Concentrations
of individual hydrocarbons are determined by calculat-
ing the surface area underneath the sample peak of the
respective constituent, identi®ed from its RF. The con-
tent in each n-alkane (n<31) is determined as the ratio
of the area under the corresponding sample peak to the
area under the peak of internal standards.

The aromatic fraction is characterized by gas chro-
matography/mass spectrometry (GC/MS) (Venosa et al.
1991). Some investigators (Huesemann 1995) utilize a
comprehensive petroleum characterization procedure
involving group-type-separation analyses, boiling-point
distributions, and hydrocarbon typing by ®eld desorp-
tion mass spectroscopy to determine initial and ®nal
concentrations of speci®ed hydrocarbon classes.

Currently available information on analytical tech-
niques employed for quantitative determination of pe-
troleum hydrocarbons (Table 1) distinguishes methods
for (a) the measurement and identi®cation of contami-
nants, and (b) the measurement of microbial activity.
The former are very important because they provide
baseline information including the quantity and type of
contaminants, distribution patterns, treatability, etc.
The latter monitor biological activity and provide an
assessment of biodegradation. When information from
both methods is combined, the e�ectiveness of biore-
mediation can be evaluated.

Petroleum hydrocarbon contamination usually exists
as a complex mixture of hydrocarbons. Despite the huge
potential of microorganisms to degrade organic com-
pounds under favorable conditions, no single species of
microorganism can degrade all the components of a
given oil (O�ce of Technology Assessment, 1991), and
no oil-degrading ``superbug'' has been engineered. Cur-
rently, several organisms are known, each capable of
degrading usually one or, at best, a few petroleum
components at a time. Therefore, e�ective bioremedia-
tion of petroleum contamination requires a mixture of
populations consisting of di�erent genera each capable
of metabolizing the respective compounds. Table 2
summarizes information on some commercially avail-
able bacterial and fungal strains used for petroleum
hydrocarbon bioremediation. The bioremediation ca-
pacity of bacteria has been investigated more extensively
because they are (1) easier to culture, (2) more amenable
to molecular biology techniques, (3) capable of metab-
olizing chlorinated organics, (4) capable of mineralizing
these chemicals and using them as carbon energy sources
(Bouwer and Zehnder 1993). Although capable of me-
tabolizing some aromatic contaminants, fungi require a
primary growth substrate, such as glucose or cellulose to
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co-oxidize these compounds. However, because fungi
can not further metabolize the products of co-oxidation,
mixed cultures with bacteria are required for complete
mineralization of the organic contaminant (Bouwer and
Zehnder 1993).

The origin of the organisms to be used in bioreme-
diation is debatable. Indigenous microorganisms isolat-
ed from the contaminated site are certainly adapted to
the climatic, physicochemical and nutrient conditions
prevalent therein. Bioremediation by these microorgan-
isms is expected to proceed at increased rates after
nutrient addition and/or seeding with enriched micro-
organism cultures. However, these microbial communi-
ties may not include the full range of species or enzymes
required for e�ective oil biodegradation. Commercially
available preparations of oil-biodegrading microorgan-
isms usually include many species and have an increased
potential to degrade various oil components e�ectively.
Suppliers claim that these mixtures can be custom-made
for the speci®c oil or environmental conditions and can
also be easily produced for emergency situations.

The commonest methods of in situ hydrocarbon
bioremediation are tabulated in Table 3. The addition of
N2, P or oxygen in various forms is thought to be suf-
®cient to enhance the growth of microbes capable of
utilizing carbon in the form of petroleum hydrocarbons
(Alexander 1991). However, bioremediation is not a
panacea against organic contamination. The spectacular
results of laboratory experiments cannot always be
transferred directly to the ®eld. Many compounds that
are easily metabolized in vitro are often not broken
down e�ciently in contaminated soils and aquifers. This
is probably due to reduced contaminant bioavailability
caused by adsorption on soil particles or solution in
nonaqueous-phase liquids (Alexander 1991). Another
bioremediation-restricting factor is the patchy distribu-
tion of bacterial populations in the soil. This natural
heterogeneity of environmental conditions on the mi-
crohabitat scale results in localization of the hydrocar-
bon-degrading bacteria.

In contrast to the wide public acceptance of biore-
mediation using indigenous microorganisms, the public
and the scienti®c community are somewhat reluctant to
accept the method of seeding with introduced microor-
ganisms. The main reasons for this (Atlas 1977) are (1)
the lack of controlled experiments demonstrating supe-
rior performance of introduced microorganisms com-
pared to indigenous ones, (2) the time lag between
microorganism application and hydrocarbon break-
down, (3) the lack of information on microorganism
pathogenicity to humans, genetic stability and toxicity of
metabolic byproducts, (4) the large quantities of mic-
roorganisms required for frequent application to the
contaminated site, (5) the logistics of culture preparation
and mixing just prior to application on site, and (6) the
fate of these microorganisms once they have completed
their role in bioremediation.

Future research should be directed towards the im-
provement of existing and the devising of innovative

methods of bioremediation. Attention should be paid to
the factors governing bioavailability of organic contam-
inants and methods to increase availability and micro-
organism activity, monitoring of bioremediation, the
ecology and fate of introduced microorganisms, the
transfer of laboratory ®ndings to the ®eld, the elucidation
of fertilizer action, the discovery of new, more e�cient
fertilizers and ways of application, the coupling of major
biochemical cycles, such as nitrogen and phosphorus,
with bioremediation cases, and the e�ects of other envi-
ronmental factors (e.g. temperature and salinity ¯uctua-
tions, wave action, oxygen availability, nitrogen-®xing
bacteria, etc.); most importantly, all of the above should
be investigated in the ®eld under realistic conditions.
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