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Abstract

Bioremediation of petroleum-contaminated sites is expected to be a cost-effective remediation technology.
However, many potential users of the technology expect the reliability of this technology to be similar to other
candidate technologies for widespread consideration. In particular, candidate technologies should possess the
property of reliable experimental linkage — there should be reasonable confidence that experiments done at
one scale can be reliably related to another. An important example is bench-scale treatability studies that
should result in linkages with commercial-scale operations. In this respect comparison of bioremediation to
other candidate technologies reveals that bioremediation is in an early stage of its evolution. It is being pur-
sued at a variety of sites and scales with practitioners from a variety of disciplines. Integration of activities
between disciplines and an ability to quantitatively compare results at different sites and scales is proceeding.
This paper addresses a number of physical, chemical, biological, analytical, and statistical issues regarding the

successful comparison of results between experiments.

Introduction

... There s little doubt that it would be technically
feasible to transfer any new process whatever from
the laboratory directly to large-scale production
provided that unlimited money were available, so
that the designer could allow huge factors of safety
and the operator could if necessary meet the cost
of overcoming massive “teething” troubles.
(Johnstone & Thring 1957)

Environmental remediation technology has
evolved into one of the Nation’s major enterprises
in scarcely more than a decade. Cost projections for
site remediation in this country have exceeded one
trillion dollars distributed over decades into the fu-
ture. Perhaps never before has there been such an

explosion of activity of major economic and envi-
ronmental impact over so brief a time.

Societal and political demands have driven this
phenomenon as citizens have demanded a clean en-
vironment along with economic prosperity. Scien-
tists, engineers and other technologists have risen
to the challenge in much the same way as our socie-
ty has faced major crises in the past--accelerating
technology transfer and development with a signif-
icant number of successes at field-scale, but with a
related number of activities where something less
than complete success was achieved.

Under such pressure the need to identify and ap-
ply reliable remediation technology to these prob-
lems is severe. Linking results from lab- or pilot-
scale experiments to achieve reliable predictions of
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field-scale behavior becomes essential, yet has re-
mained elusive. This paper explores a number of
factors giving rise to limitations in linking experi-
mental bioremediation results including:

o Impact of Multiple Disciplines on Experimental
Requirements

e Impact of Physical System Structure on Experi-
mental Linkage

s Impact of Chemical Complexity on Experimen-
tal Linkage

e Impact of Biological Factors on Experimental
Linkage

o Impact of Diverse Analytical Methodologies on
Experimental Linkage

e Impact of Statistical Design and Analysis on
Experimental Linkage

Impact of multiple disciplines on experimental
linkage

Bioremediation knowledge spans classical disci-
plines and requires interdisciplinary cooperation
and interactions. The evolution of some of the es-
sential interactions is now discussed for the sciences
of chemistry, microbiology, microbial ecology and
the engineering disciplines of chemical, biochem-
ical and environmental enginecering.

Sciences have long operated in the domain of ba-
sic and theoretical investigations while engineering
disciplines have at their focus the development and
application of the knowledge and tools ultimately
needed to transfer the basic knowledge to produc-
tive operation. Historically chemists have devel-
oped reaction or separation knowledge of mole-
cules and processes at small bench scales. The
knowledge is then released or transferred to chemi-
cal or petrochemical engineers to develop and opti-
mize the process, and design, construct and operate
the full-scale production plants. These concepts
have been implemented so efficiently in manufac-
turing that application of these approaches to envi-
ronmental remediation systems is entirely logical.
However, mechanistic knowledge gaps and the
complexity of environmental remediation systems,
along with the adaptive nature of biological sys-

tems, pose new challenges in commercialization
that extend beyond those faced in our technological
past.

Reliable and formal experimental linkage among
behaviors at several scales has become the basis for
collecting data at bench- or pilot-scales and design-
ing plants at field-scale. In chemical engineering
this linkage arose from the concept of similarity cri-
teria (discussed later) and their application to care-
fully designed experiments at various scales. These
experiments’ results led to the development of
equations for prediction of certain system param-
eters when others were known. Strong analogies
were possible to relate fluid flow, heat transfer and
mass transfer. Often called transport correlations,
these permitted the prediction of mass transfer or
heat transfer properties between similar systems if,
say, fluid flow behavior was known.

The mass transfer rate is one of the rate processes
important in experimental linkage. Mass transfer
rate correlations can lead to the ability to develop
mathematical models describing the concentrations
of important components in various phases in the
system. In addition to advection rates based on
mass action (flux into and away from the system)
other important rates include the rates of compo-
nent reaction or conversion or chemical kinetics.

In these cases, the predictive equations to link ex-
periments include mass transfer expressions, often
containing information from correlations, as well as
elementary or nonelementary chemical kinetic rate
expressions. Sometimes the rates of compound re-
moval or conversion from a phase or compartment
can be mathematically complex and require cali-
bration by experiment for validation. Validated ex-
pressions can be built into computer simulations
providing the basis for predictive experimental
linkage and scale-up.

Like chemistry, microbiology has emerged over
the past century as a critical basic science. With pet-
roleum hydrocarbon microbiology as an example,
the microbiology of organisms capable of growth
on petroleum hydrocarbons has been studied in
some detail in the last 100 years. Much elegant work
has been done with these isolates, but the perhaps
justifiable obsession of microbiology with pure cul-
tures, and the difficulty of analyzing such complex



materials as commercial hydrocarbon products, has
ensured that the vast majority of this work has in-
volved the growth of a single organism on a single
hydrocarbon or class of hydrocarbons. We thus
have a reasonably comprehensive view of the bio-
chemistry and physiology of some of the microor-
ganisms capable of metabolizing simple aliphatic

and aromatic hydrocarbons (Hartman et al. 1989;

Watkinson & Morgan 1990; Smith 1990). The devel-

opment of the disciplines of biochemical engineer-

ing, modern environmental engineering, and mi-

crobial ecology provided a basis for projection of

this knowledge into domains of mixed cultures and
consortia, and environmentally complex and dy-
namic applications.

Biochemical engineering was born when, during
the second World War, it became very important to
manufacture antibiotics in bulk for treating casual-
ties. This discipline has been defined broadly - ‘Pro-
cessing of biological materials and processing using
biological agents such as cells, enzymes, or antibod-
ies are the central domains of biochemical engi-
neering’ (Bailey & Ollis 1987), however emphasis
seems to be on engineered reactor-based systems
(Cooney 1983). With exceptions, this attention has
also been limited to applications where:

- high-value products are desired,

— the microbiology is intentionally limited to pure
culture,

— the feedstocks are defined and often manipulat-
ed, and

— thereactor conditions are controllable and care-
fully controlled.

The practitioners of the discipline of modern envi-

ronmental engineering ventured into the domain

where none of the above qualifications apply:

~ the desired product (clean water, air or land) has
low economic value, but high aesthetic value,

— the salient microbiology generally cannot be
limited to pure cultures,

— itis generally a technical and economic impossi-
bility to completely define the feedstocks — the
waste streams, and

— environmentally-based reactors — natural or en-
gineered — are subject to environmental disturb-
ances and generally cannot be as closely con-
trolled as fermentation systems.
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Early environmental engineering directions and
the regulations driving the activities emphasized
analytical parameters that integrated responses to
multiple specific chemicals in a feedstock. These in-
cluded non-specific analytical parameters such as
total organic carbon (TOC), chemical oxygen de-
mand (COD), biochemical oxygen demand
(BOD), total dissolved solids (TDS), and others.
These non-specific parameters made analysis of the
highly variable feedstocks technically and econom-
ically tractable and provided a basis for developing
biological kinetic rate models and system design.
Strategies for reliable linkage, design, and scale-up
became possible.

Asinterest grew for regulating specific pollutants
in biological process discharge, activities to eval-
uate the feasibility of using the non-specific param-
eter approach began to conclude that attention to
specific pollutants demanded either knowledge the
equivalent of the chemical or biochemical engi-
neering model or acceptance of decreased predic-
tive linkage (Blackburn 1987, 1988a). With in-
creased interest in specific pollutants also came the
need for site-specific biokinetic studies to evaluate
the biological rate expression and the inevitable
need to link these results with experiments at vari-
ous scales.

Difficulty in linking biological behavior between
experiments was identified as a potential problem
area (Blackburn 1988a, 1988b) and recently, ques-
tions of standardization of testing protocols to mini-
mize variability in bioactivity results has received
attention (Linz et al. 1991; McFarland et al. 1991).
The hierarchical nature of microbial systems stud-
ies has been well described (Needham 1935; Prokop
1983; Blackburn 1988) and has led to the recogni-
tion that biological activity experiments in general
and treatability studies specifically address differ-
ent questions at several scales often with different
experimental designs (Grady 1985; EPA 1989; NE-
TAC1992). Currently, there is no single, general ap-
proach for running biological activity experiments,
although efforts are proceeding to converge on a
formalized approach, at least for oil spill biodegra-
dation (NETAC 1992).

The discipline of microbial ecology has emerged
in the autumn of this century partially in response to
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the recognition of a need for an organized science to
provide a framework within which to evaluate
changes of states and activities in microbial systems
arising from ‘interrelationships between organisms
and their living (biotic) and nonliving (abiotic) en-
vironments’ —a definition of microbial ecology (At-
las & Bartha 1987).

While extensive effort has been applied to meth-
ods improvement for observing the state of micro-
bial ecosystems, attention has also been given to the
development of methods and strategies for mea-
surement of microbial activity or rate of biological
processing in environmental systems. Wiebe (1971)
divides the issues in this discipline into the follow-
ing:

— the numbers of microbes in environmental
systems,

— the recognition of microbes in environmental
systems,

— microbial performance, and

— microbial rate of function.

Many other scientific disciplines offer data and in-

formation that must be integrated in order to suc-

cessfully develop methods to link results between

petroleum site bioremediation experiments. Some

of these may include analytical chemistry, agron-

omy, soil science, hydrology, toxicology, and so on.

Information and contributions from these fields are

critical and serve to highlight the need to view bio-

remediation as an effort that requires input from

many disciplines in order to progress.

Perhaps it is the multitude of relevant disciplines
and the historical methods adopted by each that has
best highlighted the challenges in comparing ex-
perimental results in this area. These might be cate-
gorized into a spectrum that begins with fundamen-
tal mechanism elucidation and spans to phenomen-
ological observation. Classical scientific philosophy
has embraced the concept of the ‘controlled experi-
ment’ in ever-increasing levels of reductionism.
This trend has led to great insights at the mecha-
nistic level but at the price of necessarily decoupling
the experiment and its activity from its overall envi-
ronment (Needham 1935).

The goal of bioremediation experimental linkage
requires that the mechanistic knowledge must be
ordered into a framework or network of relation-

ships that depict the interrelationships of the basic
mechanisms. As in the analogous development of
chemical engineering correlations discussed earli-
er, these relationships come from comparing the
observed phenomena in various environmental ex-
periments while formulating and testing hypothes-
es to discover the nature of the interactions.

An example of an approach to compare the re-
sponses of perhaps complex experiments is the
chemical engineering scale-up approach. This ap-
proach is rooted in the concept that quantitative
comparison becomes reliable if the experiments are
‘similar enough’ to each other.

Material objects and physical systems in general
are characterized by three qualities: size, shape,
and composition. All three are independently vari-
able, so that two objects may differ in size while
having the same shape and composition. .. the
spatial and temporal configuration of a physical
system is determined by ratios of magnitudes with-
in the system itself and does not depend upon the
size or nature of the units in which these magni-
tudes are measured. (Johnstone & Thring 1957)

Similarity criteria important to chemical engineer-

ing (Table 1) are: geometric similarity, mechanical

(static and kinematic) similarity, thermal similarity

and chemical similarity. These are also interrelated

where thermal and chemical criteria also require a

simultaneous geometric and/or mechanical similar-

ity.

If the goal is to relate the biological responses be-
tween experiments in terms of observable quanti-
ties, then the concept of biological similarity, con-
spicuously absent from the historical chemical engi-
neering approach (Table 1), is seminal. There are
perhaps two basic philosophies that can be consid-
ered:

— Attempts to create experiments that are geo-
metrically, mechanically, thermally, chemically,
and biologically similar and where differences in
the responses can be directly attributed only to
comparative effects, or

— Work with systems that are dissimilar in some
way, but where the dissimilarities can be de-
scribed by predictive models.

Here the question is — Can biological activity be

compared between systems if sufficient knowledge



of the physical, chemical, mechanical, and thermal
processes are known?

For example, it is the first approach that aquatic
ecologists have sought where highly similar test sys-
tems have been used to observe biological re-
sponses with the hope that high levels of linkage
with the environmental cases can be expected. On
the issue of necessary and sufficient conditions for
‘similarity’ in aquatic microcosms: ‘To fully realize
their potential as tools for ecological research, mi-
crocosms must be designed which optimize replica-
bility, baseline stability, persistence, and functional
similarity to natural ecosystems. Evidence [in the
referenced paper] is presented that complex aquat-
ic microcosms, containing whole biotic communi-
ties taken directly from a pond, satisfy these criteria
(Giddings & Eddlemon 1979).

Table 1. Chemical Engineering Similarity Criteria (Johnstone &
Thring 1957).

Similarity criterion Definition

Geometric To every point in one body there
exists a corresponding point in the
other
Geometrically similar bodies are
statically similar when under constant
stress, their relative deformations are
such that they remain geometrically
similar
Mechanical (Kinematic) Geometrically similar bodies are
kinematically similar when
corresponding particles trace out
geometrically similar paths in
corresponding intervals of time
Mechanical (Dynamic) Geometrically similar moving
systems are dynamically similar when
the ratios of all corresponding forces
are equal
Geometrically similar systems are
thermally similar when
corresponding temperature
differences bear a constant ratio to
one another and when the systems, if
moving, are kinematically similar
Geometrically and thermally similar
systems are chemically similar when
corresponding concentration
differences bear a constant ratio to
one another and when, if moving, are
kinematically similar

Mechanical (Static)

Thermal

Chemical
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The notions that only complex microcosms are
sufficient for biological similarity and linkage im-
plies that linkage-based studies necessarily lead to
very complicated, expensive, and time-consuming
efforts or alternatively the conclusion that only ob-
servation in the field is useful. The implications of
either of these suppositions have significant impact
upon the economies and response times of using
bioremediation and the competition of this technol-
ogy with alternative technologies (Rao, et al. 1992;
Woodyard 1991; Litchfield 1991).

Impact of physical structure on experimental
linkage

That contaminated environments are physically di-
verse is obvious. Oil spilled on the open ocean
would be expected to exhibit widely different char-
acteristics from oil spilled on and seeped into the
ground. Comprehensive discussion of structural di-
versity is beyond the scope of this paper, but several
concepts will be noted that are expected to have an
impact on physical similarity and subsequent ex-
perimental linkage.

Compartmentalized models to envision the phas-
es in which a contaminant may reside are important
in the development of predictive models that incor-
porate advection, mass-transfer and reaction mech-
anisms. Bulk and specific components of oil parti-
tion between air, water, sediment, soil, and related
biotic compartments as time proceeds after oil is in-
troduced into the environment. Physical properties
of the oil (i.e., viscosity, density, solubility, octanol-
water partition coefficient, Henry’s law constant,
etc.) determine the equilibrium concentrations of
the oil in the compartments - the maximum poten-
tial concentrations. The impact of rate processes,
mass-transfer, chemical or biological reactions or
conversions, and advection result in concentrations
often much lower than those calculated assuming
thermodynamic equilibrium.

‘Open systems’ are those that have no physical
boundaries for advection in one or more compart-
ment. Oil spilled on the surface of an ocean is ‘open’
in the atmospheric compartment as well as the
aqueous phase compartment. The ‘bulk’ air phase
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Fig. 1. Crude oil fractions and their properties.

above the spill never reaches equilibrium partition
concentrations with the oil spill because the wind
replaces the air faster than the components can
evaporate. The same is true for the bulk aqueous
phase. Atmospheric and aqueous compartmental
concentrations of the components are relatively
low in these cases because the advection rates are
large relative to the mass-transfer rates. Note that
in terms of the oil phase compartment, the composi-
tion and resulting physical properties are controlled
by advection of the atmospheric and aqueous com-
partments and change with time, with viscosity in-
creasing and mass transfer processes lessening.

In aterrestrial spill, another compartment, soil, is
present, and soon after the spill much of the oil has
moved into the subsurface. The soil is ‘closed’ in
that no additional soil ‘enters, leaves, or accumu-
lates’ in the system, but air and water may move
through the system. Limited by the flow restrictions
of soil pore and capillary flow, advection rates are
low and the concentrations of components might
more closely approach equilibrium partitioning
concentrations.

An interesting question arises when considering
whether biological conversion rates from these two
cases could be linked. Overall biological conversion
would obviously be very different in each case. But
what would happen if the biological rate expres-
sions were ‘normalized’ for concentrations of com-
ponent and biomass, conditions, and advection and
mass transfer rates? Could general bioremediation
rate expressions be developed between dissimilar

systems? Unfortunately, past limits in methods of
chemical and biological analysis have generally pre-
vented calculation of the biological conversion rate
in multi-compartment, mixed culture microcosms.

Environmental systems are driven by varying
conditions and have dynamic responses. Experi-
ments to simulate the environment are often con-
trolled to reduce or eliminate variations in condi-
tions. Temporal variations in system parameters
can have a major effect upon biological kinetics and
system stability (Blackburn 1989; DiGrazia 1991).
Experimental strategies that include disturbances
and perturbations may increase variability and
make statistical comparisons more difficult, but
may offer a more realistic linkage to field-scale be-
havior.

Impact of chemical complexity on experimental
linkage

Petroleum oils may be discussed very generally in
terms of the four primary distillation fractions ob-
tained from crude oil (Fig. 1). Each of these frac-
tions, in turn, consist of a limited number of com-
pound types:

Saturates

These include the straight chain normal paraffins,
the branched isoparaffins (including pristane and
phytane) and the cycloalkanes or napthenes with
one or more saturated rings. Among the latter, the



four-ring steranes and five-ring hopanes are fre-
quently used as conserved quantitative internal
standards because they are resistant to biodegrada-
tion.

Aromatics

These include compounds with one or more aro-
matic rings. Depending on the type of oil, com-
pounds with one to four or more fused aromatic
rings dominate this class. Each of these ring types
may have attached multiple saturated rings and/or
saturated side chains.

Polars

These include asphaltenes (the high molecular
weight or highly functionalized materials that fall
out of solution when exposed to a low carbon num-
ber saturated solvent such as pentane or heptane)
and weaker polars that may be removed by adsor-
bents such as clay. For crude oils, these weaker po-
lars consist mainly of n-heterocyclics, acids, and sul-
foxides.

Refining processes separate and interconvert dif-
ferent compound types to obtain products with high
market value. A typical distribution of oil fractions
and related products is illustrated in Fig. 1. Broader
ranges of the compound types may be found in spe-
cialty products. Figure 2 presents the composition
of the oil fractions in terms of paraffins, napthenes,
aromatics and polars. The relative concentrations
of paraffins and napthenes decrease while aromat-
ics and polars increase with higher-boiling fractions.

Frequently, the contaminated site has been ex-
posed to a wide number of petroleum products over
a number of years. This can lead to very complex
residual compositions of petroleum materials in the
soils. Terminals, storage tanks, even refinery units
are terminated and demolished for different pur-
poses, and over decades wholesale changes in facil-
ities may have occurred. Consequently, at each spe-
cific location within a site, there can be a range of
different contaminant species at widely different
levels. The oil has had an opportunity to be weath-
ered and transformed by a variety of physical,
chemical, and biological processes over time.

When oil is spilled onto soil, it is subject to a num-
ber of mechanisms that affect its composition: evap-
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oration, permeation, dissolution, dispersion, chem-
ical- and photo-oxidation and biodegradation.
Each of these mechanisms has a characteristic time
scale and a set of physical parameters which influ-
ence the mechanism.

Both evaporation and permeation tend to de-
plete the bulk oil phase of the lower boiling solvent
molecules leaving increasingly complex viscous
films that are subject to continued physical stress
and chemical attack. While photo-oxidation at the
soil surface may convert the two-to-four ring aro-
matics, acrobic and anaerobic biodegradation in
the subsurface convert saturates and simpler aro-
matics. Higher molecular weight aromatics and po-
lars remain relatively conserved. Thus, oil spilled at
a site progressively increases in aromaticity and po-
larity approaching a more ‘asphalt-like’ composi-
tion as time proceeds. The depth of analytical char-
acterization of the oil present at a site is key to un-
derstanding its response to treatment.



214

Impact of biological factors on experimental
linkage

Detection of biodegradation

The objective of bioremediation is to remove hy-
drocarbons and restore contaminated media to a
prior state, thereby reducing risk of adverse human
or ecological health effects. Large intrinsic variabil-
ity in oil load may require a large reduction before
detection of reduction can occur with statistical
confidence. Such changes may be slow, so there may
be value in tracking indirect measures of success.
Since the basic rationale for bioremediation is that
microbial degradation will be stimulated by provid-
ing the right environmental conditions (e.g. oxygen,
nitrogenous nutrients, temperature etc.) or perhaps
the right organisms, an early detectable measure of
success is likely to be an increase in microbial me-
tabolism. This can be detected by radiorespirome-
try, and perhaps by an increase in microbial num-
bers (Brown et al. 1991; Lindstrom et al. 1991,
Brown & Braddock 1990).

Unfortunately radiorespirometric techniques
mandate that they be carried out on the bench, and
so the rates obtained in such experiments may be
difficult to extrapolate to the field-scale. Neverthe-
less, comparing activities on bioremediated and
control (not sterile control) experiments, should
provide indications of the success or failure of a bio-
remediation strategy. Similarly, enumeration assays
might compare bioremediated with unamended
plots to allow control and analysis of general envi-
ronmental factors, such as the weather.

A promising new approach, which may be useful
even in the early stages of bioremediation, is to take
advantage of the fact that petroleum hydrocarbons
typically have a different stable isotope composi-
tion from more modern biomass, so that CO, from
hydrocarbon degradation can be separated from
other carbon dioxide based on its isotopic composi-
tion (Aggarwal & Hinchee 1991). An increase in
CO, evolution from hydrocarbons in treated plots
would be strong evidence for the success of a biore-
mediation strategy, providing the isotopic composi-
tion of any organic material added as part of the
treatment is taken into account.

Study at the bench, of samples with a well-charac-
terized history collected from the field, offer an-
other approach to the assessment of biodegradative
responses. For such an approach to work, the source
of the oil must be known, and some of the initial
material must be available for analysis. The spill
from the Amoco Cadiz was perhaps the first oppor-
tunity for this type of study (Gundlach 1983), and it
has been used with success in determining the rate
and extent of biodegradation following the spill
from the Exxon Valdez (Prince 1992). In order for
this approach to be quantitative, relatively inert
conserved internal markers must be identified; ho-
panes seem to serve this role in crude oils (Butler et
al. 1991) and phenanthrenes with three pendant car-
bon atoms fulfill this role in diesel fuels (Douglas
1992). This approach cannot dissect the processes
contributing to the disappearance of hydrocarbons
into, for example primary metabolism and cometa-
bolism, but it does provide a way of assessing the
ultimate limits of biodegradation in a particular en-
vironment. Unfortunately it can only be used if a
contaminant is relatively uniform in chemical com-
position throughout the contaminated area as is
true in a scenario of a spill from a single source, and
for many sites this may not be a realistic assump-
tion.

Diversity of species and activity

Sohngen (1913) isolated a number of bacteria from
soil, water and compost that could grow on gaso-
line, kerosene, paraffin oil and paraffin wax (Sohn-
gen 1913). Many have followed in these footsteps so
that there are now thousands of isolates capable of
growth on such compounds (Atlas 1981; Austin et
al. 1977a; Austin et al. 1977b; Austin et al. 1979; Bar-
tha & Atlas 1977; Buckley et al. 1976; Foght et al
1990; Leahy & Colwell 1990; Venkateswaran et al.
1991). Many fungi and yeast have also been shown
to grow on petroleum hydrocarbons (Atlas 1981;
Blasig et al. 1989; Leahy & Colwell 1990; Snellnam
et al. 1988). Such oil-degrading microbes have been
isolated from essentially every kind of environment
where they have been searched for, and it seems un-
likely that any environment on earth would be with-



out at Jeast a small population of such organisms

{Aeckersberg et al. 1991; Bazylinski et al. 1989; Ber-

trand et al. 1990).

Several generalizations can be made:

¢ For the relatively simple hydrocarbons, it is the
insertion of oxygen into the hydrocarbon that
seems to be the rate-limiting step for degrada-
tion.

s The inserted oxygen is molecular oxygen, al-
though there is no doubt that anaerobic degra-
dation, which must use some other oxygen
source (water, sulfate, nitrate?), can occur (Ber-
trand et al. 1989; Aeckersberg et al. 1991).

o There is evidence that some organisms that can
degrade aliphatics do not seem to be able to de-
grade aromatics, and vice versa (Foght et al.
1990).

e Biodegradation of alkanes, alkenes and simple
aromatics (up to at least four-ring compounds)
can be ultimately complete, generating only mi-
crobial biomass, water and carbon dioxide
(Walter et al. 1991).

Biodegradability of less degradable components

The biodegradation of the more slowly-degrading
compounds has been much less studied, and our
knowledge is at best fragmentary. Several different
approaches are providing important insights. One is
to analyze the molecular composition of petroleum
products, and address the specific degradation of
individual components, usually by pure microbial
strains. The other is to attempt to classify the mole-
cules in the petroleum into broad classes, and study
the degradation of these classes, usually by mixed
microbial populations. As examples of the former
approach, Gough and Rowland (1990) have de-
scribed techniques for analyzing the previously ‘un-
resolved complex mixture’ of hydrocarbons in pet-
roleum and many refined products, and have exam-
ined the degradation of these compounds by a pure
strain of Pseudomonas fluorescens (Gough et al.
1991). In a similar vein, but on a quite different class
of compounds, Chosson et al. found that only seven
Gram-positive strains, from a library of 73 aerobic
organisms, were able to degrade steranes (Chosson
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etal.1991). Such approaches promise to provide im-
portant insights into the specific metabolism of well
characterized microorganisms at higher levels of
microbiological rigor. They may also shed light on
the phenomenon of cometabolism, the process
whereby some compounds are degraded essentially
by accident, providing no useful energy for the cell.
Cometabolism may be very important for the re-
moval of some compounds from the biosphere.

An alternative approach is to study the biodegra-
dation of complex mixtures of hydrocarbons by cor-
respondingly complex mixtures of organisms. Such
an approach is relatively new for microbiologists,
perhaps because of an initially well-founded belief
that such work was irreproducible; ‘work with im-
pure cultures yields nothing but nonsense and Pen-
icillium album’ (Brefeld, 1881, quoted in Atlas and
Bartha 1991).

The current recognition of the importance of
what is occurring in the environment rather than
only in controlled experiments has stimulated a re-
evaluation of such views. For example, Oudot
(1984) has studied the biodegradation of Arabian
light crude oil by a marine mixed culture, and ana-
lyzed degradation by gas chromatography and mass
spectrometry. He found that the different classes of
compounds he could resolve could be divided into
five classes based on their susceptibility to degrada-
tion. The n- and iso-alkanes were highly susceptible
to degradation, the 1-,2-, 5- and 6-ring cycloalkanes,
1-ring and sulfur aromatics a little less so, the 3- and
4-ring cycloalkanes and 2- and 3-ring aromatics less
again, the tetra-aromatics, steranes, triterpanes,
naphtheno-aromatics very resistant, and the penta-
aromatics, asphaltenes and resins highly resistant.
Similar findings have been reported by Kennicutt
(1988) and Chianelli et al. (1991).

Another factor impacting biodegradation rates
of less-degradable components is their availability
to microorganisms. Most petroleum hydrocarbons
have only limited solubilities (Eastcott et al. 1988),
so microbes must produce biosurfactants in order
to interact with them (Hommel 1990). The produc-
tion of surfactants during bioremediation (Ober-
bremer & Miiller-Hurtig 1989) clearly influences
the process of biodegradation, but the phenom-
enon, especially as to how it affects processes in
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mixed cultures degrading complex hydrocarbon
mixtures, is poorly understood.

Impact of microbial ecology

Microbial ecology addresses the development of
methods and techniques to characterize the micro-
bial populations in active environmental samples.
These include determination of community struc-
ture and interactions among populations that are
necessary for quantitative predictive models of the
system’s ‘biological catalysts.” Currently the meth-
ods available for application to environmental sam-
ples lag the demand for this information.

One important question in performing bench
tests with the aim of later linkage to field treatments
is whether the diversities of the microbial commu-
nities in samples used in replicate tests are repre-
sentative of the overall microbial diversity of the
impacted area. Culturing of microorganisms yields
only a low percentage of the total microbial com-
munity; generally 99 percent of the organisms in a
sample are not culturable. Analysis of the DNA
from soils and sediments indicates that the overall
diversity of the microbial community is thousands
of times higher than the diversity estimated based
upon the culturable organisms. However, those
same molecular analyses of DNA from soils and
sediments suggests that just a few grams of soil con-
tains populations representing over 99 percent of
the total diversity of a given site. This applies to
both impacted and pristine soils and sediments.
Thus, experiments with only a few grams of soils or
sediments should provide an adequate basis for de-
termining the range of compounds that can be de-
graded at a given site by the indigenous popula-
tions.

Significant differences, though, occur within and
between sites, especially between impacted and
pristine sites. Adaptation is a critical factor in deter-
mining the ability of a microbial community to de-
grade pollutants. Often weeks to months are neces-
sary before the succession of populations are able to
attack the compounds in a complete mixture. The
range of compounds that can be attacked, thus, can-
not be readily predicted except by using samples

from the site of interest. In the sediments impacted
by the Amoco Cadiz spill it was found that the
adapted populations could rapidly degrade low
molecular weight hydrocarbons before they evap-
orated; the populations in those sediments were
adapted to continuous exposure to ballast wash-
ings. The populations in the sediments impacted by
the Exxon Valdez spill were able to degrade
branched isoprenoid hydrocarbons; the popula-
tions in those sediments were adapted to contin-
uous exposure to terpenes from pine trees.

The populations of hydrocarbon degraders in-
crease from less than one percent of the total com-
munity in pristine areas to a higher percentage of
the total community in impacted areas. One might
expect a direct relationship between the growth
rate of microorganisms and the rate of hydrocarbon
degradation. Generally only the standing biomass
and not the biomass turnover rate is measured and
the rates of pollutant degradation cannot be deter-
mined from such measurements.

In sediments impacted by the Amoco Cadiz oil
spill the growth rates of oil degrading microorgan-
isms were found to be 5-8 hours. Based on the
growth rates the rates of oil degradation could be
estimated based upon the assumption that 30-50
percent of the degraded carbon was incorporated
into microbial biomass. These estimated rates of
hydrocarbon degradation were within 15 percent of
those estimated based upon measurements of resid-
ual hydrocarbonsin field sediments. Measurements
of degradation rates of specific representative hy-
drocarbons, using radiolabelled substrates and one
gram sediment samples also correlated very well
with the changes in composition of the residual oil
in the sediments. Disappearance of oil from sedi-
ments on high energy beaches were accurately pre-
dicted by the in vitro rate determinations in low en-
ergy high intertidal sediments that were heavily im-
pacted.

Clearly interactions among microorganisms in a
community have a significant impact on the rates of
pollutant degradation. Using actual field samples
(rocks, water, soils, sediments) and the associated
mixed communities gives an appropriate communi-
ty that permits interactions. Studies with isolated



microorganisms fail to account for this community
complexity.

In a balanced ecosystem it is likely that oil degra-
dation is stimulated by the presence of predators
(Vestal et al. 1984); for example Rogerson and
Berger (1983) found that the presence of the preda-
tory ciliate Colpidium colpoda stimulated the deg-
radation of Norman Wells crude oil by a mixture of
oil-degrading bacteria, and that the ‘equilibrium’
bacterial cell densities were essentially unaffected
by the presence of the predators, even though these
were present at relatively high numbers. On the
other hand, predators may also inhibit biodegrada-
tion, especially by non-indigenous organisms that
are not well adapted to their new environment. For
example Ramadan et al. (1990) found that micro-
bial predation by protozoa could remove all of a
small inoculum of a Pseudomonas cepacia capable
of degrading p-nitrophenol, although larger inocula
survived and thrived.

Impact of analytical methodology on
experimental linkage

Because of the chemical complexity of petroleum,
selection of the type of analytical procedure has ma-
jor impacts upon the quantitative results of experi-
ments. Apart from the costs of various procedures
and the impact on project economy, results from the
same type of analytical detector, but on soil extracts
from different solvents or employing different frac-
tionation/purification methods will lead to different
results and difficulty in comparison of experimental
data. Further, a number of analytical detectors are
possible, each offering its own set of strengths and
limitations. Increasingly, responses of living orga-
nisms to petroleum and its fractions in environmen-
tal matrices are being considered for analytical
methods that integrate effects across various com-
pound types.

Selection of the analytical techniques for moni-
toring petroleum hydrocarbon bioremediation is
critical for several reasons. Non-specific analysis of
the bulk oil phase is of interest for identification of
location and extent of contamination. Conversely,
specific compound information is of interest be-
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Fig. 3. Procedures in petroleum analysis.

cause it can be modeled in kinetic and structure-
function relationships important in developing ex-
perimental comparisons.

The choice of analytical method is based on a bal-
ance between the desired information content and
cost required for a particular application. At one
extreme, visible indicators of contamination such as
oil sheens on water or black oily-looking soils have
been used. At the other extreme, the understanding
of mechanistic fate pathways may require measure-
ment of the concentration of a specific compound
present at the part per billion level in a relative
‘ocean’ of other compounds. While the former anal-
ysis requires only human observation, the latter
may require weeks of sample preparation com-
bined with sophisticated measurement and data in-
terpretation.

In most studies, a middle ground is taken. Mea-
surements are made on some component groups
without detailed speciation. While simple observa-
tion requires no treatment (Fig. 3), the specific com-
pound analysis requires at least three steps: extrac-
tion, fractionation and characterization. By using



218

i

THERMAL
DESORPTION EXTRACTION

FREON METHYLENE
CHLORIDE
EXTRACTION

\ O\

SUPER-CRITICAL
CARBON
DIOXIDE

Fig. 4. Impact of extraction on analytical response.

subsets of these steps, a number of intermediate
measurements of ‘group-type’ behavior can be
monitored.

Each monitoring technique provides a partial
‘snapshot’ of the barrel of oil shown in Fig. 2. The
choice of method or ‘filter’ affects the scale and fo-
cus of that snapshot. As the analysis proceeds
through the different levels of filtration, some por-
tion of the sample is sacrificed to allow better focus
on the remainder. Thus snapshots taken with differ-
ent filters will present a different image of the bar-
rel. The challenge to the scientist is to take snap-
shots that focus on portions that are appropriate for
the experiment and to allow for comparison be-
tween experiments using diverse analytical meth-
ods.

The following sections discuss the effects of the
extraction, fractionation and characterization on
measurements of the different portions of the oil.
All measurements involve some combination of
these steps so it is important to understand their in-
terdependence.

Extraction processes

The recovery of oil from a soil matrix can be

achieved by a number of techniques that are de-
pendent upon the fraction of the barrel involved
(Fig. 4).

While volatile components (<C) can be re-
moved by thermal desorption, heavier components
are generally recovered by some type of solvent ex-
traction. Single equilibrations in separatory funnels
or shake flasks are limited to qualitative applica-
tions. More thorough extraction of the oil from the
soil is required for quantitative measurements. In
most cases, samples are acidified and dried (by ad-
dition of anhydrous sulfates) and subjected to
either triplicate solvent treatments in ultrasonic
baths or to extended extraction in a Soxhlet appara-
tus.

Two commonly used solvents that illustrate the
extraction differences are Freon 113 and methylene
chloride. The Freon is effective in extracting the
nonpolar, lower molecular weight portions of the
barrel, but gives incomplete extraction of the larger
aromatics and the polars. Methylene chloride is less
selective and effectively extracts all the oil compo-
nents. However, the methylene chloride is more
likely to extract non-hydrocarbon organics from
the soil.

Alternatively, supercritical fluid extraction
(SFE) with carbon dioxide has been proposed for



removing oil from contaminated soil. Initial work
has demonstrated that carbon dioxide alone only
extracts the nonpolars portion of the oil but sug-
gests that ‘modifier solvents’ may extend its appli-
cation.

Fractionation methods

Once an oil has been extracted from a solil, it is often
fractionated to remove materials that interfere in
the following analytical steps. Fractionation
schemes range from simple solvent rejection to
complex multi-step chromatography. For this dis-
cussion, we will consider the common techniques as
they apply to a methylene chloride extract (Fig. 5).
Simijlar results will arise from the use of other ex-
traction solvents.

The initial extraction condition often influences
the extraction selectivity. Acidification of the sam-
ples converts organic bases to salts that resist sol-
vent extraction, especially if a weak solvent like
Freon is used. If the solvent is removed by evap-
oration in order to concentrate the extract for sub-
sequent analysis, components below C,;-C,; may be
lost.

One common practice in the preparation of heav-
ier oils is to ‘remove the asphaltenes”. Thisis a non-
selective technique that utilizes solvents to reject
high molecular weight components that are difficult
to characterize. Both waxes (>C,,) and polars are
rejected by low molecular weight paraffins such as
pentane, hexane or heptane. The elution of heavy
oil through clay with hexane will effectively remove
the polar molecules, which can be recovered from
the clay with more polar solvents such as toluene,
acetone, or methanol.

Adsorption onto silica gel can be used to isolate
the saturates from the aromatics. The extent of res-
olution depends upon the solvent used. For exam-
ple, moist silica gel is used to treat Freon extracts to
remove larger aromatics and polars. With hexane
and dry silica gel, the saturates and aromatics can be
completely resolved. Adsorption onto alumina on
the other hand is better suited for the separation of
aromatics by ring type. It is particularly useful in
isolating the 3-to-5 aromatic ring types.
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High performance liquid chromatography
(HPLC) and gel permeation chromatography are
more sophisticated approaches for similar types of
separations. Chromatographers use a range of ad-
sorbents and solvents to fractionate the oil by func-
tionality or another property.

Characterization techniques

The simplest characterization technique is gravi-
metric analysis — the evaporation of a fraction to
constant weight. The evaporation of the extraction
solvent limits this technique to the heavier portion
of mid-distillates and higher-boiling-fraction mate-
rials with carbon numbers greater than 10-15 and
gives no information on the chemical character of
the oil.

Infra-red spectroscopy, now commonly practiced
in the Fourier Transform Infra-red Spectrometer
(FTIR), provides a quantitative measure of dipole-
active functionalities. While capable of detecting a
number of chemical bond functionalities, FTIR is
not a universal detector. FTIR detects the equiva-
lent of ‘bright spots’ in the crude oil. If one looks at,
for instance, a CH stretch in the 2830 cm™ region,
FTIR can be used to estimate the hydrocarbon con-
tent of a Freon extract. However, the values are
only approximate because the response depends on
compound structure. This application is also limited
to analysis of extracts of the few extraction solvents
that are free of CH bonds of their own.

Gas chromatography (GC) can be used to quan-
tify individual components in the naphtha and the
uniquely resolved n-paraffins up through the vacu-
um gas oil. Although GC can quantify the mass of
unresolved components on the basis of boiling
point, it does not distinguish them in functionality.
GC fails to provide data on asphalts,

Magnetic resonance for protons (H-NMR) and
carbon (C-NMR) probes the molecular structure of
oil fractions. Since this technique groups carbon
and hydrogen functionalities independently of boil-
ing point, it is valuable in identifying the functional
forms of carbon and hydrogen, but gives limited in-
sightinto how the functionalities are connected into
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Fig. 5. Impact of fractionation on analytical response.

molecules. Thus, carbon or hydrogen in naphtha
and residuum molecules cannot be discriminated.
With appropriately calibrated detectors, HPLC
can also be used to quantify the mass and aromatic-
ity in fractions of the barrel with component analy-
sis similar to that presented in the bar chart of Fig. 2.

Mass spectrometry (MS) is most effective when
combined with some type of chromatographic sep-
aration. MS alone characterizes fractions volatil-
ized into its detector on the basis of molecular
weight. However, aromatics and multi-ring napth-
enes are not resolved so saturates, aromatics, and



polars are generally separated before MS analysis.
Low voltage, high resolution MS uses molecular
ions to determine the paraffin and napthene con-
tent of saturates. Advanced forms of MS are being
developed that allow the characterization of vacu-
um residuum, not sufficiently volatile for detection
in current MS methods.

The combination technique GC/MS is perhaps
the most powerful method for quantifying individu-
al species within a contaminant oil. It combines the
boiling point resolution of GC with the molecular
type information of MS. It is often used after exten-
sive sample preparation for two reasons, first to
minimize interferences, and second to sufficiently
concentrate the trace amounts for quantification.

One direct analysis of the soil contamination is
thermogravimetric analysis combined with mass
spectrometry (TGA/MS). The weight loss is deter-
mined as a function of temperature and the charac-
teristics of the volatilized material are determined
by GC/MS. Commercial instruments are now avail-
able for characterization of contaminated soil. This
is a powerful qualitative probe. Because of large
variabilities experienced in small site samples and
the very small sample sizes used in this approach,
replicate analyses are needed to determine the sta-
tistics of the soil samples.

Biological responses can be used to quantify the
amounts of certain chemicals or elements in soil or
aqueous media. These have been defined as bioas-
says, in the truest sense of the word, and have his-
torical use for determination of vitamins or miner-
als in growth media for plants and animals (Butler
1978; Rand & Petrocelli 1985). Bioassays were
widely used in quantitative analytical applications
before chemical analytical tools could quantity con-
centrations at the part per million concentrations
and below. Today, applications of bioassays have
been redirected to assist in characterizing concen-
trations of contaminants that cause an adverse ef-
fect on the survival, growth or reproduction of bio-
ta. Such applications are called toxicity tests today
(Butler 1978; Rand & Petrocelli 1985).

Analytical chemistry has advanced detection and
quantification of contaminant residues to such low
levels that it is often difficult to evaluate the biolog-
ical and ecological significance of exposures at
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these concentrations. As an analytical tool, the re-
sponse of plants and animals to contaminant con-
centrations can be used to define acceptable clean-
up targets for contaminated soils or waters. Some or
all of the contaminant extracted by analytical chem-
ical approaches may actually be bound in an envi-
ronmental matrix and not available for uptake by
plants and animals, e.g., not bioavailable (Hassett &
Banwart 1989; Weber et al. 1983; Knezovich et al.
1987). Reduction of contaminant concentrations to
alevel acceptable for human and ecological safety is
becoming a much more prominent goal than clean-
up activities driven by analytical quantification and
detection limits.

Biological analytical approaches use quantitative
dose-response relationships, fundamental to the
field of toxicology, to define safe contaminant con-
centrations for various conditions. Using survival,
growth, reproduction, or physiological health as
measures of biological response, safe contaminant
concentrations can be defined as concentrations be-
low which no biological response is elicited.

Mammalian and environmental toxicology are
applying existing approaches and rapidly develop-
ing new techniques for quantifying biological re-
sponses to contaminants in environmental media.
In particular, toxicity tests with microbes, plants or
animals can be applied to determine the rate at
which bioremediation treatments can restore soils,
sludges or water to conditions that reduce human
health concerns and support healthy plant and ani-
mal life (Butler 1978; Rand & Petrocelli 1985;
Pritchard & Bourquin 1985; Wang et al.1990; Gor-
such et al.1991; Warren-Hicks et al.1989; NRC1981).
Because the biological systems integrate effects of
all constituents in the growth media, effects of deg-
radation intermediates, by-products, and residual
contaminants can be assessed.

A number of standardized tests utilizing bacte-
rial, plant, and animal responses are being devel-
oped and applied to assess the concentrations and
bioavailability of contaminants. Alterations in mi-
crobial fluorescent activity has become a common,
rapid test of contaminant effects in soil and aqueous
media (Munkittrick et al. 1991), although the eco-
logical significance of test results may be difficult to
extrapolate beyond the screening level of assess-
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ment Survival, growth and reproduction of plants
and animals are evaluated in a number of standar-
dized test methods (Wang et al.1990; Gorsuch et
al.1991; Warren-Hicks et al.1989; NRC 1981), with
additional methods continually under develop-
ment. Tests with terrestrial and aquatic micro-
cosms, which are complex biological arrays in small
scale systems, have been used to determine more
complex relationships between degradation, per-
sistence, and bioavailability of contaminants in
complex environmental matrices. Test results from
such scaled test systems often are more easily extra-
polated to full scale environmental assessments
(NRC 1981). These biological tools are being ap-
plied more frequently as part of a comprehensive
bioremediation program in order to evaluate the ef-
ficacy and safety of waste treatment options.

Impact of statistical design and analysis on
experimental linkage

Sound design and the ability to statistically com-
pare experimental results are central {o the issue of
experimental linkage. Once disciplinary impact,
physical structure, chemical composition, biologi-
cal characteristics, and analytical methodology are
considered, statistical design and analysis are neces-
sary for conducting successful comparative studies.
This section deals with methods and learnings de-
rived from several Exxon bioremediation studies.

The development of methods for statistical de-
sign and analysis of bioremediation experiments
should be viewed as an evolving process. First, in
bioremediation studies too little is generally known
to focus on just a few biodegradation enhancement
treatments. Secondly, little is known in situ about
the nature of the time-concentration profile of
these treatments. What is needed is a design strate-
gy consisting of a series of experiments to find the
most effective treatments as well as the best method
of application of these treatments in the field.

The strategy depends on the experimental objec-
tives. One possible strategy is:
— to conduct screening experiments to narrow

down a relatively large number of treatment

types;

- to perform follow-up experiments to identify
and perhaps to quantify the effectiveness of a
limited number of treatments;

— to conduct other follow-up experiments to de-
termine the application rate and timing for the
best treatment types.

Statistical design consists of three interrelated com-
ponents: treatment design, experimental design,
and sampling design. Treatment design concerns
the selection of treatments as well as the arrange-
ment of treatments across experimental units. Ex-
perimental design consists of methods to control
variability. Sampling design concerns the specifica-
tion of the sampling unit, the determination of the
number of samples needed to attain adequate pow-
er (defined later), and the determination of sam-
pling times.

Experiments are designed for different purposes.
Two types of studies will be considered here: bench
studies (B experiments) and field studies (F experi-
ments). A long-term design strategy typically in-
volves both types of experiments.

Bench experiments are generally conducted to
determine the feasibility of certain treatments. A
treatment consists of the type of application (e.g.,
fertilizer), the amount applied per unit of oil, and
the times of application. Experimental units for soil
bioremediation applications generally can be cate-
gorized as completely-mixed reactors (e.g., slurry
reactors) or alternatively fixed-bed reactors (e.g.,
soil pan reactors).

Field experiments are of two major types: large
versions of the bench experiments (large-scale ex-
periments) and in sifu experiments. Large reactors
or plots are the analogs of the bench reactor and
pan experimental units. If treatments are applied
directly to the contaminated areas, the experiment
is said to be in situ.

The sampling design determines whether the
samples are collected at a few time positions or are
obtained more frequently. As a consequence, the
two types of studies can be further identified ac-
cording to whether the objective is to estimate abso-
lute or relative changes among treatments at one or
more fixed time periods (A-modeling) or to assess
these differences in terms of rate equations (R-
modeling).
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Fig. 6. Statistical design for experimental linkage.

The following figure (Fig. 6) shows the relation-
ships among the design elements, the types of ex-
periments, and the modeling process. Although
modeling has not yet been discussed, it will be con-
strained by the design elements and the modeling
objectives will in turn influence the design process.

The success of the statistical design should be
quantified. The signal-to-noise ratio and the power
to detect meaningful differences will be used as cri-
teria for design characteristics. The signal is the esti-
mated treatment effect, which depends principally
on the treatment design, and the noise depends pri-
marily on the experimental design. The signal-to-
noise ratio is expressed in terms of a test statistic
such as the t or F statistic. The power of a test quan-
tifies the plausibility of the alternative hypothesis,
i.e., it gives the probability of accepting the alterna-
tive hypothesis. Power can be computed a priori or
a posteriori. If power is computed as part of the de-
sign process, estimates of the signal-to-noise ratio
are needed.

The P-value (the probability of obtaining a value
of the test statistic as large or larger than the observ-
ed test statistic under the null hypothesis) quanti-
fies the plausibility of the null hypothesis. If the P-
value is small, the null hypothesis is likely to be
false.

Experimental design issues

Experimental design consists of methods to reduce
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the variability or noise in the response data. Bench
experiments are discussed first. The sources of vari-
ability, besides the treatment effect, are the experi-
mental unit-to-unit variability and the variability
within units. Generally both sources of variability
will be present when treatment comparisons are
made.

The unit-to-unit variability is controlled by thor-
oughly mixing the substrate prior to dividing it
among reactors or pans. If among-unit variability is
high, it will almost certainly mask (or perhaps con-
found) treatment effects of interest. The second
source of variability is that due to variation within a
reactor or pan. This may be due to an edge effect in
pan or reactor samples or due to vertical zones with-
in a reactor.

Because of the internal variability, it may be diffi-
cult to obtain a representative sample of the reactor
or pan. These samples are obtained in one of two
ways: by grab samples or by composite samples.
Grab samples are obtained and analyzed separately
for the components of interest. Grab sampling is
generally expensive and thus a more useful ap-
proach is to do composite sampling. Individual
grabs, determined randomly or systematically, are
mixed prior to analysis resulting in a physical av-
eraging process.

Experimental design is also directly associated
with establishing valid error terms. The experimen-
tal unit is the entity to which the treatment is ap-
plied. For bioremediation bench studies it is gener-
ally either a slurry reactor or a pan. Although many
sources of variability may be present in an experi-
ment, the experimental unit variability (among
units) is the one most appropriately used as the er-
ror term.

Large-scale experiments generally have relative-
ly few experimental units (i.e., plots or reactors) and
are limited by costs associated with planning and
implementation. Nomnetheless, the experimental
units may incorporate sufficient diversity and com-
plexity to provide adequate representation of the
experimental site.

Experimental design issues can be illustrated by
considering an experiment for testing the feasibility
of various treatments on contaminated soil. The
sampling materials for these plots can be obtained
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in one of several ways. The region can be subdivid-
ed with random samples obtained from the grid of
available sites. Each sample would then be used to
fill a plot. The difficulty with this approach is that a
large number of plots would be needed to be repre-
sentative of the region. An alternative is to compos-
ite the samples prior to applying the treatment. In
this case, only one or a few composited plots might
be used for each treatment.

In situ experiments can address issues regarding
site-specific problems related to the disposition of
the contaminant or its clean-up. Spatial and tempo-
ral variability at the site must be controlled. If the
region has gradients, e.g., systematic moisture or
substrate changes, then agricultural blocking-type
sampling restrictions should be used. By using ap-
propriate blocking strategies, variation due to gra-
dients in one or more directions can be removed
from the error term, thus increasing the precision of
the experiment. Another problem with in situ ex-
periment is the treatment transfer phenomenon. If
sampling sites are not separated sufficiently, treat-
ments can cross over into other treated or control
sites.

What are the scale-up implications of these ex-
periments? The major statistical change is that both
the between and within experimental unit variabil-
ity increase in moving from pan to plot to site (or
slurry to large-scale reactor) experimental units.
Furthermore, the success of the scale-up depends
on the similarity of the physical, chemical, and bi-
ological properties and processes at different scales.
Thus it may become more difficult to assess wheth-
er or not a treatment works in the field.

Treatment design

Initially, a study may focus on screening a large
number of treatments. The objective is to identify
which treatments are worthy of further investiga-
tion. Once poor contenders have been eliminated
from consideration, the remaining treatments can
be studied in depth.

A second experimental objective is to determine
the optimum settings for certain process variables.
For example, a fertilizer may be known to be an ef-

fective bioremediation agent. The objective then is
to establish optimal values for the rate and frequen-
cy of application of the fertilizer. Traditionally, re-
sponse-surface designs have been used to find the
optimum operating values. Alternatively, orthogo-
nal array designs are useful in identifying optimal
conditions (Phadke 1989).

Sampling design

The sampling design, as considered here, concerns
the number of samples required and the frequency
of sampling. It is directly related to the power of the
statistical tests as explained below. Bioremediation
studies are nearly always longitudinal, i.e., the ef-
fect of the treatment occurs over time. How the
sampling is done depends on whether ‘difference’
or ‘rate’ modeling is of principal interest.

R-Modeling — experiments designed to model rate
behavior

Any measurable component in a bioremediation
experiment has a response curve over time. The
baseline response curve is that obtained by natural
processes without the addition of any treatments.
This section examines the sampling approaches
used to compare the response curves of one or more
treatments to that of a ‘control.’

The sampling design for comparing some param-
eter (e.g., the rate constant of a first-order rate
equation) of the response curves for two treatments
consists of two parts. First, for a given sample size
for each treatment, determine the optimum alloca-
tion among sampling times and replications at those
times to minimize the standard error of the estimat-
ed parameter difference. The second part concerns
how the power of this test is related to the overall
sample size.

If the researcher has a rough idea of the function-
al form of the model, then a program such as JMP
Design (Sall & Lehman 1992) could be used to find
the D-optimal design. On the other hand, if little is
known about the response function, an approach is
to space the samples over the length of the experi-
ment, but replicate at every other or every third
sampling time. This allows many functional types to



be fit with reasonable, but not optimal, efficiency.
The sample spacing is generally at equal time peri-
ods, but if rapid change occurs at the beginning of
the experiment, then a geometric sequence might
be preferable.

Once the sampling pattern has been established,
a power analysis should be done to determine if dif-
ferences of interest can be detected with a high
probability. Power studies can be done a priori with
programs such as JMP (SAS Institute,1989) in a
‘what if” scenario. The overall sample size can be
increased, if necessary, without substantially chang-
ing the sampling pattern by increasing the number
of replications, by filling in the unsampled time in-
tervals, or by reducing the number of treatments.

A-Experiments — experiments designed to estimate
differences at given times

Certain experiments are conducted to answer the
following type of question: Is treatment A more ef-
fective than the control or perhaps treatment B?
This section will examine sampling schemes to max-
imize the power of statistically detecting a differ-
ence.

The difficulty with this type of experiment is that
the differences change with time. This raises the
question of what is meant by a difference, since nat-
ural biodegradation processes may eventually
cause response curves to converge. Therefore, a tar-
get time must be identified.

In A-modeling experiments all of the sampling is
done at time zero and at one or more target times.
Generally only one or two target times are selected;
otherwise, the experiment essentially becomes an
R-modeling experiment. It might seem that com-
parisons should be made at each of the target times.
This typically will not work.

A better analysis is to consider the treatment de-
sign to be crossed with time. The interaction effects
are then of principal interest since they test relative
changes between the treatment and controls. Ad-
justment at time zero is automatic and the degrees
of freedom associated with the error term are larger
than an analysis at each sampling time.

Hybrids
Putting all of the sampling effort at time 0 and at a

225

few target times is efficient for detecting a change at
these target times. Two objections may arise. First,
the target times may be misplaced. An incorrect
conclusion may be drawn that no differences exist
when in fact they exist at other time periods. Sec-
ond, little information is available about rate equa-
tions unless relatively simple response functions are
true.

A hybrid sampling scheme can overcome these
objections, at least partially. The strategy is to take
intermediate samples, but to maintain adequate
numbers of replicates at the target times. This will
result in reasonable power for treatment compari-
sons and it will allow more complex rate equations
to be investigated.

Model building

This section discusses model building issues for
both A- and R-type modeling experiments. Both
linear and nonlinear models will be considered.

A-Modeling

A-modeling studies are designed to ask whether or
not treatments differ at one or more time periods
after the initiation of an experiment. Linear statisti-
cal models, often on a log transformed scale, are the
most common approach for testing treatment ef-
fects. For simplicity, assume a one-way treatment
design with ‘repeated’ measurements over time,
Two cases must be distinguished: measurements
made over time on different experimental units and
repeated measures made on the same experimental
unit.

Sacrificed experimental units

The reactors in bench studies are often sacrificed
when the sample material is collected in order to
acquire complete recovery of the analytes. Like-
wise, plot experiments are tilled between sampling
times, which in effect creates new experimental
units, and different locations may be chosen in site
studies. In all of these cases, each observation for a
variable of interest is measured on a different ex-
perimental unit.

The model is then:
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Cu=m+q+t+g;+ey

where C, is the component response (perhaps
transformed) for the k™ replicate on the i™ treat-
ment at time j. The treatment-by-time interaction,
g, is the principal effect of interest. It measures the
differential effects of the treatments over time. In
other words, if the treatments increase biodegrada-
tion, but at the same rate, then the interaction effect
will be zero.

The linear model as expressed above must satisfy
certain assumptions. Besides additivity, the error
term is assumed to be normally and independently
distributed with constant variance. Independence
may not be satisfied due to autocorrelation over the
sampled time periods. In addition, the variance may
be a function of the mean response which violates
the constancy of variance assumptions. These as-
sumptions need to be verified by statistical diagnos-
tics during the model building process.

Conserved experimental unit with repeated
measures

Pan experiments or plot experiments in which the
material is not substantially changed between sam-
pling times have a fundamentally different analysis
strategy. This type of model is called a repeated
measures model.

The principal difference is that two error terms
are used for testing purposes. The modelis given by:

Cl.jk =m+q; + 1 + + 85 + Sy

where the terms are defined as above except I, is
the variability of experimental units within treat-
ments and ey is the interaction between experi-
mental units and time. These are assumed to be ran-
dom effects in the model with the standard assump-
tions of normality, independence, and constancy of
variance.

The repeated measures model may provide a
more precise estimate of the interaction effects (us-
ing the second error term). However, the assump-
tions of this model must be verified. Autocorrela-
tion is more likely to be a problem for this model.

Adjustments for this autocorrelation should be
made, which has the effect of reducing the sample
size and thus decreasing the precision of the esti-
mates or the power of the tests.

R-Modeling

Sampling over time allows more complex rate mod-
els to be fit. First-order models are most commonly
fit in which the rate constant is often generalized to
be a function of other variables such as the nitro-
gen-to-contaminant ratio. The simplest form of this
model in differential form is:

d [c(t)}/dt = (8, + B, %) c(t)

where x is a dummy variable representing the pres-
ence or absence of a single treatment. The treat-
ment effect is estimated by ©,, which characterizes
the difference in the rate constants.

The nature of the error term determines whether
alinear or nonlinear model should be fit. If the error
term is multiplicative in the integral form of the
model, then a linear model on the log-transformed
scale may be possible. If the error term is additive,
nonlinear models must be fit (Bates & Watts 1988).
Constancy of variance is a critical assumption in
these models. If the variance is a function of the
mean, then these models can be adjusted by iter-
atively weighting the regression models.

The models described so far assume that the un-
derlying form of the model does not depend on the
treatment. This is what allows the simplification us-
ing dummy variables. If the form of the underlying
model does not fit all treatments well, then it may be
possible to improve the fit by increasing the com-
plexity of the underlying model, e.g., by using mul-
tiple rate constants. This may create a difficult or
intractable estimation problem. Furthermore, it
may mask simpler underlying models which depend
on the treatment, e.g., one treatment may be first
order and another may be logistic.

A further modification is to incorporate coordi-
nates into the model. As an example, bioremedia-
tion of oil may also depend on the physical proper-
ties of the oil, temperature, or related adapting mi-
crobial communities. These variables, which may
be time dependent, need to be integrated into the



model. The likely result is that the rate parameter is
no longer a constant but now a time-dependent var-
iable.

Summary

Reliable comparison of bioremediation experi-

ments between scales leading to predictive capabil-

ity and related commercialization of petroleum site
bioremediation is a challenge yet remaining in this

fast-paced field. Issues have been identified at a

number of levels in this paper and no claim has been

made that this analysis has been comprehensive.

Specific issues include:

o The commercialization process is inherently in-
terdisciplinary and experimental methods bor-
rowed from specific disciplines may limit com-
parison across disciplines.

» Two broad strategies exist on which to base ex-
perimental comparisons. One strategy strives to
create experiments that have exact geometric,
mechanical, thermal, chemical and biological
similarity between experiments and interpret
differences in responses to ‘scale-specifc’ rela-
tionships. The second strategy recognizes the
difficulties, perhaps impossibilities creating bio-
logically similar experiments and uses modeling
to establish the relationships between geomet-
ric, mechanical and thermal characteristics with
best efforts to maintain chemical similarity. Dif-
ferences in response are considered phenomen-
ologically with future advances in microbial
ecology needed to establish rate relationships
for improved experimental linkage.

o Petroleum oils and products are compositionally
complex and quantitative analytical results and
conclusions depend strongly not only on the gen-
eral methods chosen but on relatively slight vari-
ations accepted within methods. Because of the
possible impact of apparently minor variations
in methods on results, meaningful comparison of
results among investigators may be difficult.

¢ Petroleum-contaminated sites may have great
variability in composition owing to diverse prod-
ucts spilled at random times over perhaps a cen-
tury. Weathering processes lead to composition-
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al changes and pollutant compositions on the
contaminated soils may be site-specific on scales
assmall as a few feet. The impact of this chemical
variability on the bioremediation response is
currently unknown.

Bench-scale methods exist to assay for biodegra-
dation potential and rates on site samples but
linkage of these results back to the field experi-
ment is limited. This is influenced by problems of
changing the environment and community struc-
ture upon sampling as well as in the biodegrada-
tion assay. Techniques that make use of biode-
gradation-resistant internal chemical markers
promise to aid in the measurement of bioreme-
diation effects, but apply best to cases where the
contaminating oil comes from a single source at a
single time.

Analysis of petroleum contamination using
bioassays or the responses of biological orga-
nisms is an emerging area that may help link ex-
periments based wupon their biological re-
sponses.

Statistical designs are central to the success of
both bench and field experiments as well as to
the comparison among them. A balance must be
found between the number of treatments stud-
ied and the precision of estimating treatment ef-
fects and rate models. Since bench experiments
are generally less variable than field experi-
ments, treatment screening should be done at
the bench level (assuming an acceptable level of
similarity), whereas field studies should be con-
firmatory and more narrowly focused. The treat-
ment design must be complemented by a sound
experimental design in order to structure the ex-
periment to minimize the error variability.

The dual objectives of a bioremediation study: 1)
to estimate or test treatment effects or 2) to esti-
mate a rate model, are both the result of and the
guidance for the sampling design. If both objec-
tives are important to the investigator, hybrid
sampling plans are appropriate in which the
time-series samples are supplemented by repli-
cations at targeted comparison times. In any
case, whatever the experimental objective, after
selecting the mostimportant treatment compari-
sons (i.e., the treatment design) and optimizing
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the precision of the comparisons (i.e., the experi-
mental design), the power to establish differenc-
es among treatment effects or rate models must
be acceptable (the sampling design).
Reliable predictive linkage of bioremediation ex-
periments is a difficult and challenging endeavor
that will require a relatively large-scale effort and
may also require the development of new methods
before the ultimate goal is achieved.
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