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Soil Remediation Techniques at Uncontrolled
Hazardous Waste Sites

A Critical Review

Ronald C. Sims

Utah State University
Logan, Utah

The objective of this critical review is to address soil remediation techniques at uncontrolled
hazardous waste sites with regard to the following areas: 1) important regulatory and
technical issues and information needs concerning soil remediation at uncontrolled hazard-
ous waste sites; 2) approaches for selection of remediation techniques; and 3) the current
state of knowledge regarding soil remediation techniques, including applications and limita-
tions. The areas identified above are addressed with regard to current information, selected
milestone publications, and specific applications of technologies to provide a synthesis of the
topic.

The information concerning current issues, approaches, and soil remediation techniques
presented was critically reviewed in order to: 1) identify deficiencies in current approaches;
2) develop a conceptual framework for remediation; and 3) recommend improved approach-
es for selection of remediation technologies.

In 1980 the first comprehensive federal law addressing re-
leases of hazardous substances into the environment was
enacted, the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA), or Superfund.
The primary goal of CERCLA was to establish a mechanism
to respond to releases of hazardous substances at abandoned
or uncontrolled hazardous waste sites that posed a threat to
human health and the environment. The regulatory frame-
work for guiding both short-term emergency responses as
well as long-term cleanup of hazardous waste sites became
the National Contingency Plan (NCP), revised in 1982 and
1985. Under CERCLA, the NCP outlined the level of clean-
up necessary at a Superfund site and established procedures
to be followed for discovery, response, and remediation of a
hazardous waste site.1

The Superfund Amendments and Reauthorization Act of
1986 (SARA), Section 121, Cleanup Standards, stipulates
rules for selection of remedial actions, provides for review of
those actions, describes requirements for the degree of
cleanup, and mandates conformance with the NCP whenev-
er possible.2 Under Section 121, the U.S. Environmental
Protection Agency (U.S. EPA) is required to select remedial
actions involving treatment that " . . . permanently and sig-
nificantly reduces the volume, toxicity, or mobility of haz-
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ardous substances, pollutants, and contaminants..." The
U.S. EPA must also approve the selection of a remedial
action that is "protective of human health and the environ-
ment, that is cost-effective, and that utilizes permanent so-
lutions and alternative treatment technologies or resource
recovery technologies to the maximum extent practicable."2

Remedial actions also must meet all applicable or relevant
and appropriate requirements (ARARs). Applicable re-
quirements refer to standards, requirements, criteria, or lim-
itations that specifically address a hazardous subsurface,
pollutant, contaminant, remedial action, location, or other
circumstance at a CERCLA site. Relevant and appropriate
requirements refer to those cleanup standards that, al-
though not applicable, address problems or situations suffi-
ciently similar to those encountered at the site so that their
use is suitable. Although SARA provides specific approaches
to hazardous waste site remediation, because of the variety
of releases and threats encountered at hazardous waste sites,
specific remedial actions and cleanup levels must be deter-
mined on a site-by-site basis.3

In the proposed revision of the NCP,4 the U.S. EPA ad-
dresses the need for rapid characterization of site risk and
for evaluation of remedial actions through an approach that
addresses site characterization and evaluation of remedia-
tion alternatives using a five-step process. The five-step
process includes: 1) project scoping, 2) remedial investiga-
tion, 3) feasibility study, 4) selection of an action, and 5)
documentation.
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Project scoping involves a preliminary site characteriza-
tion and the development of remedial investigation and fea-
sibility studies (RI/FS), and also addresses quality and
quantity aspects of data collection. Remedial investigation
involves data gathering related to site characterization and
selection of response actions. In one major effort to guide site
characterization activities so that they relate more efficient-
ly to selection of surface and subsurface remediation tech-
nologies, the U.S. EPA offered a seminar on site character-
ization for subsurface remediations through the Robert S.
Kerr Environmental Research Laboratory (RSKERL),5

with a follow-up publication of the same title.6 The
RSKERL has also developed specific technology transfer
information through the Subsurface Remediation Technol-
ogy Support Center.7

The feasibility study involves analyzing remedial alterna-
tives for a specific site related to effectiveness, ease of imple-
mentation, and cost. Treatment technologies that meet the
above requirements are selected and are further evaluated
based on nine criteria mandated by CERCLA and SARA,
including: 1) overall protection of human health and the
environment; 2) compliance with applicable or relevant and
appropriate requirements (ARARs); 3) long-term effective-
ness and permanence; 4) reduction of toxicity, mobility, or
volume; 5) short-term effectiveness; 6) implementability; 7)
cost; 8) state acceptance; and 9) community accep-
tance.3

The nine criteria cited above are used in the preparation
of the record of decision (ROD) and have been organized
into three groups: 1) threshold, 2) balancing, and 3) modify-
ing criteria. Threshold criteria that must be met include
protection of human health and the environment and com-
pliance with ARARs. Balancing factors are used to weigh
major tradeoffs among viable approaches and include long-
term effectiveness and permanence; reduction of toxicity,
mobility, or volume; short-term effectiveness; implementa-
biliy; and cost. Modifying criteria include state and commu-
nity acceptance considerations. The final phase of the reme-
dial action process involves documenting how the nine crite-
ria were used to select the chosen remedial technology in a
ROD.3

Two major problems with regard to meeting soil remedia-
tion requirements under CERCLA have been: 1) lack of
availability of appropriate technologies, and 2) lack of meth-
ods and approaches for evaluating and selecting remedial
technologies for specific site-waste scenarios, especially with
regard to in situ remediation.

Recognition for the need for development of technologies
and for communication of the types of technologies devel-
oped to the user community, as well as applications and
limitations of the technologies, was identified in SARA
(1986). For the first time SARA directed the U.S. EPA to use
Superfund monies to conduct research and technology
transfer to support the cleanup of sites on the National
Priorities List. In 1986, the U.S. EPA Office of Solid Waste
and Emergency Response (OSWER) and Office of Research
and Development (ORD) established the Superfund Inno-
vative Technology Evaluation (SITE) program to promote
the development and use of innovative technologies to clean
up Superfund sites, composed of three related programs: 1)
demonstration program; 2) emerging technologies program;
and 3) measurement and monitoring technologies program.8

As an extension of the SITE program, the U.S. EPA is
participating in an international study on "Demonstration
of Remedial Action Technologies for Contaminated Land
and Groundwater." The study offers an opportunity to ob-
tain a data base on various remedial action unit processes
without any single country having to commit a dispropor-
tionate amount of its internal resources to any specific activ-
ity.9 Each participating country provides the necessary re-
sources for the demonstrations it is sponsoring. The study is
a five-year program, with participants from Canada, Den-

mark, Federal Republic of Germany, France, Greece, Italy,
Japan, the Netherlands, Norway, Spain, and the United
States.10

Since the need for cost-effective remedial action technol-
ogies for hazardous waste sites is a problem of all industrial-
ized countries, several other international conferences are
also held periodically concerning international experiences
in remediation of contaminated soils.11"16

The U.S. EPA is sponsoring an additional program to
identify and assess international technologies applicable to
hazardous waste site remediation in the United States.17 In
Phase I of the study, of 95 technologies selected as potential-
ly applicable to remediation of Superfund sites, 47 were
identified as potentially applicable for soil remediation. Fact
sheets, which include information on purpose and applica-
bility, performance, limitations, economics, and status, have
been developed for each international technology selected.18

In April, 1987, OSWER and ORD disseminated the U.S.
EPA's first office-wide "Technology Transfer Strategy."19

As part of this strategy, four Technology Support Centers
were established at ORD laboratories in the areas of: 1)
engineering and treatment; 2) ground water fate and trans-
port; 3) monitoring and site characterization; and 4) expo-
sure monitoring and. ecological risk assessment. This inte-
gration of OSWER and ORD functions related to Superfund
provided a foundation and a framework for the development
and communication of specific approaches and technologies
for hazardous waste contaminated sites.

Lack of methods and approaches for evaluating and se-
lecting remedial technologies for site-specific scenarios rep-
resents a current major deficiency in the area of subsurface
remediation, including soil remediation. In this paper the
author proposes a rational approach for evaluating and se-
lecting remedial technologies that incorporates new technol-
ogies as they become available to the user community.

Technical Issues

The vadose zone is the region extending from the ground
surface of the earth to the upper surface of the principal
water-bearing formation, and is divided into three belts. The
uppermost belt consists of soil and other materials that lie
near enough to the surface to discharge water into the atmo-
sphere in perceptible quantities by the action of plants or by
soil evaporation and convection. The lowest belt, the capil-
lary fringe, is located immediately above the water table and
contains water drawn up from the zone of saturation by
capillary action. The intermediate belt lies between the belt
of soil water and the capillary fringe.20 This paper addresses
remediation of the uppermost belt of the vadose zone, and
situations where the saturated zone is engineered to become
unsaturated, e.g., when ground water is pumped out to cre-
ate an unsaturated zone.

Technical issues directly related to the regulatory history
and requirements for soil remediation techniques at uncon-
trolled hazardous waste sites involve understanding the
physical, chemical, and biological processes involved in a
waste/soil/site system. Specific technical issues identified
and selected by the author as "critical issues" for addressing
in this review include:

• Conceptual approach for proposed soil remediation;
• Soil processes that affect remediation techniques;
• Site characterization factors for selection of remediation

techniques;
• Treatment approaches;
• Remediation techniques for contaminated soils;
• Additional issues and research needs

The technical issues identified above will be addressed indi-
vidually.
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Overview of Soil Remediation Systems Methodology

Remediation of contaminated soils generally is accom-
plished by using one or more of three types of systems: 1) in
situ, 2) prepared bed, and 3) in-tank reactor.3-21"31

An in situ treatment system consists of treating contami-
nated soil in place, where the contamination is located, i.e..
the contaminated soil is not moved from the ground. Mile-
stone publications containing scientific and engineering in-
formation specifically addressing in situ treatment include:
"Review of In-Place Treatment Techniques for Contami-
nated Surface Soils, Volume 1: Technical Evaluation and
Volume 2: Background Information for In Situ Treat-
ment,"23"24 an update of Volume 1, "Handbook on In Situ
Treatment of Hazardous Waste-Contaminated Soils,"3

"Bioremediation of Contaminated Surface Soils,"22 and "In
Situ Biological Treatment of Hazardous Waste-Contami-
nated Soils."32

In a prepared bed system, the contaminated soil may be
either: 1) physically moved from its original site to a newly
prepared area, which has been designed to enhance treat-
ment and/or to prevent transport of contaminants from the
site; or 2) removed from the site to a storage area while the
original location is prepared for use, then returned to the
bed, where treatment is accomplished. Preparation of the
bed may consist of such activities as placement of a clay or
plastic liner to retard transport of contaminants from the
site, or addition of uncontaminated soil to provide addition-
al treatment medium. Treatment may be enhanced with
biological and/or physical/chemical methods, as with in situ
systems.22 Prepared bed treatment approaches are based on
modifications of principles developed in the area of land
application of solid and liquid wastes, and in the area of land
treatment of hazardous wastes.22-33"34 In-tank treatment sys-
tems are used for treatment of contaminated soil, where the
soil is physically removed and placed in an enclosed reactor
based upon batch, complete mix, or plug flow systems com-
monly used in chemical and environmental engineering sys-
tems; the soil may be in an unsaturated or a saturated physi-
cal form. Common tank treatment systems include compost-
ing, slurry-phase treatment, and solid-phase treatment.26

Using the chemical mass balance approach, a methodolo-
gy was developed by the author for integrating data collec-
tion activities at CERCLA sites in order to address simulta-
neous site characterization and remediation technique selec-
tion. The proposed methodology consists of four elements'.
1) characterization, 2) assessment of the problem, 3) treat-
ment (train) selection, and 4) monitoring treatment per-
formance. The first step involves characterization in the
context of waste/soil/site interactions to address the ques-
tion "Where is the contamination and in what form(s) does it
exist?" The second step, assessment of the problem, utilizes
subsurface fate and behavior information to address the
question, "Where is the contamination going under the in-
fluence of natural processes?" The problem can be defined
in the context of mobility versus degradation for chemicals
at a site. Using mathematical models or other tools, the
chemicals can be ranked in order of their relative tendencies
to leach, to volatilize, and to remain in-place under site-
specific conditions. Containment and/or treatment options
can then be selected that are chemical-specific and that
address specific escape and attenuation pathways (third
step). Treatment trains can be selected to address specific
waste phases at specific times during remediation (volatile,
leachate, solid phase, pure product), with the selection based
upon results of a mass balance evaluation through time to
identify the fate of each waste phase. Finally monitoring
programs can be designed for specific chemicals in specific
phases in the subsurface at specific times (fourth step). The
approach for using the methodology consists in applying a
mass balance for each element of the methodology. This
approach assists in the collection of specific information that
is transferrable among all four elements of the methodology,
and also addresses the technical issues of soil remediation
within the context of regulatory goals.

Conceptual Approach Proposed for Soil Remediation

The Chemical Mass Balance

A conceptual framework for soil remediation technique
evaluation, selection, and monitoring is proposed, based on a
critical review and evaluation of current information and
activities employed at hazardous waste sites. The conceptual
framework is the chemical mass balance, the cornerstone of
science and engineering research and industry. The concept
of a chemical mass balance is familiar to professionals
trained in the physical or life sciences or in engineering. In
contrast to obtaining quantitative accuracy regarding the
amount of contaminants initially present at an uncontrolled
site, the chemical mass balance provides a rational and fun-
damental basis for asking specific questions and obtaining
specific information that is necessary for determining fate
and behavior, for evaluating and selecting treatment op-
tions, and for monitoring treatment effectiveness at both
laboratory scale and at field scale. While a mass balance, or
materials balance, is routinely conducted on above-ground
treatment processes,35"38 and for groundwater processes,39"40

a mass balance approach has generally not been applied to
the subsurface-surface system to link characterization and
treatment. The information needed to construct a mass bal-
ance for contamination at a site simultaneously addresses
site characterization and remediation.

Soil Processes that Affect Remediation Techniques

The soil environment at a contaminated site is illustrated
in Figure 1. The contaminated soil is a system generally
consisting of four phases: 1) aqueous; 2) gas; 3) oil (common-
ly referred to as non-aqueous phase liquid, or NAPL); and 4)
solid, which has two components, an inorganic mineral com-
partment and an organic matter compartment.22

Distribution of Waste Constituents

Interphase transfer potential for waste constituents
among oil (waste or NAPL), water, air, and solid (organic
and inorganic) phases of a soil system is affected by the
relative affinity of the waste constituents for each phase, and
may be quantified through calculation of partition coeffi-
cients.3441"42 Distribution coefficients are calculated as the
ratio of the concentration of a chemical in the soil (aquifer),
oil, or air phase to the concentration of a chemical in the
water phase. A waste chemical, depending on its tendency to
be associated with each phase, will distribute itself among
the phases, and can be quantified in terms of distribution
coefficients. Distribution coefficients are available for a vari-
ety of chemicals and can be expressed as ratios of the concen-
trations of a chemical between two phases in the subsurface:

Kd = Concentration in solid phase/Concentration in
aqueous phase

Ko = Concentration in oil phase/Concentration in
aqueous phase
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Kh = Concentration in air phase/Concentration in
aqueous phase

Kh is also known as Henry's law constant. When distribution
coefficients are not available, they can be estimated using
structure-activity relationships (SARs) or can be deter-
mined in laboratory tests.41

Concerning toxic metal contamination of soils, metal con-
centrations in the soil aqueous phase are governed by the
following interrelated processes: 1) inorganic/organic com-
plexation; 2) acid-base reactions; 3) redox reactions; 4) pre-
cipitation/dissolution reactions; and 5) interfacial reactions.
The ability to predict the concentration of a given toxic
metal in the soil solution depends, to a large degree, on the
accuracy with which the multiphase equilibria can be calcu-
lated, evaluated, or predicted.24 Arsenic, selenium, and chro-
mium are metals that can exist as anions. Because of their
anionic nature, their behavior in soil will differ from other
toxic metals. However, since metals distribute among the
phases of the soil systems described previously, distribution
coefficients may be used, along with metal speciation, to
evaluate metal distribution in a contaminated soil system.

The partition coefficient of a chemical between soil and
water is given by:

where Kd is the soil/water partition coefficient (unitless if Cs
and Cw are in the same units), Cs is the concentration of
chemical in the soil phase, and Cw is the concentration
of chemical in the aqueous phase.

Kd values for a soil can be estimated from Koc values if the
organic fraction for the soil, foc, is known, assuming that
hydrophobic interactions dominate:

Kd = Kocfoc (2)
where Koc is the organic carbon normalized soil/water parti-
tion coefficient. Other approaches for determining Koc val-
ues have been investigated by Sims et al.41 and Sabljic.43"44

The partition coefficient of a chemical between water and
oil is given by:

R = (5)

Kn = CJC,. (3)

where Ko is the oil/water partition coefficient (unitless if Co
and Cw are in the same units), Co is the concentration of
chemical in the oil phase, and Cw is the concentration of
chemical in the water phase. Methods for estimating values
for Ko are presented by Leo and Hansch.45

The partition coefficient of a chemical between air and
water can be written as:

Kh = Ca/Cw (4)

where Kh is the air/water partition coefficient, Ca is the
concentration of chemical in the air phase, and Cw is the
concentration of chemical in the aqueous phase. Kh can also
be expressed as a dimensionless Henry's Law constant, H/
RT. Methods for calculating Kh values are presented by
Sims et al.41

Transport of Waste Constituents

Retardation of the downward transport (leaching poten-
tial) and upward transport (volatilization potential) is re-
ferred to as immobilization of waste constituents. Immobili-
zation of organic chemicals has been related to the soil or-
ganic matter content (especially for hydrophobic
chemicals),46 soil moisture,47 and presence of concentration
of organic solvents.48"49

A means of predicting rate of transport of a constituent
through a subsurface system is to describe its mobility (or
relative immobility) by predicting its retardation.4850 Retar-
dation is a factor that describes the relative velocity of the
constituent compared to the rate of movement of water
through the subsurface, i.e.,:

where R = retardation factor; Vw = average water velocity;
and Vc = average constituent velocity. A retardation factor
greater than one indicates that a constituent is moving more
slowly than water through a system. A factor developed from
a transport model combined with a description of sorption
processes, as defined by a linear Freundlich isotherm,24-28

can be calculated from the following equation for retarda-
tion in unsaturated soil:

R = 1 + (pKd/6) (6)

where p = soil bulk density; Kd = soil water partition coeffi-
cient, which describes the partitioning between the soil solid
phase and soil water; and 6 = volumetric moisture content.
For a saturated system, 6 is replaced by the porosity of the
system.

This information can be used to evaluate treatment tech-
niques for a contaminated soil system (e.g., through control
of soil moisture, changes in bulk density, or addition of
amendments to the soil that will affect soil water partition
coefficients) so that constituents can be "captured" or con-
tained within the system, thus allowing time for degradation
at the site or for engineering implementation and perform-
ance of other remediation treatment techniques, such as soil
washing.22

Linear retardation of chemicals in the vapor phase can be
expressed as:

= l+PbKp/OAKh (7)

where Pb is bulk density, Kp and Kh represent partition
coefficients between soil and water and between air and
water, respectively, and OA and Ow represent air and water
content, respectively. The second term in the equation rep-
resents partitioning into soil organic matter, and the third
term represents partitioning in soil water.51 Aqueous and
vapor phase partitioning have been evaluated for hydrocar-
bons by Baehr52 and by Kraemer et al.53 in the unsaturated
zone.

Immobilization of constituents in in situ, prepared bed,
and in-tank treatment systems generally is measured
through a leaching or emissions measurement procedure to
determine the potential for release from the matrix. Specific
immobilization remediation technologies are discussed in a
subsequent section of this paper.

Reaction of Waste Constituents

Degradation. Each phase in Figure 1 can also be a site for
biological and/or abiotic (chemical) reactions that result in
the transformation of a parent chemical and therefore de-
struction of the parent chemical. Characterization of the
reaction (degradation) of specific chemicals in the waste/soil
mixture is important to evaluate the assimilative capacity of
the site for each chemical.

Degradation of most organic compounds in subsurface
systems may be described by monitoring their disappear-
ance through time. Disappearance, or rate of degradation, is
often expressed as a function of the concentration of one or
more of the constituents being degraded. This is termed the
order of the reaction and is the value of the exponential used
to describe the reaction.54 Zero and first order power rate
models are often used in studies of the degradation of organ-
ic chemicals in soil systems.

Zero order reactions are ones in which the rate of transfor-
mation of an organic constituent is unaffected by changes in
the constituent concentration because the reaction rate is
determined by some other factor than the constituent con-
centration. If a constituent C is transformed to X, the rate of
change of C is:

dC/dt = -k (8)
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On integration, the equation becomes:

Ct = C0- kt (9)

where Ct = concentration of constituent remaining at time t;
and Co = initial concentration of constituent, and k = zero
order rate constant. A useful term to describe reaction kinet-
ics is the half-life, £1/2, which is the time required to trans-
form 50 percent of the initial constituent:

Ct = CJ% then tm = C0/2k (10)

The first order rate model is widely used because of its
effectiveness in describing observed results as well as its
inherent simplicity. Its use also allows comparison of results
obtained from different studies. In a first order rate reaction,
the rate of transformation of a constituent is proportional to
the constituent concentration:

dC/dt = -kC (11)

Gas /\A
15-35% / £±?

Water l p k
15-35%%

Organic \ j
5-12%

A

i1
• Inorganic
¥ 38-45%

f

Figure 1. Typical volumetric composition of soil.22

where C = contaminant concentration (mass/mass); t =
time; and k = first order rate constant (I/time). After inte-
gration of this equation and rearrangement of the integrated
equation, the following equation may be used to graphically
determine the rate constant, k:

ln(Ct/C0) = -kt (12)

where Ct = concentration of constituent remaining at time t;
and Co = initial concentration of constituent. A plot of ln(C{/
Co) versus t is linear with a slope of —k. The rate constant k is
independent of the concentration of constituent, since the
slope is constant over time. To calculate the time required to
transform one-half of the initial constituent (Ct = C/2), the
following equation is used:

ln[(C0/2)/(C0)] = -ktm (13)

which is equal to:

h/2 = 0.693/fe (14)

where £1/2 = half-life of the constituent.
First order kinetics generally apply when the concentra-

tion of the compound being degraded is low relative to the
biological activity in the subsurface. However, very low con-
centrations may be insufficient to initiate enzyme induction
or support maintenance requirements necessary for micro-
bial growth, even if the compound can be used as an energy
source.55

Another model used to describe degradation in the sub-
surface is the hyperbolic rate model, which is similar to

Michaelis-Menten enzyme kinetics. This model is expressed
as:

dC/dt = -k1C/k2 + C (15)

where k\ and k<i are constants. The constant k\ represents
the maximum rate of degradation that is approached as the
concentration increases. This model simulates a catalytic
process in which degradation may be catalyzed by microor-
ganisms.

Often an organic compound that cannot be used as a sole
carbon and energy source for microorganisms is degraded.
Biodegradation of the compound does not lead to energy
production or cell growth. This biodegradation process is
referred to as cometabolism,56 or cooxidation if the trans-
formation involves an oxidation reaction.57 Cometabolism
occurs when an enzyme produced by an organism to degrade
one substance that supports growth also degrades another
nongrowth substrate that is neither essential for, nor suffi-
cient to, support microbial growth. The nongrowth substrate
is only incompletely oxidized, or otherwise transformed, by
the microorganism involved, although other microorganisms
may utilize by-products of the cometabolic process. Keck et
al.58 summarized findings that indicated that a variety of
naturally occurring microorganisms can utilize a variety of
aliphatic and aromatic compounds as carbon and energy
substrates for achieving cooxidation of straight chain and
aromatic hydrocarbon compounds. In a soil where toxic con-
ditions do not prevent microbial activity, cooxidation or
cometabolism may be expected to be readily occurring in
environments containing similar chemical substances. Coox-
idation may be a prerequisite for the mineralization of many
recalcitrant substances found in the soil and ground water
subsurface environment, such as polynuclear aromatic hy-
drocarbons.

To assess the potential for biological degradation at a
specific contaminated site, the use of studies incorporating
materials balance and mineralization approaches to deter-
mine the environmental fate and behavior of the constitu-
ents in the specific soil is recommended (Table I).59 Rate of
degradation is calculated by measuring the loss of parent
compound and the production of carbon dioxide with time of
treatment, as well as production and disappearance of inter-
mediate products. Abiotic controls are also used in order to
evaluate the mechanism(s) of degradation. Results can be
reported, for example, as rate/extent of biological degrada-
tion corrected for volatilization and for abiotic loss.34

Table I. Materials balances and mineralization approaches to
biodegradation assessment.59

Biodegradation
approach Process examined

Materials balances

Mineralization

Recovery of parent compound in the air,
soil water, and soil solids (extractable)

Recovery of transformation products in
the air, soil water, and soil solids
(extractable)

Production of carbon dioxide, and/or
methane from the parent compound

Release of substituent groups, e.g.,
chloride or bromide ions

Transformation/detoxification. Transformation refers to
the partial alteration of hazardous constituents into inter-
mediate products. Intermediate products may be less toxic
or more toxic than the parent compound, and therefore the
rate and extent of detoxification of the contaminated mate-
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rial should be evaluated.60"62 For example, the degradation
pathway of the single chlorinated compound, trichloroethy-
lene (TCE) leads to the production of six chlorinated volatile
hydrocarbons. The degradation of tetrachloroethylene
(PCE) leads to the production of seven chlorinated volatile
hydrocarbons, while the degradation of 1,1,1-trichloroeth-
ane (1,1,1-TCA) leads to the production of four chlorinated
hydrocarbons. Two of the metabolic products formed, vinyl
chloride and 1,1-dichloroethane (1,1-DCA), have been clas-
sified as a carcinogen and a probable carcinogen, respective-
ly.63 Vinyl chloride is the most persistent of the compounds
under anaerobic conditions, but can be rapidly degraded
under aerobic conditions.64"65 Management of a bioremedia-
tion system to accomplish treatment of these compounds in
a manner such as to protect human health and the environ-
ment should incorporate considerations of detoxification of
parent compounds as well as their disappearance. For these
halogenated organic compounds, a bioremediation system
could possibly consist of maintenance of an anaerobic envi-
ronment followed by aeration, after anaerobic degradative
processes have reduced the levels of parent compounds to
acceptable levels.

To assess detoxification, bioassays may be used to quanti-
fy toxicity by measuring the effect of a chemical on a test
species under specified test conditions.42 The toxicity of a
chemical is proportional to the severity of the chemical on
the monitored response of the test organism (s). Toxicity
assays utilize test species that include rats, fish, inverte-
brates, microorganisms, and seeds. The assays may utilize
single or multiple species of test organisms. The use of a
single bioassay procedure does not provide a comprehensive
evaluation of the toxicity of a chemicals in a soil/chemical-
impacted system. Often a battery of bioassays is utilized that
may include measurements of effects on general microbial
activity (e.g., respiration, dehydrogenase activity) as well as
assays relating to activity of subgroups of the microbial
community (e.g., nitrification, nitrogen fixation, cellulose
decomposition). Bioassays utilizing organisms from differ-
ent ecological trophic levels may also be used to determine
toxicological effects. However, use of a single assay as a
screening test to identify relative toxicity reduction in the
environment is a commonly used procedure. Assays using
microorganisms are often used due to their speed, simplicity,
ease in handling, cost effectiveness, and use of a statistically
significant number of test organisms that is required to
detect the effects of potentially toxic materials in the envi-
ronment.66"67

Two microbial bioassays that have been used to evaluate
toxicity of wastes in soil systems are the Ames Salmonella
typhimurium mammalian microsome assay and the Micro-
tox™ test system. The Ames assay is a measure of the muta-
genic potential of hazardous compounds6869 and has been
widely used to evaluate environmental samples.62-70"73 A
high correlation has been shown between carcinogenicity
and mutagenicity, where about 90 percent of known carcino-
gens tested mutagenic in the Ames assay.74 Special strains of
Salmonella typhimurium that require histidine to grow are
used to test for mutagenicity. When plated on a histidine-
free medium, the only bacteria able to form colonies are
those that have reverted to the "wild" state and are able to
produce their own histidine. Without the addition of test
chemicals, this back mutation occurs at a rate specific to
each strain type (spontaneous reversion rate). The addition
of chemicals that are mutagenic increases the reversion rate.
Several dose levels of a chemical, mixture of chemicals, or an
environmental sample are added to obtain a dose response.
Some mutagens act directly on the bacterial cells while oth-
ers require activation by mammalian microsomes. These
microsomes are generally obtained from liver extracts of
Aroclor 1254-induced rats (i.e., rats injected with the poly-
chlorinated biphenyl (PCB), Aroclor 1254). The extract, re-
ferred to as the S-9 fraction, contains enzymes that meta-

bolically convert certain chemicals to active mutagens, sim-
ulating the activity that occurs in living mammalian
systems. Several strains of Salmonella typhimurium have
been developed in order to detect different types of muta-
gens. The recommended strains for general mutagenicity
testing include TA97, TA98, TA100 and TA102. TA97 and
TA98 detect frameshift mutagens. TA100 detects mutagens
causing base-pair substitutions, while TA102 detects a vari-
ety of mutagens not detected by the other strains.

The Microtox™ assay is an aqueous general toxicity assay
that measures the reduction in light output produced by a
suspension of marine luminescent bacteria in response to an
environmental sample.75 Bioluminescence of the test organ-
ism depends on a complex chain of biochemical reactions.
Chemical inhibition of any of the biochemical reactions
causes a reduction in bacterial luminescence. Therefore, the
Microtox™ test considers the physiological effect of a toxi-
cant and not just mortality. Matthews and Bulich76 de-
scribed a method of using the Microtox™ assay to predict the
land treatability of hazardous organic wastes. Matthews and
Hastings77 developed a method using the Microtox™ assay
to determine an appropriate range of waste application load-
ing for soil-based treatment systems. Symons and Sims61

utilized the assay to assess the detoxification of a complex
petroleum waste in a soil environment. The assay was also
included as a recommended bioassay in the U.S. EPA Per-
mit Guidance Manual on Hazardous Waste Land Treat-
ment Demonstrations.34

Abiotic reactions. Measurement of physical abiotic loss
mechanisms and partitioning of organic substances into air
as well as soil phases, i.e., conducting a mass balance, should
be used in degradation studies to ensure that information
generated is related to the disappearance mechanisms of the
constituents in the soil system.78"79 This type of information
is needed in order to more accurately evaluate and select
treatment techniques. For example, for organophosphorus
pesticides, sorption-catalyzed hydrolysis of ester linkages is
known to be important in influencing degradation in soil. An
understanding of abiotic reactions as influenced by sorption
and pH of the system may allow the design of a more effec-
tive remediation strategy. If abiotic controls are not used,
the disappearance of a chemical may be attributed solely to
biological activity, though biological activity may not play
the major role in the degradation of the chemical. Therefore,
knowledge of the reaction mechanism is directly related to
efficiency and effectiveness in designing remediation strate-
gies and selecting remediation techniques.

Summary

The soil and subsurface processes described above, com-
bined with information concerning the movement of fluids
(gases, aqueous phase, and pure product flow) in the unsatu-
rated and saturated zones, provide the inputs into the chem-
ical mass balance that can be used for characterizing a site,
for assessing the problem of mobility, for evaluating treat-
ment techniques, and for identifying chemicals in specific
phases for monitoring treatment effectiveness.

Site Characterization Factors for
Soil Remediation Techniques

Extent and Magnitude of Contamination

Wastewater has historically been characterized in terms of
its interaction and potential impact on the assimilative ca-
pacity of surface water receiver systems, generally rivers or
lakes (e.g., requiring measurement of characteristics such as
oxygen-demanding substances and levels of substances toxic
to aquatic organisms). However a surface and subsurface-
based waste characterization program at a hazardous waste
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Table II. Soil-based waste characterization.24

Chemical class
Acid
Base
Polar neutral
Nonpolar neutral
Inorganic

Chemical properties
Molecular weight
Melting point
Specific gravity
Structure
Water solubility

Chemical reactivity
Oxidation
Reduction
Hydrolysis
Precipitation
Polymerization

Soil sorption parameters
Freundlich sorption constants (K, N)
Sorption based on organic carbon content (Koc)
Octanol-water partition coefficient (Kow)

Soil degradation parameters
Half-life (t1/2)
Rate constant (first order)
Relative biodegradability

Soil volatilization parameters
Vapor pressure
Henry's law constant
Sorption based on organic carbon content (Koc)
Water solubility

Soil contamination parameters
Concentration in soil
Depth of contamination
Date of contamination

site addresses the vadose zone and ground water as the
receiver system (e.g., requiring measurement of characteris-
tics that reflect individual chemical mobility and destruc-
tion in the subsurface environment and those that affect
human health as well as environmental toxicity); it also
describes the behavioral interaction of waste chemicals in
each surface and subsurface phase.

The identification of waste sources by soil phases, i.e.,
identification and amount (if possible) of waste constituents
associated with each phase, allows an assessment of the
magnitude (mass) and physical form(s) of waste that must
be treated (e.g., aqueous, gas, oil (NAPL), and solid frac-
tions), and comprises the first step in the mass balance
characterization of waste sources at a site.

Specific site characteristics important for describing and
assessing the environmental behavior and fate for organic
constituents in the soil and subsurface are listed in Table II.
For each chemical, or chemical class, information required
can be summarized as: 1) characteristics related to potential
leaching, e.g., water solubility, octanol/water partition coef-
ficient, solid sorption coefficient; 2) characteristics related
to potential volatilization, (e.g., vapor pressure, relative vol-
atilization index); 3) characteristics related to potential deg-
radation, (e.g., half-life, degradation rate, degradability in-
dex); and 4) characteristics related to chemical reactivity,
(e.g., hydrolysis half-life, soil redox potential).24 The infor-
mation presented in Table II is also used for assessing the
problem (s) at a site and for the evaluation and selection of
containment/treatment management options.

The U.S. EPA has developed guidance concerning critical
site-specific characterization requirements for use of specif-
ic remediation technologies for clean-up of contaminated
soils.80 These characterization parameters are presented for
biological treatment technologies, physical/chemical treat-
ment technologies, immobilization technologies, thermal
treatment technologies, and in situ treatment technologies
in Tables III, IV, V, VI, and VII, respectively.

Determination of the distribution of waste chemicals
among phases that comprise the soil and subsurface at a site

Table III. Characterization parameters for biological treatment techniques.8

Treatment
technique Parameter Purpose and comments

General Physical:
Moisture content
Field capacity
pH
Temperature
Oxygen availability

Chemical:
Total Organic carbon (TOC)
Redox potential

To determine the treatability of the material and the
treatment process of choice.

To determine the treatability of the material and the
treatment process of choice.

Carbon:nitrogen:phosphorus ratio To determine mineral nutrient requirements.

Biological:
Soil incubation tests

Electrolytic respirometer tests

Culture studies

Bacterial enumeration tests (e.g.,
spread-plate techniques)

Microbial toxicity/growth
inhibition tests

To determine biodegradation potentials and to quantify
biodegradation rates of contaminants.

To measure oxygen uptake and biodegradation.

To determine the indigenous microflora or specifically
adapted microflora to be used in the inoculum during
enrichment procedures.

To determine the bacterial population density in the
inoculum.

To determine biological activity in the laboratory.
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indicates potential pathways of transport, or escape, from a
site. Through a determination of subsurface flow conditions
as part of site characterization activities (aqueous, gas, and
pure product flow in the vadose zone and aqueous plume and
pure product movement in the saturated zone), an assess-
ment of the mass of material moving through a site and
potential movement off-site can be made:

concentration (mass/vol) X rate of flow (vol/time) =
mass flow at site (mass/time) (16)

This information is combined with additional information,
discussed in the next section, that is needed for assessment

of the problem(s) with respect to treatment technique selec-
tion.

The U.S. EPA RSKERL, as part of its Superfund Tech-
nology Support Center Program activities, provides assis-
tance to U.S. EPA regional offices and state regulatory agen-
cies concerning appropriate site characterization activities
at Superfund sites arid other uncontrolled hazardous waste
sites to support selection of effective remediation technol-
ogies. Examples of recommended site evaluation and char-
acterization actions as related to the use of soils and the
subsurface as the receiver system at uncontrolled hazardous
waste sites are presented in Table VIII.

Table IV. Characterization parameters for physical/chemical treatment techniques.80

Treatment
technique Parameter Purpose and comments

General

Extraction
-Aqueous
-Solvent
-Critical fluid
-Air/steam

Physical:
Type, size of debris
Dioxins/furans, radionuclides,

asbestos

Physical:
Particle-size distribution

Clay content
Moisture content

Chemical:
Organics

Metals (total)

Metals (leachable)

Contaminant characteristics:
-Vapor pressure
-Solubility
-Henry's Law constant
-Partition coefficient
-Boiling point
-Specific gravity

Total organic carbon (TOC), humic acid

Cation exchange capacity (CEC)
pH
Cyanides, sulfides, fluorides

Chemical
dehalo-
genation

Oxidation/
reduction

Physical:
Moisture content

Chemical:
Aromatic halides

Metals

pH

Physical:
Total suspended solids

Chemical:
Chemical oxygen demand (COD)

Metals (Cr+3, Hg, Pb, Ag)

pH

To determine need for pretreatment.
To determine special waste-handling procedures.

To determine volume reduction potential, pretreatment
needs, solid/liquid separability.

To determine sorption characteristics of soil.
To determine conductivity of air through soil.

To determine concentration of target or interfering
constituents, pretreatment needs, extraction
medium.

To determine concentration of target or interfering
constituents, pretreatment needs, extraction
medium.

To determine mobility of target constituents, post-
treatment needs.

To aid in selection of extraction medium.

To determine presence of organic matter, sorption
characteristics of soil.

To determine sorption characteristics of soil.
To determine pretreatment needs, extraction medium.
To determine potential for generating toxic fumes at

low pH.

To determine reagent requirements.

To determine concentration of target constituents,
reagent requirements.

To determine concentration of other alkaline-reactive
constituents, reagent requirements.

To determine reagent requirements.

To determine the need for slurrying to aid mixing.

To determine the presence of oxidizable organic matter,
reagent requirements.

To determine the presence of constituents that could be
oxidized to more toxic or mobile forms.

To determine potential chemical interferences.
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Assessment of Problem

Assessment of the problem involves organizing the infor-
mation obtained from site characterization activities to eval-
uate the transport and degradation behavior of each chemi-
cal of concern at a site under consideration. Specifically, the
rate of transport can be compared with the rate of degrada-
tion to determine if transport is significant relative to degra-
dation. This approach to problem(s) assessment will allow
chemicals to be prioritized individually according to: 1) mag-
nitude and rate of transport (escape) from a site; 2) persis-
tence; and 3) pathway(s) of migration from a site. Treatment
technique evaluation and selection can then be based upon
specific combinations of chemical-physical phase-migration
pathway(s).

Interfacing "soil and subsurface-based behavior charac-
teristics" (Table II) of specific contaminants with specific
site and subsurface properties allows an assessment of the
problem(s) related to contamination of other media (due to
mobility), including ground water under the contaminated
area, atmosphere over the site or at the site boundaries,
surface waters, etc., and/or persistence of chemicals at a site.
Pathways of movement and potential mechanisms of remov-
al of contaminants at a specific site are illustrated in Figure
2. This element of the methodology functions to identify
chemicals that will: 1) migrate upward (volatilization); 2)
migrate downward (leaching); 3) migrate laterally (aqueous
plume and pure product); 4) degrade; and 5) remain at the
site as persistent chemicals. By ranking the chemicals in the
order in which they migrate or persist, chemicals can be
prioritized with regard to urgency for treatment and for
monitoring.

Site characteristics identified in Table II, including sorp-
tion, degradation, and volatilization at a site, can be deter-
mined in laboratory mass balance tests, using waste/soil
mixtures from a site, to evaluate the fate of the waste at the
site, and to generate specific data that can be used to develop
treatment approaches. An example of a laboratory flask ap-
paratus that can be used to develop a chemical mass balance
by measuring interphase transfer potential of chemicals as
well as degradation potential at a site is illustrated in Figure
3.

The contaminated material is placed in a flask, which is
then closed and incubated under controlled conditions for a
period of time. During the incubation period, air is drawn
through the flask and then through a sorbent material. Vola-
tilized materials are collected by the sorbent and are mea-
sured to provide an estimate of volatilization loss of the
constituents of interest. At the end of the incubation period,
a portion of the contaminated soil is treated with an extract-
ing solution to determine the extent of loss of the constitu-
ents in the soil matrix. This loss can be attributed to degra-
dation and possible immobilization in the soil materials.
Selection of an appropriate extracting solution and proce-
dure is necessary to maximize constituent recovery from a
soil-waste mixture.81 Another portion of the soil is leached
with water to determine leaching potential of remaining con-
stituents. Abiotic and biological processes involved in re-
moval of the parent compound are evaluated by comparing
microbially active soil/waste mixtures with mixtures that
have been treated with a microbial poison, e.g., mercuric
chloride or propylene oxide.

Samples generated from the different phases of the sys-
tem in microcosm mass balance studies identified above can
be analyzed for intermediate degradation products and used
in bioassay studies to provide information concerning trans-
formation and detoxification processes.

The use of a procedure incorporating features illustrated
by the use of this microcosm is crucial in order to obtain a
materials balance of waste constituents in the soil system.
Examples of such protocols may be found in U.S. EPA guid-
ance documents and research reports,34-41-42 and Park et al.82
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Contaminated materials can also be spiked with radiola-
belled chemicals; tracking the fate of the chemicals as they
move through the multiple phases of the soil system also
provides a material mass balance.

The mass balance approach identified above usually rep-
resents optimum conditions with respect to mixing, contact
of solid materials with waste constituents, and homogeneous
conditions throughout the laboratory microcosm, and there-
fore does not incorporate site nonhomogeneity in the evalua-
tion. This aspect needs to be defined during site character-
ization activities and evaluated with regard to potential ef-
fect on fate and behavior regarding migration and
persistence at the site (problem assessment).

In addition to the laboratory tests described, bench-scale
reactors, pilot scale reactors and/or field scale plots may be
used to generate mass balance information for problem as-
sessment. The set of experimental conditions, e.g., tempera-
ture, moisture, waste concentration, etc., under which the
studies were conducted should be presented along with ex-
perimental results.

Utility of Mathematical Models for Problem Assessment

Information from the performance of site characterization
and experimental mass balance studies may be integrated
with the use of comprehensive mathematical modeling to aid
in problem assessment. In general, models are used to ana-
lyze the behavior of an environmental system under both
current (or past) conditions and anticipated (or future) con-
ditions.83 A mathematical model provides a tool for integrat-
ing degradation and partitioning processes with site/soil-
and waste-specific characterization for simulating the be-
havior of organic constituents in a contaminated soil and for
predicting the pathways of migration through the contami-
nated area, and therefore pathways of exposure to humans
and to the environment. DiGuilio and Suffet84 and Weaver
et al.85 have presented guidance on the selection of appropri-
ate subsurface (vadose) zone models for site-specific appli-
cations, focusing on recognition of limitations of process
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Figure 2. Fate of hazardous contaminants in soil.22
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descriptions of models and difficulties in obtaining input
parameters required by these process descriptions.

The Regulatory and Investigative Treatment Zone Model
(RITZ Model), developed at the U.S. EPA Robert S. Kerr
Environmental Research Laboratory by Short86 is an exam-
ple of a model that has been used to describe the potential
fate and behavior of organic constituents in a contaminated
soil system.87 The Ritz Model is based on an approach devel-
oped by Jury.88 An expanded version of RITZ, the Vadose
Zone Interactive Processes (VIP) model incorporates pre-
dictive capabilities for the dynamic behavior of organic con-
stituents in unsaturated soil systems under conditions of
variable precipitation, temperature, and waste concentra-
tions.34'89 92 Both models simulate vadose zone processes,
including volatilization, degradation, sorption/desorption,
advection, arid dispersion.93

For example, the VIP model was used to evaluate the
relative tendencies for a group of pesticides to volatilize and
to leach under specific waste-soil conditions.89 Information
that was input into the model included half-life (measured
in laboratory tests), distribution coefficients (Kd, Kh, Ko)
(calculated), soil texture and moisture (measured), and site-
specific climatic data (rainfall and temperature). Results are
presented in Table IX. The ranking of pesticides provided
by the model indicated that the tendency of the pesticides to
volatilize was not similar to their tendency to leach (McLean

et al. 1988). This information can be used to assess the
problem of which chemicals are likely to volatilize first,
which to leach first, and which chemicals are persistent un-
der site-specific conditions. Models can also be used to de-
sign studies for evaluation and selection of treatment op-
tions for these chemicals, as well as to design monitoring
strategies (i.e., which chemicals to monitor in which media).

Treatment Approaches

Information obtained from an integrated assessment
(modeling) of the problem (migration and persistence),
based upon a thorough characterization of waste/soil/site
interactions, can be used to select treatment approaches for
further evaluation with respect to technical and cost effec-
tiveness factors. Results of characterization and assessment
efforts can aid in the identification of constituents that will
require treatment in the air (volatile) phase, in the leachate
phase, and in the solid (soil) phase. This approach allows
evaluation and comparison of different treatment systems
identified previously (in situ, prepared bed, and in-tank).
Specifically, if treatment is required, the information is used
in order to: 1) determine containment requirements to pre-
vent contamination of off-site receiver systems; 2) develop
techniques to maximize mass transfer of chemicals affecting
a process (e.g., affecting microorganism activity through ad-

Table V. Characterization parameters for immobilization techniques.80

Treatment
technique

Stabilization/
solidifica-
tion (S/S)

Vitrification

Parameter

Physical:
Description of materials

Particle size analysis

Moisture content

Density testing

Strength testing
—Unconfined compressive strength

—Flexural strength

—Cone index
Durability testing

Chemical:
pH
Alkalinity
Interfering compounds

Indicator compounds
Leach testing
Heat of hydration

Physical:
Depth of contamination and water

table
Soil permeability

Purpose and comments

Metal content of waste material and
placement of metals within
the waste

Combustible liquid/solid content
of waste

Rubble content of waste
Void volumes

To determine waste handling methods (e.g., crusher,
shredder, removal equipment).

To determine surface area available for binder contact
and leaching.

To determine amount of water to add/remove in S/S mixing
process.

To evaluate changes in density between untreated and
treated waste.

To evaluate changes in response to overburden stress
between untreated and treated waste (e.g., material re-
sponse to stress from cap).

To evaluate material's ability to withstand loads over
large area.

To evaluate material's stability and bearing capacity.
To evaluate durability of treated wastes (freeze-thaw

and wet-dry durability).

To evaluate changes in leaching as function of pH.
To evaluate changes in leaching as function of alkalinity.
To evaluate viability of S/S process. (Interfering com-

pounds are those that impede fixation reactions, cause
adverse chemical reactions, generate excessive heat;
interfering compounds varying with type of S/S).

To evaluate performance of S/S (i.e., leaching).
To evaluate performance of S/S.
To measure temperature changes during mixing.

Technology is applied to unsaturated soils.

Dewatering of saturated soils may be possible. Technology
is applied in unsaturated soils.

Greater than 5 to 15% by weight or significant amounts
of metal near electrodes interfere with process.

Greater than 5 to 15% by weight interferes with process.

Greater than 10 to 20% by weight interferes with process.
Large, individual voids impede process.
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Table VI. Characterization parameters for thermal treatment techniques.8

Treatment
technique Parameter Purpose and comments

General Physical:
Moisture content
Ash content

Ash fusion temperature

Chemical
Volatile organics, semivolatile

organics
POHCs
Total chlorine, fluorine
Total sulfur, total nitrogen

Phosphorus

Polychlorinated biphenyls
(PCBs), dioxins (if
suspected)

Metals

Rotary kiln Physical:
Particle-size distribution

Fluidized- Physical:
bed Ash fusion temperature

Ash content
Bulk density

Affects heating value and material handling.
To determine the amount of ash that must be disposed or treated

further.
High temperature can cause slagging problems with inorganic

salts having low melting points.

Allows determination of principal organic hazardous constituents
(POHCs).

Allows determination of destruction removal efficiency (DRE).
To determine air pollution control devices for control of acid gases.
Emissions of SOX and NOX are regulated; to determine air pollution

devices.
Organic phosphorus compounds may contribute to refractory attack

and slagging problems.
99.9999% DRE required for PCBs; safety considerations; incinera-

tion is required if greater than 500 ppm PCBs present.

Volatile metals (Hg, Pb, Cd, Zn, Ag, Sn) may require flue-gas treat-
ment; other metals may concentrate in ash. Trivalent chromium
may be oxidized to hexavalent chromium, which is more toxic.
Presence of inorganic alkali salts, especially potassium and
sodium sulfate, can cause slagging.

Fine particle size results in high particulate loading in rotary kiln.
Large particle size may present feeding problems.

For materials with a melting point less than 1600°F, particles melt
and become sticky at high temperatures, which causes defluid-
ization of the bed.

Ash contents greater than 65% can foul the bed.
As density increases, particle size must be decreased for sufficient

heat transfer.

dition of mineral nutrients, oxygen, additional energy
sources, pH control products, etc., or removal of toxic prod-
ucts in order to enhance bioremediation); and 3) design a
cost-effective and efficient monitoring program to evaluate
effectiveness of treatment.

Containment Requirements

If the major pathway of transport is volatilization, con-
tainment and treatment with respect to volatilization con-
trol is required. An inflatable plastic dome erected over a
contaminated site is a containment method that has been
used to control escape of volatile constituents at hazardous
waste sites.94 Volatiles are drawn from the dome through a
conduit and treated in an above ground treatment system. If
leaching has been identified as important, control of soil
water movement should be implemented. For example, if
contaminated materials are expected to leach downward
from the site, run-on and run-off controls can be implement-
ed, or the contaminated materials can be temporarily re-
moved from the site and a plastic or clay liner placed under
the site.95"96 When downward as well as upward migration
are significant, both volatilization and leaching containment
systems can be installed. Some hydrophobic chemicals do
not tend to volatilize or to leach but are persistent within the
soil solid phase; therefore containment efforts may not be
required.

Maximizing Chemical Mass Transfer

An area of significant research concerns delivery and re-
covery technologies for maximizing mass transfer of chemi-

cals that affect the rate and/or extent of treatment. Murdoch
et al.97 discussed delivery and recovery technologies, many
of which are derived from the petroleum and mining indus-
tries. While a liquid phase is usually employed for delivery of
chemicals, some technologies utilize vapor and solid phases
for delivery. Principal recovery technologies involve hydrau-
lic, thermal, and chemical systems. Delivery and recovery
techniques are important in influencing the success of tech-
nologies, including bioremediation, vapor extraction, and
solidification/stabilization. Specific delivery and recovery
systems for in situ treatment systems identified by the U.S.
EPA include hydraulic fracturing, radial well drilling, ultra-
sonic methods, kerfing, jet-induced slurry method, carbon
dioxide injection, hot brine injection, and cyclic pumping.3

Monitoring Program

A mass balance approach to monitoring can be performed
at laboratory, pilot, and field scales. Monitoring efforts can
be focused on the appropriate environmental phase to evalu-
ate treatment effectiveness for specific chemicals. If a com-
prehensive and thorough evaluation of a specific contami-
nated system has been conducted, not all chemicals may
need to be monitored in each phase. Specific chemicals will
be associated with specific phases, which assists in the de-
sign of a monitoring plan that is chemical/phase specific.
This approach also focuses analytical efforts so that meth-
ods development are chemical and phase specific.

Not only does the level of contamination associated with a
particular treatment technology require monitoring, but
also the system components, including delivery and recovery
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systems, maintenance, and structures such as infiltration
galleries, etc.

Utility of Mathematical Models for Technology Evaluation

A critical and cost-effective use of modeling in treatment
(train) selection and evaluation is in the analysis of proposed
or alternative future conditions, i.e., the model is used as a
management or decision-making tool to help answer "what
i f type questions.83 Models may also be used to approxi-
mate and estimate the rates and extent of treatment that
may be expected at the field scale under varying conditions.

Attempting to answer such questions through data collec-
tion programs would be expensive and practically impossi-
ble in many situations. For example, information can be
generated to evaluate the effects of using differing ap-
proaches for enhancing microbial activity and for accelerat-
ing biodegradation and detoxification of the contaminated
area by altering environmental conditions that affect micro-
bial activity. Therefore, modeling may be used to assist in
the design of treatability studies for considering and evalu-
ating the application of different treatment technologies,
and therefore assists in focusing resources (time and mon-
ey).

Table VII. Characterization parameters for in situ treatment techniques.8

Treatment
technique Parameter Purpose and comments

Vapor extraction
—Vacuum extraction
—Steam-enhanced

—Hot-air-enhanced

Solidification/stabiliza-
tion (undisturbed)

—Pozzolanic
—Polymerization
—Precipitation

Soil flushing
—Steam/hot water
—Surfactant
—Solvent

Vitrification

Radio-frequency
heating and direct-
current heating

Electrokinetics

Microbial degradation
—Aerobic
—Anaerobic

Physical:
Vapor pressure of contaminants
Soil permeability, porosity, particle-

size distribution
Depth of contamination and water

table

Physical:
Presence of subsurface barriers (e.g.,

drums, large objects, debris, geologic
formations)

Depth to first confining layer

Physical:
Presence of subsurface barriers (e.g.,

drums, large objects, debris, geologic
formations)

Hydraulic conductivity
Moisture content (for vadose zone)

Soil/water partition coefficient

Octanol/water partition coefficient

CEC
Alkalinity of soil

Chemical:
Major cation/anions present in soil

To estimate ease of volatilization.
To determine if the soil matrix will allow ade-

quate and fluid movement.
To determine relative distances; technology

applicable in vadose zone.

To assess the feasibility of adequately
delivering and mixing the S/S agents.

To determine required depth of treatment.

To assess the feasibility of adequately
delivering the flushing solution.

To assess permeability of the soils.
To calculate pore volume to determine

rate of treatment.
To assess removal efficiency and to correlate

between field and theoretical calculations.
To assess removal efficiency and to correlate

between field and theoretical calculations.
To evaluate potential for contaminant flushing.
To estimate the likelihood of precipitation.

To estimate the likelihood of precipitation;
to estimate potential for plugging of
pore volumes.

Physical:
Depth of contamination and water table Technology is only applied in the

unsaturated zone.

Physical:
Depth of contamination and water table

Presence of metal objects

Physical:

Hydraulic conductivity

Depth to water table

Chemical:
Presence of soluble metal contaminants

Physical:
Permeability of soil

Chemical/biological:
Contaminant concentration and

toxicity

Technology is only applied in the
unsaturated zone.

Presence of metal objects precludes
application.

Technology applicable in zones of low
hydraulic conductivity.

Technology applicable in saturated soils.

Technology applicable to soluble metals, but
not organics and insoluble metals.

To determine ability to deliver nutrients
or oxygen to matrix and to allow
movement of microbes.

To determine viability of microbial popu-
lation in the contaminated zone.
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Table VIII. Examples of suggested site characterization activities, based on soils and subsurface materials as
waste-receiver systems.7

Site
USEPA
Region Contaminants

Recommended site evaluation
and characterization actions

Stamina Mills Superfund Site I
North Smithfield, RI

TCE

W. R. Grace & Co. Superfund Site
Acton, MA

Somersworth Landfill
Somersworth, NH

Nascolite Superfund Site
Millsville and Vineland, NJ

Drake Chemical superfund Site
Lock Haven, PA

Tyson's Dump

Anderson Development Co.
Spill Cleanup
Adrian, MI

Montrose Chemical Site
Los Angeles, CA

Time Oil Site
Tacoma, WA

Frontier Hard Chrome
Vancouver, WA

I

I

II

III

III

V

IX

X

X

Acetone, benzene,
& toluene

Arsenic & organic
compounds

Methyl methacrylate
(MMA)

Various wastes

1,2,3-trichloro-propane,
xylene, toluene, and
ethyl-benzene

4,4-methylene-bis -2-
chloroaniline (MBOCA)

DDT

PCE, PCA, & TCE

Chromium, lead,
nickel, & cyanide

Determination of soil-water partition
coefficients; investigation of soil physical
and hydraulic properties; Simulation of
contaminant transport

Selection of soil physical properties for
fugacity modeling

Selection of leaching test suitable for
high organic matter content soils to
provide data for estimation of
migration potential

Evaluation of residual soil concentrations
during groundwater fluctuations; De-
velopment of appropriate extraction
technologies based on chemical prop-
erties of MMA

Development of laboratory procedures:
Determination of site-specific partition
coefficients; Development of ContPro
Model (revised version of Ritz Model)

Determination of causes for plugging of
SVE extraction wells with tarry materials

Recommendation of use of site-specific
biotreatability study to determine
feasibility of use of soil bioremediation

Recommendations to design of laboratory
soil biotreatment feasibility studies

Development of soil-water and soil-air
partitioning relationships for implemen-
tation of SVE

Development of estimates of leachate
concentrations of contaminants at
equilibrium between soil and water

Treatablllty Studies

Treatability studies are used to provide specific informa-
tion concerning the potential application of treatment tech-
nologies at field scale, by evaluating and comparing rate and
extent of remediation among several technologies. Treat-
ability studies can be conducted in laboratory microcosms or
bench-scale reactors, pilot-scale facilities, or in the field.
Laboratory treatability studies are generally screening stud-
ies used to establish the validity of a technology, to generate
data that can be used as indicators of potential to meet
performance goals, and to identify parameters for investiga-
tion during bench- or pilot-scale testing. Laboratory treat-
ability studies are generally not appropriate for generating
design or cost data.80 Pilot-scale testing is conducted to
generate information concerning quantitative performance,
cost and design information. Three proposed categories of
treatability testing and associated descriptions are included
in Table X.80

Treatability study results are commonly used to provide
information relating to rates and extent of treatment of
hazardous organic constituents when mass transfer rates of
potential limiting substances are not limiting the treatment.
Treatability studies also usually represent optimum condi-

tions with respect to mixing, contact of soil solid materials
with waste constituents and with microorganisms, and ho-
mogeneous conditions throughout the microcosm. There-
fore, treatability studies provide information concerning po-
tential levels of achievable treatment. Rate and extent of
remediation in a prepared bed or in-situ system, and some-
times in in-tank reactors, are generally limited by accessibil-
ity and rate of mass transfer of chemical substances to the
contaminated soil and removal of inhibitory microbial deg-
radation products.61

Information from mass balance studies, including labora-
tory screening, bench- and pilot-scale studies, is combined
with information concerning site and waste characteristics
in order to determine applications and limitations of each
technology. Information obtained from treatability studies
should be focused on identifying ultimate limitations to the
use of a remediation technology at a specific site, which
usually are usually related to 1) time required for cleanup; 2)
level of clean-up attainable; and 3) cost of clean-up.22

Treatment Train Selection

The use of treatment trains is also important to consider
in an engineering approach for using treatment techniques
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for site remediation. For example, vacuum extraction is
known to be applicable to unsaturated sites characterized by
permeable materials containing volatile chemicals. Vacuum
extraction can also be used for the removal of more semi-
volatile chemicals by providing a source of oxygen (air) to
subsurface microorganisms, where anoxic conditions exist
due to relative slow replenishment of oxygen through atmo-
spheric diffusion. This is an example of the use of one tech-
nology for the treatment of both volatile and semi-volatile
chemicals in the subsurface.

Another example of the use of a treatment train for creo-
sote contaminated soil and ground water involves: 1) prod-
uct removal using a pumping system; 2) flushing with water
and surfactants using pump and treat technology; and 3) in
situ biodegradation of the residual contamination.98 Each
technology is employed in the order of ease of removal of
creosote from the subsurface. The treatment train selected
was based on a site characterization to identify where the
creosote was located and the mass of creosote (including
pure product) associated with subsurface phases, i.e., the
vadose zone and aquifer materials. The problem assessment
identified the following areas of concern: 1) potential offsite
migration of pure product; 2) slow leaching of low levels of
creosote contaminants sorbed to soil, subsurface, and aqui-
fer materials; and 3) the presence of high molecular weight
polycyclic aromatic compounds that are toxic to human
health, are non-volatile, and have very low water solubilities.
Each technology was evaluated in laboratory-scale treatabil-
ity tests for treatment effectiveness and for ease of applica-
tion to contaminated materials obtained from the site. Engi-
neering design and implementation was based on results of
site characterization, mass balance determinations at the
site, and treatability studies.

Information from treatability studies is used to prepare an
approach to the engineering design and implementation of a
remediation system at a specific site that combines the mix
of treatment techniques evaluated to construct a treatment
train. The formulation of a treatment train for a site general-
ly is based upon information from simulations (e.g., mathe-
matical modeling) generated from mass balance studies,
treatability studies, and site/soil characterization data.

Measurement and Interpretation of Treatment Effectiveness

Typically, soil samples are taken from a treatability reac-
tor (in situ, prepared bed, or in-tank) from laboratory-,
bench-, or pilot-scale studies, or from a field site, and ex-
tracted with a solvent or thermally desorbed. The concentra-
tion of compound is usually measured in the solvent extract
of the soil or the thermal desorption stream using chemical
instrumentation (e.g., gas or liquid chromatographs with
appropriate detectors). This information is termed the "ap-
parent loss" of a chemical and refers to the observation that
the chemical disappears from the solvent or extraction
phase, but does not necessarily represent a complete chemi-
cal mass balance.82 The change in concentration of com-
pound in the solvent with time is often used to calculate rate

Table IX. Ratios of concentration of pesticides between water/
soil and air/soil at 15 cm after 81 days (ranked in order from
greatest potential for leaching and volatilization to least
potential).89

Pesticide

Disulfoton
Phorate
Methylpara-

thion
Toxaphene
Endosulfan
Parathion
Heptachlor

Aldrin

Leaching
potential

(concentration
in soil water/
concentration

in soil)

330
23
4.8

0.5
0.12
0.06
0.06

0.0009

Pesticide

Toxaphene
Disulfoton
Phorate

Heptachlor
Endosulfan
Aldrin
Methylpara-

thion
Parathion

Volatilization
potential

(concentration
in soil air/

concentration
in soil)

7.4
3.6 X lO-2

5.2 X 10"3

5.5 X 10"3

4.0 X 10~4

2.0 X 10~5

1.2 X 10-5

1.6 X 10"6

and extent of decrease in the concentration of compound in
soil. This information is commonly used to interpret treat-
ment effectiveness for different technologies and to deter-
mine engineering strategies and management approaches,
including: 1) time required to attain cleanup target concen-
trations for a soil; and 2) effects of environmental factors or
experimental variables (chemical, physical, or biological) on
treatment effectiveness.

However, additional information is needed in order to
accurately measure as well as interpret treatment effective-
ness. In order to understand treatment mechanisms and to
base the selection of treatment technologies on a rational
approach, identification and measurement of distribution
among the physical phases that comprise a soil system is
necessary, as well as identification and differentiation of the
mechanisms by which a compound may be chemically al-
tered in a soil system.41-82'91-"-102

Enhancing information obtained concerning rate of ap-
parent loss of chemicals from a soil extract with information
concerning interphase transfer potential between solid and
gas phases of soil as well as with knowledge of mechanisms of
interactions of compounds with soil phases will provide the
basis for a more rational approach to remediation of contam-
inated soil. Evaluation of remediation technology effective-
ness can be based upon specific media (soil, air) and upon
specific mechanisms, such as recovery of the air phase or
enhancement of abiotic destruction or biological degrada-
tion, to improve treatment. Evaluation of interphase trans-
fer also allows characterization of routes by which chemicals
may migrate from the soil to the multimedia environment
that lead to human exposure. Thus, this method for measur-
ing treatment effectiveness is also valuable in the determi-
nation of risk reduction and implementation of risk manage-
ment strategies.82

Table X. General comparison of laboratory screening, bench-scale testing, and pilot-scale testing.80

Tier

Laboratory screening

Bench-scale testing

Pilot-scale testing

Type
of data

generated

Qualitative

Quantitative

Quantitative

Critical
parameters

Several

Few

Few

No. of
replicates

Single/
duplicate

Duplicate/
triplicate

Triplicate
or more

Study size

Jar tests or
beaker studies

Bench-top
(some larger)

Pilot-plant
(onsite or offsite)

Usual
process

type

Batch

Batch or
continuous

Batch or
continuous

Waste
stream
volume

Small

Medium

Large

Time
required

Hours/
day

Days/
week

Weeks/
month

Cost, $

10,000-
50,000

50,000-
250,000

250,000-
1,000,000
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Figure 3. Laboratory flask apparatus used for mass balance measurements.22

The laboratory flask apparatus used for mass balance
determinations (Figure 3) can also be used to measure and
compare potential effectiveness for different treatment sce-
narios.

Remediation Techniques for Contaminated Soils

Overview

At the present time, many remedial techniques are being
used and evaluated for use in the clean-up of contaminated
soils. Participants in the U.S. EPA SITE program that are
testing technologies applicable to contaminated soils are
listed in Tables XI and XII.30 Technologies applicable to
contaminated soils currently being demonstrated and evalu-
ated in the NATO/CCMS Pilot Study on "Demonstration of
Remedial Action Technologies for Contaminated Land and
Groundwater" are summarized in Table XIII.

Selected physical, chemical, biological, thermal, and fixa-
tion/encapsulation soil remediation techniques were catego-
rized as in situ, prepared bed, and/or in-tank reactors and
are summarized in Table XIV. Each soil remediation tech-
nique was also evaluated with respect to function (separa-
tion, detoxification, etc.), potential for formation of residu-
als/transformation products, applications, and limitations.
A subset of these techniques, evaluated at pilot- or field-
scale, was selected for additional description.

In Situ Techniques

Soil Vacuum Extraction (SVE)

Process description: Referred to as soil vapor extraction
(SVE), forced air venting, or in situ air stripping, this tech-

nique involves extraction of air from unsaturated soil. Clean
air is injected or passively flows into the unsaturated zone
where volatile chemicals partition from soil water into soil
air, with relative partitioning based on the air/water parti-
tion coefficient (Kh) or Henry's Law constant.5

Components and operation: Typically, components of
SVE consist of vacuum extraction wells (Figure 4), air inlet
wells, and vapor monitoring wells distributed across a con-
taminated site, and a blower(s) to control air flow. Extrac-
tion wells may be placed vertically or horizontally across a
site. Vertical alignment is typical for deeper contamination
zones and for residues in radial flow patterns.103

System variables: Important system variables affecting
the performance of SVE include properties of the chemical
(vapor pressure and volatilization) and properties of the site
(soil moisture content, soil texture, distribution of contami-
nants). Where chemicals exist in pure form, vapor pressure
of the chemical is important, with vapor pressures above 14
mm Hg at 20° C desirable for application of SVE. When
chemicals are distributed in the water phase in the soil,
Henry's Law constant is important, with dimensionless
Henry's constant above 0.01 (mg/L/mg/L) desirable for use
of SVE.5 Since movement of volatile organic chemicals
(VOCs) is generally 10,000 times faster in a gas phase than in
a water phase, VOC removal is expected to be enhanced by
decreasing soil moisture. However, when soil is very dry,
which may occur when dry air is drawn through soil, VOCs
may adsorb directly onto mineral surfaces, where the magni-
tude of sorption is increased and consequently volatilization
is decreased (Figure 5). Henry's Law constant is not appro-
priate under these conditions, since partitioning is between
air and soil phases only. When moisture is added to soil, the
effect is reversible. The moisture content at which a decrease
in vapor density becomes apparent is often termed the criti-
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cal moisture content and is generally defined as being equiv-
alent to approximately a monolayer of water molecules coat-
ing the soil particles.104-105 Johnson and Sterrett106 noted
that dichloropropane concentrations were correlated with
ambient air moisture during the use of SVE at a site in
Benson, Arizona.

If contaminated soil contains immiscible fluids in the form
of oils, petroleum hydrocarbons, etc., the four-phase system
discussed previously is operative. In this system, chemical
volatility will be affected by the chemical vapor pressure and
mole fraction within the immiscible oil fluid, and governed
by Raoult's Law:

Pa = XaPa° (17)

where Pa = vapor pressure of solvent over solution (mm Hg),
Xa = mole fraction of solvent in solution, and Po° = vapor
pressure of pure solvent (mm Hg).

For contamination by hydrocarbons with multiple compo-
nents, volatilization will proceed such that lower molecular
weight chemicals will preferentially volatilize compared to
higher molecular weight compounds. Through this process
of weathering of the waste-soil mixture, SVE extraction effi-
ciency is observed to decrease to less than 10 percent when
the fraction of gasoline remaining is approximately 40 per-

cent.107 Therefore, measurement of general parameters such
as total hydrocarbons is not sufficient to indicate the remov-
al efficiency of individual constituents.

Soil texture has been evaluated as it influences air perme-
ability.108 In less permeable media, such as glacial till and
clayey soils, secondary permeability or porosity (fractures)
will dominate air flow. The results will be rapid removal of
VOCs in fractures and slow removal in the soil matrix. Pneu-
matic pump tests in the field are recommended for site-
specific evaluation of the application of SVE.

Due to release of VOCs from the soil matrix when extrac-
tion wells are temporarily turned off, concentrations of VOC
increase in soil air (referred to as "VOC rebound effect"),
with an equilibrium concentration determined by Henry's
Law constant. When blowers are turned on, an increase in
the concentration of extracted vapor from the soil will be
observed. Diffusive release from subsurface stratigraphy of
less permeability will cause the slow continual release of
chemicals into the soil gas phase (Figure 6).5

Design: Design considerations affecting SVE include extrac-
tion well spacing and extraction well depth. As permeability
decreases, well spacing decreases, with typical well spacings
of 10 m to 30 m common. Also, air circulation generally is not
significant below the screened interval for extraction wells.

Table XI. SITE demonstration program participants with technologies applicable to remediation of contaminated
soils.30

Developer

American Combustion
Technologies, Inc.
Norcross, GA

American Toxic Disposal, Inc.
Waukegan, IL

AWD Technologies, Inc.
Burbank, CA

Biotrol, Inc.
Chaska, MN

CF Systems Corporation
Waltham, MA

Chemfix Technologies, Inc.
Metairie, LA

Chemical Waste Management, Inc.
Oakbrook, IL

Dehydro-Tech Corporation
East Hanover, NJ

Ecova Corporation
Redmond, WA

EPOC Water, Inc.
Fresno, CA

Exxon Chemicals, Inc./
Rio Linda Chemical Co.
Long Beach, CA

GeoSafe Corporation
Kirkland, WA

HAZCON, Inc.
Brookshire, TX

Horsehead Resources
Development Co., Inc.
Monaca, Pa

Technology

Pyreton oxygen burner

Vapor extraction system

Integrated vapor extrac-
tion and steam vacuum
stripping

Soil washing system

Solvent extraction

Solidification/stabilization

X*TRAX™ low tempera-
ture thermal desorption

Carver-Greenfield process
for extraction of oily
waste

In situ biological treatment

Leaching and microfiltra-
tion

Chemical oxidation/cya-
nide destruction

In situ vitrification

Solidification/stabilization

Flame (slagging) reactor

Inorganic

NA

Volatile

NA

Metals

NA

Heavy metals

NA

NA

NA

Specific for
heavy metals

Cyanide

Non-specific

Heavy metals

Heavy metals

Applicable wastea

Organic

Non-specific

Volatile and semivolatile
organics including PCBs,
PAHs, PCPS, some pesticides

Volatile organic compounds

High molecular weight organics

PCBs, volatile, and semivolatile
organic compounds, petroleum
byproducts

High molecular weight organics

Volatile and semivolatile
organics, PCBs

PCBs, dioxin, oil-soluble
organics

Chlorinated solvents, non-
chlorinated organic compounds

NA

NA

Non-specific

Not an inhibitor

NA

a NA = non applicable (Continued on next page)
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Table XI. SITE demonstration program participants with technologies applicable to remediation of contaminated
soils (continued).30

Developer

International Waste Technologies/
Geo-Con, Inc.
Wichita, KS

MoTec, Inc.
Austin, TX

Ogden Environmental Services
San Diego, CA

Ozonics Recycling Corp.
Boca Raton, FL

Resources Conservation Co.
Bellevue, WA

Retech, Inc.
Ukiah, CA

S. M. W. Seiko, Inc.
Redwood City, CA

Shirco Infrared Systems, Inc.

Silicate Technology Corp.
Scottsdale, AZ

Soliditech, Inc.
Houston, TX

Solvent Services, Inc.
San Jose, CA

Terra Vac, Inc.
San Juan, PR

Toxic Treatments (USA) Inc.
San Francisco, CA

Wastech, Inc.
Oak Ridge, TN

Technology

In situ solidification/
stabilization

Liquid/solid contact
digestion

Circulating fluidized bed
combustor

Soil washing, catalytic/
ozone oxidation

Solvent extraction (BEST)

Plasma reactor

In situ solidification/
stabilization

Infrared thermal destruction

Solidification/stabilization
with silicate compounds

Solidification/stabilization

Steam injection and vacuum
extraction (SIVE)

In situ vacuum extraction

In situ steam/air stripping

Solidification/stabilization

Inorganic

Non-specific

NA

NA

Cyanide

NA

Metals

Metals

NA

Metals, cyanide,
ammonia

Metals

NA

NA

NA

Non-specific,
radioactive

Applicable waste3

Organic

PCBs, other non-specific
organic compounds

Halogenated and non-
halogenated organic
compounds, pesticides

Halogenated and fton-
halogenated organic
compounds

Semivolatiles, pesticides,
PCBs, PCP, dioxin

Specific for high molecular
weight organics

Non-specific

Semivolatile organic compounds

Non-specific

High molecular weight organics

Non-specific

Volatile and semivolatile
organic compounds

Volatile and semivolatile
organic compounds

Volatile organic compounds
and hydrocarbons

Non-specific

a NA = non applicable

Where contamination is deep and permeability is high
throughout the soil profile, the slotted (screened) interval
should be extended to the maximum depth possible to maxi-
mize treatment, rather than slotted fully vertically.5

Special application: A promising aspect of SVE is poten-
tial application for the enhancement of biodegradation of
volatile and semi-volatile chemicals in soils. SVE provides
air to the vadose zone, and thus carries oxygen that can be
used as the terminal electron acceptor by soil microorgan-
isms to biodegrade chemicals. Air has a much greater poten-
tial than water for delivering oxygen to soil on a weight-to-
weight basis and volume-to-volume basis. Oxygen provided
by air is more easily delivered since the fluid is less viscous
than water; higher oxygen concentration in air also provides
a large driving force for diffusion of oxygen into less perme-
able areas within a soil formation.109

Hinchee110 and Hinchee and Downey111 successfully ap-
plied SVE for the enhancement of biodegradation of petro-
leum hydrocarbons in JP-4 jet fuel at Hill Air Force Base,
Ogden, Utah, by increasing subsurface oxygen concentra-
tions. Soil moisture was found to be a sensitive variable
affecting biodegradation, with increased soil moisture (from
20 percent to 75 percent field capacity) related to increased
biodegradation (Figure 7). Monitoring carbon dioxide and
oxygen concentrations, as well as estimating the mass of
VOG biodegraded, is recommended for evaluation of poten-
tial enhanced biodegradation.

In situ vacuum extraction has been demonstrated in Mas-
sachusetts as part of the Superfund SITE program,30'112 in
Michigan and Puerto Rico,113 and at several other locations
in the United States.3

Bloremedlatlon

Wilson114 identified biological processes, including micro-
bial degradation, as an important mechanism for attenuat-
ing contaminants during transport through the vadose zone
to the groundwater. In situ soil remedial measures using
biological processes can reduce or eliminate continuing or
potential groundwater contamination, thus reducing the
need for extensive groundwater monitoring and treatment
requirements.114"116 In situ biological remediation of soils
contaminated with organic chemicals is also an alternative
treatment technology for achieving a permanent clean-up
remedy at hazardous waste sites, as encouraged by the U.S.
EPA for implementation of the Superfund Amendments
and Reauthorization Act (SARA) of 1986.

Process description: In situ bioremediation involves the
use of naturally occurring microorganisms to degrade and/or
detoxify hazardous constituents in the soil at a contaminat-
ed site to protect public health and the environment. Biore-
mediation techniques for contaminated soils have been ad-
dressed at several recent scientific meetings and confer-
ences.21-118"121 The use of bioremediation techniques in
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Table XII. SITE emerging technology program participants with technologies applicable to remediation of
contaminated soils.30

Developer Technology
Applicable wastea

Inorganic Organic

Babcock & Wilcox Co.
Alliance, OH

Battelle Memorial Institute,
Columbus Division
Columbus, OH

Enviro-Sciences, Inc.
Randolph, NJ

Harmon Environmental Services, Inc.
(formerly Envirite Field Services, Inc.)

. Auburn, AL

IT Corporation
Knoxville, TN

Western Research Institute
Laramie, WY

Cyclone combustor

In situ electroacoustic
decontamination

Non-specific Non-specific

Specific for NA
heavy metals

Low energy solvent extraction NA

Soil washing NA

PCBs, other non-specific
organic compounds

Heavy organic compounds

Batch steam distillation/
metal extraction

Contained recovery of oily
wastes (CROW)

Non-specific Non-specific

NA Coal tar derivatives,
petroleum byproducts

a NA = non applicable

conjunction with chemical and physical treatment process-
es, i.e., the use of a "treatment train," is an effective means
for comprehensive site-specific remediation.96

Four approaches are generally used for in situ biological
treatment, including: 1) enhancement of biochemical mech-
anisms for detoxifying or degrading chemicals; 2) augmenta-
tion with exogenous acclimated or specialized microorgan-

Threaded Joint«, Ground Elevation

Grout

Slip Cap.

Christy Box @ Grade

" Bentonite Seal

4" Diameter PVC
Screen

Figure 4. Schematic of a gas extraction well.5

System variables: Microbial ecologists have identified
ranges of critical environmental conditions that affect aero-
bic activity of soil microorganisms (Table XV). Many of
these conditions are controllable and can be modified to
enhance activity.24-54'59-122

System design: Information for design of in situ bioreme-
diation for treatment of hazardous waste-contaminated soil
is based on land treatment.33"34-123 Modification of land
treatment designs provide a significant information base for
designing in situ soil remediation systems.

Special application: The application of cooxidation pro-
cesses for the biodegradation of high molecular weight poly-
cyclic aromatic hydrocarbons (PAHs) present in oil (NAPL)
phases in soil has been investigated by Keck et al.58 In
certain cases, PAH degradation may be limited by the rate of
primary substrate (oil) degradation, which is limited by the
rate of supply of electron acceptor (oxygen) to the subsur-
face. In the study by Keck et al., aerobic conditions were not
sufficient to stimulate biodegradation of high molecular
weight PAHs; however, when PAHs were present in an oily
matrix in the soil, and the soil was tilled to supply oxygen,
PAHs were observed to exhibit faster degradation kinetics.

There is also increasing evidence that some halogenated
compounds may be degraded under methanogenic condi-
tions through a process of reductive dehalogenation.124-126

Kobyashi and Rittmann127 determined that the redox po-

isms; 3) application of cell-free enzymes; and 4) vegetative
uptake.3 Enhancement of biochemical mechanisms may in-
volve: 1) control of soil factors such as moisture, pH, nutri-
ents, and temperature to optimize microbial activity; 2) ad-
dition of organic amendments to stimulate cooxidation or
cometabolism; 3) control of soil oxygen by moisture control
to accomplish aerobic or anaerobic biodegradation; and 4)
addition of colloidal gas aphrons (microscopic bubbles of
gas) to increase the concentration of terminal electron ac-
ceptor (oxygen) in the soil and thereby enhance aerobic
biodegradation.3-5'21'58

Components and operations: Components generally in-
clude: 1) delivery systems, such as injection nozzles, plows,
and irrigation systems, to accomplish the delivery of water,
nutrients, oxygen, organic matter, specialized microorgan-
isms, and/or other amendments, as required; and 2) run-on
and run-off controls for moisture control and waste contain-
ment.3-23

O Non Polar Orgam<

Phase

Adsorbed
Layer U70 0

u 0
Wet Solid Surface

Figure 5. Effect of moisture on VOC adsorption and desorption in soil—VOC
adsorption with two moisture regimes.5
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Table XIII. NATO/CCMS projects for the remediation of contaminated soils.1

Treatable contaminants

Treatment
Organization/site

Biological
Enhanced aerobic restoration

U.S. Air Force, Battelle;
Eglin Air Force Base, FL,
United States

Microbial treatment
Former gas works,
Fredensborg, Denmark

Chemical/Physical
K-PEG process

U.S. Environmental Protection
Agency,
Wide Beach, NY, United States

High pressure soil washing
Scrap metal & copper refinery,
Berlin, Federal Republic of Germany

High pressure soil washing and oxidation
Goldbeck Haus, Hamburg,
Federal Republic of Germany

Soil vapor extraction
U.S. Environmental Protection
Agency,
Verona Well Field
Battle Creek, MI, United States

Stabilization/Solidification
In-situ vitrification

Parsons Chemical Site,
Michigan, United States

Electrokinetic
Electro-reclamation

Loppersum,
The Netherlands

Thermal
Thermal desorption and destruction

(radiation heating)
Dekonta GmbH, Hamburg,
Federal Republic of Germany

ic ir
bo

ns
li

ph
at

yd
ro

ca

V

V

V

ic tr
bo

ns
ro

m
at

yd
ro

ca

V

V

V

V

V

V

V

V

la
te

d
ir

bo
ns

*-l CO

a> o
ho o

%f

V

V

V

V

V

[e
av

y
le

ta
ls

V

V

V

V

V

V

a

et
ro

le
i

le
ls

, o
i

PHC!

V

V

V

V

Specific
contaminants

treated

Jet fuel

Polycyclic aromatic
hydrocarbons,
phenols, cyanides

PCBs, dioxin

Lead, PAHCs

Phenol, kresol

Halogenated and

aromatic hydro-
carbons

Mercury

Arsenic

Chlorobenzenes,
Chlorophenols,
Hexachlorocyclo-
hexane, dioxins,
furans

Treatment
location

In-situ

On-site,
in-situ

On-site,
mobile

On-site,
mobile

In-situ

In-situ

In-situ

In-situ

On-site

Status of
technology

Experimental

Demonstration

Demonstrated

Commercial

Demonstration

Demonstrated

Experimental

Commercial

Experimental

tential of the environment must be below 0.35 V for signifi-
cant reductive dechlorination to occur. Reductive reactions
may be catalyzed by both abiotic and biochemical means in
anaerobic environments.

Oxygen may be consumed faster than it can be replaced by
diffusion from the atmosphere, and the soil may become
anaerobic. Clay content of soil and the presence of organic
matter also may affect oxygen content in soil. Clayey soils
tend to retain a high moisture content, which restricts oxy-
gen diffusion, while organic matter may increase microbial
activity and deplete available oxygen. Loss of oxygen as a
metabolic electron acceptor induces a change in the activity
and composition of the soil microbial population. Obligate
anaerobic organisms and facultative anaerobic organisms,
which use oxygen when it is present or switch to alternative
electron acceptors such as nitrate or sulfate in the absence of
oxygen, become the dominant populations. Additional infor-
mation concerning in situ anaerobic bioremediation can be

found in the document, "Handbook on In Situ Treatment of
Hazardous Waste-contaminated Soils."3

In contrast to the possibility of vegetative accumulation of
chemicals for harvesting and removal from a site, the use of
plants for stimulating microbial activity in soil that results
in increased biodegradation of target organic chemicals is
currently being investigated by Walton128 and Aprill and
Sims.129 In soils with low levels of contamination, plant roots
may stimulate cooxidation or cometabolism of target co-
substrates by providing exudates that serve as carbon and
energy substrates for soil microorganisms.

The environmental factors presented in Table XV, as well
as waste and other soil/site characteristics, interact to affect
microbial activity at a specific contaminated site. Computer
modeling techniques are useful design and evaluation tools
to describe interactions and their effects on bioremediation
treatment techniques for organic constituents in a specific
situation.
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Contaminant Immobilization

System description: In situ immobilization describes the
relative tendency of a contaminated soil to retain hazardous
chemicals in the solid phase, thereby preventing interphase
transfer into aqueous, gaseous, and/or other mobile (fluid)
phases in the soil environment. Immobilization techniques
include a broad range of alternatives that function to reduce
the rate of release of contaminants from the soil so that
concentrations along exposure pathways are held within ac-
ceptable limits. Primary natural immobilization mecha-
nisms in soil are sorption, ion exchange, and precipitation.
These techniques are based on soil processes that have been
previously discussed in this paper and are presented in de-
tail in Sims et al.23-24
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Figure 6. Diffusive release of contaminants from the soil phase into the gas
phase.5

Solidification and stabilization represent immobilization
techniques designed to accomplish one or more of the follow-
ing: 1) produce a solid from a liquid or semi-solid waste; 2)
reduce contaminant solubility; and/or 3) decrease the ex-
posed surface area across which transfer may occur. Solidifi-
cation may involve encapsulation of fine waste particles (mi-

croencapsulation) or large blocks of waste (macroencapsula-
tion). Stabilization refers to the process of reducing the
hazardous potential of waste material by converting the con-
taminants into their least soluble, mobile, or toxic form.3 A
milestone publication providing additional details on this
technique is the "Handbook for Stabilization/Solidification
of Hazardous Wastes."130

System components and operation: Delivery systems for
reagents to the contaminated area include: 1) injection sys-
tems; 2) soil surface applicators; and/or 3) delivery and ap-
plication of electrical energy for melting soils and rocks that
contain hazardous materials. Equipment required for pre-
paring, mixing, and applying reagents depends upon the
reagent, process, and depth of contamination.3

System variables: Important parameters identified by
Truett et al.131 include reagent viscosity, permeability of
soils, porosity of waste materials and soil, distribution of
waste in surrounding material (rocks, soils, etc.), and rate of
reaction. The most significant challenge in applying solidifi-
cation/stabilization treatment in situ is achieving uniform
mixing of the chemical agent added with the contaminated
soils.3

Design: Design factors involve delivery and mixing system
to obtain complete and uniform distribution of added re-
agent throughout the contaminated soil.3

Special application: This technique was applied and eval-
uated under the Superfund SITE program for treatment of
polychlorinated biphenyl (PCB) contaminated soils.132

Eight additional application sites were summarized by the
U.S. EPA.3

Contaminant Mobilization

System description: Mobilization of organic and/or inor-
ganic contaminants from soil may be accomplished using soil
flushing, with recovery and treatment of the elutriate.3-23

Flushing solutions generally include water, acidic and basic
solutions, surfactants, and solvents. The solutions function
to partition a contaminant into the liquid phase through
volume of added liquid or through decreasing the distribu-
tion coefficient between the soil and the flushing phase.24-133

System components and operation: Components consist
of the flushing solution and delivery and recovery systems,
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Figure 7. Enhancement of bioremediation of gasoline components using vacuum extraction
of soil amended with nutrients and moisture.110"111
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Table XIV. Selected remediation techniques possibly suitable for clean-up of contaminated soils.25"26-2*-29

Remediation
Techniques

Type of treatment
technology

Physical/chemical
treatment

Low Temperature
Thermal Stripping
(including radio
frequency heating)

Soil Washing

Soil Flushing

Soil Vacuum Extrac-
tion (SVE)

Glycolate Dechlori-
nation

Treatment
category

In-tank;
In situ

In-tank

In situ

In situ;
Prepared bed

In-tank;
In situ

Function

Separation

Separation;
Volume Re

duction

Separation;
Volume Re

duction

Separation

Detoxification

Possible residuals/
transformation

products

Off-gas; Spent
carbon or ash from
afterburner; Pro-
cessed soil; Haz-
ardous emissions
from in situ appli-
cations

Extracted materials;
Water/flushing
agent mix

Extracted materials;
Water/washing
agent mix

Volatile organics and
volatile toxic met-
als

Water/reagent mix;
Reaction products

Possible applications

Compounds of low
water solubility
and high volatility

Organics and inor-
ganics; Most suit-
able for soils con-
taminated with
only a few specific
chemicals

Organics and inor-
ganics; Most suit-
able for soils con-
taminated with
only a few specific
chemicals

Volatile organics and
toxic metals; May
be enhanced by the
use of steam

Dehalogenation of ar-
omatic halide com-
pounds

Possible limitations

Limited to organics with Henry's
Law constant greater than 3.0
X 10~3 atm-m~3/mole and boil-
ing points less than 800°; More
effective for soils with low con-
tents of organic matter and
moisture

Unfavorable contaminant sepa-
ration coefficients; Less effec-
tive with complex mixtures of
waste types and variation in
waste composition; Unfavor-
able soil characteristics in-
clude: high humic content,
soil/solvent reactions, high silt
and clay content, and clay soils
containing semivolatiles; Unfa-
vorable washing fluid charac-
teristics include: difficult re-
covery of solvent or surfactant,
poor treatability of washing
fluid, reduction of soil perme-
ability, and high toxicity of
washing fluid

Unfavorable contaminant sepa-
ration coefficients; Less effec-
tive with complex mixtures of
waste types and variation in
waste composition; Unfavor-
able soil characteristics in-
clude: variable soil conditions,
high organic matter content,
soil/solvent reactions, high silt
and clay content, and clay soils
containing semivolatiles; Unfa-
vorable flushing fluid charac-
teristics include: difficult re-
covery of solvent or surfactant,
poor treatability of washing
fluid, reduction of soil perme-
ability, and high toxicity of
washing fluid; Requires con-
tainment of leachate and
ground water to prevent off-
site groundwater contamina-
tion

Soil heterogeneity (e.g., perme-
ability, texture); Not applica-
ble to saturated materials or
miscible compounds

Heat and excess reagent required
for soils with greater than 20%
moisture and contaminant

Neutralization

Physical/chemical
treatment

Oxidation

In situ;
Prepared bed;
In-tank

In situ;
Prepared bed;
In-tank

Detoxification;
Immobiliza

tion

Detoxification

Precipitated salts

Oxidized reaction
products

Waste acids and al-
kalies to reduce re-
activity and corro-
siveness

Cyanides and oxidiz-
able organics

concentrations greater than
5%, and that contain compet-
ing reactive metals (e.g., alumi-
num)

Compatibility of waste and treat-
ment chemical to prevent for-
mation of more toxic or haz-
ardous compounds

Possible explosive reactions; Pro-
duction of more toxic or haz-
ardous products; Non-selective
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Table XIV. Selected remediation techniques possibly suitable for clean-up of contaminated soils (continued) .25"26-28-29

Remediation
Techniques

Type of treatment
technology

Photolysis

Precipitation

Reduction

Carbon Adsorption

Ion Exchange

Thermal Treatment
Fluidized Bed

Infrared

Pyrolysis

Rotary Kiln

Biological treatment
Aerobic

Bioremediation

Anaerobic
Bioremediation

Treatment
category

Prepared bed;

In situ;
Prepared bed;
In-tank

In situ;
Prepared bed;
In-tank

In situ;
Prepared bed

In situ;
Prepared bed

In-tank

In-tank

In-tank

In-tank

In-tank
Prepared bed;
In situ

In-tank
Prepared bed;
In situ

Function

Detoxification

Separation;
Volume Re-
duction; Im-
mobilization

Detoxification

Separation;
Immobiliza-
tion

Separation;
Immobiliza-
tion

Volume Re-
duction; De-
toxification

Volume Re-
duction; De-
toxification

Volume Re-
duction; De-
toxification

Volume Re-
duction; De-
toxification

Detoxification

Detoxification

Possible residuals/
transformation

products

Reaction products

Precipitated metals

Reduced reaction
products

Processed soil

Processed soil

Off-gases (possibly
acidic and with in-
complete combus-
tion products);
Treated materials
with residual met-
als; Fly ash; Scrub-
ber water

Off-gases (possibly
acidic and with in-
complete combus-
tion products);
Treated materials
with residual met-
als; Fly ash; Scrub-
ber water

Nonvolatile char and
ash (metals, salts,
and particulates)

Off-gases (possibly
acidic and with in-
complete combus-
tion products);
Treated materials
with residual met-
als; Fly ash; Scrub-
ber water

Hazardous volatile
emissions; Incom-
plete and possibly
hazardous degra-
dation products;
Leachates in soil
systems

Hazardous volatile
emissions; Carbon
dioxide, methane
and other gases;
Incomplete and
possibly hazardous
degradation prod-
ucts; Leachates in
soil systems

Possible applications

Dioxins; Nitrated
wastes

Metals; Certain an-
ions;

Chromium, silver,
and mercury

Organic wastes;
Wastes with high
molecular weight
and boiling point
and low solubility
and polarity;

Metal contaminants

Halogenated and
nonhalogenated or-

„ ganics; Inorganic
cyanides

Halogenated and
nonhalogenated or-
ganics; Inorganic
cyanides

Wastes not conducive
to conventional in-
cineration; Wastes
with volatile met-
als or recoverable
residues

Halogenated and
nonhalogenated or-
ganics; Inorganic
cyanides

Biodegradable organ-
ic wastes

Certain halogenated
organics

Possible limitations

Inability of light to penetrate
soil.

Unfavorable effects on soil per-
meability; Long-term stability
unknown

Possible explosive reactions; Pro-
duction of more toxic or haz-
ardous products; Non-selective

Long-term stability unknown;

Selectivity/competition limita-
tions; pH requirements

High maintenance requirements;
Waste size and homogeneity
requirements; Applicable to
wastes with low sodium and
metal contents

Limited particle sizes, so may re-
quire size reduction equipment

Small capacity

High particulate emissions; Lim-
ited particle sizes, so may re-
quire size reduction equipment

Ability to control environmental
factors conducive to biodegra-
dation; Formation of more tox-
ic or hazardous transformation
products; Prepared bed: areal
limitations due to cost of bed
preparation;

May require long treatment peri-
ods; Incomplete treatment,
possibly requiring aerobic con-
ditions to complete degrada-
tion process

May 1990 Volume 40, No. 5 725



Table XIV. Selected remediation techniques possibly suitable for clean-up of contaminated soils (continued).25"26'28"29

Remediation
Techniques

Type of treatment
technology

Biological Seeding

Composting

Enzyme Addition

Fixation/encapsula-
tion

Cement Solidifica-
tion

Treatment
category

In-tank
Prepared bed;
In situ

In-tank
Prepared bed

In-tank
Prepared bed;
In situ

In-tank;
In situ

Function'

Detoxification

Detoxification

Detoxification

Storage; Im-
mobilization

Possible residuals/
transformation

products

Hazardous volatile
emissions; Incom-
plete and possibly
hazardous degra-
dation products;
Leachates in soil
systems

Hazardous volatile
emissions; Incom-
plete and possibly
hazardous degra-
dation products;
Leachates in soil
systems

Hazardous volatile
emissions; Incom-
plete and possibly
hazardous degra-
dation products;
Leachates in soil
systems

Leachates; Hazard-
ous volatile emis-
sions; solidified
waste materials

Possible applications

Many biodegradable
organic wastes

Biodegradable organ-
ic wastes

Certain biodegrad-
able organic wastes

Metal cations; Latex
and solid plastic
wastes

Possible limitations

Survival and activity of organ-
isms in introduced environ-
ment (affected by environmen-
tal factors and competition
with native species)

Maintenance of optimum envi-
ronmental conditions for bio-
logical activity; Requires large
amounts of compost materials
mixed with only about 10%
wastes

Activity and stability of intro-
duced enzymes in natural sys-
tems

Incompatible with large amounts
of dissolved sulfate salt or me-
tallic anions such as arsenates
or borates: Settine time in-

Classification/
Vitrification

In-tank;
In situ

Storage; Im-
mobilization

Leachates; Hazard-
ous volatile emis-
sions; Classified or
vitrified waste ma-
terials; Aqueous
scrub solution

Inorganics and some
organics in liquids
and contaminated
soils

creased by presence of organic
matter, lignite, silt, or clay; Re-
quires complete and uniform
mixing of soils and reagents;
Long-term stability unknown;
May reduce soil permeability
and increase run-off

Long-term stability unknown;
High energy requirements, es-
pecially with high soil water
contents and low permeability;
Electrical shorting caused by
buried metal drums; Possible
underground fires from com-
bustible materials; Volatile
metals near surface may vola-
tilize; Site may require run-off
controls

Fixation/encapsula-
tion

Lime solidification
(Silicate)

Thermoplastic
Microencapsula-
tion

In-tank;
In situ

In-tank;
In situ

Storage; Im-
mobilization

Volume Re-
duction; Stor-
age; Im-
mobilization

Leachates; Hazard-
ous volatile emis-
sions; solidified
waste materials

Leachates; Hazard-
ous volatile emis-
sions; Encapsulat-
ed waste materials

Metals, waste oils, Long-term stability unknown;
and solvents Incompatible with borates, sul-

fates, carbohydrates; Requires
complete and uniform mixing
of soils and reagents; May re-
duce soil permeability and in-
crease run-off

Complex, difficult to Wastes not treatable: Wastes
treat hazardous with high water content,
wastes strongly oxidizing contami-

nants, anhydrous inorganic
salts, tetraborates, iron and
aluminum salts, and organics
with low molecular weights
and high vapor pressures;
Long-term stability unknown;
Requires complete and uni-
form mixing of soils and re-
agents; May reduce soil perme-
ability and increase run-off
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which may include equipment for surface applications, in-
jection and recovery wells, and holding tanks for storing
elutriate for reapplication.3'23

System variables: Variables affecting application of the
technique include concentration and volume of contamina-
tion, distribution coefficients, interactions of flushing solu-
tion with soil, and suitability for installation of wells, drains,
etc. for delivery and recovery.

Design: Design factors include sizing the delivery and re-
covery systems, and ensuring complete recovery of elutriate
by use of drains, pumping wells, etc.

Special application: Use of soil flushing in a treatment
train with bioremediation has been evaluated by Dworkin et
al.134 and by Kuhn and Piontek98 for wood preserving con-
taminated sites. Flushing using surfactant/polymer combi-
nations was used to remove high concentrations of PAH
compounds; residual low concentrations were treated using
biological processes.

Innovative Technologies

Radio Frequency Heating

System description: In situ radio frequency heating is
performed by energizing the soil with electromagnetic ener-
gy in the radio frequency band.135

System components and operation: The energy is depos-
ited by means of an electrode array placed in bore holes in
the soil. The array is covered with a vapor barrier for the
containment and collection of gases and volatilized contami-
nants. Equipment requirements include a transmitter, a
power source, electrodes, ancillary equipment for gas extrac-
tion and containment, and soil boring devices.3

System variables: The frequency of the applied power is
selected from the band reserved for the industrial, scientific
and medical (ISM) communities by the Federal Communi-
cations Commission. The specific frequency is selected
based on the dielectric properties of the soil, the depth of
treatment required, and the size of the heated volume.135

Design: Design information includes type and homogene-
ity of soil, contaminants present, dielectric properties of soil,
and frequency selection.135

Special application: The feasibility of the process for
decontamination of soils contaminated with jet fuel and
chlorinated solvents was recently demonstrated in bench-
and pilot-scale experiments and at a U.S. Air Force field
site.135 In bench- and pilot-scale experiments, 90 percent to
99 percent removal of tetrachloroethylene and chloroben-
zene from spiked sandy soils was seen, after the soils were
heated to 88° to 160° C for periods of 14 to 40 hours. Chemi-
cal mass balance determinations were performed for the
pilot-scale experiments (6-ft. columns of soil). Mass balance
closure of 75 percent to 104 percent was demonstrated in
most experiments. Uniform decontamination occurred
along the length of the soil bed.

Jet fuel-contaminated soil was also heated in 6-ft tall
columns. Ninety to 99 percent of total non-aromatics were
removed from the soil by treatment at 150° C for a period of
14 to 40 hours.

Results from field testing the process at a U.S. Air Force
site contaminated with jet fuel and solvents indicated 90
percent and 99 percent removal of total aliphatics and total
aromatics, respectively.

PCB removal (72 percent to 99 percent) from spiked soils
has also been demonstrated. However, mass balance calcula-
tions showed poor recoveries at higher (i.e., 300° C) tempera-
tures than lower (i.e., 150° C) temperatures.

The RF in situ heating technique may also be used to
enhance the performance of other remediation technologies,
such as the K-PEG technique, which is a chemical dechlori-
nation process.

Colloidal Gas Aphrons

System description: Introduction of microscopic bubbles
of gas (gas aphrons) into the soil adds oxygen to soil, deliver-
ing oxygen at concentrations greater than the water solubili-
ty, so that the liquid solution remains saturated with oxygen.
The oxygen serves as the terminal electron acceptor for
aerobic degradation of organic contaminants.3

System components and operation: An injection plow is
used to inject colloidal gas aphrons (CGAs) in the soil. Exog-
enous reagents include the CGA microdispersion media and
nutrients to sustain microbial activity.3

System variables: Soil texture and depth of contamina-
tion will affect distribution of CGAs through the contami-
nated matrix. Potential aerobic biodegradability of the con-
taminant is also important.

Design: Design aspects relate to components of the micro-
dispersion generator, delivery system to the soil, volume of
contamination, and distribution of the microdispersion
through the contaminated volume.

Special application: Application has been limited to
bench- and pilot-scale studies for phenol degradation.136 No
field-scale demonstration has been conducted.3

Electrokinetics

System description: an electrokinetic phenomenon re-
ferred to as electroosmosis occurs when a liquid migrates
through a charged porous medium under the influence of a
charged electrical field.97 The charged media are clays and
sands that carry negative surface charges.

Components and operation: An electric field is created
through the use of anodes and cathode. An extraction well
(cathode) is used as the electric field that induces water to
flow.

System variables: Important variables include soil type
and texture, type of contaminants present, and hydraulic
conductivity.

Design: Design requirements include knowledge of area
and depth of contamination to determine placement of the
electric field, water flow rates to determine rate of contami-
nant removal, and electrical power needs.

Special application: The technology has been evaluated
for chrome removal by Horng and Banerjee.137 Ionic metal
species that are subject to ionic reactions and can migrate in
the soil system appear to be types of contaminants that can
be effectively treated with electrokinetics.3

Prepared Bed Reactors

In a prepared bed system, the contaminated soil may be
either: 1) physically moved from its original site to a newly
prepared area, which has been designed to enhance remedia-
tion and/or to prevent transport of contaminants from the
site; or 2) removed from the site to a storage area while the
original location is prepared for use, then returned to the
bed, where the treatment is accomplished. Preparation of
the bed may consist of such activities as placement of a clay
or plastic liner to retard transport of contaminants from the
site, or addition of uncontaminated soil to provide addition-
al treatment medium.

Possible prepared bed reactor technologies are identified
in Table XIV and are evaluated with regard to function as
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well as application and limitations. Treatment of contami-
nants with a prepared bed may be based on the techniques
previously identified and described for in situ treatment.

An example of the use of a prepared bed reactor for soil
remediation was described by Lynch and Genes.95 Prepared
bed treatment of creosote-contaminated soils from a shal-
low, unlined surface impoundment was demonstrated at a
disposal facility for a wood-preserving operation in Minne-
sota. The contaminated soils contained creosote constitu-
ents consisting primarily of PAHs at concentrations ranging
from 1,000 to 10,000 ppm. Prior to implementation of the
full-scale treatment operation, bench-scale and pilot-scale
studies simulating proposed full-scale conditions were con-
ducted to define operation and design parameters. Over a
four-month period, 62 percent to 80 percent removal of total
PAHs were achieved in all test plots and laboratory reactors.
Two-ring PAH compounds were reduced by 80-90 percent,
3-ring PAHs by 82-93 percent, and 4+-ring PAHs by 21-60
percent.

The full-scale system involved preparation of a treatment
area within the confines of the existing impoundment. A
lined waste pile for temporary storage of the sludge and
contaminated soil from the impoundment was constructed.
All standing water from the impoundment was removed, and
the sludges were excavated and segregated for subsequent
free oil recovery. Three to five feet of "visibly" contaminated
soil was excavated and stored in the lined waste pile. The
bottom of the impoundment was stabilized as a base for the
treatment area. The treatment area was constructed by in-
stallation of a polyethylene liner, a leachate collection sys-
tem, four feet of clean backfill, and addition of manure to
achieve a carbonmitrogen ratio of 50:1. A sump for collection
of stormwater and leachate and a center pivot irrigation
system were also installed. The lined treatment area was
required because the natural soils at the site were highly
permeable. A cap was also needed for residual contaminants
left in place below the liner. Contaminated soil was periodi-
cally applied to the treatment facility and roto-tilled into the
treatment soil. Soil moisture was maintained near field ca-
pacity with the irrigation system. During the first year of
operation, greater than 95 percent reductions in concentra-
tion were obtained for 2- and 3-ring PAHs. Greater than 70
percent of 4- and 5-ring PAH compounds were degraded
during the first year. Comparison of half-lives of PNAs in
the full-scale facility were in the low end of the range of half-
lives reported for the test plot units. Only two PNA com-
pounds were detected in drain tile water samples, at concen-
trations near analytical detection limits.

Prepared bed treatment of a Texas oil field site with stor-
age pit backfill soils contaminated with styrene, still bottom
tars, and chlorinated hydrocarbon solvents was demonstrat-
ed on a pilot scale.94 The remediation efforts included bio-
logical, chemical and physical treatment strategies. The pi-
lot-scale, solid-phase biological treatment facility consisted
of a plastic film greenhouse enclosure, a lined soil treatment
bed with an underdrain, an overhead spray system for dis-
tributing water, nutrients, and inocula, an organic vapor
control system consisting of activated carbon absorbers, and
a fermentation vessel for preparing microbial inoculum or
treating contaminated leachate from the backfill soils. Soils
were excavated from the contaminated area and transferred
to the treatment facility. Average concentrations of volatile
organic compounds (VOCs) were reduced by more than 99
percent during the 94-day period of operation of the facility;
most of the removal was attributed to air stripping. Biodeg-
radation of semivolatile compounds reduced average con-
centrations by 89 percent during the treatment period.

In-tank Reactors

Specific in-tank reactor technologies are identified in Ta-
ble XV and are evaluated with regard to functions, applica-

tion and limitations, and possible residuals and/or transfor-
mation products. Treatment of contaminants with in-tank
reactors may be based on the techniques previously identi-
fied and described for in situ and prepared bed treatment. In
addition to conventional reactors for treating contaminants
removed from soils138 and modified saturated/slurry sys-
tems,139 unsaturated or solid-phase reactors are also applica-
ble (e.g., composting reactors using white rot fungus to de-
grade organic contaminants140).

Additional information concerning in-tank treatment ap-
plications can be found in publications by Rich and Cherry25

and by the U.S. EPA.28

normal Treatment

Thermal treatment is a in-tank process that utilizes high
temperatures as the primary method for the destruction or
detoxification of hazardous wastes. The destruction and re-
moval efficiency (DRE) achieved for wastes incinerated in
properly operated thermal processes often exceeds 99.99
percent. Available air pollution control technologies can ef-
fectively address the potential for particulate emissions.
Thermal processing techniques that can potentially be used
for the treatment of contaminated soils include: 1) fluidized
bed incineration; 2) rotary kiln incineration; 3) pyrolytic
incineration; and 4) vitrification. Short descriptions of each
of the technologies are presented in Table XVI. Additional
information concerning experience in incineration of solid
materials at Superfund sites has been compiled by the U.S.
EPA.141 An authoritative and comprehensive review of in-
cineration was presented by Oppelt142 as part of the 1987
A&WMA Critical Reviews program.

Additional Issues and Research Needs

Degradation Under Anoxlc Conditions In Soil

The author of this review is presently addressing research
needs concerning bioremediation of contaminated soils, spe-
cifically degradation of organic chemicals under anoxic con-
ditions in soils. In some contaminated soil environments, as
a result of rapid consumption of oxygen by aerobic microor-
ganisms and slow recharge rates of atmospheric oxygen into
soil (i.e., in an anoxic environment), mineralization of organ-
ic chemicals will depend upon microbial utilization of elec-
tron acceptors other than molecular oxygen. In some cases
where O2 is not available, nitrate (NO3~), iron (Fe3+), man-

Table XV. Critical environmental factors for microbial
activity.24-54'59-122

Environmental factor Optimum levels

Available soil water

Oxygen

25-85% of water holding capacity;
-0.01 MPa

Aerobic metabolism: Greater than 0.2
mg/L dissolved oxygen, minimum air-
filled pore space of 10% by volume;

Anaerobic metabolism: O2 concentra-
tions less than 1% by volume

Redox potential

ph

Nutrients

Temperature

Aerobes and facultative anaerobes:
greater than 50 millivolts;

Anaerobes: less than 50 millivolts pH

5.5-8.5

Sufficient nitrogen, phosphorus, and
other nutrients so not limiting to
microbial growth (Suggested C:N:P
ratio of 120:10:1)

15-45° C (Mesophiles)
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ganese (Mn2+), and sulfate (S&i2") can act as electron accep-
tors if the organisms present have the appropriate enzyme
systems.

Recent reports indicate that iron and manganese are not
only important microbial electron acceptors in surface and
subsurface environments, but may successfully compete
with sulfate and carbon dioxide as electron acceptors.143-144

Concentrations of iron and manganese in soils are signifi-
cant, with levels from 20 to 3000 ppm for manganese and 3.8
to 5.2 percent for iron.145 Demonstration of the presence of
requisite microorganisms in the subsurface and the absence
of microbial toxicity is necessary, but not sufficient, to eval-
uate whether biological activity is potentially important.
Specific additional information that can be obtained as part
of a site characterization for in situ treatment include identi-
fication of electron acceptor(s) present, amounts of electron
acceptor(s) present, and redox and pH information to deter-
mine the chemical form of electron acceptors present. The
information can be used in thermodynamic calculations to
estimate the potential for biodegradation and the mecha-
nism^) influencing biodegradation.146

Other Issues and Research Needs

Additional critical issues and research needs concerning
soil remediation techniques at uncontrolled hazardous waste
sites are related to levels of cleanup achievable and/or ap-
propriate for a technique, i.e., the potential for specific re-
medial techniques to achieve specified regulatory clean-up
requirements. Additional specific needs include, but are not
limited to:

• effectiveness of microorganism seeding, as demonstrat-
ed by well-designed studies (including appropriate con-
trols), to assess effectiveness

• evaluation of immobilization techniques for long-term
stability and effectiveness

• development of cost information for comparison of re-
mediation techniques

• development of treatment trains that are appropriate for
different site scenarios

• identification of site characterization information that is
critical for the selection of appropriate remedial actions.

Table XVI. Thermal treatment techniques potentially
applicable to the remediation of contaminated soils.29

Thermal
treatment
techniques Description of process

Fluidized bed Utilization of a turbulent bed of inert granular
incineration materials (sand or contaminated soil) to im-

prove transfer of heat; Air is blown through
bed until materials are "suspended" and able
to move and mix like a fluid, resulting in inti-
mate contact of waste constituents with heat-
ed bed materials; Units operate at low com-
bustion temperatures

Rotary kiln Utilization of a long inclined tube that is rotated
incineration slowly as contaminated soils and fuels are in-

troduced to the high end of the kiln, resulting
in improved combustion

Pyrolysis Chemical decomposition of waste brought about
by heating contaminants in the absence of ox-
ygen; system involves use of two combustive
chambers: in the first, wastes are heated to
separate volatiles from nonvolatile char and
ash, either by direct or indirect heating; in the
second, volatile components are burned

Infrared Infrared radiators act as heat source to pyrolyze
incineration solids; Off-gases are burned by introduced air

in secondary chamber

There is currently a lack of information concerning anoxic
reactions in soil systems, even though the existence of anaer-
obic microsites under uncontaminated conditions are gener-
ally accepted by soil scientists. Mihelcic and Luthy147 have
evaluated the degradation of the hydrocarbons naphthalene
and acenaphthalene under anoxic conditions, and Suflita
and co-workers124"126 have evaluated anaerobic degradation
of chlorinated organic compounds.

Knowledge concerning potential anoxic reactions and
rates of biodegradation in contaminated soil systems is
needed to allow an evaluation of degradation, transforma-
tion, and detoxification systems that can be used for in situ
treatment of chlorinated and non-chlorinated contaminants
in contaminated soil systems. This type of information
would be especially useful where large amounts of soil are
contaminated at low levels and groundwater contamination
is not likely. The reactions are also applicable to prepared
bed and in-tank reactors where environmental conditions
are controlled to facilitate treatment.
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