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ABSTRACT

Supercritical fluid extraction (SFE) is a promising new technology to remediate
metal contaminated soils. In this research, supercritical carbon dioxide (SC CO;) was
used to extract copper from two spiked soils using thenoyltrifluoroacetone (tta) as the
chelating agent. First, the solubility of copper thenoyltrifluoroacetonate (Cu(tta)z) was
measured to be 1.4 x 10°® mole fraction at 10.34 MPa and 40°C. Extraction experiments
were then conducted at several conditions of pressure, temperature and moisture content.
For sand, the optimal conditions were determined to be at 10.34 MPa, 40°C and 5% water
content, which yielded an extraction of copper of 54%. For silt, the highest extraction of
copper was determined to be 25% at 10.34MPa, 40°C and 5% moisture. An analysis
performed on sand and silt samples indicated that several other metals may have been
present in the two soils and a notable amount of copper was present in the silt before

spiking.
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CHAPTER 1 INTRODUCTION

1.1 PROBLEM STATEMENT

There is increasing concern over the presence of contaminated sites around the
world. This contaminated land is the result of years of industrial development and
activity. The number of contaminated sites in the United States alone is estimated in the
hundred of thousands (U.S. EPA, 1997a; Meyer et al. 1995). In Canada, the number is
uncertain and may possibly be in the tens of thousands (NRTEE, 1997). Not only do
contaminants have immediate effects on soil and groundwater, they may significantly

pose a threat to human health and the environment.

Metals are extensively present at most Superfund sites (U.S. EPA, 1997b). For
the sites that have signed Records of Decision (ROD), which indicate what type of
cleanup alternatives will be used to cleanup the site, metals are the only contaminant in
16% of the cases and in combination with volatile or semi-volatile organic compounds in

49% of the cases (U.S. EPA, 1997b).

Pollution of soil can disturb the delicate balance of physical, chemical and
biological processes that is necessary for the maintenance of soil fertility or may inhibit
microbial enzyme activity, which could reduce the diversity of soil flora and fauna.
Metals may be transferred to man by consumption of contaminated plants or indirectly by
consumption of grazing animal’s meat or milk. When soils are polluted by metals, there
is a possibility of transfer of heavy metals to surface and ground waters, and inhibition of
microbial enzyme activity and reduction of the diversity of soil flora and fauna
populations (Allen et al. 1995). To minimize the impacts, it is necessary to remediate
these contaminated soils. The soil remediation industry is growing at a worldwide level

(Mcllvaine, 1998) and research is necessary to improve the technologies that exist.



Some soil remediation technologies that exist are incineration, thermal desorption,
soil vapor extraction, mechanical separation, containment systems, reactive
walls/barriers, electroreclamation/electrokinetics, and excavation and disposal (United
Nations, 2000). These are considered to be physical methods. Some chemical methods
are soil washing/flushing, solidification/stabilization, dehalogenation, solvent extraction
and chemical reduction/oxidation. Biological methods are bioremediation,
phytoremediation, natural attention, landfarming and bioreactors. Some of these
techniques are still at the developing stage. Other technologies that have yet to be
commercialized but are  promising are polymer  adsorption,  solar
detoxification/photolysis, plasma arc, vitrification and the Lasagna process™ (United
Nations, 2000). All of these technologies have advantages and disadvantages and only
some of them can be applied to metal contaminated soils. More research is needed to

develop more effective technologies to treat metal contaminated soils (U.S. EPA, 1997a).

Supercritical fluid extraction (SFE) is a promising new technology that may be
used to remediate contaminated sites. SFE is a process in which a substance at its
supercritical state is used as a solvent for extraction. A supercritical fluid (SF) exists
when a substance is above its critical pressure (P.) and critical temperature (T.) (Brunner,
1994). The supercritical fluid region is shown in Figure 1.1. In the supercritical phase,
the substance exists as a single fluid phase, with some characteristics intermediate
between those of gases and liquids, and some particular properties of its own (Hednck,
1992). The physical properties (density, viscosity, diffusivity) of a substance at
supercritical state become intermediate of those of liquid and gas phases. The densities
of SFs are liquid-like while the diffusivities and viscosities are gas-like (McHugh and

Krukonis, 1994).

Conventional solvents are being used less frequently because of disposal and
emission problems, and in some cases can be replaced by processes using SFs. The most
popular SF is carbon dioxide (CO2). COx is non-flammable, non-toxic, non-reactive and

does not leave any residue (Laitinen et al., 1994). It is also relatively inexpensive and



has a moderate critical point of 31°C and 7.38 MPa. Because it is non-polar, pure
supercritical CO; (SC CQOy) is a good solvent for hydrocarbons and non-polar compounds
(Laitinen et al., 1994). The addition of modifiers like water and methanol can increase
the polarity of SC CO,, which increases its solvent ability for slightly polar species
(Phelps et al., 1996). Metals can also be extracted with SC CO;. In the past, this was not
considered viable because metals typically exist as ionic species in soils. Because of the
nonpolarity of SC CO,, the solvent-ion interactions are weak and direct extraction of the
metals is not very effective (Tueur et al., 1997). However, the charge neutralization
required to dissolve metals in SC CO, can be achieved by adding a chelating agent to

form a metal complex.

i
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Figure 1.1 Pressure-temperature phase diagram (not to scale)

Research is being done to enhance the knowledge about the extraction of metals
from soil using SFE. The solubility of some chelating agents that can be used to extract
metals as well as the solubilities of the metal complexes formed with these ligands have
been measured (Saito et al., 1990; M ' Hamdi et al, 1991; Laitz et al., 1991; Wai et al,
1993: Lin and Wai, 1994; Wang and Marshall, 1994; Lagalante, 1995; Lin et al., 1995b;
Wang et al., 1995; Cross et al., 1996; Wai et al, 1996a; Wai et al., 1996b; Ashraf-



Khorassani et al., 1997a; Glennon et al., 1997; Smart et al, 1997a; Wai and Wang, 1997,
Meguro et al., 1998; Ashraf-Khorassani et Taylor, 1999; Guigard et al., 1999; Ozel et al.,
2000; Wai and Waller, 2000; Roggeman et al., 2001; Stroich, 2001) . Some extraction
efficiencies of metals from soil have also been measured (Lin et al., 1993; Lin and Wai,
1994: Lin et al., 1995a; Ashraf-Khorassani and Taylor, 1999; Kersch et al., 2000; Ozel et
al., 2000; Wai and Waller, 2000; Liu et al., 2001; Mincher et al, 2001). However, more

research in the field of SFE of metals is needed.

1.2 OBIJECTIVES

The objectives of this research were:

- develop the setup used by Stroich (2001) to be able to extract metals from soil
using SC COg;

- measure the solubility of a metal chelate, copper thenoyltrifluoroacetonate
(Cu(tta),), using the SFE setup;

- compare solubilities measured with SFE system to solubilities measured by
Guigard (1999) and Stroich (2001) using the piezoelectric quartz crystal
microbalance method;

- measure the extraction efficiency of copper from different soils using

thenoyltrifluoroacetone (tta) as the chelating agent.

The first objective was achieved by adding to the setup used by Stroich (2001) to
measure solubilities with piezoelectric quartz crystal microbalance method. A different

pressure vessel was used and other parts were added downstream of the vessel.

Thenoyltrifluoroacetone was chosen as the chelating agent to extract copper from
soil based on previous research conducted by Guigard (1999) and Stroich (2001).

Thenoyltrifluoroacetone was chosen as the ligand because of the limited solubility in SC



CO, (Stroich, 1999), the relatively high extraction efficiencies obtained while using tta in
SC CO, (Wai et al., 1996b), and the stability of B-diketones in SC CO, compared to the
low stability of dithiocarbamate reagents in water (Wai and Wang, 1997). In the research
conducted by Guigard (1999) and Stroich (2001), the solubility of Cu(tta), was measured
at different pressures and temperatures. Here, the solubility of Cu(tta), was measured at
one condition of pressure and temperature using the SFE system developed. The
solubility was then compared to the solubilities measured by Guigard (1999) and Stroich
(2001).

Once the solubility measurement of Guigard (1999) and Stroich (2001) was
confirmed with the system designed in this research, the efficiency of extracting copper
from two soils was measured. Different temperature and pressure conditions and different

moisture contents were tested.

Chapter 2 of this work presents a literature review related to the SFE of metals.
First, a detailed review of soil remediation technologies used for treating soils
contaminated by organics and by metals is given. Then, the use of SFE for soil
remediation will be discussed. The literature review will then be followed by Chapter 3,
which presents the methodology used for the solubility and extraction experiments, and
their analysis. The results and discussion of this research will then be presented in
Chapter 4. Finally, the conclusions and recommendations presented in Chapter 5 will

summarize the work presented in the thesis.



CHAPTER 2 LITERATURE REVIEW

This chapter will first give an overview of the technologies that are used for soil
remediation. The use of SFE as a soil remediation technology will then be discussed. A
summary of the solubility data for the chelating agents used in metal extraction as well as
the solubilities of the metal chelates formed will then be presented. Finally, a review of

the extraction efficiencies for metal extraction using SFE will be given.

2.1 SOIL REMEDIATION TECHNOLOGIES

This section presents an overview of the well-established major in-situ and ex-situ
soil remediation technologies currently in use as described in United Nations (2001).
Additional information is also available in Kendall (1991), Martin and Bardos (1996),
Hester and Harrison (1997), Otten et al. (1997), Suthersan (1997), U.S. EPA (1997b),
Van Deuren et al. (1997), Riser-Roberts (1998), Charrois et al. (1999) and Yong (2001).

Most of the remediation techniques can be applied to a specific type of soil
contamination. For many soils that are polluted with several types of contaminants i.c. a
“cocktail” of hydrocarbons and heavy metals, or pesticides and fuel spills, more than one
technology may be necessary to reduce the concentrations of contaminants to acceptable
levels (United Nations, 2001). Here, the soil remediation technologies will be presented
as ex-situ and in-situ technologies. These two categories are then divided into
technologies used for organic contamination and inorganic contamination. Overall, more
technologies exist to treat soils contaminated by organic compounds than metals, which

indicates a greater need for research in this field.



2.1.1 In-situ technologies (United Nations, 2001)

In-situ soil remediation technologies offer a treatment directly on site without
excavation. This saves the cost of excavating the soil and transporting it to a treatment
site and minimizes the chance of human and environmental exposure during the
excavation, transportation and treatment. However, it may be difficult to treat the
contaminated site because of the heterogeneity of the soil or substrate and of the
contaminant distribution. Proper knowledge of the site and its contamination are
necessary to choose and apply an in-situ remediation technique. The on site conditions
may also cause problems. The in-situ soil remediation technologies will be presented in
the organic and/or inorganic contamination section depending on the type of pollutants

that can be treated using the described technology.

2.1.1.1  Organic contamination

Soil vapor extraction (SVE)

In this method, extraction wells are used to apply a vacuum and create a pressure
gradient in the unsaturated or vadose zone. Halogenated and non-halogenated volatile
organics as well as fuel hydrocarbons can be removed with this technique. Vapors are
collected and processed by different equipment. Only volatile compounds, i.e. possessing
a Henry’s law constant > 0.01, can be removed effectively. In the saturated zone, the
water table needs to be artificially lowered for the process to be possible and the amount

of time required depends greatly on the subsurface permeability.

This technique requires little equipment monitoring, is well known and has been
used extensively. There are potential sources of contaminant emissions such as a direct
atmospheric discharge or an inadvertent release of contaminants by the treatment system

(Kendall, 1991). The technology can achieve minimum residual concentrations between 5

and 50 mg/kg.



A heat source, such as hot air or steam injection, may be added to help increase
the volatilization the organic contaminants and help in their removal. This may be
helpful in the removal of semi-volatile organics. This technique can be denoted as
“Thermally-enhanced soil vapor extraction”. This addition of heat source increases the
cost of the extraction compared to conventional SVE, but should reduce the amount of
time required. This technique is only effective in the vadose zone and excessive moisture
in the soil can inhibit the removal of the contaminants. This method may also be used ex-

situ.

Contaminant systems/reactive walls/barriers

Containment systems and barriers are physical systems, such as interlocking sheet
piling, a frozen solid wall, or an injected media that hardens. These barriers usually
bilock the water flow and migration path, which prevents the pollutant from spreading
beyond the site. A mixture of bentonite and soil is often used to create a wall where the
water can pass through but the contaminant is held back by surface absorption.

This system is rapidly installed, reliable and requires very little maintenance.
However, the subsurface flow needs to be very well understood and monitoring is
necessary to ensure that the contaminant is stopped from spreading from the original site.
This method does not remediate the site; it only contains and therefore prevents a spread

of the contamination.

Soil flushing

This technique is similar to soil washing (ex-situ). It is applicable to a wide range
of contaminants including halogenated and non-halogenated volatile organics, inorganics
and radionuclides. The contaminants are flushed through the soil with water that may
contain required additives. The contaminated water is collected and treated as needed.
This technique requires a very good knowledge of the groundwater flow to avoid

irretrievably flushing contaminants into the groundwater. Treating soils with a low



permeability is difficult. The minimum achievable residual concentration for this method
is 50 mg/kg.

This method may be a very rapid and effective way to clean-up newly deposited
contaminants as in the case of an accident spill. Some disadvantages of soil flushing
include inadequate treatment because of subsurface channeling and a possible post-

treatment of the soil to remove the additives needed to release the bound contaminants.

Bioremediation

This technique is currently the subject of considerable research and examination.
Bioremediation involves the stimulation of naturally occurring or introduced populations
of microorganisms to break down contaminants. Nutrients or oxygen are added and/or
other amendments are made by aqueous solution or gas/air injection. The extraction of
added liquids is often necessary because they contain pollutants. This technique can be
used when contamination is caused by compounds that are readily biodegradable such as
halogenated or non-haloganated volatile and semi-volatile organics, and fuel
hydrocarbons.

Minimum achievable pollutant concentrations are between 5 and 50 mg/kg. The
site needs to be well characterized and the groundwater flow patterns must be well
understood to ensure that the contaminants that may be transported by the flow can be
extracted. The remediation of the soil may not be acceptable because of subsurface
heterogeneities, because the naturally occurring or introduced microbial flora may not
effectively degrade all the contaminants or because high levels of contamination may
have left the soil infertile. Also, it is possible that some contaminants may be degraded to

toxic by-products (Kendal, 1991).

Phytoremediation

In phytoremediation, plants are used to remove, stabilize or destroy contaminants.
Different mechanisms may be involved. Near the plant roots, organics may be remediated

at an accelerated rate. Plants may metabolize certain organics or transport them above



ground where transpiration or chemical alteration occurs. The metals are accumulated in
the roots or above ground in the stems and leaves.

The operating costs and characteristics of this emerging technology have not yet
been fully demonstrated. The minimum achievable concentration of this technique would
be between 5 and 50 mg/kg. This technique is simple and basic agricultural practices may
be sufficient to apply it. However, this method would only clean the soil to a limited
depth, may be more effective for specific contaminants, and may only be economical for
lower concentrations of contamination. The plant residues may be classified as hazardous

waste.

Natural attenuation

Natural attenuation relies on the ability of the environment to rid itself of soil
contamination with bioactivity. Natural attenuation is only possible for non-halogenated
organics and fuels since these are easily biodegradable. The dynamics of the site and the
remediation need to be well understood by the remediator. The decontamination is then
monitored until the process is complete.

This method can achieve minimum residual concentration levels of 5 to 50 mg/kg,
is reliable and does not require any maintenance. Extensive site characterization and
monitoring are required. This process may take a long period of time and in some cases
the naturally occurring decontamination processes may never reduce the contamination to

the required level.

Vitrification

In the vitrification process, soil is subjected to a high temperature that will cause
it to melt and form a glass when cooled. This method can be applied in-situ or ex-situ.
Graphite electrodes are placed into the contaminated encased area at sufficiently close
spacing and are energized. The resulting high electrical resistive heating causes the soil to
melt to a molten pool. This method is applicable to organics, inorganics and

radionuclides. The organic contaminants are destroyed but the inorganics are trapped in

10



matrix, which immobilizes them. The disadvantages of the method are that after
vitrification, soil can no longer be used for agricultural purposes and in the case of in-situ

vitrification, the future use of the site may be limited.

2.1.1.2  Inorganic contamination

Containment systems/reactive walls/barriers

This technology may also be used for sites contaminated by inorganics such as
metals. The method is the same as described in Section 2.1.1.1. This technology does not

remediate the site; it simply attempts to contain and control the spread of contamination.

Electroreclamation or electrokinefics

In this technique, electrodes are placed into the soil on each side of the
contaminated zone. When a direct current electric field is applied, the contaminants are
attracted to the anode or cathode depending on their charge. Many mechanisms may then
be used to remove the contaminants: precipitation, adhesion to the electrode surface or
excavation with processing in an ex-situ treatment facility. A fluid containing additives to
help release soil bound contaminants may be circulated through the site to help mobilize
the contaminants.

This technique is still at the developmental stage, which makes its reliability still
unknown. Minimum residual concentration levels that can be achieved with this
technique are 5 to 50 mg/kg. The contaminated site needs to be characterized before
remediation in order to identify heterogeneities in the treated zone. This method can
potentially remove high metal concentrations in-situ and can remove many metal species
simultaneously. Some disadvantages are that soil acidification may result, the process
involves complex chemistry and may require treatability tests before full-scale
remediation, and oxidation/reduction reactions may form undesirable products. This

technique can also be used for polar organic contaminants.
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Soil flushing

Soil flushing can also be used to remediate soils contaminated with inorganics and

radionuclides. The technique is explained in Section 2.1.1.1.

Stabilization/solidification

Solidification implies that the contaminants are physically bound or enclosed
within a stabilized mass. For stabilization, the mobility of contaminants is reduced by the
reactions between stabilizing agents and the contaminants. Frequently, cement is mixed
with the contaminated soil to form a durable mass with low leaching rates. This
solidification process is more difficult to apply in-situ than ex-situ. In stabilization
processes, the chemical reaction that occurs yields less mobile compounds containing the
contaminant or binds the contaminant to the substrate. This method may be a quick and
inexpensive way to prevent spreading of contaminants. However, an eventual clean up of
the site may be more difficult after stabilization/solidification has been applied.

This technology is reliable, relatively inexpensive to treat soils contaminated with
inorganics and simple to apply. This technology does not remediate the site, it only
decreases the mobility of the contaminants. Compatibility of the process with the
pollutants and the environment may need to be determined. This technique can be used in

some cases to treat organic contamination.
Vitrification

This solidification technique can also be used to treat inorganics such as metals.
The inorganic contaminants are not destroyed; they are trapped in the matrix, which

immobilizes them. Vitrification may be best suited for difficult to treat wastes such as

mixtures of organics and metals (U.S. EPA, 1997b).
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Phytoremediation

Heavy metals and radionuclides can also be removed or stabilized by plants. The
phytoremediation of metals from soil can be classified into two types: phytoextraction
and phytostabilization (U.S. EPA, 1997b). This technique has already been explained in

the previous section.

2.1.2 Ex-situ technologies (United Nations, 2001)

The use of ex-situ technologies requires the removal of the contaminated soil to
treat it away from the site. Some disadvantages of ex-situ processes are the cost of
removal and transport, the disruption of the geological state of the site and the exposure
of the transport personnel to the contaminants. However, the off-site treatment of the soil
may allow the use of more sophisticated techniques, which can be more effective, rapid
and safer to groundwater and residents of the area. Generally, the techniques are effective
for either organic or inorganic contaminants. The ex-situ soil remediation techniques will

be presented under these two categories.

2.1.2.1 Organic contamination

Incineration

Organic wastes are volatilized and combusted at high temperatures (850-1200°C).
Four incinerator types are rotary kiln, liquid injection, fluidized bed and infrared. This
technique can be used for different organic wastes including chlorinated wastes. It is a
well-known treatment technology. However, pre-treatment may be required to remove
heavy metals because they may possibly remain in the solid residue or leave with the flue

gases, or can react with chlorine present in the waste to form undesirable volatile or toxic

compounds.
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Thermal desorption

Hazardous wastes are heated to moderate-high temperatures (100-550°C) to
volatilize the water and organic contaminants in the waste. The ashes are collected and
treated separately. Wastes treated at lower temperatures may decrease the energy used
but may require a secondary treatment to completely volatilize organics into benign
substances. Semi-volatile halogenated and non-halogenated organics are the target
contaminants of this technology but other organics may also be extracted.

This technique is less costly than incineration and can treat many pollutants, but
heavy metals remain in the solid residue and may form toxic by-products during

treatment.

Soil vapor extraction (SVE)

The excavated soil is placed into a chamber and a vacuum is applied to collect the
volatile halogenated and non-halogenated organic compounds. Vapors are collected and
treated downstream.

With this technique, minimum residual concentrations of 5 to 50 mg/kg can be
achieved. This process is simple because is requires no external heating. Pollutants may
be recovered. High levels of organic matter inhibit the volatilization of organics. This
procedure may not work well on some soil types and may not completely remove non- or

semi-volatile organics.

Excavation and disposal

In this case, the soil is excavated, transported and disposed of in a landfill. There
may be a possibility of pre-treatment requirements in some cases. The working
conditions and required precautions are usually well established for each type of
contaminant. However, this method may be costly, does not remediate the soil, and the

excavated contaminated soil may need to be replaced by clean soil.
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Soil washing

The soil is placed into a water system where the absorbed contaminants are
separated from the soil (similar to soil flushing). This technique can be used for
halogenated and non-halogenated semi-volatile organics, fuel hydrocarbons and
inorganics. To aid in the process of desorbing contaminants, high pressure water can be
used. Wash water can also be augmented with an acidic or basic leaching agent,
surfactant, or chelating agent to help remove organics or heavy metals. The use of agents
may decrease costs but may require the use of post-treatment additives to neutralize the

effect in the soil.

This technique is well established and versatile. It can achieve minimum
concentrations of 5 to 50mg/kg. However, it may not always be effective depending on
the soil type and works best with coarse particles or sandy soils. Finer particles typically
have higher concentrations of contaminants and are more difficult to remove from the
washing solution. When a number of contaminants are present, more than a single wash

may be required. The wash water will require treatment prior to disposal.

Dehalogenation

This method can be used for halogenated semi-volatile organics and pesticides.
This process consists of dehalogenating those aromatic compounds in a batch reactor. To
achieve this, an alkaline polyethylene glycol like potassium polyethylene glycolate
(KPEG) is usually added to the soil inside the reactor. Mixing and heating then promotes
the reaction between the soil and KPEG to remove the halogens and make the

contaminants less toxic.
This method can achieve minimum contaminant concentrations below 5 mg/kg. It

is one of the few techniques that can eliminate PCBs and can treat heavily contaminated

soils. However, it is not usually cost-effective for large volumes of waste.

15



Solvent extraction

In an extractor, a solvent or acid is mixed with the contaminated soil. In the
process, the contaminants are transferred to the solvent, which is then treated to remove
the contaminants. In some cases, the solvent can be reused. The contaminants that can be
treated are semi-volatile halogenated and non-halogenated organics, fuels, pesticides and
some organically bound heavy metals. It is possible that traces of the solvent will remain
in the soil. It is necessary to consider this in the choice of the solvent and in the proposed
use of the treated soil.

This technique can achieve minimum concentrations of 5 to 50 mg/kg, can treat
high concentrations of pollutants and can be used for a wide variety of contaminants.
However, this technique may not be as effective on high molecular weight organics or
hydrophilic molecules. Some solvents will be ineffective for some soil types or for

excessive moisture contents.

Landfarming

This technique is used to treat soils contaminated with non-halogenated volatile
organics and fuel hydrocarbons but not all compounds in these groups will respond to this
type of treatment. It is a biodegradation process where the soil is excavated and spread
over an area and periodically turned to improve aeration. This process increases the rate
of natural decomposition by promoting greater contact of the soil microorganisms with
oxygen. The soil turning is necessary to avoid heterogeneous degradation, which often
occurs with in-situ bioremediation.

Many factors control the rate of biodegradation including soil type, ambient
conditions like rainfall and temperature, and concentrations, species of pollutants and
microorganisms present. This technique has been used for many years by the petroleum
industry. It is necessary to collect runoff that may require treatment. Liners are often used
to control the leachate from the soil. Tilling the soil may help the naturally-occurring

biological processes.
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This method can typically achieve minimum contaminant concentrations of 5 to
50 mg/kg and some pollutants can be completely removed. Landfarming is simple,
inexpensive, requires no process control or skilled personnel. However, this technique
requires a great amount of time and space, is only effective for a limited number of

contaminants, and is not effective for inorganics and heavy metals.

Bioreactors

Bioreactors work on the principle of stimulating the biological degradation rate by
optimizing factors such as temperature, pollutant concentration and degree of aeration
and other factors such as nutrient concentration. Naturally occurring microorganisms
effectively adapt to different processes and environmental conditions to breakdown
pollutants. This technique is used especially for non-halogenated volatile organics and
fuel hydrocarbons. In the process, the contaminated soil is mixed with water and
additives and placed into a batch reactor vessel. The conditions, and oxygen and nutrient
content are monitored and modified as needed until the remediation is complete. The
water is then removed and reused, discarded or treated. Aerobic conditions are used to
target specific contaminants while anaerobic conditions are applied to halogenated
hydrocarbons for dehalogenation prior to breakdown of the hydrocarbon.

The minimum achievable residual contaminant concentration is 5 to 50 mg/kg.
This method is widely available, can be particularly effective on contaminated clays and
is rapid compared to other bioremediation methods. However, the process control is
much more complex than other bioremediation techniques. The method is also very
dependent on the type and chemical properties of the soil, and is very ineffective for
heavy metals. The cost of this method depends on the post—treatment of water and soil,

the pre-treatment preparations, and the gas collection and handling system.

Vitrification

The vitrification process can also be used ex-situ. This process was discussed in

Section 2.1.1.1.
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2.1.2.2  Inorganic contamination

Excavation and disposal

Excavation and disposal can also be used for inorganic contamination. As

explained in Section 2.1.2.1, this technique does not remediate the soil.

Soil washing

Soil washing may also be used to remove heavy metals. Chelating agents may

need to be added to the wash water. This technique is discussed in the Section 2.1.2.1.

Solidification/stabilization

The solidification/stabilization process is typically the same as explained in the in-situ

section. However, it should be noted that is easier to apply ex-situ.

Vitrification

Vitrification can be applied ex-situ to treat soils contaminated by inorganics. This

process is discussed in Section 2.1.1.1 and 2.1.1.2.

Solvent extraction

Solvent extraction was explained in detail in the ex-situ organic section. This

technique can also be successfully used to remove organically bound heavy metals.

Chemical reduction/oxidation

The technique of chemical reduction/oxidation is used to make hazardous

contaminants non-hazardous or less toxic by making them more stable, less mobile
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