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INTRODUCTION 

Soil washing is defined as an ex situ, water-based process that employs chemical and physical extraction 
and separation processes to remove organic, inorganic, and radioactive contaminants from soiD The 
treatment technique basically mobilizes the contaminants physically by mass action, or chemically by 
complexing, chelating, reducing, oxidizing, or ion exchange mechanisms. Techniques like those used in 
solution mining and mineral extraction have been used in soil washing operations for the removal of 
contaminants from soil. The basis for this type of process is particle separation by size and/or density 
characteristics. Chemically amended aqueous solutions can then accelerate contaminant dissolution kinetics 
from individual soil size fractions. 

Soil washing, if successful, produces large volumes of remediated soil which potentially can be returned to 
the site from which it was excavated while significantly reducing the final volume of material requiring 
greater confinement and disposal. The success of the treatment process can be assessed based on the final 
volume of treated soil and the level to which specific contaminants are removed. This volume reduction level 
will account for all processed soil, spent washing solutions, extracting chemicals, and the residues retaining 
significant levels of contaminants. Residues from this process may subsequently require selective treatment 
(e.g., vitrification or stabilization), storage, and/or disposal practices. In essence, the final volume of material 
requiring selective treatment, storage, and/or disposal practices must be significantly less than the initial 
volume of contaminated soil. 

Certain soil-contaminant matrices may not lend themselves to successful separation of the contaminant from 
the soil particles. A variety of binding mechanisms may create a soil-contaminant matrix that is not easily 
amendable by physical separation, chemical extraction, or a combined physicochemical treatment. The 
application of a soil washing operation to these soils on a cost-effective basis may require a more integrated 
and innovative use of chemical extraction and physical separation processes. 

A innovative system's approach to the treatment of soils at the Fernald Environmental Management Project 
(FEMP) has been proposed to effectively and cost competitively treat a significant mass of soil. The use of 
an integrated soil treatment system to decontaminate FEMP soils is a unique application of the soil washing 
technology. Due to the unfavorable soil particle size distribution and the ubiquitous distribution of uranium 
among these particle size fractions, conventional soil washing processes commonly used on predominately 
sandy soils alone may not achieve the desirable waste minimization level without the inclusion of innovative 
technologies. 

This objective of this paper is to briefly describe the physical separation and chemical extraction process 
commonly used in soil washing operation and to present the baseline soil washing approach used on FEMP 
soils. Noting the successful and not-so-successful processes within the soil washing operation at the FEMP, a 
proposed innovative system's approach to treating FEMP soils will be described. This system's approach will 
integrate a conventional soil washing operation with proposed innovative technologies. 
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SOIL WASHING DESCRIPTION 

Physical Separation 
Physical separation processes have been the focal point of the soil washing technology. Physical separation 
processes serve to: separate the soil into various particle size fractions; separate loosely bound contaminants 
from the soil; and separate particulate contaminants from soil particles. The concept of reducing soil 
contamination through the use of particle-size separation is based on the understanding that many organic 
and inorganic contaminants tend to bind primarily to clay and fine silt soil particles. The attraction of 
chemicals to this soil-size fraction (especially in ionic form) is primarily a function of the negative exchange 
sites associated with the surfaces of clay. Separating this soil-size fraction from the rest of the soil will in turn 
separate chemicals associated with the clay from the rest of the soil. In essence, this is called volume 
reduction, where a large mass of contaminant-free coarse soil particles is separated from the contaminant-
laden finer fraction. There are occurrences where coating of clays, metal oxides, and carbonates on the 
surface of coarse soil separates and fragments results in the larger size particles also containing significant 
levels of contaminants. 

Some contaminants, especially metals, may reside in the soil in particulate form. Discrete particles of metals 
(e.g., uranium, lead, iron, etc.) may exist as either metallic products from manufacturing processes or have 
complexed into metal oxides, hydroxides, and carbonates. These particulates may exist in the soil as: free 
particulates that disassociated from individual soil particles; particulates that are bound to the surface of 
coarse separates and fragments; or particulates that are occluded within soil aggregates or soil particles. 
Liberating these particulates so that they are disassociated from soil particles is a primary function of physical 
separation processes. 

Much of the technology and equipment used during the physical separation stage in soil washing comes 
directly from the mining industry. Pretreatment processes are initial steps in the soil washing operation and 
are designed to reduce soil aggregates to single grain composition (i.e., clay, silt, sand, gravel, cobble, rock, 
debris, and particulates). This is accomplished by a number of mechanical processes (e.g., grizzlies, trommel 
screens, and drum washers). High pressure water and/or mixers can also be employed at this stage to aid in 
particle liberation. Various screening mechanisms and sizes are used during these initial operations to 
perform particle sizing and separation. Generally, soil fragments and debris are removed at this point from 
the excavated soil because they constitute a small amount of the total soil mass, their size is not conducive to 
being processed through the subsequent steps of the operation without prior size reduction (crushing), and 
the level of contamination is not as high relative to the total mass in these oversized materials. 

Once the excavated soil mass has gone through an aggregate dispersion process and initial fragment and 
debris sizing and separation, the actual "boiler room" part of the physical separation process can begin 
treating the soil. Attrition scrubbers and mixing tanks are used to aid in particle and contaminant liberation. 
Additional particle-size and density separation processes are used to further physically separate soil particles. 
Selected mining equipment (e.g., froth flotation cells, clarifiers, hydrocyclones, mineral jigs, and spiral 
classifiers), centrifuges, and multigravity separators are used to perform various particle-size cuts of the soil 
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separates. The resulting individual process streams, each containing a selected size of soil particle, can 
individually be addressed relative to further treatment or processing. 

Certain particle-sizing equipment noted previously also serve as dewatering devices (e.g., centrifuges, 
hydrocyclones, and clarifiers). Dewatering processes are necessary to remove soluble contaminants from the 
soil solids and aid in further process operations requiring higher solids loading such as attrition scrubbing. 
Although filter presses and belt filters are sometimes employed for dewatering soil, the resulting filter cake 
(usually highly concentrated with contaminants) is considered a final process stream of the soil washing 
operation. 

Chemical Extraction 
The use of chemical reagents to displace ions or compounds associated with the soil's solid phase has been a 
subject of research since the inception of cation exchange. The incorporation of chemicals in an aqueous 
solution is used to physicochemieally enhance the removal of ions and compounds (collectively referred to 
as chemicals) from soil particles. Physicochemical separation of chemicals may be via mass action, 
substitution, or complexation. The basic bonding mechanisms (e.g., ionic, covalent, nonspecific, and polar 
bonding) and Van der Waal forces will in part dictate the mechanisms by which these chemicals are 
disassociated from the solid matrix into the extracting solution. The chemical reagents used in the extracting 
solution will also in part be responsible for the selective disassociation of chemicals into the solution. The use 
of these water-soluble chemicals (e.g., surfactants, chelators, acids, and bases) can be incorporated into 
physical separation operations common to soil washing techniques, or they can be used in specifically 
designed reactor vessels as part of the chemical extraction process. 

A review of soil washing technologies that use chemical extractants and their applicability to Superfund sites 
concluded that water washing with extractant reagents is applicable for cleaning nonvolatile hydrophilic and 
hydrophobic organics and heavy metals from soil. The report concluded that, although extraction of 
organics and toxic metal contaminants from excavated sandy/silty soil that is low in clay and humus content 
has been successfully demonstrated at several pilot-plant test facilities, extraction from clay and humus soil 
fractions is more complicated. 

Kunze and Gee demonstrated greater than 90 percent removal of a large number of contaminants from the 
soil at a Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) site using 
various surfactant, organic solvent, and acid-washing solutions.2 They determined that both aqueous 
surfactant and aqueous citrate-based solutions are effective for high percentage removals of all classes of the 
organic compounds tested. Their bench-scale soil washing study also showed that with high levels of 
contamination at a site, several washings may be required and used solutions would have to be treated before 
reuse. 

Soil washing is not a new technology, but its application to mixed waste (organics, inorganics, and 
radionuclides) contamination problems, such as exist at the FEMP site, extend the application of such a 
technology to a relatively new dimension. Soil washing has been successfully used on soil contaminated with 
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radionuclides. Richardson, et al. conducted soil washing studies on the removal of radium-226 and thorium-
230 from two soil.3 The results of their wet-sieving and water-washing studies indicated that the combination 
of the two processes can significantly reduce the radionuclide levels in soil. 

THE SOIL-CONTAMINANT MATRICES AT THE FEMP 

Soil in the region was formed by parent materials consisting mainly of glacial till but include sand, gravel, 
glacial lake clay, and silt. Soil at the FEMP site are primarily categorized as Fincastle-Xenia silt loams. The 
nature and extent of chemical contaminants within FEMP soils contains many constituents of concern (COCs) 
including chemical contaminants (e.g., antimony, arsenic, beryllium and lead) and radionuclides (e.g., lead, 
radium, thorium and uranium). Uranium is the indicator parameter for contamination at the FEMP and has 
been the target compound for determining the effectiveness of the soil washing process. 

The uranium contamination at the FEMP and the resulting soil-contaminant matrices was characterized in a 
study conducted Oak Ridge National Laboratory (ORNL).4 This characterization study concluded, based on 
the five areas sampled that uranium was distributed throughout all soil size fractions (gravel, sand, silt and 
clay). In addition, uranium in the soil was noted to exist as individual discrete particles or as smaller particles 
cemented to silt, sand, and gravel fractions rather than as a preferentially adsorbed form on clay minerals. 
Although particulate uranium was a dominant form in FEMP soil, the delta specific gravity was not great 
enough for multigravitational separation techniques to work effectively. Because of the ubiquitous 
distribution of uranium among all soil particles, physical separation techniques alone were considered to be 
ineffective in achieving a volume reduction in the soil mass or a significant volume reduction in the uranium 
mass. Therefore, an emphasis was placed on investigating the potential effectiveness of using 
physicochemical soil washing processes for treating FEMP soil. 

SOIL WASHING SYSTEM AT THE FEMP 

The design of soil washing system (Figure 1) was a collaborative effort between IT Corporation and the 
FEMP contracted operator, FERMCO (Fernald Environmental Restoration Management Corporation). 
The system incorporated a combination of physical separation and chemical extraction processes for 
removing contaminants (primarily uranium) from FEMP soil.5 The physical/chemical treatment processes 
initially separated the soil into different particle-size fractions and then used physicochemical extraction 
techniques to remove contaminants from each size fraction. 

The initial configuration of the soil washing pilot plant was based on the fundamental designs of current 
soil washing systems within the United States. The 3000 square-foot bi-level skid-mounted system, 
consisting of eighteen skids, was constructed to separate the soil into discrete-size fractions to facilitate 
separate treatment of each size fraction. The bi-level arrangement facilitated the gravity feed from physical 
separation process steps to underlying 500-gallon reinforced fiberglass plastic holding tanks. The soil 
washing system, designed to treat soil that had been prescreened through a 19 mm screen, was operated in 
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batch mode during pilot-scale testing, processing a single 55-gallon drum of soil for each run of the entire 
process. 

High pressure water was used to break down soil aggregates in individual discrete gravel and soil 
particles, and to remove clay particles from the surface of larger particles. The high pressure sprayer was 
maintained at a pressure of 1,000 psi. The retention time in the trommel, considered critical for proper 
aggregate dispersion and clay removal from the larger particles, was controlled by the rotational speed and 
angle of the trommel. The oversize gravel fraction (greater than 4.75 mm), predetermined to constitute less 
than 5 percent of the initial soil mass, was discharged as the first process stream. 

The undersize fraction passed through the trommel screen and was transferred as a slurry to the vibrating 
screen deck. The vibrating screen deck was designed with two decks of screens to produce three size 
fractions. The first 2 mm screen (10 mesh) retained the 4.75 to 2 mm soil size fraction. The second 0.3 
mm screen (50 mesh) retained the 2 to 0.3 mm soil size fraction. The less than 0.3 mm slurry was 
collected. The resulting 4.75 to 0.3 mm soil fraction was collected and later combined with the solids from 
the centrifuge process step before processing through the attrition scrubber. 

The less than 0.3 mm soil slurry was pumped to the dual-scroll centrifuge where the soil-water slurry was 
subjected to phase separation. The objective of this design was to operate the centrifuge to obtain a 0.02 
mm soil particle size. Two process streams were generated during this part of the process. The solids 
(estimated to be approximately 65 percent solids) from the centrifuge were estimated to contain soil 
particles in the 0.02 to 0.3 mm size range, were transferred to the attrition scrubbing part of the process. 
The centrate (soil-water slurry with approximately 5 to 10 percent solids) resulting from the centrifugation 
process was estimated to contain the less than 0.02 mm soil particles and was pumped directly to the 
chemical extraction reaction vessel for acid extraction. 

The 0.02 to 0.3 mm soil from the centrifuge was combined with the 0.3 to 4.75 mm soil from the screen 
deck (consisting of about 50 to 70 percent solids) and fed to the attrition scrubber. Once through the 
attrition scrubber, the solids were repulped using a 0.1 molar sodium carbonate/bicarbonate solution. This 
soil processing combination utilizing the screen deck, centrifuging, and attrition scrubber was repeated 
three times during each run. Sodium carbonate/sodium bicarbonate was added during the first and second 
repulping cycles. These solids were repulped with water following the third attrition scrubbing. 

A dilute sulfuric acid solution (ca. 1 Normal) was used to chemical extract the undersize soil fraction 
coming off the centrifuge. The oversize soil fraction was also extracted with dilute sulfuric acid following 
the carbonate-attrition scrubbing cycles. Although the final process stream comprised of both soil fractions 
combined achieved targeted cleanup levels for uranium, the combined process operations were not only 
labor intensive but also chemical intensive. 

System Limitations and Recommendations 
The initial configuration of the soil washing pilot plant was based on the fundamental designs of current 
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soil washing systems within the United States. The type and size of equipment selected for the various 
physical separation operations in the soil washing process were considered at the time to be optimal. In 
retrospect, the selected process configuration as well as selected equipment were less than optimal. 
Selected modifications to the soil washing process could result in a more streamlined system. 

The use of the trommel is an essential operation in the system. Its dual-purpose function of aggregate 
dispersion and surface contaminant removal, probably cannot be duplicated as effectively or efficiently 
with any other equipment The incorporation of high pressure water into the trommel was also a good 
design. The two decks of the vibrating screen deck functioned well as a unit The upper 2-mm screen 
was not as critical a size determination at the lower 0.3 mm screen. Selection of a smaller mesh would 
probably have resulted in blinding-off of the screen during process operations. The use of the dual-scroll 
centrifuge to produce a size fraction cut at 0.02 mm was not a good selection. Although the centrifuge 
functioned very well as a dewatering device, it did not provide a particle-size separation at 0.02 mm. 
However, it did provide a 60 to 70 percent soil solids feed to the attrition scrubber, enhancing this 
operation within the process. 

Undersize material coming off the trommel could be better processed through equipment other than the 
screen deck and centrifuge combination. Since this stage of the process required handling soil particles 
and gravel up to 4.75 mm, the original assumption was that it required a two-step process. Perhaps a 
more effective and efficient equipment component would be hydrocyclones. Selected particle size 
separation for feed soil less than 4.75 mm could probably be accomplished by two banks of 
hydrocyclones in series. The first bank of hydrocyclones would produce a cut at approximately 0.5 to 1 
mm. The second bank of hydrocyclones would provide a size separation of the undersize slurry from the 
first bank of cyclones at about 0.02 mm. Each bank of cyclones would be setup in a series of two or 
more to increase the purity of the size separation. 

The use of an extensive chemical extraction process as designed in this pilot plant does not lend itself to a 
cost effective soil washing operation. The excessive amount of chemicals, both the sodium 
carbonate/sodium bicarbonate and the sulfuric acid, resulted in a operation that was chemical intensive. 
Sodium carbonate extracted soil results in a collapsed double layer in the clays creating a dispersion 
phenomenon in the extracted soil that makes the soil hard to rinse without loss of a significant amount of 
the fine fraction. The use of dilute sulfuric acid for extraction of the fine silts and clays lends itself to 
dissolution of the soil particle, not so much affecting the integrity of the particle itself, creating a secondary 
waste stream composed of a significant amount of heavy metals. The amount of sulfuric acid required to 
treat both of the soil fractions resulted in a process operation that was not cost effective or practical for a 
full-scale soil washing system. 

One of the more critical determinations with respect to the physical separation operations within the soil 
washing system is the selection of the smallest or last particle size separation point For soils with 
particle size distribution patterns showing a significant amount of soil in the silt size fraction, the selection 
of a particle size cut between 0.002 and 0.05 mm is a primary determination. For some soils, this may be 
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an arbitrary selection due to the ubiquitous distribution of contamination among all soil particles, and the 
selection may be based on other operational parameters within the soil washing process. However, for 
other soils, initial soil-contaminant characterization efforts may indicate a precise cut point for size 
separation based on contaminant concentrations. For these soils, spillover of undersize soil separates into 
the oversize fraction may carry contaminants with them. Therefore, it would not only be critical to achieve 
an accurate cut but also a relatively pure separation. 

PROPOSED INNOVATIVE PHYSICAL-SEPARATION-BASED SOIL WASHING 
SYSTEM 

Based on the finding of the soil washing testing at the FEMP, a integrated soil washing process (Figure 2) 
was proposed to reduce the dependency on chemicals and to enhance the physical separation processes on 
the silt and clay fractions of the soil. A number of innovative technologies exhibit potential to enhance the 
soil washing process while maintaining its cost competitiveness with other remedial alternatives. These 
technologies include but are not limited to: high gradient magnetic separation, and flotation separation 
(e.g., mechanical flotation and tall column flotation). 

Figure 2 illustrates the process flow diagram for integrating two innovative technologies, magnetic 
separation and flotation separation, into a convention soil washing process. Conventional soil washing 
equipment such as the vibrating grizzly, drum washer/trommel, vibrating screen attrition scrubber, and 
hycrocyclones are used to provide the initial physical separation operations in this proposed system. 
These particle sizing operations create a process stream [greater than 0.05 mm soil particles (sand)] that 
can treated optimally using an attrition scrubber. The undersize soil fraction (less than 0.05 mm soil 
particles (silt and clay)] can then be optimally process through the innovative physical separation 
technologies. The use of hydrocyclones will produce particle size cuts less than 0.05 mm, allowing for 
separation techniques that can optimize operational parameters for magnetic separation and flotation 
separation. 

High Gradient Magnetic Separation Technology Description**? 
High Gradient Magnetic Separation (HGMS) is an application of intense magnetic fields to separate solids 
from other solids, liquids, or gases. The production of both high magnetic fields and large field gradients 
using superconducting magnet technology makes it possible to separate previously unreachable 
paramagnetic materials such as uranium. 

HGMS is the physical separation of discrete particles based on a multi-component force balance. When 
the feed stream is passed through a high magnetic field interlaced with high field gradients (created by an 
in-situ ferromagnetic matrix) the magnetic forces on the particles are proportional to the magnetic field, the 
field gradient, and the magnetic susceptibility of the particles. Particle motions within the separator are 
governed by inertial, frictional, and gravitational forces. These forces combine to act differendy for each 
particle system or feed material treated. 
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In HGMS a particulate slurry is passed through a magnetized volume. Field gradients are produced in the 
magnetized volume by a ferromagnetic matrix material such as steel wool, iron shot, or nickel foam. 
Ferromagnetic and paramagnetic particles are extracted from the slurry by the ferromagnetic matrix while 
the diaraagnetic fraction passes through the magnetized volume. The magnetic fraction is flushed from the 
matrix later when the magnetic field is reduced to zero or the matrix is removed from the magnetized 
volume. 

The HGMS is being developed as part of an integrated system with existing soil washing and gravity 
separation technologies. HGMS is effectively applied to approximately 0.3 to 90 micron-sized particles, 
and may optimally be applied to a more selective size fraction within this particle size range. The fine-
sized particle process streams generated during conventional soil washing operations are ideally suited for 
the application of HGMS. 

Mechanical and Tall Column Floatation Technology DescriptionMtio 
Rotation is a physico-chemical process in which one mineral constituent can selectively be separated from 
another on the basis of the surface properties. This is achieved by the controlled addition of chemical 
reagents at a predetermined pH. This is usually estimated from zeta potential measurements, which are 
measurements to determine the effectiveness of colloidal charges in repelling a second particle based on the 
tightness with which cations are held on the surface of the colloid. The pH of the reagentized pulp is 
selected to establish the greatest differential in the surface charge of the contaminant (radionuclide enriched 
particle) and the host (radionuclide lean-particle). This condition is the basis of selectively altering the 
surface characteristics of radionuclide enriched particulate from the siliceous rich host particulate. The 
treatment renders the minor phase (soil particles contaminated with radionuclides) hydrophobic, while the 
major phase (radionuclides free siliceous gangue) remains hydrophilic. The phase separation is then 
followed by passing air through reagentized slurry. Air bubbles selectively attach to the hydrophobic 
particles and are levitated in the form of froth. The contaminated enriched froth is then separated from the 
pulp, rendering the majority of the soil contained in the pulp as "clean". 

The mechanical flotation is a well stirred reactor which utilizes relatively larger bubble size ranging from 
mm to 300 - 400 micron size and turbulent condition in the pulp. The larger bubble size adversely affects 
the attachment and the collision efficiency in capturing of the fine particles. The turbulence present in the 
mechanical flotation can probabilistically cause the detachment of the fine mineral-bubble aggregate even if 
it occurs. The mechanical flotation also does not allow the release of contaminant free soil particles 
captured in the froth once they are contained since there is no provision of the froth drainage. 

The carrier assisted mechanical flotation technology utilizes the use of spherically shaped selected 
hydrophobic particles for adsorbing the colloidal particulate contaminant present in the ultrafine soil size 
fraction. Once adsorbed, these carriers assist in providing sufficient lifting power to these contaminants 
and overcome any detachment which might have occurred due to the large bubble size and turbulence. 
Preliminary flotation results with cerium oxide - soil mixture, hematite-soil mixture have revealed that the 
carriers were effective in adsorption and flotation. 
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The tall column flotation technology incorporates fine bubble size, quiescent condition and a froth drainage 
mechanism. The column flotation is performed in a tall column having at least height to diameter ration of 
10. The reagentized slurry is fed at the upper portion of column and travels downwards. The 
hydrophobic particles attach to the rising stream of fine bubbles generated at the bottom of the column. 
The swarm of air bubbles laden particles are further washed at the top of the column to minimize the 
entrainment of unwanted material (in this case - clean soil). The radionuclide enriched soil fraction 
overflows at the top of the column and the hydrophilic radionuclides lean clean soils collected at the 
bottom. The salient features of this technology is that it is operated in a counter-current quiescent plug-
flow mode to collect very fine particles (less than 38 microns) using externally generated bubbles of 30-60 
micron size. 
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