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Non-ST units of measurement used in this report can be converted to SI units
as follows

Multiply By To Obtain

acres 4,046.873 square meters

cubic yards 0.7645549 cubic meters

Fahrenheit degrees 519 Celsius degrees or kelvins'

feet 0.3048 meters

gallons (U.S. liquid) 3.785412 cubic decimeters

gauss ’ 0.0001 tesla

inches K 254 centimeters

miles (U.S. statute) 1.600347 kilometers

pounds (mass) ) 0.4535024 kilograms

tons (metric) 1,000.0 kilograms

tons (2,000 pounds, mass) 907.1847 kilograms

watts per square inch 1,5650.003 walls per square meter

' To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use the following

formula: C = (5/8) (F - 32). To obtain Kelvin (K) readings, use: K = (59) (F - 32) + 273.15.
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1 Introduction

Background

Past military and industrial activities have contaminated numerous
U.S. Amy installations with metals, solvents, and explosives. In response, the
Army initiated the Installation Restoration Research Program in the early
1970s to address the cleanup of contaminated soil and groundwater that could
impact the environment and restrict the use of Army land. The early stages of
this program revealed the immense scope of the needed restoration effort at
these sites. Many contaminants found at these sites were unique to the

military.

Recently, the U.S. Amy, Air Force, and Navy have divided responsibility
for broad contaminant classes under a cooperative agreement based on the
Reliance study. This agreement assigns the lead activity for research on heavy
metals contamination to Army investigators. In support of this agreement, the
Army, through theU.S. Amy Engineer Waterways Experiment Station (WES),
initiated research to develop more effective, economical, and environmentally
responsible technologies for treating contaminated soils.

Metals contamination

Past military and industrial practices have led to several forms of heavy
metal contamination. Typically, heavy metal contamination is found in the
form of sludges, contaminated soils and debris, surface water and groundwater.
Activities such as sand blasting, use of lead-based paints, and firing range
operations have produced soils contaminated with discrete metal fragments or
metallic smears on soil particles. Activities such as electroplating, metal work-
ing and refinishing, disposal of wastes in buming pits, munitions production,
and cooling tower discharges have produced ionic forms of heavy metal con-
taminants that associate with soil particles.

Surveys conducted by WES and Roy F. Weston, Inc., indicate that the most
frequently cited metal contaminants at military installations are lead, cadmium,
and chromium. Mercury and arsenic occur to a lesser extent, but are of con-
cem because of their extreme toxicity. As indicated by a database maintained

Chapter 1 Introduction



and operated by the U.S. Amy Environmental Center (formerly the U.S. Army
Toxic and Hazardous Materials Agency, USATHAMA), of the contaminants
most frequently identified at Army installations, five are heavy metals
(USATHAMA 1991). Of particular concern are abandoned firing ranges.

Very high levels of lead are generally found in the berms and soils surround-
ing such areas, and remediation activities will be required.

The end of the Cold War will accelerate downsizing and closure of a num-
ber of military facilities. Simultaneously, the pressures to convert these prop-
erties to civilian purposes will grow more imperative. A number of facilities
(e.g. Fort Ord) occupy properties with high economic value. Likewise, the
U.S. Environmental Protection Agency (USEPA) continues to strengthen regu-
lations regarding soil and water contamination. For example, a bill to
strengthen the Clean Water Act (of 1972) is under consideration by the Senate
and is expected to become law in 1992 or 1993. Regulatory requirements
thus, will become more stringent and may also become clearer in terms of
required action and treatment levels.

Unlike organic contaminants that can be destroyed (or mineralized) through
treatment technologies, such as bioremediation or incineration, metal contami-
nants cannot. Once a metal has contaminated soil, it will remain a threat to
the environment until it is removed or rendered immobile. Unfortunately, few
technologies exist for the removal or immobilization of heavy metals. The
cleanup techniques most used for the remediation of heavy metal contamina-
tion are excavation and subsequent landfilling of the heavy metal-contaminated
soil or waste (commonly referred to as "dig and haul") or solidification/
stabilization (S/S). Dig and haul does not remove the contaminant from the
waste but simply transfers the contamination from one area to another.
Usually, no effort is made to reduce the mobility of the heavy metals beyond
containment in a secured landfill.

With implementation of regulatory criteria under the landban rules, the
USEPA may require Best Demonstrated Available Technology prior to landfill-
ing. S/S is one accepted approach. S/S treatment reduces the mobility of
metals through chemical transformation and/or encapsulation. However, since
metals (as elements) are not destroyed by chemical reaction, the underlying
toxic agent remains in the treated material.

Study objective and scope

As a result of the growing concem regarding heavy metal contamination
and the lack of metal treatment technologies available for remediation, an
effort was initiated by WES to investigate possible treatment technologies for
heavy metals. The purpose of this effort was to identify promising tech-
nologies--for the treatment of heavy metal-contaminated soils and for the
resulting metal-contaminated residuals from such activities. Efforts were made
to identify both immobilization and extraction technologies for contaminated
soils. Recognizably, many extraction technologies produce metal-contaminated
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aqueous side streams requiring treatment. In an attempt to be comprehensive,
this discussion covers both solid and a limited number of aqueous phase metals
treatment technologies.

This report presents a detailed discussion of the candidate technologies
identified. Details regarding application to aboveground and in situ treatment,
potential treatment effectiveness, long-term performance, residuals produced,
adaptability to soils treatment, potential for scale up, and potential disqualifiers
are discussed for each technology. Available cost estimates are cited.

This report does not present any information regarding the ranking or the
recommendation of candidate technologies for future study. Such information
will be presented in a subsequent report. Only the details of technologies that
may have potential for the treatment of heavy metals-contaminated soils and
resulting aqueous wastes are presented.

Report Organization

This report is divided into six chapters, as described below:

a. Introduction. Provides background on heavy metals contamination at
Army installations, the purpose and scope of this study, and the
organization of the report.

b. Physicallchemical processes. Describes and assesses processes that
remove or immobilize metals in soil and water by application of
chemicals, mechanical separations, or electrical potentials.

¢. Thermal processes. Describes and assesses processes in which the soil
is heated to drive off or immobilize the heavy metals in soil.

d. Immobilization/stabilization/disposal processes. Describes and assesses
processes that immobilize the metals in the soil with cement like or
polymeric compounds and/or isolate the contaminants in geological
formations or constructed landfills.

e. Vegetative uptake. Describes and assesses processes that remove metals
from soil through plant root systems and concentrate the metals in the
plant tissue.

[ Summary and conclusions. Presents a concise summary and the major
conclusions on the current practice of treating metals-contaminated soil
and resulting aqueous streams, and the prospects and needs for
alternative technologies.

Each technology review follows a consistent format, first providing a gen-
eral description, diagrams, and assessment criteria. The process reviews are
organized as follows:

Chapter 1 Introduction



Description.

(1) Theory.

(2) Level of development.

(3) Available performance data.
(4) Conceptual design schematic.

Treatment effectiveness. Actual or expected performance based on
results available in the literature and/or engineering judgment. The
treatment goal is to render the soils capable of passing the USEPA
Toxicity Characteristics Leaching Procedure (TCLP) test for disposal as
nonhazardous materials.

Long-term stabilitylperformance. Based on literature and/or engineering
judgment, determine if treatment performance is likely to have perma-
nent, long-term effectiveness in rendering the soil nonhazardous.

Residuals treatment/disposal requirements. Identification of potential
residual waste side streams (i.e., extract solutions) that will require fur-
ther treatment and/or disposal due to expected hazardous properties.
Adaptability. Ability to treat various soil/site types and other waste
streams (i.e., sludges), to treat for organic compounds concurrently with
metals, or to be readily linked to other processes for organic or explo-
sive compound treatment.

Scale up potential. Actual throughput rates and/or anticipated ability to
scale up the process.

. Potential disqualifiers. Identify known or potential "fatal flaws" that
could hinder development and implementation of the process, including

(1) Inherently unsafe.

(2) Uncontrollable environmental risk of mobilization.
(3) Uncontrollable air emissions. |

(4) Exceedingly expensive.

(5) Exceedingly complex materials handling, operation, or
maintenance.

Chapter 1  Introduction



2 PhysicaI/ChemicaI
Processes

Precipitation

Precipitation is a process that converts a substance in solution to an insol-
uble form. This process alters the solubility of a metal species by reacting it
with specific chemicals, causing it to "precipitate” from the solution. This
approach may be adopted to soils to convert metals to insoluble species and
reduce their mobility. Two general approaches exist: aboveground precipita-
tion, in which soil is excavated and mixed with chemicals in process equip-
ment, and in situ precipitation, in which chemical solutions are pumped into
contaminated soil in place. :

Aboveground precipltation

The abovegnouﬁd precipitation process incorporates treatment chemicals
with excavated soils using conventional mixing equipment. There is no pub-
lished literature on the treatment of soils contaminated with metals (Lanouette
1977, Scott 1977, USEPA 1984b).

Several methods have been developed in the wastewater treatment field for
precipitation of heavy metals from aqueous solutions, which might also suc-
cessfully be applied to soils. The following is a brief description of some of
the well-known methods.

Sulfide process. Heavy metals react with sulfide ions to form metal sul-
fides that are insoluble in water. The generic reactions for divalent heavy
metal cations (Me**) can be characterized as follows (USEPA 1984c):

H,S <----> H* + HS
HS <--->H'+§?

Me** + S? <----> MeS

Chapter 2 Physical/Chemical Processes



where "Me" is the metal ion.

Generally, as the pH of the solution increases, the solubility of the metal
sulfide decreases. The amount of metal sulfide formed is dependent on the
following:
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e. Soluble salt content of the waste.

In wastewater treatment, sodium sulfide (Na,S) and sodium hydrosulfide
(NaHS) are typically used as the sulfide source in the reduction reaction.
However, sodium may adversely affect soil properties, particularly permeability
(USEPA 1984c). This may be overcome in an aboveground "slurry” process,
but may prevent effective in situ treatment.
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Most metal sulfides are highly insoluble in water, with the exception of cer-

The solubility of metal sulfides is lower across a wider pH range than all
other precipitated species typically produced during wastewater treatment.
However, a concern exists for more acidic soils to potentially produce hydro-
gen sulfide, which is a toxic gas. Since sulfide solubilities decrease somewhat
with increasing pH (Figure 1), high soil pH may be more favorable for sulfide
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Sodium borohydride (NaBH,) process. This process has been used in
several chemical industry installations to treat metal-bearing wastewaters
(Cushnie 1985). NaBH, is a strong reducing agent that can reduce many metal
compounds to elemental metals. Where waste streams are contaminated with a
smgle metal, the precipitate may be reprocessed or recycled for recovery of the

h § § 2 PUP P G| P

here waste streams contain many metais, the aavamage of this pro-
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duced. However, this must be balanced against the higher costs of NaBH,.
The process involves adjusting the pH of the wastewater to between 8 and
11 and t_--n a_d_ng NaBH,. The reaction time is approximately 30 min for

Again, there is no published literature on the applicability of this process to
soils contaminated with heavy metals. NaBH, could be applied to the soil as a
98 percent powder or as a 12 percent solution mixed with caustic. The slow
reaction rate observed for water may indicate a slower rate in soils. The
reduction reaction products should remain stable in a reducing environment,
but, as with sulfide precipitation, oxidation and remobilization may subse-
quently occur unless soil conditions are controlled. Depending on the nature
of the metals in the soil, this concept may, upon further study, be applicable
for the treatment of metal-contaminated soils.
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evolution of hydrogen, a reaction product that is potentially explosive

U.S. Department of Agnculture as a low-cost means of rcmovmg metals from
wastewater (Wing and Rayford 1977). Figure 2 shows the typical process
scheme.

The insoluble starch xanthate (ISX) acts as an ion-exchanger that rapidly
removes heavy metal ions from wastewater, replacing them with Na*. ISX is
mixed with wastewater and subsequently separated. Tests have shown that the
process can operate in the pH range of 3 to 11, with greater effectiveness
achieved at pH values >7.0. Other advantages of this process inciude the fact
that the ISX metal sludge setiles quickly and dewaters easily. nxpeﬁmentai
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! G. C. Cushnie, Jr., P. Cranapton, and C. G. Roberts, 1983 (Dec), contract report prepared by
Centec Corpomﬁom Reston, VA, for U.S. Air Force Engineering and Services Laboratory,

1. 11 A

1ynaau Air Force hﬂse Florida.
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Figure 2.  Production and use of insoluble starch xanthate for heavy metals removal from
wastewater (from Wing and Rayford 1977)

precipitation at metal concentrations above 100 mg/L in wastewater (Wing and
Rayford 1977).

There is no published literature on applications of this process to the treat-
ment of metals-contaminated soil. Its successful application may be limited by
the difficulty in distributing the insoluble starch throughout the soil and in its
potential biodegradation in a biologically active soil.

Lime/carbonates’hydroxides processes. Heavy metal hydroxides and car-
bonates are only slightly soluble in water. This phenomenon has been used
extensively to remove heavy metals from wastewaters. Metals are precipitated

tion

g

o ode

as carbonates or hydroxides by adding hydrated lime. Control of

Precipitation is followed by a sedimentation step where the metal precipi-
tates are removed from the water by settling. Flocculating agents that improve
the settling characteristics of the precipitate may also be added, prior to settling
(Lanouette 1977, USEPA 1985).



This process has not been applied to the treatment of soils contaminated
with metals. A study has been conducted applying lime as a barrier to
migration of metals from municipal solid waste ieachate to surrounding soiis
(Weston 1987). It was found that

'breakthrough” of metals in a soil column
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wad SIgiulicdiiuy prolonged wiiCll 4 1dyer 01 Crusiica nmesionc wds UUIIZCd as
n lhnerine smaminealnsle; Fas tetvrnlant Ahonsniiien Tha eacs:lén 2omAlanen ¢hne oanll

a vailivi, paitvulaily 1Vl ulvaiviilt vinuviiiiuill. L1IT IODUIL 1HIUICALC Uial dULL
treatment to reduce mobility may be feasible. Since the solubility of hydrox-
ides is sensitive to pH, applying this process to nonalkaline soils or in regions
where the rainfall is acidic could result in long-term instability and potential

Application to onsite soil treatment. While reduction, precipitation, and
immobilization methods are well established for wastewater treatment, the ear-
lier reviewers (Weston 1987) did not reveal their application for treatment of
heavy metal-contaminated soil. Conceptually, an onsite soil treatment process
would first involve excavating contaminated soil for input to process equip-
ment. It could use either a slurry or dry mix process to distribute the treat-
ment chemicals. A schematic diagram of a conceptual process appears in

Figure 3.
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tion of soluble metal species to form precipitates. The treated soil would
require dewatering prior to backfill or landfill disposal.

Ad S usin, scale solids :
mill, screw mixer, etc.) would mix insoluble treatment chemicals with the soil.

moisture or adsorbed onto soil surfaces may not be in contact with the treat-
ment chemicals. The migration of metals to the chemical via percolation or

the low-level dissolution of the chemical into the soil moisture could prevent
migration of unreacted metals from the bulk soil mass.

Treatment effectiveness. The process concept, treatment chemicals, dos-
age, matrix effects, and pH require further study to determine if performance is
acceptabie for soil contaminant remediation. Leach test performance, aithough

not the sole determinant, depends upon the selection of leaching the solution.
Likewise, sample-air contact during leaching procedures may produce resuits
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Landfill performance is of more fundamental importance than leach test
performance. Ultimately, preserving long-term performance after backfilling
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onsite or landfilling may require runoff controls and/or infiltration barriers to
prevent exposure to destabilizing acidic or oxidizing agents.

Another option would be to use these processes in conjunction with
extractive procedures. In this manner, metals could be first extracted into an
aqueous phase and then precipitated out using the above processes. This is
considered in the discussion of extraction technologies (see following section
of Chapter 2, entitled Extraction).

Long-term stability/performance. Since there are no experimental data on
the applicability of these processes to soils, comments on treatment stability
and performance are based on engineering judgment. Soil properties such as
pH, form of the metals, and oxidation-reduction potential will play a critical
part in determining the long-term performance of the process. One of the
problems already identified is the dependence of these processes on pH. This
means that some arrangement for maintaining the pH level by liming, etc.,
would be required to prevent chemical resolubilization. For example, metal
sulfides are susceptible to oxidation to water-soluble, acidic sulfates. Main-
tenance of a chemically and physically stable environment is essential to
successful implementation of these precipitation technologies in terms of long-
term performance.

Residuals treatment/disposal requirements. One of the biggest disadvan-
tages of the above processes is that the metal precipitates and soil remain
together and must be backfilled or disposed. Disposal requirements for the
treated soil would depend on extract metal concentrations and anticipated
long-term stability. Liquid effluents from the processes could be recycled,
discharged, or may have to be treated prior to disposal depending on metals
concentrations. -

Adaptability. The process is clearly able to treat aqueous wastes contain-
ing metals. The process is designed to primarily address metals and is
unlikely to effectively treat for organic compounds. While there are no
experimental data to prove that these processes can be used to treat soils, if
successful, they may also be applied to residues from organic soil treatment
processes, including incinerator ash. Since sludges of interest already contain
metal precipitates, further treatment may not be effective in altering sludge
characteristics.

Scale up potential. The process may be scaled up using existing solids-
handling and mixing equipment. Scale up should be readily achievable.

Potential disqualifiers. The principal concerns regarding application of the
aboveground precipitation process are as follows:

a. A lack of field application history. Application of precipitation to soils
treatment is purely conceptual at this stage. Extensive research and
development work is necessary to evaluate the feasibility of applying
these processes to soils.

Chapter 2 Physical/Chemical Processes



b. Depending on soil matrix and the nature/form of the metal contam-
inants, the kinetics of the processes would probably differ from those
observed in wastewater treatment.

c. Chemical and handling costs could be considerably higher than those
associated with wastewater treatment.

d. Another disqualification may be the instability of the precipitate. Under
some environmental conditions (e.g., at lower pH values, oxidative
ot mmaninn namst) tlan sman nlenlintns smmnzr maonlithilica  Tha s1oa AF oandiven
CHVHUILIICINL ), UN pl C. p D> 11ldy 1ODULUDLLZLL. 11T UdU Ul dudliuiil
borohydride and sulfides may also present some safety risks because of
the potential generation of hydrogen and hydrogen sulfide

Description. The basic considerations for this process are the same as
those described previously for aboveground precipitation. In this process,
chemicals are directly applied to the soil to precipitate the metals and decrease
their mobility. This discussion is limited to the application of precipitation in
situ.

The four methods considered for in situ precipitation or reduction/
precipitation of heavy metais are the same as those for aboveground precipi-
tation, namely:

o Culfida svemnana
[/} DULLIUCT PIULOdD,
h Cndinm harhihvudride nrarece
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d. Lime/carbonates/hydroxides process.

The theory behind all these processes is discussed in the previous section
on aboveground precipitation.

The application of these processes to soils contaminated with metals has not
been studied in great detail. Most of the experience with these processes has
been in the area of wastewater treatment. Heavy metals sometimes exist in
soil as discrete fragments. Otherwise, they primarily exist at ion exchange
sites or adsorbed onto various geocnenncal substraies, €.g. mays, orgamcs, or

a3 _ h PRSI T boan

nyomus iron and manganese oxides and nyaroxmes (Horowiiz 1951). Exirac-
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tion studies have shown that, grviil ldvuramc TEaciion Kinetics and inermoday-
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{Calmano and Forstner 1983). Conceptually, processes for treatment of

metal-contaminated agueocus wastes should be nmhr-nh]p to heavv metal-
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contaminated soil. However, an excess of trea hncn: chemicals may be
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necessary to ensure complete reaction, because of competing soil ion exchange
or precipitation reactions.

Given the variation in soil types, structures, etc., and the extent of the con-
tamination,-the applicability of these processes would be site-specific. Table 1
lists site and soil characteristics that are important with respect to in situ (and
to some extent, aboveground) treatments. Heavy metals interact with soils and

Table 1
Site and Soll Characteristics Identified as Important in In Situ
Treatment

Characteristics

Site location/topography

Slope of site-degree and aspect

Soil, type, and extent

Soil profile properties
Depth
Boundary characteristics
Texture'
Amount and type of coarse fragments/grain-size distribution
Structure'
Color
Degree of mottling
Presence of carbonates
Bulk density’
Cation exchange capacity'
Clay content
Type of clay
pH'
Eh'
Surface area' .
Organic matter content' -
Nutrient status’
Microbial activity'

Hydraulic properties and conditions
Depth to impermeable layer or bedrock
Depth to groundwater' (including seasonal variations)
Infiltration rates'
Permeability’ (under saturated and a range of unsaturated conditions)
Water-holding capacity'
Soil water characteristic curve
Field capacity/permanent wilting point
Flooding frequency i
Runoff potential'
Aeration status'

Climatological factors
Temperature'
Wind velocities, directions, and ranges—seasonal and diumal

Source: Weston 1987.
! Factors that can be managed to enhance soil treatment (source: Sims and Wagner 1983).

Chapter 2 Physical/Chemical Processes
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usually accumulate in natural systems near the surface. Downward transport
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will depend upon the factors listed, particularly as they affect metal compound
solubility, soil-metal interaction, and soil permeabi For instance, metal
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buffering capacity has been exceeded. Figure 4 shows the various phenomena
that influence soil metal concentrations
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Figure 4. Phenomena that influence soil metal concentrations (after Mattigod

The soluble treatment chemicals for in situ processing could potentially be
applied as chemical solutions (e.g., sodium sulfide) and allowed to percolate
through the soil to the required depth. Other chemicals (e.g., lime, sodium
borohydride) must be applied as a slurry or solid and incorporated into the soil
by tilling.

Liquid applications should employ surface controls, diking, and grading to
prevent unwanted surface runoff of chemicals and migration of excess chem-

.

icals to the groundwater. Doses can be determined by laboratory and pilot
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Following liquid application, additional measures to control the soil envi-
dial action. Limestone applied in large doses and tilled into the soil could
supply a large buffer capacity to protect against soil acidification. Measures to
prevent oxidation of reduction/precipitation products may include capping or

Chapter 2 Physical/Chemical Processes
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application of natural organic matter that, as it decomposes, maintains a reduc-
ing environment.
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A more intensive application procedure for solid or slurry reactants might
include mixing at depth using heavy excavating and earth-moving equipment.
These methods would result in performance and costs between that of onsite
precipitation (excavation and mixing process equipment) and surface
application.

Following successful reduction/precipitation, posttreatment measures for
surface application methods, as described above for liquid application methods,
may be beneficial in maintaining performance over the long term.
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metals in soil. Since applicability of borator
tests on the particular soil must be done to select treatment chemicals, dosage,
soil pH, mixing requirements, moisture content and reaction time and to assess
performance. . Treated soil should be further studied to determine the effects of
environmental stresses (pH, oxidation) on metals leachability. In addition,
pilot studies must be conducted before applying the full-scale process to field

situations.
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Long-term stability/performance. Since the applicability of these pro-
cesses to soils contaminated with metals has not been demonstrated, estimates
on long-term precipitate stability and performance are based on engineering

‘judgment. In the long term, changing soil pH and oxidation of reduction/

precipitation products couid potentiaily destabilize, i.e. resolubilize, metal con-
taminants. This is problematic for long-term stability. The impact of these
conditions on stability should be studied in the laboratory and, subsequentily,
on demonstration sites. With additional treatment or site controls that can be

uneed to maintain conil nl
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bility will be lower than for technologies that remove the metals. This
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suggests that in situ precipitation may best be applied to sites with low-level
contamination or with low risk of migration and exposure. Alternatively, in
situ precipitation could be combined with established approaches for low-risk

sites, such as capping, to provide secondary protection against migration.

Chapter 2 Physical/Chemical Processes



Residuals treatment/disposal requirements. Application of any of the
above processes to soils contaminated with metals will result in a mixture of
soil and immobile metal precipitates. Therefore, presumably there would be
no residual soil "disposal" requirements. Depending on how the chemicals are
applied to the site (e.g., solution slurry or solid form), it is possible that a
liquid effluent may be generated (runoff, or groundwater recovery) and require

: 1

recycling or treatment. These potential requirements would be determined in
the testing and development phase, but are not considered significant obstacles

PPUU, PP s gy

0 implementation.

-
Adaptability. The ability of these processes to treat heavy metal-

contaminated aqueous wastes has been well established. Sites with combina-

tions of organic and metal waste contamination may be difficult to treat be-

cause of the potential for the formation of water-soluble organometallic com-
plexes. The formation of soluble complexes might also result from the organic
matter added to maintain reducing conditions. The precipitation reaction
would have to form thermodynamically stable precipitates relative to soluble
complexes to prevent resolubilization. Finally, these precipitation processes
have relatively little effect on organic contaminants. For this reason, these
processes are not effective for the treatment of soils contaminated with or-
ganics.

Scaie up potentiai. In situ precipitation may use typicai farm feriilizer
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and readily implementable. Scale up should be achievable, and rates of treat-
ment should far exceed those for aboveground precipitation techniques. These

cems regarding the application of

a. Of great concem is that the applicability of these processes to contami-
nated soils has not been demonstrated.

b. Another significant uncertainty is the stability of the precipitates with
regard to pH or oxidation-reduction potential.

c. Treatment of heavy metal contamination weil below surface level
would require development of injection methods.

r a2 2T A alin cmand £rc Tase facen mammitaniacs tha ol AF
a. r issues include the need for long-term monitoring, the sk of
PR Y % TN . amt ahaminale 3
migration of the treatment chemicals and safety hazards associated with
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)
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In situ precipitation by vapor phase application

Description. This recently developed technology includes the vapor phase
addition of sulfur dioxide (SO,) for chromium reduction and the addition of
sulfides (as-iron sulfide or other sulfide salts) for the removal or immobiliza-
tion of most heavy metals as metal sulfides.

Gas phase introduction of S0, and/or hydrogen sulfide (H,S) has some
advantages over liquid chemical addition. The gas can be more rapidly distri-
buted because of low viscosity and may more readily overcome barriers to

liquid percolation.

Gas would be circulated via input and withdrawal wells screened in the
unsaturated contaminated soil zone. Because of the hazardous properties and
high mobility of the gases, precautions must be taken in system design to
prevent the release of gases. Withdrawal wells operate at a vacuum, and input
wells operate as vacuum breakers, near atmospheric pressure. Since the soil |
system as a whole will be exposed to a vacuum, the soil surface will be sealed
to reduce infiltration. Soil sealing may be accomplished by applying a ben-
tonite slurry or asphaltic sealer, or by capping with impermeable plastic
sheeting.

SO, or H,S will be absorbed into the soil moisture or adsorbed onto the
soil. Neutralization, reduction, or precipitation reactions are then completed in
situ. These chemical reactions are widely used in wastewater treatment for
metals removal and were discussed in the subsection entitted Aboveground
precipitation (page 5).

The reaction for SO, reduction of hexavalent (Cr*®) has been described as
follows (Campbell et al. 1977).

(Cr,0)% + 3 SOé + 2 H* <—->2 Cr*?* + 3 50,2 + H,0

The anticipated reaction for H,S precipitation of divalent metal cations was
given in the discussion of aboveground precipitation (see page 5).

The H,S precipitation process results in a net addition of acidity to the soil,
necessitating higher initial soil alkalinity or soil additives to increase alkalinity.
While metal sulfides have a low solubility across a wide pH range, metal
sulfide solubility increases as pH declines. Low pH will also result in lower
H,S solubility because of the solution equlhbnum with sodium sulfide (Na,S)
and calcium sulfide (CaS).

The gas can be recycled with the periodic addition of H,S and SO, to main-
tain target levels. Some excess gas will accumulate as a result of net gas
leakage into the system. This will require gas treatment prior to discharge to

the atmosphere.

Chapter 2 Physical/Chemical Processes



In addition to rapid, even distribution of the reactants, this mode of chemi-
cal addition can result in less excess chemical addition to the groundwater and
soil as compared with liquid phase application. Its principal disadvantages are
the safety hazard that could result from the release of gases, particularly the
highly toxic H,S, and in the ability to ensure complete coverage.

Treatment effectiveness. This technology is presently in its early concep-
tual stage. Performance is likely to be comparable to in situ precipitation.
The effectiveness of vapor phase application depends on reactant solubilities,

moisture content, and alkalinity in the soil.

Long-term stability/performance. Since there are no experimental data on
the applicability of these processes to soils, comments on treatment stability
and performance are based on best engineering judgment. Soil properties such
as pH, form of the metals, and oxidation-reduction potential will play a critical
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Residuals treatment/disposal requirements. Application of this process
will result in immobile metal precipitates remaining in the soil. Therefore, no
residual soil disposal is required. The excess air extracted from the system
necessary to maintain vacuum on the soil may contain residual SG, or H,S.
This air stream will require treatment before discharge to the atmosphere.
Caustic scrubbing should be effective and may allow for subsequent regenera-
tion of H,S for reuse. Some absorption of these gases into the groundwater
may occur, which could result in migration of contaminated groundwater from
the site. Although these compounds wiil tend to oxidize over time o the iess
hazardous constituents, groundwater management may be necessary where

e con Beco Sonm o m ad

groundwaier users could be impacted.

simultaneous applicatio al of
VOCs. The excess air stream could be treated for reactants and vented or
treated for VOCs. Air venting rates have not yet been established for in situ
precipitation, so the compatibility of the two is not certain. Adjustments to
reactant concentrations may be made, however, to match the requirements for

metals precipitation and VOC removal.

Concentrated sludges are typically composed of insoluble precipitates and
would not derive additional benefit from this treatment. Since incineration

19
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residues and low-temperature thermal treatment residues are often available
onsite, in situ methods may not be advantageous.

Scale up potential. The in situ gas treatment system can be installed over
large land -areas for treatment of the unsaturated soil. The rate of treatment has
not been established, but is expected to exceed the rates for aboveground pre-
cipitation techniques.

Potential disqualifiers. The principal concerns regarding the use of in situ
precipitation by vapor phase application are as follows:

a. The single largest concem is the unplanned release of toxic gases.
While the system is designed to operate largely under vacuum, the reac-
tant, particularly H,S, presents a significant employee safety hazard and
possible adverse public reaction to odors.

b. Treatment effectiveness (both short and long term) have not been
demonstrated.

c¢. Other potential disqualifiers shared with liquid or slurry-based precipita-
tion are the uncertain stability under long-term oxidizing conditions.
As a result, there is a need for long-term monitoring and a need to
assess the migration of chemicals used for treatment.

Extraction

Aboveground extraction

Description. In this process, contaminants are removed from the soil by
one or more extraction solutions. The mechanisms for contaminant transfer to
the solution phase include solubility, formation of an emulsion or soluble
chelation product, and chemical reaction (USEPA 1985). For metal extraction,
reaction by acidification and/or chelation is the predominant mechanism used.

This process involves excavation of the soil and treatment with one or more
chemical wash solutions to remove metals. The wash solution (containing the

“extracted contaminants) is further treated to remove the contaminants, and the

clean solution is recycled to treat additional soil or discharged. The number of
washes, soil/solution ratios, and other process requirements are determined by
site-specific conditions such as soil type, metals present, metal species, etc.

Solvent extraction is used extensively in the chemical processing and metal-
lurgical industries. In the latter industry, extensive work has been done on the
recovery of metals from ore as well as waste from metallurgical operations.
Extensive study has been done using an extraction process for treating
metal-plating wastewater followed by selective recovery by precipitation and/or
extraction. There is a strong incentive for metallurgical and plating industries

Chapter 2 Physical/Chemical Processes



to find methods to treat their metal-bearing wastes since disposal costs are high
and valuable metals are being lost.
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Recent literature is available on the applicability o rocess io metal-
contaminated soils (Cliver and Carey 1976; USEPA 1980; Lo, Baird, and
Hanson 1983; Yamamoto 1984, Connick, Blanc, and O'Shaughnessy 1985;
USATHAMA 1985; Ellis, Fogg, and Tafuri 1986; Castle et al., undated).
Investigations range experimental to field annlications. Several
Investigations range from experimental to field applications. Several
solutions/methods have been studied to extract metals from soils. The follow-
ing are brief descriptions of these methods.

a. Acids/NH,. Both strong and weak acid solutions have been used in the
metallurgical industry to extract metals. Acid solutions dissolve basic
metal salts such as hydroxides, oxides, and carbonates. Using strong
acid solutions to treat soils may present problems because of the poten-
tial hazardous residues left in the soil or alterations of soil physical
properties. Soils with sufficient alkalinity to buffer acids may be
treated with a dilute solution of a strong acid such as sulfuric acid
(H,SO,); otherwise, weak acids such as acetic acid may be preferred.
in one éxperiment, municipai siudge was treated with H,SO, to extract
a sxilemla ceame o Lo a1 A 100N\ YITIL aL . ' O

a whole range of heavy metals (USEPA 1980). With the exception of
tha

precipitation and extraction for metal recovery. Recovery of metals is

x

less cost effective at lower concentrations, especially when there is a
mixture of metals.
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Bases, like acids, may also be used in certain treatment processes. In
an experiment on recovery of metals from electroplating of sludge
incineration residue, metals were first extracted by using H,SO, and
then precipitated by using sodium hydroxide (NaOH). However, the
presence of large quantities of iron in the precipitate created problems.
The precipitate was then treated with ammonium hydroxide (NH,0H) to

—n R 7aS M Vel P

solubilize ail metais except iron (Oliver and Carey 1976).
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Material and handling costs would be slightly higher for this process
comnarad writh ﬂnnr virartinn nmraccac hanar f me corrosive
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depend upon type and number of the metals present in the soil. Some
of the studies directed toward recovery have shown that the process

Copper has been recovered from scrap steel by ammonia leaching and
solvent extraction. The basic reactions are as follows (Lo, Baird, and
Hanson 1983):

21
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EDTA/hydroxylamine/citrate/water. EDTA (ethylene-diamine-tetracetic
acid) is a chelating agent that forms a metal-chelate complex when
reacted with metals. These complexes are resistant to decomposition
and degradation and can be used as a means of extracting metals from
soil. Other chemical agents include citric acid and diethylene-triamine-
pentacetic acid.

Upon reacting with metals, these agents form complexes that are solu-
ble in water. The extract is treated to concentrate or recover the metals.
The chelating agent should be recycied for cost-effective treatment.
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agents such as hvdroxvlamine and sodium dithionite/citrate alone with
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EDTA (USEPA 1985)
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Ellis, Fogg, and Tafuri (1986) have demonstrated that a sequential treat-
ment of soil (from an actual Superfund site) with EDTA, hydroxyla-
mine hydrochloride, and citrate buffer results in the following metal
removal efficiencies: cadmium - 98 percent, lead - 96 percent, copper -
73 percent, and nickel - 23 percent. Similarly, Connick, Blanc, and
O’Shaughnessy (1985), in an experiment on soil from another
Superfund site, showed that water with EDTA is the most effective
reagent for removal of metals. One of their observations was that using
water/EDTA/buffer solutions resulted in the formation of precipitates
with a resultant decrease in permeability. Finally, work reported by
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weioht hvdrocarhbons can be extracted from the soil with water, Water-
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soluble inorganic salts such as carbonates can also be extracted with

water (USEPA 1985). For metals, a full-scale project has been

Chapter 2 Physical/Chemical Processes



successfully implemented by the Navy to clean up soil contaminated
with chromic acid at Pearl Harbor, Hawaii (Yamamoto 1984).

Other extraction chemicals (for reaction/chelation) remain unexplored
which-could have potential application for specific metal species and

are
solution. These should be car

chemical use/reuse and to minimize the hazardous properti
volume of residues.

d. Aboveground extraction process. The use of chelating agents and other
additives in removing metals from contaminated soils has been clearly
demonstrated at the laboratory level. Many of these tests were done
with an intent of evaluating their use for in situ extraction. However,
these results are also directly applicable to aboveground extraction.

The process can take many potential configurations, ranging from sim-
pie batch immersion to continuous muitistage processing. The Navy

simple batch, water-wash treatment for about 2,200 cu yd'

inated soil. The washin i

T

1
)
b
]
J
e

PR U

MIIE

process for soil and extract treatment is shown in Figure 5.

A more complex continuous process was implemented for the cleanup
of lead-contaminated soil at a Superfund site, as discussed above. A
preliminary flowsheet for this process is shown as Figure 6. The con-
tinuous process offers the potential advantage of higher treatment
capacity. Disadvantages include difficulties in material handling for
soils that may contain rocks and debris, higher solution volume
requirements, and more difficuit process control for ensuring complete
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metal-contaminated soil, produces o 11y decontaminated soil. Dependin
the level of cleanup, the tneated soil can either be disposed at a nonhazardous
landfill or backfilled at the site if compliance standards are achieved. No

long-term problems are associated with the treated soil because the contami-

nants are permanently removed from the soil.

Residuals treatment/disposal requirements. The treated soil may require
disposal at a landfill, depending on the residual metal concentrations in the
soil. Of course, to be cost effective, the extraction must at least allow disposal
in a less controlled and less expensive landfill. The spent extraction solution
containing metals must aiso be treated prior to discharge. The metals may be

recovered or concentraied for off-site msposal Concentration Dy chemicai

preci puauon most pmoaoly will result in hazardous s1uages Delng pI'OOI.lCCG

which in tumn must be properly disposed. In addition, the soil extracts contain-
ing metals may significantly differ from typical plating or metal-finishing
wastes. It is suspected that conventional precipitation or metals removal may
not be easily adapted to contaminated soil. Extraction may be ineffective
because of the complex mixture of materials in the extract. Thus, additional
research may be needed to develop effective means of treating the metal-

Scale up potential. Treatment at the Navy site was conducted at a rate of
40 to 50 cu yd/day in a small-scale batch operation. Expansion of the hopper
from 2 to 20 or 30 cu yd would increase capacity up to 15 times. Additional
units in parallel could further increase capacity.

The continuous process could use existing ore or construction aggregate-
processing equipment. While material handling of a mixed soil stream must

be carefully designed, scale up should be readily achieved.

Potential disqualifiers. The principal concems regarding the use of above-
ground extraction are as follows:

)l
3
g
i
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=

c. Disposal of metal solutions/sludges, as a hazardous m

required if reclamation is infeasible.
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In situ extraction

Description. The basic theory behind this in situ process is the same as
that for aboveground extraction. The only difference between the two pro-
cesses is the manner in which the extraction chemicals are applied to the soil
and then recovered. Usually, aboveground processes are preferred on sites

where the contaminated soil has already been excavaied as part
. - . T-121
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A nacnAn e nitr Avtmantinem Aaas st tmrmalira Avansintian A tlaa oall Tor olt=e
ProcCesscs, in Situ €XiraCtion aocs not ivoIve €XCavation O1 Ui SOil. I Sit
nraccoag inunlua annlinatinn Af tha rhaminale Aimanstle ta tha oenil and
PIU\IUOB\/O HIVVIVL Q] y.u\.«auuu UVl UiV uviiuiliivald uJulivuvu VU WiV vl aiiu
cunheennient recnverv nf the avtracting acent m a treatment 7zane via the
D“Uﬂv‘iuv‘lb lvw'\ll) Wi Bliwv vnuuvulls uevnu. AAVILL O MWVALLLIVILIL LVILIV YA W
oronndwater While in gitu extraction eliminates the cost of excavation and
groundwater, whie 1n situ extraction eiiminates the ¢ost of excavaton ang
backfilling, this process carries a risk of contaminating the groundwater at a
site, and may result in dilution of the elutriate and less efficient raw material
utilization.

Extract solutions may be applied by spray application or flooding the
contaminated site. The extraction fluid is subsequently recovered through
subsurface drains or shallow well points, and is treated to recover the contami-
nants or concentrate them for disposal. Where expensive complexing agents
are used, the treated extract solution may be recycled through the site to reduce
costs. If the elutriate is not completely collected by either the subsurface
drains or the shaliow well point system, a potential risk of contaminating the
ground or surface waters occurs (USEPA 1984b). Figure 7 presents a sche-

st Ao o ALt

tiC aiagram Of thiS process.

Site-specific conditions, such as soil types, chemistry, and form of contami-
nants, will dictate the operating conditions, such as extraction chemical selec-
tion, solution concentration, and number of flushes and rinses.

Several methods for extracting metals from soils and sludges have been
studied. These include shaker tests to evaluate the ability of the elutriating
solution to remove the metals and subsequent soil column tests to determine
metal removal from soils under continuous gravity flow. The types of elutriat-
ing solutions used in this process are the same as those used in aboveground

TNV A A3 Y F_ta_ .. Lo-a__

extraction, namely acid/NH, and EDTA/hydroxylamine/citrate/water.
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Spray Appilication
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Ideally, the soil shou
Sites with existing zroundwater contamination are preferred since the treatment
of such soils will not result in new contamination, and combined treatment of
soil and groundwater is possible. Given appropriate site condmons, effective
in situ treatment should be achievable.

be uniform and have moderate to high permeability.

Long-term stability/performance. Laboratory-scale performance data-
indicate that the process is effective, to varying degrees, in removing metals.
From a concept standpoint this process has good long-term implications in that
the source of contamination is removed from the soil. In situ treatment perfor-
mance is typicaiiy monitored by discrete soil boring analysis. Therefore, heter-
ogeneities, including low permeability zones that are not adequately treated,
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may initiaily go undetecied.
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rocess is that the soil is treated in situ and

iS necessarv owever, the extraction fluid mn
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unon the economics.
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metals. Depending upon the economics, the metals would be

r
would have to be disposed. In some instances, extraction fluids are used on a
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once-through basis and would have to be discharged following treatment.
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Adaptability. Experimental data show that extraction methods can be used
to remove metals from sludges and liquids. The data aiso show t'nat the pro-
cess can be used to treat soils contaminated with organics as weil. However,

L0 T TR T N

treatment of soils contaminated with both may be difficuli and w0md interfere
with the ammy to recycle expensive metal chelating agents. Sludge or inciner-
ator residue treatment in situ is not likely to be advantageous because of the
metal msolubd.t‘y and relatively high concentrations.

Scale up potential. The process is very well suited to treating large soil
areas. Treatment is expected to be completed sequentially from the surface to

Potential disqualifiers. Principal concems regarding the use of in situ
extraction are as follows:

a. The greatest risk in using this process is the potential for contaminating
migration pathways such as ground and surface waters.

b. Site conditions and present use may preclude or limit the use of this
process at some locations. '

c. Certain metals and soils may not be amenabie to efficient removal.

Description

Activated carbon or agricultural products could potentiaily be applied to

soils to adsorb metals in situ. Aasorpuon of neavy meiais by agncmmral crop
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d 1981) experimented with straw, sawdust, and acti-
vated carbon for the possible removal of heavy metals from wastewater. Their
€]

experiments have shown that lzofsn'awwasabletoadsoxbfrom43to
15.2 mg of Zn, Cu, Pb, Ni.andCd ’Iheyalsoshowedlhatefﬁclencyof

removal by the straw was generally best with the addition of calcium carbonate
(CaCO,), a widely used metal precipitant. In a single treatment, the applica-
tion of straw and CaCO, to 100 mg/L solution of metals could be used to
remove the metals. However, removal efficiencies of Zn, Cu, Ni, and Cd
remained below 50 percent. Lead removal was highest, at 85 percent. Saw-
dust was less effective for all metals. Activated carbon performance was
higher (to 97.5 percent for Pb) but also generally unacceptable for removai of
all metals. Column studies were conducted for continuous treatment of
wastewater with bariey straw. These showed that effective treatment

Chapter 2 Physical/Chemical Processes
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(>99 percent) could be achieved for these metals using a flow-through column
system. Acid regeneration or thermai destruction of the straw could further
concentrate the metals for recovery or disposal. The lower removals exhibited

under single-stage batch conditions may be indicative of the behavior of straw
mansanrantad 1mtna tha 31 £, .2

aenaerson €t as. ( 7 :) mvestigaed e agserpucn of Hg, iy, 1N, L4, ana
Zn onto peanut hulls and raw and aged barks. These experiments were
conducted to evaluate the feasibility of removing metals from wastewater using
these natural waste products. The data showed that up to 80 percent removal

of Cu was achieved in batci tests using smaller particle size peanut hulls, but
removal of other metals remained below 60 percent.

Application of the above adsorption methods to the removal of metals from
soils was a concept suggested as a potential treatment of metals-contaminated
soil in a study conducted for the USEPA (1984). The technique would involve
tilling the land to incorporate adsorbent materials such as agricultural waste
products (see preceding paragraph) and activated carbon into the soil. Metals
would be adsorbed onto these materials, thereby reducing mobility. The obvi-
ous advantage of using agricuitural waste products is that they are inexpensive

2 ol

compared 0 activated carbon. It is common practice to use agricuiturai pro-

ducts and by-products as soil conditioners, e.g., manures and composts
(USEPA 1984). Sewage sludge has also been used as a soil conditioner and a
source of fertilizer. However, using sewage sludge as a means of adsorbing
metals would prove to be counterproductive because the sludge itself may

Treatment effectiveness

No specific studies are available on the application of ion exchange immo-
bilization of heavy metals in soil. Studies on the treatment of wastewater
indicate that a single-stage batch treatment (such as in situ soil treatment) may
be inadequate to prevent migration of mobile metals. Other factors that could
adversely affect adsorption capacity in soils include the presence of competing
ions and chelating agents, low pH, and high ionic strength.

)
)
)
I
3
)
)
3
:
:
A
)
e
X
)
-
a

=
£
éi
E
=

farobial doom dation
miCroovial Gegraaation, anda uiis

a nf immnhilizad matale

q
gz.

]

» B
)
=
&
)

e

5
g,
]
z
€
iy ]
<]
o«
1

B
%)
o
Iz
{72

[ =
&
7
£
E
5 B

]
b
D
]
)
}
3
»
p

>
B
c#
4
@
o
kR
[+
8
a,
g
]
<
E
E
g

: [+% 9 E;
[«
@
[
TH ;_
.S
El
:
;

2. & 8
E
3
9,
=~

Chapter 2 Physical/Chemical Processes



1 menme Samenn almalalll - -~ o a oY 2 Vet
LUNY=terin savuity/periurinalnive

Whila activatad carhnn ic mare ctahle than agrienlthiral nradncte mineral.

VTV LAV AV Y ALVAL VAL UVAL 10 LIVA v DUy Jaiaas asll\,mu.ucu PLWUVI-O, ARl I
ization (microbial degradation) causes the release of sorbed metals, making this
process effective only over the short term. Also, the dependence of adsorption
on maintaining a near-neutral soil pH necessitates long-term monitoring and
soil neutralization. To maintain initial performance, long-term, repeated appli-

cations of both the organic material and liming will be necessary.

Residuals treatment/disposal requirements

One advantage of this process is that no residuals must be disposed of since
the treatment occurs in situ.

a (23
studies have shown tha mmobilize organic chemi
cals, particularly pesticides, in soils (USEPA 1984). Likewise, activated car-
bon has been extensively used in wastewater treatment to remove organics, but

Wastes containing both organics and metals may present a problem, since
both of them are sorbable and organics are preferentially adsorbed by both
activated carbon and agricultural products. This will cause metal adsorption to
be decreased. <

Scaie up potentiai

Potantial dieaualifiare
B WL ILIRAS “l““u.lllvlv
Principal concems regarding the use of in situ adsorption are as follows:

a. The ability of the process to immobilize metals in soil has not been
demonstrated or tested. Extensive experimental and pilot-scale work
remains to be done before applying the process on a full-scale level.

b. The performance of this technology applied to wastewater in batch
studies indicates that only mediocre performance can be expected in
application to soils.
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c. The long-term stability of the process is questionable. It would require
extensive site managemen and possible repeated applications of the

PRI prtala Tom adAdttmam alén mnnimncam amd S tlam £mnn o0 A0
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d. Because of the above factors and because organics tend to alter soil
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properties such as water-holding capacity and bulk density, land use
would be restricted.

lon Exchange Processes
in situ lon exchange

Description. The ion exchange process has been widely used to treat

metal-contaminated wastewaters. The basic princinle of this process is that

LAV Tl Rag L 8 L1033 88 e tw RSV VY BeviDe 215V UROLIV pRMIVIFIV Vi MUS pPIVVVOD A0 Wil

metal ions that are in solution can be exchanged with ions that are bound to a

=265 QA% 21 2VALLARVAL G Ll s~ atmi aVaid =i KAV UVkelae

suitable medium, usually a synthetic organic resin. Clay and zeolites also
exhibit ion exchange properties and can be used in situ. While the applica-
bility of ion exchange to treat metal-contaminated wastewaters has been dem-
onstrated (Blount 1975, Gott 1978), its application to treatment of metal-
contaminated soils is at the conceptual stage. This concept would involve
incorporation of the zeolites and clays into the soil by tilling. Runoff and
sedimentation control measures would be necessary because tilled sites are
susceptible to erosion. The ability of these ion exchangers to remove metals is

affected by factors.such as those listed below (USEPA 1984c).

a.

L MV memmanndSon v moadl man o

U. Lol 1 C 11>

r Pracanra nf snmnlaving agante
L 4 AWDVEIRAY VUl VULLLJIVALLL as\"m

d. Soil soluti
e. Type of ani

Clays have an affinity for metal cations and exchange calcium ions for
them. This process has been characterized as follows:

M* + [Clay]'Ca <-—--> Ca™ + [Clay]lM

Clays have been found to attenuate the migration of metals through soils,
but little information is available on applicgqqr{of clay to soils for the purpose

of immobilizing metals. Smeulders et al. (1983) studied the in situ immobili-
zation of metals on clay by first complexing them with tetracthylenepentamine

Chapter 2 Physical/Chemical Processes



s Y e . et A a3 Al _. .t — 1 1 i Py PR ol W
(etren).  1nese 1mvesugaiors report L N€ 10N €xcnange oenavior o1 néavy
a1 aiiAls ao £%s T ATE nmd £V S atemens Tl S fliiaaad Lo sl e
mcLdls Sucil 45 Lu, Zil, INI, 10 U4 IS OSLVIELY HUIUCHICCU DY UIC ICUcCIl CoIl-

P, o Thaxr alan imAirntad that Alavo hava nem s;mAea nond affeitc; e tha $tatenan
plc D 28+ J nivaicd uiat viayd Have dll UILICadTUu allll ly 101 WIC ICUCTII-
ramnlavad hanvyyy matale Racad nn thaca maonlts a0 mennaco that jsnasenentas
UUIIIPICAW ucavy LIIULALD. DAadlAl ULl UIODT I0UOULW, a plUWbb uiat lllbUlpUlaLCb
rlavy and tatran intn thoe cnil may raenlt in mara affantiva immnhilizatinan hey ian
Ciay aliG Cell 0 ull SO Mgy ICsun i mMorIrd CiiCClive 1MiMooiZatlil oy 10N
exchanage comnarmad tn ncino clav alane  Snile cantaining clav can ha traatad
\rl\\/ll“-llév Wluy“l\du W “Olll& \ll“l ULV, WIViLD Wklmlmlé Ulu] will Uv uvaitvu
at a lower cost since commercial clav addition mav not be necessary

al a :0wer COost Since comm rcl 2y QCCRION May NOU ¢ NCCCSsary.

Synthetic ion exchange resins have been used for metals removal from low-
strength industrial wastewater streams. The resin beads are stable polymerized
hydrocarbons with various ionic functional groups on their surfaces that can
exchange innocuous ions of calcium and chloride (Ca*™, CI’) for ions in
solution. Application of ion exchange resin beads to the soil has been sug-
gested for pesticides, but no experiments have been conducted. In situ appli-
cation of resins has several potential disadvantages, including poor contact
between beads and soil, high cost, and competition for exchange sites with
naturally occurring ions.
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es are natural hydrated aluminosilicate crystals with a typical chemical
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mainly to neutral or alkaline soils, or soil pH should be maintained by regular
liming. High pH may have the added benefit of causing metals precipitation

While natural zeolites are used widely in industrial applications for water
treatment (molecular sieves) and for agricultural applications (retention of
ammonium and potassium), they have not been studied for in situ soil treat-
ment. They do represent a less expensive altemative to ion exchange resins.

Treatment effectiveness. Natural zeolites and ion exchange resins have
been found to be effective in removing heavy metals from water in full-scale
applications. These processes are sensitive to pH and the presence of compet-

ing ions. No data are availabie for direct application to soiis.

Tha macanemmh An anhanaina tha immahilicatinn Af matale An Alavre her tha
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educed the soluble metal levels as much as two orders of magnitude as com-
1 ) gnitude as com
pared with clay alone. Higher metal ion concentrations in particular exhibit
improved performance. For example, the concentration of copper in solution

was reduced below 1 ppm, while producing a clay-tetren loading of 1,000 ppm
copper (Smeulders et al. 1983). The process may be less effective for lower
concentrations of metals and where high levels of cations (Na*, Ca*™, Fe*)
may interfere with the capture of heavy metals (USEPA 1984b).

Long-term stability/performance. No studies have been conducted to
determine the long-term stability of this process and its ability to immobilize
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metals in soil. If zeolites are used, long-term site management (including
liming and maintenance of erosion controls) would be necessary. Similar

Sins Or tetren-clay mixtures.

T o a4

potential impacts may be expected for re

172,
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and no residuals must be disposed since the immobilized metals stay within the

Ad,a_ptahi!itm The clay-tetren process and ion exc ange

e clay-tetren Drocess an 1 exchan, 1
be also be used to treat sites contaminated with certain organics along with

metals if the organics are sorbed by clay.

for treatment of heavy metals. The ability of the resin and zeolite processes to
treat metal-contaminated liquid wastes at low concentrations is well estab-
lished, but successful treatment of high concentration sludges is unlikely.
Treatment of residues from organic treatment processes may be feasible, but

onsite processing may be more appropriate than in situ processing.

Scale up potential. The in situ process would use common agricultural
machinery capable of treating large soil surface areas at limited depths.

g the use of the in siiu

b. The long-term stability of the process is questionable, as ion-exchange
media are typically sensitive to pH.

¢. The process may be less effective in sites where heavy metals are
present in trace amounts and when excessive amounts of ions such as
Na*, Ca™, and Fe" are present in the soil.

b-1

boveground ion exchange
n exchange was proposed by Senqupta (1986) as a tech-
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ing force for solu

Following completion of slurry transfer, the slurred waste is drained while
the resin beads are retained by a basket strainer for subsequent regeneration.
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The slurry can be dewatered and disposed as a nonhazardous waste. A process
schematic is shown as Figure 8.

The application of this technology to contaminated soils would necessitate a
modification of materials handling to inciude prescreening soil particies or

nal e aa bt o

devising an aiternative slurry/resin separation technique (e.g., flotation).
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ions, its effectiveness must be tested for each
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soil/metal matrix.

Another consideration in assessing the effectiveness of the technology is the
form of the metal-containing residual stream. If resin loading is inadequate for
the particular soil/metal input, the volume of metal concentrate solution may
be too high relative to alternative techniques (e.g., extraction with acids or
chelating agents).

Long-term stability/performance. Since metais are removed from the
soil, no long-term performance concems exist.
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result in a concentrated sludge for further treatment or probable disposal as a

hazardous waste.
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Adaptability. Significant destruction or capture of organics is not
expected. Treatment of soils contaminated with organics may prove difficult if
significant solubilization occurs in the slurry filtrate or if ion exchange fouling
results. Residues from organic treatment processes may be treated. High-
concentration sludges (or soils) would not be efficiently treated because of the
limited capacity of ion exchange resins.

Scaie up poteniial. The process includes numerous processing and sepa-

ration steps but should be readily scaled up with available processing
equipment.
Potential disqualifiers. Principal concems regardine the use of the above-
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objective of this treatment (to create a low-volume concentrated metal-
bearing stream while treating soil) might not be met.

b. Further processing and residuals disposal will be necessary.

s . _ | Y o Y as

High-Gradient Magnetic Separation

Description

High-gradient magnetic separation (HGMS) has been studied for removal of
magnetic or paramagnetic substances from wastewater and certain mineral
products, including clays and coal. A filamentous ferromagnetic material
immersed in a magnetic field provides a high surface area for capture. Stain-
less steel wool or expanded metal packing have been used.

The material must be first processed for size reduction and is then con-
veyed using a water slurry or air. The material passes through the magnetic
matrix under a magnetic field of 1,000 to 20,000 gauss. The steel wool is
magnetized, creating high-magnetic field gradients locally around each fiber.
This can result in capture of even weakly paramagnetic particles. The mag-
netic field is periodically removed to release the accumulated metals into a
slurry or air concentrate. A process schematic is presented as Figure 9.

of mineral impurities

-~ 2 - o . e e e et s Aamciane=; AL cnatala Lomesn crcvmnano
from ciay siurries. It may aiso be applied for recovery of metals from process
SO oo 8 Vs o Mmool i mcenl AL Zanes famenn smeraw wer
effluents and low-grade ores and removal of iron from river water. It has also
Lnne scond acnnacaliille: mem o Ancmesawmnial anala . 1
been used successfully on a commercial scale for coal desulfurization and
demineralization at a rate of 100 tons of dry coal per hour. Capital outlay
varies with the strength of the magnetic field. Operating costs are estimated at
$1 to $5 per 1,000 gal for removal of paramagnetic materials from liquids
(Kiano and Metrv 1082)

082).

While HGMS has been applied to finely ground dried coal (30 to
100 mesh) using air conveyance, testing is currently being conducted in a joint
Department of Energy/Department of Defense/USEPA project for separating
metals from waste sludges, slurries, or granular mixtures. This study will also
determine if diamagnetic materials (those repulsed by a magnet) can be sepa-
rated by using an open-gradient magnetic separator (OGMS). The OGMS

_ process provides a high-gradient magnetic field across a gravity-fed flow of
material without a magnetized matrix. The paramagnetic or diamagnetic mate-
rials are deflected from the vertical and can be captured in separate receiving

Chapter 2 Physical/Chemical Processes
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Figure 9. Schematic representation of HGMS for liquid streams (from Bove et ai. 1983)

handling problems. This process has been laboratory tested on a bench-scale
Franz open-gradient magnetic separator. A smail super-cooled iaboratory pilot
unit will be tested as well

While no test results have been published on OGMS, preliminary results are
available for separation of uranium from sand or sandy soils. Thus far, recov-
ery of a uranium-rich stream (30 to 50 percent) has been confirmed, but the
treated stream still retained 0.2 to 0.4 percent uranium,

The applicability of HGMS and OGMS appears to be limited to solid mate-
rials that can be separated into contaminated and uncontaminated particles
when dried, and reduced in size to 30 to 100 mesh. Its best applications
appear to be in metallurgical or mineral processes where impurity removal in
the fraction of a percent range is adequate. Further testing will be necessary to
determine if lower treatment levels are achievable.

One limitation with regard to application of HGMS and OGMS to soil or
wastes is the magnetic susceptibility of the target compounds. Metals and
their various molecular species exhibit wide variations in magnetic suscepti-
bility. Some metals have magnetic values very close to major soil components
(e.g., smca) As a result, mixed metals and metal species may not be as easily

PSSP PUS.pupy

treaied as single-specie contamination.

The HGMS process is effective for removal of impurities ( ferrous material,

pyritic sulfur aeh) from clavs and coal where ob1ect1ves range from fractions

wigd Yo
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of a percent to 40-percent impurities. Removal of metal contaminants in soils
to the low-parts per million range has not been demonstrated experimentally.
The process may have limited application for highly contaminated soils with
appropriate paramagnetic properties where the metals are separable as particles
rather than dispersed. While complete decontamination may not be achieved,
HGMS/OGMS can be considered for large applications as a pretreatment/
recovery step.

Long-term stabllity/performance

The process would remove metals from the soil. Therefore, if adequate
treatment can initially be achieved, the removal of the hazardous properties
will be permanent.

Reslduals treatment

The HGMS and OGMS processes produce a concentrated liquid or solid

- waste that will require further treatment and/or disposal as a hazardous waste.
To achieve a lower concentration in the treated stream, the volume of the
concentrate would likely increase.

Adaptabllity

HGMS cannot directly treat for organic compounds. However, a pretreat-
ment to associate the organic contaminants with a magnetic fraction can, in
some cases, overcome this limitation. The HGMS process might be useful for
treating sludges, but it is not likely to further significantly concentrate already
concentrated sludges. The treatment of incineration residues may be possible
only if metals are not dispersed in the slag. The OGMS process is not likely
to be useful for mixed property soils such as sandy clays, because drying and
particle size reduction will result in too wide a variation in particle size, mak-
ing separation difficult.

Scale up potential

HGMS has been demonstrated for large commercial applications (i.e., coal,
clay processing). OGMS is a continuous process that does not require back-
flush cycling (as does HGMS), so scale up should also be readily achievable.
Potential disqualifiers

The principal concems regarding application of HGMS/OGMS are perfor-

mance and residue management. No other significant fatal flaws have been
identified.

Chapter 2 Physical/Chemical Processes
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Electrochemical Separation

Description

Electrochemical processing of soils has been investigated and used over the
last 50 years since its first application (Casagrande 1957) for improving the
stability of excavations; increasing pile strength; stabilizing fine-grained soils;
dewatering foams, sludges, and dredgings; groundwater lowering and barrier
systems; removal of salts from agricultural soils; and separation and filtration
of materials in soils and solutions (Mitchell 1976). Electrokinetic soil process-
ing using low-level direct currents (in the order of magnitude of milliamps/cm?
of electrode area) could potentially be used as an in situ separation/removal
technique for extracting heavy metals and radionuclides from soils (Acar et al.
1989).

Electrochemical processing of contaminated soils separates the ionic species
from the soil by passing a low direct current (DC) through it. Coupling
between electrical, chemical, and hydraulic gradients is responsible for differ-
ent types of electrokinetic phenomena in soils. These phenomena include elec-
troosmosis, electrophoresis, streaming potential, and sedimentation potential
(Casagrande 1957). Electroosmosis and electrophoresis are terms applied to
the movement of water and particles, due to the application of the low-DC cur-
rent. Streaming potential and sedimentation potential, conversely, are the
generation of a current due to the movement of water and particles,

respectively.

The effect of this coupling becomes more important in fine-grained soils
with lower coefficients of permeability (Mitchell 1976). For instance, the
electroosmotic flow rate (q,) is defined as

q. = (kJ((A)
where
k. = coefficient of electroosmotic permeability
i, = electrical potential gradient
A = cross-sectional area

Estimates of electroosmotic (EO) flow rates can be made using this equation.
The value of k, varies within one order of magnitude for all soils, 1 x 107 to

1 x 10° (cm/sec)/(v/cm), with the higher values being at higher water contents.
When compared with the five- to six-order of magnitude decrease in hydraulic
conductivity from fine sands to clays (1 x 102 cm/sec to 1 x 10 cm/sec), it is
evident that flow rates comparable to those achieved by very high hydraulic
gradients in low-permeability soils could be obtained with very low electrical
gradients (Casagrande 1957).

Chapter 2 Physical/Chemical Processes



Figure 10 illustrates the electrical gradients, the hydraulic potentials, and
the ion flow during the process under constant current conditions. The ion
flow and electrochemistry associated with electrokinetic soil processing are still
the need for new and more efficient metal removal

y promipied some receni work on the methodology (Acar et al.

Anode reaction: 2H,0+4¢ ---> O,(gas) +4 H
Cathode reaction: 4 H,0 + 4 ¢ ---> 2 H, (gas) + 4 (OH)

Other secondary reactions would be expected to occur depending upon the
concentration of the reactants, for example:

H+e¢ ->12H, or Me"“+2¢ -—>Me

The production of H* ions at the anode decreases the pH while the reaction
ale —al_ 2 e

e increases it. The pH vaiues of 2 at the anode and i3 at the
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As a result of the pH gradients set up by the electrode reactions, the follow-
ing physicochemical interactions would be expected:

a. Dissolution of the clay minerals beyond a pH range of around 7 to 9.

b. Adsorption/desorption and exchange of cations by replacement of H*
and OH".

c¢. Precipitation of salts and metal ions in very high or very low pH envi-
ronmentis can produce cementitious products.

N 3 Tha ctemintiimn amd hamnas tha samalmascnion Ahanstactiatineg ~8
d. Changes in the structure and, hence, the engineering characteristics of
the soil due to variations in the pore fluid chemistry.

All of these interactions have been reported (Casagrande 1957). The move-
ment of the pH front by migration and advection leading to the desorption and
solution of inorganic cations from the clay surfaces together with the

by which inorganic cations could be removed from fine-grained soils.

Chapter 2 Physical/Chemicai Processes
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Figure 10. Schematic diagram of electrokinetic soil processing and ion flow
(after Acar et al. 1989)
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Treatment effectiveness

Homog and Banerjee (1987) investigated the use of electrokinetics for the
remediation of the United Chrome Superfund site near Corvallis, OR. The
area selected-was approximately 0.6 ha of level ground. This areal extent,

wnral

nearly static groundwater regime, and the saturated, moderaiely perme
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at a shallow depth were found io be favorable for maximizing the effectivenes
of electrokinetics. Hexavalent chromium (Cr VI), which was the most preva-
lent of the contaminants, existed primarily in the anionic forms Cr0,*, HCrO,,
or Cr,0,2, depending on the concentration of the individual chromium ions
and the pH of the soil. Because chromates, which do not react with soil parti-
cles, were the major ionic species, transport of the ions through the soil matrix
at this site was achieved with high efficiency and with relatively low power

consumption (Renaould and Probstein 1987). These investigators concluded
that a treatment combination of hydraulic leaching and electrokinetics would
accelerate chromium removal compared to hydraulic leaching alone. They also
surmised that the possible methods of action involved were dispersion due to
hydraulic flow, ion migration, water electrolysis, adsorption/desorption, and
chromium reduction due to the applied electric field.

Additional research and field trials must be undertaken to ascertain the

effects of different electrodes composition, soil types, and pore fluid compo-
sitions on the efficacy of the process.

m W
product containing the removed ions would have
Resliduals treatment/disposal requirements

No residuals remain in the treated soil. However, the concentrated metal
solution removed from the site would have to be treated and disposed, or

reclaimed.
Adaptabiiity

M e cmmene 4m la lhact aitad Fae Rna H 5

The process seems 0 be best suited for fine-grained soils with low levels of
organic matter and low metal concentrations. Metal jons that have low levels
of interaction with the soil matrix appear to be better candidates for the pro-

. . g *

cess. There is some question as to how large an area could be treated with a

Cess. 11Kre 15 some
single application, but clean-up activities associated with the
h

(Chemobyl) indicate the potential large-s
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Scaie up potential

No information is currently availabie concerning the rate of cieanup. Elec-
trokinesis would probably be used to enhance metal removal by hydraulic
leaching from soils with low permeability.

The principal concems regarding the application of electrochemical separa-
tion are listed below.

a. Inhomogeneity in typical soils may cause uneven voltage gradients.
b. Feasibility may depend on local power costs.
¢. Metal removal rates may not be high enough to be effective.

d. Organics or high ion concentrations may interfere with the beneficial
electrokinetic action.

e. Insolubie metai species will not be affected.

Description

Heavy metals contamination can exist in soil in several forms. Lead paint
deterioration, sand blasting, and firing range operations produce discrete frag-
ments or metallic smears on soil particles. Electroplating, battery reworking,
and cooling tower discharging can produce ionic metals associated with soil
particies.

Recent research exploits the distribution of metals in soil/sediment by phys-
ically removing smaller, contaminant-rich particles. Ideally, the "cleaned"
fraction will require no further treatment, and the "concentrated" fraction can
be more economically processed. An important example of this approach is
the remediation of low-level radioactively contaminated soil. The major
parameters affecting the association of a heavy metal with soil and sediment
include grain size, surface area, geochemical substrate, and metal affinity, as
illustrated in Figure 11.

hanter 2 Phvsical/Chemical Processes

- - Latb Aot A b=t oCasses



GRAIN SIZE

a
=
-
N
=

/

I Cd i \
Cnd:mnn"_,
’ (‘1 52 WUIIHIC Il \
| ©° Trace Element  As |
\ sb Chemistry ¢, /
, H Fe
\\ Ti & Mn ,/
1
\_ Al W GEQCHEMICAL
SURFACE AREA SUBSTRATE
/ e
o ke Uxiaes
Mn Oxides
Reactive Fe

Organic Matter
C!ay Minerals

Yauiesas

Geochemical factors affecting sediment-irace eiement chemisiry
after Horowitz 1991)

Figure 11.

—

Heavy metals predominantly associate with smaller, higher surface area
particles. They preferentially adsorb (or coprecipitate) with hydrous manga-
nese and iron oxides, organics, and clay minerals.

The general approach in physical separations remediation is to use proces-
ses commonly applied in the minerals processing industry. These processes

exploit differences in particle size, density, surf

. TR, SRy

effect a separation. A typical process chain might begin with a scrubbing
trommel. The soil flows into a rotating drum fitted with interior baffles and
water spray. The rolling motion and the water condition, scrub, and declump
the soil. The soil then moves to the outlet where smaller material falls through
a cylindrical screen mounted around the mouth of the drum. The oversized
material rides to the edge of the screen and falls into a chute.

First-stage products (oversized and tailings) go on to secondary separation.
Tailings might go to a "cleaning" or "concentrating" stage to concentrate con-

taminants into an even smaller volume. This approach can be taken, if the
contamination is preferentially associated with a distinct soil density fraction.
A spiral concentrator is frequently used for this stage. As a soil/water slurry
spirals down, the heavier soil fractions accumulate toward the inner radius and
the less dense fraction moves toward the outer radius. The concentrate stream
passes through the take-out ports.

By the end of this stage, the soil has passed through separations based first
on size and then on density. Further separations based on density difference
may employ centrifuges or shaking tables. Differences in surface effects may
be exploited with a flotation cell.

Chapter 2 Physical/Chemical Processes
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VEImment agencies i-lci ¢ the fouowmg AWC, a wckhe“ company;
USEPA laboratories at Montgomery, AL, and Edison, NJ; and the Bureau of
Mines. .

The USEPA laboratory at Montgomery (National Air and Radiation Envi-
ronmental Laboratory, NAREL) has remediated soil contaminated with low-
level radioactivity. Most of the r,dla_lon originates from fine particles of
monazite. The treatment strategy involves vigorous agitation of a soil-water

slurry in a trommel to liberate the fine particles. This is followed by screening
at the trommel outlet to remove gravel-size material. The finer tailings then
go to hydrocyclones to remove the -70 mesh fines containing most of the
radioactive material. Figure 12 shows the trailer-mounted main separations
unit with the trommel and hydrocyclones. It should be noted that two trailers
of equipment are provided for effluent water treatment--a settling tank and
filter press.

"Phase I" trial runs have been made using low-level radioactively contam-

inated soil from an ore processing plant in Wayne, NJ (the "Wayne Interim

moragc Site”). They have run the system at steady state separating the
-70 mesh material and getting 30 percent recovery of soil meeting

Figure 12. USEPA-NAREL trailer-mounted physical separations unit (system
for low-level radioactively contaminated soil)
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g equipment to give a -200 mesh cut should give

surface water and thake bv nlants Based on thlS mfonna tion, the B
Mines has carried out a protocol to select methods and processes to provide an
integrated process concept for lead removal.

Figure 13 shows the conceptual process flow sheet. Mineral processing
unit operations have been operated on a small pilot scale to produce soil frac-
tions. These include bullets and fragments, a coarse gravel material, fines
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Figure 13. Proposed flowsheet for physical separation of lead from firing range
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with 2 percent fine (slimes) lead particles, and wood fragments with embedded
lead particles.

All fractions failed the TCLP test for iead. However, about 95 percent of

the total mass or 1eaa was removed, and the resuliing fractions were soried for
PN - PSPy P PP T e ~le 1 mmctd accdannttimnes smeandiiand cmamndicada slans
ClU CX CLIV1 pl JUuCCu pioaucld uldt

Remediation of radioactively contaminated soil has shown that 30 to
50 percent of the soil can be very readily cleaned to meet standards for back-
filling. With secondary physical and chemical cleaning, up to 90 percent of
the soil may meet standards. Physical separation of firing range soil removed
95 percent of the mass of lead. Resulting soil fractions failed the TCLP for
lead but passed after supplementary heap leaching.

Overall, physical separation can achieve a number of benefits that translate
to reduced treatment costs. These benefits include concentration of the con-
taminant in a smaiier volume, removai of the bulk of the contaminant, and
separation of the soil into size fractions for more efficient scconaary treaimeni.

s anklaco s Al L ta_ ale o ¥

In some cases, physical separation may achieve the majority of the cleanup.
AAnnt memndtn cnen ndilntdlme nemmannnlian mmld hhacalfie ¢a anemna avtamé Founen smbherainal
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The bulk of the contamination will be removed from the site and concen-
trated in a fraction of the original soil. The "cleaned" soil will contain only
minor traces of metal contamination. Soil left at the site must meet stringent
standards based on content and/or leach testing. Accordingly, this approach
should present no long-term stability/performance concemns. -

Residuais treatment/disposal requirements
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The bulk of the contaminants will reside in a fraction of the o ’ginan soi1
solume. Slurry water will also contain some C ¢
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Both organics and metals tend to concentrate in the smaller particle size
fractions. Physical separation may thus enrich both contaminant types into a
fraction of the original soil volume, allowing treatment of such combined
wastes. In addition, physical separation has been adapted to a number of
media: radioactively contaminated soil, soil with bullet fragments, and poly-

chlorinated biphenyl (PCB)-contaminated sediment. Promising results indicate
that physical separation is not only adaptable, but a necessary step prior to
many treatments such as bioremediation, incineration, and low-temperature
devolatilization. In some cases, large fractions of "clean" soil may be recov-
ered. In other cases, the physical separation may simply improve efficiency by
removing the bulk of the contaminant or producing a more uniform feed for
secondary treatment.

Scaie up potentiai

Demonstrations have been performed for remediation of radioactively con-
taminated soil up to rates of 15 cu yd/hr. Pilot-scale work indicates no prob-
lems with scale up of methods for remediating firing range soil. In general, all
the major unit operations required are well developed for use in the mining
industry. Fortuitously, many systems for placer mining are built for small-

scale, mobile operations.

The research and development (R&D) needs focus on soil/contaminant
characterization and determination of separations performance for process
design. Finally, R&D needs exist in novel approaches, for example, to treat
combined metal and organic wastes or to apply ultrasound for particle
cleaning.

b. Benefits will be limited where contamination occurs uniformly through-
out the soil or separation does not remove any significant fraction of
the contaminant. Given the fundamentals of soil/metals association and
results to date, such cases are probably uncommon.
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The high-temperature fluid wall (HTFW) reactor was developed by 1. M,
Huber Corporation of Borger, TX, and patented in 1983. This process uses
radiative heat to pyrolyze the waste components to elements or simple com-
pounds. At the heart of the HTFW reactor is a cylindrical porous graphite
"core" through which waste material flows. The annular space between the
inner cylinder and another outer cylinder contains the carbon electrodes.
These electrodes, operated at temperatures of 4,200 to 4,300 °F, are heated
electrically. The electrodes, in turn, heat the graphite core to incandescence at
a temperature of 4,100 °F.

Waste materials are gravity fed into the core from the top of the reactor. A
constant flow of nitrogen through the annulus and porous core results in a
fluid barrier being formed between the waste materiais and the core (hence, the

2
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Unlike combustion processes, the waste materials are heated by radiation
rather than convection or conduction and can be processed in the absence of
oxygen. The company estimates that the radiant power density is approxi-
mately 1,200 W/sq in. The waste materials are rapidly heated at a rate of 10°
to 107 °F/sec (Lee, Schofield, and Lewis 1984). Organic wastes are pyrolyzed
at these temperatures, resulting in their conversion into basic elements or sim-
ple molecules that reside in the gaseous phase. Inorganic wastes or residues
(which may include nonvolatile heavy metals) are vitrified along with clay and
other minerals in the soil to form glassy, granular materials. This vitrified
material has a very low potential for leaching contaminants and thus may be
disposed in a nonhazardous landfill.

In the additional reacting chambers that follow the HTFW reactor, the gas-
eous phase is maintained at high temperature for further reaction and then

Chapter 3 Thermmal Processes



cooled. After cooling, the granular vitrified solids drop into a sealed container
for disposal or backfilling. Subsequently, the gases are sent through a
baghouse for particulate removal, followed by a scrubber for chlorine removal,
and finally through an activated carbon column that acts as a backup chlorine
and organics removal device. Scrubbing and activated carbon gas treatment
steps are necessary for chlorinated hydrocarbon processing only. Figures 14
and 15 show sections of a HTFW reactor.

Huber Corporation presently has a stationary pilot unit with a 12-in. core
diameter and a transportable unit with a 3-in. core diameter. The maximum
feasible throughput size of a transportable unit was estimated to be 20,000 to
30,000 tons/year. Huber Corporation has estimated that for a large site
(100,000 tons of material), the cost per ton would be in the range of $365 to
$565. The breakdown of the costs is as follows: labor, 7 percent; main-
tenance, 12 percent; depreciation, 18 percent; energy, 29 percent; and other
(including permitting), 34 percent.

Treatment effectiveness

The available literature shows that the process has been successfully used in
the destruction of PCBs and dioxins in contaminated soil. These tests were
performed at the experimental and pilot levels. Because of the high tempera-
ture in the reactor, very high destruction efficiencies are achieved since
destruction is by pyrolysis. Since the reactor operates in an inert atmosphere,
no oxygen-containing by-products such as dioxin are formed. In 1986 the
Huber Corporation also studied the fate of metals under a contract from the
U.S. Air Force. The company did not specifically design the process to
remove or treat for'metals, but examined the fate of metals while evaluating
the ability of the process to destroy organics. Metals, especially those such as
mercury and arsenic with lower boiling points, vaporize, and may recondense
on particulates. The investigators in this reported study concluded that the
remaining heavy metals end up in the vitrified phase, which is thought to have
a low leachability. Test data show a reduction in leachability of some metals,
but no data are available to confirm this for incinerator feeds containing high
metals concentrations. Related information from incineration studies indicates
that metals can escape to and beyond the baghouse. This escape may not be
limited to the more volatile metals. As much as 30 to 40 percent of the metals
may pass through the baghouse, creating an air pollution problem (Greenberg
et al. 1978, Carlsson 1986).

Long-term stablility/performance

The process results in the effective treatment of organic wastes and
volatilization/condensation of certain metals from contaminated soil. The
remaining inorganic waste materials end up in a granular glassy form. This
glassy material is thought to be nonhazardous and very stable. Once formed
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into a nonleachable matrix, metals will leach out of this vitrified material
under most conceivable long-term environmental conditions.

Residuals treatment/disposal requirements

For metals-contaminated soils, the vitrified (glassy) granular material con-
taining the metals will require disposal. It is thought that this material will be
nonhazardous and very stabie, but this has not been confirmed for waste
streams with high metals concentrations. If this material is nonhazardous,
disposal or backfilling can be accomplished at low cost and low future risk.
The disposal, however, is dependent on delisting, a typically lengthy regulatory

nrnrnacge far aanh race
P‘U\l\doa 1V1 vavll vany.

ARIS PYRE 1CLa
.

dust as a hazarddus wa;té will be necessary. The potential for us; rec—)‘::l;x;
to the feed has not been addressed.

Adaptability

Several demonstrations have shown that the process can be used to treat
soils contaminated with organics. Recent work has shown that soils contam-
inated with low levels of metals can be treated using this process to produce
nonhazardous, vitrified residue.

Qlas A A hifres smanidivas sy hha clcmilaale, tmnntad € shacy nen A=ad
Sludges and otner residues may be similarly treated, if they are dried,
reduced in size, and free flowing before input to the reactor.

Scale un notential
- r

Test or commercial units are available to process 25 to 50 tons/day (Free-
man, undated).

Potential disqualifiers

Principal concems regarding application of the HTFW reactor are given
below: : '

a. High energy requirements.

]

b. Disposal probiems with baghouse dust.

ave to be treated to effectively remove
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d. Particle size of feed is critical.

e. Costs.

Roasting

Description

Most of the work in this area has been performed in Japan. As a result,
there is limited information which is readily accessible on process perfor-
mance. Reporting on the Japanese work focuses on treatment of heavy metal-
contaminated dust or wastes (Kox and Van Der Vlist 1981).

The basic principle of this process is immobilization of the heavy metals in
a vitrified or sintered form. As the waste material is heated, it passes through
the following stages:

a. Evaporation of the residual water.

b. Decomposition of hydroxides and salts to form the corresponding |
oxides.

c. Sintering, which is the fusing together of solid particles without reach-
ing the liquid state, occurs at about two thirds of the melting
temperatures (°K).

d. Melting of heavy metal oxides (around 2,000 °C).

This process heats the waste to sintering temperatures where heavy metals
are immobilized in the slag. X-ray diffraction photographs of the sintered slag
show that the metals are in the dispersed phase while the silica melts to form
the continuous phase. Since the objective of this process is immobilization,
volatilization of metals should be prevented as far as possible. To achieve
this, silicates in the form of clay minerals (i.e., kaolinite, sodium hydroxide,
and ferric oxide) may be added to the melt, if these materials are not present in
the waste or soils. This yields a more viscous melt, and the vaporization tem-
perature of the metal compounds in the melt is reduced. Roasting of contami-
nated soils has not been studied, but naturally occurring silica in soils may
provide the same benefit for soil treatment.

While research in this area has been conducted in Japan, no information is
available to indicate that full-scale operations have been conducted. The
probable fumaces would be either the rotary kiln or the Flammenkammer oven
(Kox and Van Der Vlist 1981). Both these designs are capable of handling the
molten slag. Some experimental data exist on the effect of additives and pro-
cessing temperature on the leachability of slag derived from simulated metal
hydroxide (electroplating) sludge. It has been shown that leachability
decreases with increasing amounts of additives such as kaolinite

55
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(ALQ, - 28i0, - 2H,0) and increasing processing temperature. Organic waste
components would be readily destroyed by combustion at the operating tem-
peratures required.

Treatment effectiveness

There is no information regarding full-scale operations on soils contami-
nated with heavy metals. However, the experimental data that are available for
simulated metal hydroxide sludge seem to indicate that the metals may be
immobilized in a vitrified form and the glassy residue has very low leachabil-

ity.

An appropriate mixture of additives (up to a 1:1 ratio) and temperatures
from 1,000 to 1,200 °C were effective in reducing chromium leachate levels
below 1 mg/L in both boiling water and weak acid (pH 5 with H,SO,) extrac-
tions. (Note that the melting and boiling points of chromium are 1,615 and
2,200 °C.) These extractions were apparently conducted to result in a 50:1
weight ratio of extract to treated waste in contrast to the 20:1 ratio for the
TCLP (pH 5, acetic acid). These results indicate that leaching is limited to the
surface of the slag and that TCLP targets can be achieved even for high-
concentration (15 to 100 percent) chromium hydroxide sludges.

While no experimental data are available for soils, the natural mineral con-
tent and lower anticipated metals concentrations should make most soils a
good potential substrate for treatment. Results are also not available in the
literature for other hazardous metals.

-

Long-term stabllity performance

The glassy/vitrified residue is very stable and appears to leach metals only
from its exposed surface area. It is expected that the long-term performance of
the residue should be good, but long-term studies have not been conducted.
Experimental data indicate that the leachability of the residue is not signifi-
cantly affected by the pH of the solution and would not, therefore, be affected
by anticipated environmental changes. The metals will still be contained in the
soil, and thus susceptible to mechanical disturbance.

Reslduals treatment/disposal requirements

If treatment can reduce the metals leachability below TCLP levels, the
glassy/vitrified residue in which the metals are immobilized may be backfilled
onsite or disposed in a nonsecure landfill. Off-gases from the process should
be minimized by developing appropriate additives or modified gas scrubbing
equipment for metals recovery, and any residue generated will require hazard-
ous disposal and possible further treatment. These measures will be most
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critical for metals such as arsenic and mercury, wmcn volatilize at iower oper-
ating temperatures.

The roasting process effectively treats organics-contaminated soils and has
notential for treating metals-co mmmared soils. In fact the literature suggests

pysvaini&l AUV = w22 AARRRAOTUAULAGEARNANALRS VR0, 212 2gLl; LR nteranure ""OD' w0

incinerator can be modified to reduce the hazardous properties of the waste.
This process has also been successfully tested for treating metal hydroxide
sludges.

Scale up potential

The roasting process can be conducted in available rotary kiin incineration
equipment. Therefore, scale up should be readily achievabie.

[« YV Py Py R T PR T Y | PPy
Foweinual aisgquaiiiic
Prmmpal concems mgardu"lg appiication of the roasting process are as
llowg
Ioliows

b. Control of hazardous (metals-containing) gases that may be emitted by
the process.

c. Delisting actions that may be required prior to disposing the slag as a
nonhazardous waste.

d. High energy costs.

Description

As with roasting technology, most of the work in this area has been per-
formed by the Japanese, and only limited information is readily accessible.

Heavy metals in the metal chloride form can be removed from the soil as a gas

at high temperatures. This approach differs from roasting, in which the objec-
tive is to immobilize the metals in the vitrified residue.

Most metals occur in soil as oxides, much less volatile than the chiorides.

Optimal treatment thus requires first converting the metal oxides to chiorides
and then vaporizing them. These vciame compounds are reclaimed from the
cnc mhaca and tosntad o o in cettalula ver T thia nennaca

gas phase and treated or disposed i
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temperature and additives for chemical conversion to chlorides are critical
factors. Additives are either chloride salts or other chlorine-containing materi-
als that transform metal oxides to chlorides.

No full-scale operational data are available for this process. Japanese
experimental data are available on the additives and temperatures used in the
process. In one experiment, it was found that by adding CaCl, to sludge con-
taining lead, cadmium, and zinc, 95-percent removal efficiencies were achieved

i "L (KOX and Van Viist 198 1). Another expenment invoived the use
D i ditive. The arawoacx with this

Treatment effectiveness

Experimental data show that the process cannot remove all the metals by
volatilization. In one experiment, 95-percent removal efficiencies were demon-
strated for wastes containing metals in the low-percent range.

Since the process cannot remove all the metals from the soil, the residue
will still contain some metals. The experimental data for this particular waste

show that, even with a removal efficiency of 95 percent, the residuai metai

A x.3

concentration is about 0.1 percent. Aunougn 1eacmng data are unavaiiabie, the

L 2W2a . O U, I

moouity 01 residual meiais (leCl'l(lS upon the aegrec of vitrification achieved.

For treatments that produce total residual metals below

produce total residual metals below complian
1

dards, the resulting waste will remain nonhazardous in the long term. On the
other hand, high residual total metals concentrations present the potential for
mobilization or leaching due to mechanical disturbance or severe environ-

mental conditions.

Reslduals treatment/disposal requirements

Volatilized metal chlorides must be cooled, condensed, and collected as a
dust. Metal concentrations in the residue will be higher, but the leaching prop-
erties of the residue are unknown. Disposai mquirements and costs wouid

OCWDG on 1eacnaomty Any HCl gas alscnargca, if PVC wastes are burned,

<21 Al L. r pepyeny |
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Adaptabliity
The process is conducted at high temperatures in rotary kiln-type equipment
and is, therefore, also likely to successfully destroy organic compounds or

the experimental level to be applicable for treatment of metals-contaminated
sludges but has not been demonstrated for contaminated soils.

explosives. With regard to metals treatment, the process has been shown at

Scale up potential

The process could be implemented using available solids mixing and rotary
kiln incineration equipment. Therefore, scale up should be readily achievable.

D svval Anenamms nocAaniatad lelh aceemllantioac af dlon ol T st atl e
PTinci COICEMIS associatea witli appiication o1 i€ thermial exiraction
process are listed below
a. The process cannot remove all the metals from the soils. Thus, for
high metals concentrations, treatment may not be effective

¢. Residues from off-gas treatment may require hazardous disposal or
further treatment.

d. Off-gas treatment costs may be high, especially when HCI has to be
treated. New off-gas treatment technology is perhaps required.

Recovery of the volatilized heavy metal compounds from the gas phase
pupsy Wy PN P —— rmn s md PR
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may cause severe problems with respect to cooling, corrosion, and
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soil, but other media are contaminated. These will require additional
treatment. To be economical, processes must concentrate the metals in
each step.
=
Plasma Arc (Metals Recoverv)
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development has been confined to metals smelting/melting, ore roasting, metals
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calcining, chemical reactions/synthesis, and high-temperature gas heating. The
impetus for these efforts in the late 1970s and early 1980s was the high cost of
hydrocarbon fuels. The aim was to develop alternative energy-efficient tech-
nologies that use electricity. Some studies have been conducted on waste
materials, primarily PCBs.

Several types of plasma arc systems are under investigation. The heart of
all these systems is the plasma arc device (or torch). This device consists of a
closely spaced pair of electrodes that are installed in a furnace and produce an

AY s a

trical arc. A process gas is injected into the gap between the electrodes.
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emitted.

Wastes are introduced into the reactive zone of the furnace where the
molecular bonds of the waste material are broken as a result of the bombard-
ment by electrons and high-intensity ultraviolet radiation. This results in the
conversion of the waste materials to basic elements (e.g., carbon, hydrogen,
oxygen) or simple molecules (i.e., carbon monoxide). The activated compo-
nents of the plasma decay when their energy is transferred to the waste
material. Hazardous gases that may emanate from the furnace must be
scrubbed. Figures 16 and 17 show various configurations of plasma arc reac-
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ery of metals from low-grade ores indicate:
instances for metals recovery from highly contaminated soils. In the treatment
of ores, the plasma arc system is used as a heat source for smelting or primary
reduction (i.e., to replace conventional blast furnaces). This process, when
applied to soils with a mixture of metals, will result in a liquid melt and
immobilization of metals, rather than oxidative destruction, as occurs with

organics such as PCBs. :
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Treatment effectiveness

The literature indicates that no full-scale performance data exist for waste
maieriais. Experimentai data indicate that the sysiem was effective in the
P PSR PR, EWaYeVAY

destruction of PCB wastes (Lee, Schofield, and Lewis 1984).
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Long-term stabllity/performance

Since the process essentially converts the waste components to basic ele-
ments, destruction of the organic waste is total. Therefore, any treated soil
would be free of organic contaminants. Long-term performance for metals
depends on the results from soil processing. If, for example, metals are
recovered or trapped in a vitreous matrix, long-term stability is ensured.

Residuais treatment/disposai requirements

After the contaminants have been removed from the soils, the residual slag
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reactor (see anter 3) substantial metals a 1so likelv to escape baghouse
cactor (see (hapter 3), substantial metals are also lixely 10 €scape bag



capture. Scrubbers may be used to treat the hazardous gases, but effectiveness
is uncertain. No data for metals-contaminated soils are available at this time.

Adaptabllity _

Tests have clearly shown that the process can be used to treat organic
wastes. Soils contaminated with organics may be successfully treated by the
process. Sludges and other waste materials may also be treated, but data are
limited.

Scale up potential

Tests have been conducted for wastes in a pilot unit sized for 500 1b/hr of
sludge. Based on metallurgical studies and applications, scale up should be
achievable.

Potentlal disqualifiers

Principal concerns regarding application of the plasma arc process are as
follows:

a. Energy cost is an important factor in determining the economic feasibil-
ity of the process.

b. Plasma arc technology has been attractive in metallurgical applications
only where poor heat utilization and high cost occur for fossil fuels as
compared with electricity applied via plasma arc. In recent years, the

_ cost advantage for electricity has disappeared, and interest in plasma arc
has also declined.

c. Literature indicates that the capital and operating costs (based on a
pilot-scale test) will be high.

d. In addition, off-gases will require treatment. Baghouse dusts and/or
bottom ash may be listed as hazardous waste and treated or disposed
accordingly.

e. The soil will probably be vitrified, but data are not available. The
vitrified soil would probably be stable, but metals will still be present
and subject to mechanical disturbance and mobilization.

Chapter 3 Themal Processes
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Vitrification
in situ vitrification

Description. In situ vitrification (ISV) is a process of immobilizing the
contaminants in soil by converting the soil into a stable glass and crystalline
form that has chemical durability properties similar to those of obsidian. This
is an emerging technology that has been extensively tested and developed by
the Battelle Pacific Northwest Laboratory (under contract to the U.S. Depart-
ment of Energy) on soils contaminated with radioactive materials (Buelt,
Fitzpatrick, and Timmerman 1985). Battelle’s scientists claim that, while the
technology "is not a panacea for all contaminated soils," it does have the fol-
lowing advantages (Buelt, Fitzpatrick, and Timmerman 1985):

a. Long-term stabilization of radioactivity (>10,000 years).

b. Cost effectiveness ($122 to $252/cu yd).

¢. Applicability to varying soil and site conditions.

d. Minimal occupational exposure to the waste during processing.
e. Low energy requirements (<0.5 kW/Ib).

The ISV process is initiated by inserting molybdenum or graphite electrodes
into the soil in a square grid pattem. The spacing of the electrodes varies with
the size of the ISV unit (e.g., 0.23 to 0.36 m for an engineering unit; 3.5 to 5.5
m for a large-scale-unit). Next, a conductive mixture of flaked graphite and
glass frit is placed in an X pattern among the electrodes in 5-cm-deep trenches
on the soil surface to initiate electrical conductance. Voltage is then applied to
the electrodes via a power source (as much as 4,160 V for the large-scale
unit). The graphite mixture is quickly heated to soil-melting temperature -
(1,100 to 1,600 °C). As the surrounding soil melts, it becomes electrically
conductive. The graphite is eventually consumed by oxidation, and the molten
soil maintains the electric conductivity (Buelt, Fitzpatrick, and Timmerman
1985; Martin 1985).

Figure 18 illustrates how the molten soil zone grows outward and down-
ward as the process progresses and eventually encompasses the volume -
between the four electrodes (Buelt, Fitzpatrick, and Timmerman 1985). As the
temperatures in the molten zone approach 2,000 °C, organic wastes in the soil
are pyrolyzed. The resulting gases from the process burn when they come into
contact with the air. The high temperatures and long residence times result in
essentially complete combustion and/or destruction of the organic components.
Many of the nonvolatile and semivolatile elements at these temperatures, such
as heavy metals, remain in the molten glass and become part of the glass and
crystalline product after cooling. The percentage of hazardous elements that

Chapter 3 Thermal Processes
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Figure 18. Process sequence of in situ vitrification (after Buett, Fitzpatrick, and
Timmerman 1985)
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mobile unit, as shown in Figure 19. Thus, the process is self-contained and
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transportavic.

desired tained, voltage to the electrodes is
discontinued, and the molten mass is wed to cool. The entire cooling
process can take several months, deoendm.q on the size of the vitreous mass
nmf.lu@@d but this does not mterfere with the use of the power system and
off-zas treatment for additional settings. After the surface of the molien glass
has ooolcd the vitreous mass is backfilled with clean fill, because of a reduc-

tion in volume upon treatment.

6

Treatment effectiveness. Literature indicates that the effectiveness of the
ISV process has been demonstrated over a range of site sizes. As indicated
previously, most of these tests have been done on radioactive contaminated

Chapter 3 Thermal Processes

65



ELECTRICAL SYSTEM

PR
R g ///) - GLICDL COLNG

AR | Hera ureR

\/ ' VITRIFIED

Large-scale testing unit (after Buelt, Fitzpatrick, and Timmerman 1985)

[22]
wm

soils where concem for mobility is more acute than for metals. The leachabil-
ity of metals following vitrification is expected to be negligible.

Recently, four large-scale tests (300- to 500-metric ton blocks) have been
completed in the iditial phase of operational acceptance testing of the large-
scale equipment. All test data appear to show that the technology can be used
on different types of soils. Soil moisture requires a significant expenditure of
energy to accomplish vitrification, because of its high heat of vaporization.

. IR )

As stated, the molien zone would encompass the area beiween all the
electrodes. Depth of the zone ranges from 2 io 13 m. Metal objects such as
pipes and bars can short out opposing pairs of electrodes, preventing heat from
being dissipated into the melt. However, test results show that the ISV process

Long-term stabi!ity/performance./ Once glassification is achieved, the
amorphous glass product of ISV treatment is a low-permeability, low-metals
mobility matrix that is thought to be extremely stable over time

(>10,000 years). Geologic stresses are expected to cause fractures such as
those that occur in bedrock, which would cause secondary hydraulic perme-
ability. The low metals mobility and low-fracture surface areas should provide

relatively permanent treatment effectiveness.
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for organic volatiles. The vitrified soil remains in place. Land reclamation
and reuse may be limited by the physical properties (hardness, low

permeability).

Adaptability. Though most of the testing has been confined to radioactive-
contaminated soil, there is some information on organic-contaminated soils.
Conclusions from these tests (Buelt, Fitzpatrick, and Timmerman 1985; Martin
1985) are summarized below.

a. Burial depth attenuates release of hazardous elements (e.g., a meter of
uncontaminated overburden lowers release fractions significantly).
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Communications with Battelle indicated that the process can also be
adapted to sludges or other waste materials either in situ (if waste is in-ground)
or in aboveground process equipment (see following section, Aboveground
vitrification). While ISV could be used on residues from organic treatment

processes, it can be used alone to treat for both organics and metals.

Scale up potential. ISV has been demonstrated in field tests treating a soil
cube approximately 20 ft on each end. The process requires 2 to 3 days to
compiete. Thus, throughput rate for this transportabie system is 100 to

Sles
SIC.
Datnanttinl dAlcmiralifiame Deinninal rrnnarme macarding annlicratinan Af in cih
v alll.ldl 11ICEDd. Il .lp X 1y 1V aiulll PLIVAlivil Vi Ul ditu

b. Air emission controls are included in process design. Based on testing
and projections, problems of safety, release to the environment, and air
emissions are controllable. Special gas treatment may be required for
emission of certain hazardous substances.

c. Metal objects may short out the current distribution, resulting in poor
treatment.
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Aboveground vitrification

Description. Conventional glass-making techniques have been adapted in
this process to pyrolyze and oxidize or fuse wastes with molten glass to form a
residue that is nonleachable. Soils containing glass minerals may be readily
vitrified with minor additions of glassifying agents. Two firms are developing
or marketing this process:

a. Battelle Northwest-Joule-Heated Glass Melter.
b. Penberthy Electromelt International-Electromelt Pyro-Converter.

The process was initially studied for long-term isolation of radioactive
wastes and is now being applied to hazardous wastes and site remediation.

Battelle’s process uses the material being heated as the resistance element
in an electrical circuit without transferring heat from a metallic resistance
element. Contaminated soils may be accepted directly with little or no pre-
treatment. Organic constituents would be destroyed by pyrolysis and/or com-
busted at the operating temperature of 1,200 °C, while inorganic constituents
(including nonvolatile heavy metals) would react with glass formers to create
an impermeable glass matrix. Molten glass from the melter is continuously
drained into an inexpensive receiving canister and cooled to ambient tempera-
ture. These canisters may be disposed of in a nonsecure landfill if regulatory
criteria are met. Battelle claims that the glass residue is in itself a long-term
disposal medium, exhibiting leaching properties similar to Pyrex or granite.
Off-gases from the melter will include pyrolysis products from organics and
volatile inorganics (e.g., heavy metals requiring measurement), which will
require additional freatment (Freeman, undated). Organic pyrolysis gases com-
bust upon leaving the melt when provided adequate oxygen.

In the Penberthy process, waste is directly charged into a pool of molten
glass, also heated in an electric furnace (Penberthy 1986). Again, this results
in the organic constituents being destroyed by pyrolysis and pyrolysis gas
combustion, while the inorganic constituents mix with the molten glass to form
a nonleachable residue. The residue is drained into canisters for disposal in a
nonsecure landfill, again, assuming delisting. This process has been success-
fully tested using a number of wastes. The company has one pilot-scale unit
at Seattle, WA, and another experimental unit at a Monsanto facility in Ohio
used to process transuranic wastes.! Numerous altemative configurations are
offered in sales literature, including a rotary kiln primary treatment step fol-
lowed by the standard furace with molten glass at the base to "capture dust
particles” and provide secondary combustion. Options described for air emis-
sion control include limestone rock-packed tower, wet scrubbing, and mist
elimination. The entire system is maintained under negative pressure by

! Personal Communication, 1986 (Jul), Dennis Hotaling, Technical Manager, Penberthy
Electromelt International, Seattle, WA.

Chapter 3 Thermal Processes
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the pilot-scale test results and their extensive experience in glass-making
equipment.

Treatment effectiveness. The vitrification process has been shown in stud-
ies to produce an extremely stable, nonleachable product.

Long-term stability/performance. The glassy residue that is formed con-
tains the inorganic constituents (including heavy metals) and is very stable.
Leaching characteristics of this glassy residue are similar to those of Pyrex and
granite. It wiil be stabie under aii anticipated environmentai conditions.
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a8 anGg uwnc resiGuc meeis § 11l IEguwaiory COrillia, uis resiGuc may o
disnoged or backfilled with no snecial nrecautions. In some cases. heneficial
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reuse may be possible. Off-gas from the process will require treatment. This

volatilization, as discussed for roasting technology, have not been explored for
off-gas treatment. After cooling, metals may be collected as dust and recycled
(revolatilized) to the melt if the fraction remaining in the melt is high enough.

Adaptability. The ability of this process to handle organic wastes in com-
bination with metals has been demonstrated. No pretreatment for ‘organics
destruction would be required. The system can also readily handle liquid
wastes and siudges. In these cases, the addition of glass-forming raw materials
will be necessary.
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Potential disqualifiers. Principal concems regarding application of
aboveground vitrification are as follows:

a. The costs associated with the application of this process to the treat-
ment of metals-contaminated soils appear to be somewhat high.
Penberthy estimates that for a 2,000 Ib/hr feed of tetrachlorobenzene or
similar substance, the capital costs would be $1 million and the
operating cost would be $100/ton of feed. It must be noted that this
estimate is based on organic waste that is readily combustible. The
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cost may be significantly higher for soils contaminated with heavy

metals.

g will be required to compensate for reduced volume of the

b. Backfillin
vitrified soil.

o ay i

Metals would be fixed in the vitrified soil. Leaching potential would
be low. However, the metals would still be present and subject to
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mechanical disturbance or mobilization, and delistin
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Description

In this process, the waste constituent is encapsulated within the
stabilized/solidified mass, which results in a reduction in the amount of con-
taminants that can be leached. An ideal S/S system would result in a waste
constituent being rendered chemicaily nonreactive and immobilized (Pojasek

o

. Several commercial stabilization processes have been used to treat

[y
0
- O
]
-7

industrial waste and radioactive sludges. The method was first widely
annamtad e DKismnea s A 2a smmzsy lalenn scas A actmenmiorales 3em slazs FToaland Oa o
aCCCpICa 1il CUrope anda is niow oCifig used SXIensively in e umiea Staies,
particularly for wastes of high water content that are subject to land disposal
restrictions (Bricka and Cullinane 1989).

Many of the commercial S/S systems are proprietary, but there are essen-
tially two techniques for S/S, as described below (Cullinane, Jones, and

a. Cement-based SIS techniques.

(1) These processes involve the use of Portland cement and other
additives such as fly ash to form a concrete type (rocklike)
material (Pojasek 1980). Some of the early work done on the
treatment of electrochemical plating sludges showed that the form-
ing of concrete was similar to the formation of natural minerals

(Mahoney et al. 1981). These researchers represented the chemical

reactions that occurred in the hardening of concrete, as foliows

LA _ .1 4NTON\

Pojasek 1978):

s Y TalVaX - Ha MY LIT N - DML NA0N DAXIT N LT7aVN7ay & o\
Liovav 01U2} + UI'IQU —— JMULDIUZ DHQU + JLd\Uﬂ)z
{tricalcium silicate) {tobermorite gel)
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2(2Ca0Si0y) + 4H20 ---> 3Ca028i0,.3H,0 + Ca(OH),
(dicalcium silicate) (tobermorite gel)
4Ca0 AL O, Fe,0, + 10H,0 + 2Ca(OH), ------ >
(tetracalcium aluminoferrite) ------- > 6 CaO'ALO;12H,0
(calcium aluminoferrite hydrate)
(also called hvdro,qamet)
3 CaO'AL,O; + 12H,0 + Ca(OH), ----------->

(tricalcium aluminate)
-------- > 3 CaOALO, + 12 H,0 + Ca(OH),
(tricalcium aluminate hydrate)
3 CaO'AL,0, + 10H,0 + CaSO,2H,0 --------- >
(tricalcium aluminate) (gypsum)
-------- > 3 CaO'A1,0,CaSO,12H,0

fnnlalcican smmemma:1fanliccanleonntal

(Ldilluill 11010MUu10diullliae)

(2) Typically, S/S is applied as follows. Soils from sites contaminated
with metals would first be excavated and slurried with water (if
necessary). Cement and other additives would then be mixed with
the soil slurry. The resultant mixture sets to form a hardened
mass. Specific process parameters, such as the amount of water
required, cement formulation requirements, etc., must be deter-
mined for each soil based upon site-specific conditions. Figure 21
shows a process flow diagram for the commercial Soiliroc Process.
The type of cement used depends on type of waste, e.g., Type I -
normal cement used in construction; T’ ype Iii - high early strength,
recommended for use where raplu set 1 llil'C(l, ana 1ype v -

1
1

i
g
E
E
E
%
g

(b) Availability of processing equipment.
(c) Proven ability of the process to immobilize metals.
(3) Some of the disadvantages of using this process are as follows:

(a) Since metals remain in the treated soil, the potential for their
leaching is always present.

~
w
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D. Lime-pDasea itecnniques. 1NCSC LCCIIIJUES MAKE USC Ol UIC 1€action Ol
T s coiith alllnn amAd ciintac gm0 faman o Laod acnen 1ilea smntamal ~finm
1IINC W1l SU1Cd diIld WalCT 1O 10111l 4 I1dard, CONCITIC UKC H1dWCI1dl, VI
rallad vnzanlanis AAnArata AAAitseran ciinlh oo fle; aoh Arammant Lile Aot
(¥ CuU pPpuLiviaiue ICICLC. AUULUYOD dUulll ad lly adll, CCILITILIL-ALLIL UUdL,
and anthar mnecihly nranriatary) matariale amne addad tn tha nrmrace tn
Al Uil \pussiody pIopiiCialy) lailais ait allld 10 ull ProCess o
increase the strenoth of the S/S waste or to retard the mioration of the
ICICase Ul gul O1 il 3/3 wWasie O 10 ITall uic mMigiadgll o1 uic
contaminants (Pojasek 1978).

As in the cement-based techniques, there are several commercial pro-
cesses that use various additives to form pozzolanic materials. Fig-

ure 22 shows a process flow diagram for the Envirosafe process used to
treat sludges and liquid wastes. Adding lime to the waste results in the
pH being raised, which generally reduces the solubility of metals.
Adsorption and ion exchange are also enhanced by the pozzolanic reac-
tant and products. Soil with metal contaminants is mixed and treated
with the pozzolanic reactants to yield S/S material that can be land-
filled. The advantages of this process include low costs for additives
and ease of operation of processing equipment. One of the disadvan-

tages of this process is that the treaied material is susceptibie to atiack
ler antdia anlistimema A Lolincac: at a1 1001\
DYy auiui 1ULIOIL \IVldllUllcy L dl. 1701).

The ability of S/S processes to effectively immobilize metals in liquid
wastes and sludges has been demonstrated at all levels--experimental,
pilot-scale, and field operational (Pojasek 1978, 1980; Smith 1979; Mahoney et
al. 1981; Rousseaux and Craig 1981; U.S. Army Armament Research and
Development Center 1982, 1986; Zenobia and Smith 1982). Based on the
available literature, soils contaminated with low levels of nonvolatile organics
may also be effectively treated using these processes. The choice of the type
of process will depend on the site-specific conditions. Tables 2 and 3 show
the effectiveness of the Soiliroc and Envirosafe processes in immobilizing
metals and meeting regulatory limits. Table 3 illustrates that several environ-
mentai concems, such as oil and grease and total organic carbon (TOC), are

reduced by this process. This is significant for the treatment of mixtures of
e atnl Amertn s

~ amd o S en
UlpalllL allu 1iClal Luliial 1alily.

The S/S material that is formed by the process should be stable over the
long term. Leachate tests that have been performed on these materials have
shown that the extract contained metal concentrations below the USEPA’s
Extraction Procedure toxicity limits and Toxicity Characteristics Leaching
Procedure (U.S. Army Armament Research and Development Center 1982,
1986; Zenobia and Smith 1982). When the treated waste is tested for EP
toxicity, the pH remains above 7, maintaining stability. Severe, highly acidic
conditions can destabilize the material, but these conditions are not expected in
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Table 2
Comparison of Raw Waste Metal Concentrations with EP Toxiclty Concentra-
tions After Stabilization by Soiliroc Process
- Metais
CN
H mg/L :
Sampie No. | P g/ cd Cr Cu NI’ Pb Zn
Analytical Results of Raw Waste Samples®
1 1.0 1.27 15,400 57,000 450 305 4,00 180
2 13.0 2,430 910 535 1,850 5,800 0.74 5,400
5 10.1 968 782 3,890 25,500 1,330 2,000 | 28,700
6 13.2 33.7 35.2 440 13,800 5,660 6,580 5,030
7 <i.0 53.0 470 38.0 48.0 : 5,000
Analytical Results of EP Extracts*
4 s £ on n an n no 4 AN a2k K] n4s0
1 9.0V V. IV V.cO 1.9V AVAVE L. 0%4.0
2 : 2.30 0.27 0.64 0.95 0016 | 500
4 i 0.10 0.13 0.06 0.15 0006 | 041
5 i 270 0.18 0.36 115 0017 | 250
6 e <0.01 050 |~ 005 <0.10 0008 | 050
Maximum Allowable Concentration

io® 5.0 007 5.0° 5007
Source: Rousseaux-and Craig (1981).
! Nickel is not regulated by the primary or secondary drinking water standards.
* Metal concentrations are given in units of jug/g (wet weight of sludge), as received.
* Analysis not performed.
: Metal concentrations are expressed as mg/L. . .
° Cyanide removed by pretreatment with H,SO, pickling liquor.
¢ RCRA.TCLP lgvsls,
7 100 times the secondary maximum contaminant level.

the environment. Furthermore, the S/S product has a low permeability and
high strength. This should further improve performance over that indicated by
the TCLP, based on a sample crushed to less than 9.5 mm (Bricka, Holmes,
and Cullinane 1992).

Residuals treatment/disposal requirements

The S/S product containing the immobilized metals must be sposea in an
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appropriate manner. Depending upon the nature of the soils, metals concenira-
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Table 3
Comparison of Chemical and Physical Characteristics of
Wastes Successfully Stabilized by Envirosafe Process
Stabilized Waste

Raw Waste ASTM Method A RCRA

pwe' Leachate Analysis Standards
Parameter ma/kg ppm pbm

Chemical Characteristics
Total solids 99.8
T80 840 30
pH 11.8 11.6
Oil/grease 479 12
An DAL N nNe &N
"‘ru [ 2. V. .\
As 34 0.01 5.0
Ba 10 0.75 100
cd 1,680 0.01 10
Cr 1,185 0.i15 5.0
Hg- 28 0.2 0.2
Pb 49,600 5 50
Ss 20 0.07 10
Physical Characteristics

Linannfinad ramnracciva etranath (A -1 nei
Unconfined compressive strength {cured >100 psi
7 days @ 100 °F)
Linranfinad Aamnrocciva etranath (A <180 nei
Unconfined compressive strength {cured >180 psi
28 days @ 73 °F)
Darmankilin, 1 v 100 Aamiona
ruuuwﬂulm.y 1A IV AHINVooTw
Source: Zenobia and Smith (1982).
Note: Comparison based on use of Envirosafe process with a generator (as for typicai steel
corporation) and the resultant waste {air poliution contro! residue and electric furnace dust),
' Dry weight basis.

high-strength, nonhazardous S/S product can be used for construction
materials.
Adaptabillity

The ability of the process to handle liquid wastes and sludges has been well

established. In some cases, residues from organic contaminants have also been
treated. The application of S/S is site and waste specific.

Chapter 4 immobiiization/Stabiiization/Disposai Processes



The process is in full-scale commercial use. Conventional batch or
continuous-feed and mixing equipment may be used. Large capacity can be
achieved bv increasine eguinment sizing or util y i
achieved by increasing equipment g Or izing parallel process lines

Potential disqualifiers
Principal concems associated with stabilization/solidification are as follows:
a. Organic wastes interfere with the process.

b. Low-binder to waste cement and pozzolanic cement products are sus-
ceptible to attack by highly acidic solutions.

c. Contaminants are not removed. The potential for mechanical distur-

bance and/or leaching, while reduced by S/S, is still present.

P Y mevow tameen svmwflnmernsman 10 smat srevAdawmntand
a. Tig-ieimi pErionmance is not unaersicoa.
AMinraansranciilatinn
WV UCHIVvapouiauuvil
Description

In this process, contaminant particies in so.
. B T, [PRL. [y . . PERRYY, HP PRy e, | |
. the small-sc:

12C4 DYy CNCdpSuiduOIl Inalcriais uidt CIcqi

ncased in a polym atrix that is dispersed throughout the soil. Immobiliz-
ing materials (which form the matrix) may include polymers such as polyeth-

(~4 \ - 4 ~d r 7 r o
vlene and other thermoplastics such as asphalt bitumen

The SEALOSAFE process is a commercial full-scale method used to treat
wastes. This process is operated under the trade name STABLEX. Chappell
and Willetts (1980) have reviewed test data on independent tests to verify the
manufacturer’s claim that the process effectively isolates heavy metals. The
process consists of first pretreating the waste to form a homogenized product.
Pretreatment includes neutralization of acidic wastes by waste alkalis, reducing
Cr™* to Cr** by treating the waste with spent acid, and other processes as nec-
essary. The pretreated waste is then thoroughly mixed with a monomer and
subjected to polymerization to form a slurry that later (after 3 days) hardens to
form a rocklike materiai. Leachability tests (under worsi-case conditions of
grinding the product and subjecting it to an acid solution), conducted in the

3
m e
aman  ahmiira 4 oalios alin Tonalinda amams

d japan, showed that the leachate contained
'\

United States, United Kingdom, an
_____ Tace: mmer mmcndecndd e £ -1

- ¢ 108
metal (Chappell and Willetts 1980).
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Another immobilizing agent used to microencapsulate contaminants is
asphalt. Brenner and Rugg (1982) investigated the effectiveness of using
asphalt and asphalt/sulfur blends to encapsulate metals. In their experiments,
molten sulfur-and liquefied asphalt were first mixed for 8 min to form an
emulsion at a temperature between 285 °F and 300 °F. This emulsion was
then immediately mixed for 2 min with a preheated "simulated" waste similar
to copper suifate, at a temperature between 290 °F and 305 °F. A variation in
this process (mixing the solid waste in the asphalt and then mixing it with sul-
fur) proved to be preferable because it yielded more uniform product. Their
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sized that their findings are applicable only to the experimental wastes they
used and that waste-loading capacities may actually be higher for actual wastes
used in a full-scale process. They also reported in 1982 that the estimated
costs (excluding amortization) of treatment using a sulfur/asphalt blend would
vary from $41 to $45/ton (for a 50-ton waste/week plant) to $42 to $44/ton for
a 25-ton waste/week plant) (waste solids = 60 percent by weight) (Brenner and
Rugg 1982). This cost does not include excavation and/or disposal.

. rYe £v\ - yw .

System (VRS). This full-scale VRS process is nonchemical and uses an extru-

)}
h

aporates water from th
~onn - A

tha aonhalt hiendase Tha L ~ewamimad sxrnatalnambalt sl 10 thanm Aianhaoeaad deén
38 8 L UlIUTI 111U HULIVELCILZAU W w/ Lldil ILUA 1D UICl ubdlliai gCU 1w
containare wham tha miv snnle  TTnnan ranling tha valinima Af tha
VVILMGALLIVIDy WiIIVIL iV ULLA VUV, 1Ll UARJLLLLE,, LI VLWLV UL U

TV SR A] AA yllmb m AWWAWMWWAL WVLLD. Vl“UAJ 5\-11\4 e DAV VY ynv W ALV VY
diagram for the VRS process

A process, described in the following subsection, combines microencapsu-
lation with macroencapsulation. This process, developed by Environmental
Protection Polymers, uses 1,2 polybutadiene and polyethylene to coat the parti-
cles of soil or waste and to form a structural block. The block is then coated
with high-density polyethylene (HDPE, macroencapsulated) before disposal
(Lubowitz and Wiles 1981).

Another process involves the use of an organic polymer-modified gypsum
cement called Envirostone Cement, manufactured by U.S. Gypsum Company.
This process is a modified cement stabilization process, that combines inor-

-~ .

ganic cement with organic binders (USEPA 1985).
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resistance to chemical attack and can withstand mechanical stresses. (Note that
the TCLP test nevertheless requires size reduction to <9.5 mm.) Metals are
effectively immobilized in the additive matrix, which is dispersed through the
waste. This process has been commercialized and operated at a full-scale
level.

Long-term stabllity/performance

The STABLEX product is a rocklike material. The VRS process yields a
microencapsulated waste in disposal containers, which may be sent to a non-
hazardous facility, depending on the regulatory climate. Emission controls on
the extruder will be necessary if volatile pollutants (i.e., organic compounds)

are present in the waste.

Adaptabliity

The process can aiso be used on liquid wastes and siudges. Residues from

orgamc treatment pI'OCCSSCS may aiso be II'Ca[CG bOllS COII[&IIIIII&[CO Wlﬂ'l

Lo doee o

25 tons_/week and 50 tons_/week have been suggested in the literature.

Potential disqualifiers

Principal concems regarding the application of microencapsulation are listed
below.

a. While this process requires extensive soil handling and processing at
elevated temperatures, no serious disqualifiers are indicated.

If the soil were not backfiiied on tne ongmal site, the stated cost wouid

be increased Dy costs for backfill with unponcu soil and wasie (llbp()bdl.

.9‘
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Description

This process-involves encapsulation of a block of hazardous waste with a
polymer such as HDPE to render it environmentaily acceptable. Few

ments and pilot-scaie studies have been conducted t

a1s o0 . s Y JIL T

mcsals

an acce

]
)
)

e
:
=
3
@]
=t
E
A
8
o g
<
=]
[¢']

s
)
)
)
>
!

secure combined
that the encapsulation resulted in the retention of the contaminants in the
waste, even when subjected to severe leaching conditions. Mechanical tests
also showed that the encapsulated wastes were capable of withstanding sub-
stantial compressive stresses. The product of this treatment process could be

disposed in a nonhazardous landfill, if delisted.

Subsequent TRW study included the development of a process design and
cost estimating. Figure 24 shows the process flow diagram for a fuli-scaie
waste encapsulation process. This process wouid yield a 2-ft cube of waste,
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weighing between 600 and 1,000 Ib, encapsulated by a 0.25-in.
. PO L-a P esrmacld Lo

k
1 @
5
'z
(¢’
=
G

X

1 i 0
g

s
35
Y]

g

)

=

(2]
]
?

in

gl

[

&
-8
g
g £
[ S -}
(=)

M
3
[+

>
3
S,
3
)
)
&,
-
g
=3
)
&,
D
-]
D
N’

a
@,
&
=

pomd
2
9
=%
£
+J
7]
v b

process for treating metal-contaminated waste
Lubowitz and Wiles (1981) reviewed three methods for encapsulating haz-
ardous waste. The first method, the TRW process, was described earlier. The
second method involves coating the fiberglass containers that hold the hazard-
ous waste, by spraying or brushing on a covering. The third method involves
overpacking of a standard 55-gal drum (which contains hazardous waste) with
a welded polyethylene container (85-gal capacity). Figure 25 shows the three
methods (schemes) reviewed by Lubowitz and Wiles (1981). The third
method is usuaily applicable to liquid wastes stored in the 55-gai drums and is

a means of preventing leaks from the drums. Presumabiy, it could be adapted
to treat metai-contaminaied soils. However, the costs associaied with this
method of disposal would be high, as wastes would have to be drummed first
and subsequently overpacked. Lubowitz and Wiles 1) estimated that it
would cost $253/ton (1980 figures), assuming that 80,000 55-gal drums are

o
W
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Treatment effectiveness

Experimental data indicate that microencapsulation combined with macroen-
capsulation (the TRW process) is an effective means of preventing metal con-
taminants from leaching into the receiving waters. Coupled with this is the
added advantage of forming a mechanically strong block, which allows for
easy disposal in a nonhazardous landfill. Studies have shown that the final
encapsulated product can contain up to 94 percent of waste by weight
(Lubowitz and Wiles 1981). Macroencapsulation consisting solely of a secure
outer container may have a lower effectiveness, since breach of the outer con-
tainer may result in leakage. The size reduction requirement (<9.5 mm) for
TCLP effectively requires the contained wastes to meet leachability standards,
regardiess of the "macro” container. The outer container thus becomes

oA dANA st snmmoc? —orieamaa

" a— 2
added," not required, insurance.

Compared with chemical stabilization, macroencapsulation has a greater
reliability in immobilizing metals in soils. This is because stabilization pro-
cesses rely on the chemical affinity between the metal and the stabilization
agent and are therefore susceptible to breakdown when soil conditions such as
pH change dramatically. Encapsulation, on the other hand, can be used on a
number of types of wastes, regardless of organic compound content, and
encapsulated wastes can withstand severe chemical and mechanical stresses.

Residuais treatment/disposai requirements

Adaptabllity

- One of the distinct advantages of this process is that it may be used to treat
a wide variety of wastes. Liquids in drums would have to be stabilized with a
pozzolanic material, before being overpacked with HDPE, to comply with the
recent Resource Recovery and Conservation Act (RCRA) rules prohibiting
disposal of liquids in landfills. The process should be applicable to soils con-
taminated with metals and organics. Residues from organic treatment
processes may also be treated.

Chapter 4 |Immobilization/Stabilization/Disposal Processes



Scale up potential
It is anticipated that the process can be readily scaled up, although the
Iti ipated that the process can be readily scaled up, although the
microencapsulation/macroencapsulation version does present a difficult
material-handling application

Potential disqualifiers

Principal concems regarding application of the macroencapsulation process
are listed below.

a. Preliminary indications are that the costs of disposal, especially when
drums are overpacked with polyethylene, are high.
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All contaminated soils would be removed from the site using standard con-
struction equipment--backhoes, draglines, dozers, etc. A "secure” landfill is a
RCRA-pemnitted facility that is designed and constructed to meet all applicable
Federal, state, and local laws and regulations. At a minimum, these facilities
now have double liners with a leachate collection and monitoring system to -
detect potential leakage and groundwater contamination. Extensive USEPA
regulations exist for such hazardous waste disposal facilities, to minimize harm
to the environment.

2 rese @ ] 0]

Landfiil liners may be constructed of chemically resistant polymeric mem-
f T S £ 1 ) 5 1 o) YIPWERE Y SOISIP T [ PR png 1.3 §.PERERSIY. ) PRy S PINDAY Aol .
pranes (e.g. HDPE) andsor natural 10wW-permeaniity SOLS (Ciays) ther
PUPL I -t - - camnd mo o mmemnmntda 1lemam me amemmenmnita 1Elevan AAnsunenan
material suggesied in the past as a separate liner or composite liner component
2a nombhals hittceman Tha Baeas/hnm ovatam menuvidac fae onefona manaff awravy
I S\ pPlldit LILUICIL.  11C 1l SYydiuiil pi 1ULD 1Ul dullavy 1ulvii away
Frnem tha K11 and far rnllantinn Af anu infiltratinn ar laashata Tha linar mata._
A1V UIV 1111, QllU 1V1 VVLILLVLIVULL V1 Qlly lluauauvil vi ivaviiaiy. A LAV 1iilvi MiAWw
riale are dacionad ta ha racictant to chemical attack and muct he carefullv
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constructed and joined to prevent leakage. A typical double-lined landfill
design is presented in Figure 26
TYSigtt A8 pEvev (]
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A secure landfill can be constructed onsite (if the volume of waste war-
rants) or shipped to an offsite landfill. Since dry metal-contaminated soil can
be expected to be quite compatible with most liner materials, codisposal with
more chemically aciive hazardous wastes (e.g., soivents, acids) wouid be

PP Pos

anll
UIIACSLIADIC,

s st be 1o
depends on the type of waste, distance from site to landfill, volume 91{" waste,
etc. The USEPA estimated that landfilling costs are approximately $240/ton
for highly toxic wastes, $120/ton for ignitable wastes, $80/ton for most
industrial sludges, and $40 to $50/ton for municipal sludges. The cost for dis-
posal of metal-contaminated soil is expected to be in the low to middle range.

However, landfill disposal costs are rising rapidly.

Treatment effectiveness

This option is an availabie and effective means of remedying a contamina-
tion problem. The source of contamination is removed from the site. The
exient of removal, e.g., io background or i0 regulatory levels, is based upon an
n P PR R,

Af all ¢tha Fantmenn annanintad =2le¢le slhan alén alanmemccen ™. . -
f all the factors associated with the site cleanup. The disadvan-
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tage of this method is that the problem is simply transferred to another site,
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A well-designed landfill may offer a safe, long-term alternative for manage-
ment of contaminated soils for up to 30 years. Long-term stability and perfor-
mance would depend on how the facility is operated and maintained over time.
While landfill design has improved, the long-term performance with regard to
natural forces (e.g., erosion and the potential for major events, such as earth-
quakes), chemical resistance, and physical strength may be a concemn.

Residuals treatment/disposal requirements

This is not a treatment technique and does not yieid any residues.

Landfills can accent a wide variety of wastes, including sludges,

USEPA regulations specify

and soils containing organic c-v---r,__- S. fy
treatment, storage, and disposal require: for all wastes In addmon recent
USEPA mzulatlons restrict disposal under landban rules, and in many cases,
wastes require pretreatment prior to landfilling. However, the RCRA reautho-
rization is likely to restrict landfilling of chlorinated organics and metals at

high concentrations in the future.

Scale up potential

Secure landfilling is the most 'd ely available commercial technology and

is best suited to large-scale operation since maintenance and monitori
£
1

Tifg aciivi-
42y om e Lo csmae A e Py | PN PP

ties must be conducted regardless of size.

a. Limited availability of appropriate landfill capacity.

b. The RCRA reauthorization legislation has resulted in banning land-
filling of many inorganic wastes now requiring pretreatment (such as
S/S) prior to landfilling. :

c. Liability associated with future potential contamination or environmen-
tal problems at the landfill still rests with the generator.

Py R

d. Indefinite monitoring wouid be necessary o ensure ontinued good

c
performance. Future ieakage could require remedial action.
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formations, which results in isolation of the waste from the surrounding
environment.

One proposed application of this technique is radioactive waste disposal in
deep salt mines. This has been studied by the U.S. Department of Energy
(DOE) for disposal of high-level radioactive waste.

Another "more permanent" option for disposal is placement in the bed of
the ocean (Bove et al. 1983). Drums containing wastes are placed in stable
locations that contain unconsolidated clay beds. The drums would be placed
well below the sea and would be covered by the clay upon placement. In
addition to the stability of the beds, clay has sorptive properties that would
enabie minor leaks to be absorbed by the bed materiais. The lack of oxygen is

At s LS A __ L™

nown to prevent oxidation and biodegradation. This method is being used by
European countries for disposing low-level radioactive wastes and has been
etmdiad hy tha YY)
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. Apart from de A
tional uncertainty exists regarding the long-term effects of this process
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Accordingly, the United States has banned ocean disposal of hazardoué waste.

While low-level radioactive wastes are expected to become nonhazardous in
10 to 100 years, metals will retain their hazardous properties indefinitely.
Since seabed stability is difficult to predict, the long-term security of this
approach may also be in doubt.

The cost for this technology is expected to be quite high, because of the
probiems of accessibility and disposal site development, in addition to the

costs for excavation, transportation, and backfiiling.

Crn2ln sesttle Tmce:r et nl mmcancctcandlomen mead Tace: Tamale ale?1246c. am.1d cembacsalalle
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This technology results in the removal of contaminants from the site and is
therefore an effective means of remediating a metals-contaminated site. The
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Seabed disposal has been used successfully for low-level radioactive waste
disposal in Europe. Accidental release or improper placement during disposal
operations may be more likely in deep sea operations, however.

Long-term stability/performance

The long-term effects of disposing sludge into the ocean appear to be dele-
terious. However, disposal of waste well below the seabed in stabie clay sedi-

ments may provide long-term, secure siorage/disposal. The ability to predict
endimen AL ~talalllec: Sen Aanem & ' Ny | 3 thin #iean

OIl OI Sidoiitly i acep S€ancas is unc

Reslidual treatment/disposal requirements

This is not a "treatment” technique and does not yield any residues. The
contaminated soil itself is disposed.

Adaptability
e L1l 3 O o3 _ L RPN T, LIt [P, PRI PP O Ay naad
1S meun I A1SpOSai Can bC appicda 10 a variCly 01 wasics. diud; ana
12me2A carnctac noem o Aecomcnad amd Aloe~on XX notan Anmbaimins Ancaning e
LJUIU WadIed Cdll UC UTULLIIICU dallU UIBPUDTU. VW adlLd Lullialilliy Ulgallivdy Ul
macnidiiac ferrmm Ancanis tmantenant meaaccac san alon ha Aionacad
TCS1GuUes 110l OrganiC ucaunciit proCesses Cdil aiSO O GiSpoSsCa.
Scale un notential
=06a1C Up potential

Disposal rates may be adjusted upward based on the design of mine access-
ways for salt mine disposal. Deep sea excavating and material-handling equip-
ment may be increased in size and/or operated in parallel. Specific limitations
on the disposal rate are not available.

Potential disqualifiers

Principal concerns regarding the application of geologic isolation are listed
below.
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a. Ocean disposal might not be an available option because it may be
legally or institutionally unacceptable.

b. A few salt dome burial sites are under active consideration for
radioactive waste disposal. This method may be excessively expensive
for disposal of soils with very low metal contaminant concentrations.

¢. While this technology may become available commercially or under the
U.S. DOE program as a more secure disposal option, it does not con-
stitute waste treatment.

Deep Well injection

Description

Chemical manufacturing, for instance, electroplating, produces solutions
laden with heavy metals. Likewise, a number of soil remediation technologies
produce residual aqueous streams contaminated with heavy metals. One
approach to the disposal of these streams is deep well injection. This method
involves pumping liquid wastes into porous geological formations. Done prop-
erly, this method isolates hazardous materials from the biosphere. Injection
has been successfully practiced for disposal of liquid wastes, "especially when
wastes are malodorous or toxic and contain little or no suspended matter"
(Nemerow 1978). Use has accordingly grown as disposal to surface waters has
become more restricted. The number of hazardous waste wells has increased
from 30 in 1964 to 280 in 1973. By 1991, over 180 wells were in use for the
disposal of dilute aqueous hazardous waste.! This does not include the more
than 100,000 oilfield wells for return of extracted brine (Freeze and Cherry
1979). Deep well injection "has been successfully applied for disposal of
organic and inorganic solutions from chemical, pharmaceutical, petrochemical,
paper, and refining" (Nemerow 1978). In a more recent example, an ammonia
liquor contaminated with selenium has been injected (Federal Register 1990).

Environmental protection requires injection of wastes into a formation that
will prevent the movement of the contaminant to the surface or into drinking
water supplies. Generally, the wastes are pumped into formations of porous
limestone, sandstone, and dolomite capped with impermeable layers of rock
such as shale. Most wells are between 300 and 2,000 m in depth and operate
at flows of 500 to 1,400 L/min (Freeze and Cherry 1979). The effect of an
injection well on the hydrodynamic conditions in a hypothetical horizon aqui-
fer in which there is a regional flow is shown in Figure 27. "The injection
well causes a mound in the potentiometric surface. The mound extends
unsymmetrically in the direction of regional flow in the aquifer. As injection

! Personal Communication, 1986 (May), Bill Bonner, Battelle Pacific Northwest Laboratories,
Richland, WA.
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Figure 27. Potentiometric mound caused by waste disposal well and
expansion of zone occupied by waste (positions at times t,, t,, and
t;) (after Kazmann 1974)

continues the areal extent of the mound spreads to occupy an ever-increasing
area. The process can be viewed as the inverse of the effect of a pumping

well in a confined aquifer..." ér-eczc an_d_-Chen'y 1979).

Factors affecting successful application of injection include geology, well
depth and diameter, injection pressure, volume and rate of liquid, and charac-
teristics of the waste.

Concern for protecting drinking water supplies (Cantger and Knox 1985,
Driscoll 1986) led to the Drinking Water Act of 1974. Further requirements
were formuiated under RCRA and the Hazardous and Solid Waste Amend-
ments (HSWA) of 1984. Under the most recent standards of RCRA wiih
HSWA (Federal Register 1990), hazardous waste can be disposed only in
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According to the RCRA/HSWA rules, "hazardous waste can only be
injected under two circumstances: (1) when the waste has been treated in
accordance with...40CFR part 268...; or (2) when the owner/operator has
demonstrated that there will be no migration of hazardous constituents from
the injection zone for as long as the waste remains hazardous. Applicants
seeking an exemption from the ban must demonstrate either (a) that the waste
undergoes a chemical transformation so as to no longer pose a threat to human

«w
(75
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health and the environment; or (b) that fluid flow is such that injected fluids
would not migrate vertically upward out of the injection zone or to a point of
discharge in a period of 10,000 years use by mathematical models" (Federal
Register 1990). Between 1985 and 1990, these more stringent regulations
contributed to a decline in the number of Class IH facilities (from 95 to 51)
and in the injection rate (from 11.5 to 9 billion gallons/year) (USEPA 1991).

Good engineering practice and regulation require a number of stages in the
planning and construction of a Class I injection well. These include the
following: (a) a thorough survey of the geology to ensure no faults or earth-
quake risks; (b) core sampling and determination of permeability and geo-
chemical compatibility of the formation and the waste fluid;' (c) drili-stem
tests t0 measure initiai static pressure, formation permeability, and skin effect;

shori-term pumping and iniection tests: and (e) use of concen PO RPN TP BN
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Treatment effectiveness

This method does not represent treatment, other than that required to make
the fluid compatible with the formation. As noted above, this method has been
widely and successfully used for over 25 years.

Long-term stability/performance

Instances of disposal system failure and contamination of surface and near-
surface waters are rare (Nemerow 1978). However, some instances have been
reported, and the number may i wi ' 11 SiTats
hoaan 1nnoad fAre manatecring srraatan 1 amtr 1
WAALL UDLA 1Vl 1 AV 1L Waditd \ YvUliilZ 1

3 A
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Ic
undereround or even surface waters, Finallv,

underground ven surface waters, Finally, injection is not permanent dis-
posal. "It detains in storage and makes intractable the storage of wastes in

formations that are limited in som
(Wentz 1989).

Residual treatment/disposal requirements

All significant fluid flows are injected, so few or no additional disposal
requirements exist. However, pretreatment may require settling or filtering of

! Waste fluid reactivity or plugging with sample cores may require pH adjustment or settling
and filtration.
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Waste stream Injection pressure
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Figure 29. Injection well dimensions (case study) (after Wentz 1989)

Adaptability

Injection has been widely applied to disposal of organics and inorganics.
However, it does have limitations for cases in which the waste reacts or plugs
in the formation. Of course, the major prerequisite is that there be a suitable
formation under or near the facility generating the waste.
Scaie up potential

The method has been fully scaled up and successfuily operated for over
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Potential disqualifiers
Principal concemns regarding the use of deep well injection are as follows:

a. Injection will not be an option unless an appropriate formation, meeting
all requirements, exists under or near the waste generator.

b. Limitations also result if the waste reacts with or plugs in the formation
and no effective/economical pretreatment can resolve the problem.

c. Finally, concems over long-term stability remain, especially when

unplugged wells in one area may compromise the integrity of the cap-
ping formation, allowing waste to spread more widely.

Chapter 4 Immobilization/Stabilization/Disposal Processes
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Background

The use of plants that selectively absorb metals from soil and concentrate
them in the plant biomass has been suggested as a means of removing metals
from contaminated soils. The idea would involve growing specific plants on a
metals-contaminated site and harvesting the plants at the end of the growing
season. The harvested plants must then be disposed in an appropriate manner
(e.g., incineration) (Bove et al. 1983).

The natural phenomenon of metal uptake by plants is dependent on a num-

ber of factors such as plant species, soil chemistry and types, and metal spe-

ies. Generaily, metal uptake is higher in acidic soils because of the higher

solubility of most metal species at low pH. The soluble metal ions must then
b a— s JE LV . S, iy

iffusion, or the root wiii
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nutrient requirements and tvnical wth conditions. Many
metals only in the roots, indicating that the root surface ion exchange and/or
membrane surface characteristics may present a barrier to metal adsorption into
the plant tissue. Other plants that typically grow in high-mineral content soils
tolerate high metal uptake by the storage of metals (complexing them with
natural ligands) (Bove et al. 1983). Studies indicate widely varying properties
based on the soil matrix and plant species.

B
D
=
5

3
:
;
:

e Wviivwaass G

Extensive research has been conducted on the uptake of metals from natural
soils, urban soils, and sewage- and sludge-amended soils (Keeling et al. 1977;
Brown 1978; Brown, Thomas, and Slowey 1983; Jones and Thomton 1983).
Research on aquatic plant uptake of metals has also been conducted (Wol-
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verion 1975; Woiverion and McDonaid 19753, b).
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yacinth and alligator weed have been fairly effective in removal of

QKasa

soluble trace metals (Cd, Ni, Pb; Hg, Co, Zn) from water. Dry weight plant

L 2RIGLAiD 115s s 1) 11VUil

metal concentrations were below 1 mg/g (1,000 ppm) for individual metals.

Water concentrations were reduced to detection limits of 1 ppb (Wolverton
1975; Wolverton and McDonald 1975a,b).

Little study in vegetative uptake has been directed toward the objective of
maximizing the removal of heavy metals from soil. If plants that perform
effectively can be identified, they can be harvested and disposed. Because of
phytotoxic effects on plant growth, applications may be limited to lower metal
concentrations. Plant uptake may resuit in concentration of metais, but this is
limited in biological systems. This resuits in a significant resi '

mm s el 1T S Ol ean S e al e

volume that will require further management. Dispos
1 2 A

- s _ & _ S A e
1

reatment effectiveness

Harward, Doyle, and Kitchens (1980) conducted a detailed study on the
feasibility of using vegetative uptake as a means of cleaning a site contami-
nated with radionuclides. They calculated that the time required for cleaning
up a hypothetical site of 1 acre contaminated to a depth of 6 in. would be
unreasonably long (6.7 x 10° years). Therefore, they concluded that this
method was infeasible for the radionuclides investigated (plutonium, uranium,
thorium, and radium).

PP I T S P

Any treatment achieved would necessarily be limited to the active piant
root zone. Based on the limited information availabie, it appears that the time
involved in cleanup of a site using this "process” would be very great. In
addition, significant concentration of metals may not be achievable by plant
uptake alone. Additional treatment (i.e., incineration) is necessary. Therefore,
this method is not likely to be an effective means of removing metals from
anile

©
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Long-term stability/performance

Once removed, of course, the site will remain free of metal. From a long-
term perspective, this method may be considered ineffective because of the
very slow rate of metals removal. During an extended cleanup, the metals
may migrate offsite or away from the root zone before recovery is achieved.

| » P N D= FPPS POl VOV WUy i P | PRy [P FP iy
resiauals treatment/disposal requirements
Th wacatatitra smattar anmtainina smmatals 1ol wamcilion Alcamanl IO
The harvested vegetative matter containing metals will require disposal. If
directly landfilled, a large volume must be managed. If dried and incinerated,
off-gas dust collection may be necessary, and ash and dust residuals containing
metals will require disposal
Adaptabillity

Removal of organic compounds with aquatic plants has been shown to be
effective for low concentrations. Performance by plants selected for their
ability to absorb metals remains a subject for future study. Vegetative uptake
could be applied to residues where soil properties have been maintained suffi-
ciently to support plant growth. Incineration residue is unlikely to meet these
requirements, but other nondestructive soil treatment residues could be treated.

i A f
This technology could readily be applied to large land surface areas utiliz-
ing normal agricultural techniques. It is limited to treatment of the soil root
zone, however

Potential disqualifiers
Principal concemns with regard to the application of vegetative uptake are as
follows:

a. Very slow removal rates for certain metals render the process
ineffective.

b. Extensive long-term site management requirements, including harvest-
ing of crops.
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tative matier has to be disposed.
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e. If metals are sufficiently mobilized to move toward the root zone, they
may also be mobilized toward aquifers.

101
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Technologies for the treatment of heavy metals-contaminated soil have been
critically reviewed, and the resuits are presented in this report. The scope of
this review includes a surv y of metals concammauon at Army instaiiations, a
rey S

acoacommant

This report reviewed and assessed the technologies without ranking. A
separate report will integrate site survey and regulatory review to prioritized
technologies. This discussion grouped the processes into four categories:

S 1
physical and chemical; thermal; immobilization, stabilization, and disposal; and
vegetative uptake. Each technology was described and assessed according to
treatment effectiveness, long-term stability/performance, residuals treatment/
disposal requirements, adaptability, scale up potential, and potential

disqualifiers.
The major conclusions from this review are:

a. Currently, few advanced technologies are widely practiced for heavy
metal-contaminated soil.

o
2
g
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¢. A number of the technologies reviewed offe promisin, T10rmance
for a variety of applications.

d. Questions or uncertainties exist for many of these technologies. Two
major concerns are production of residual streams and long-term stabil-
ity “of treated metals left in the soil.

e. Additional research and development is needed to better understand the
fundamentals of some processes and to resolve uncertainties for others.

Chapter 6 Summary and Conclusions
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