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Conversion Factors, Non-Sl to
S1 Units of Measurement

Non-SI units of measurementused in this report can be converted to S1units
as follows:

Multiply By ToObtain

sores 4,045.873 squaremeters

cubicyards 0.7845549 cubicmeters

Fahrenheitdegrees 5t’9 Celsiusdegreesor kelvinsl

feet 0.3048 meters

gallons(Us. liquid) 3.785412 oubicdecimeters

gauss O.0001 tesia

inches .. 2.54 Centimeters

miles (U.S. statute) 1.809347 kilometers

pounds(mass) 0.4535924 kilograms

tons (metric) 1,000.0 kilograms

tons (2,000 pounds,mass) 907.1847 kiiograms

watts per square inch 1,550.003 watts per square meter

1 To obtain Celsius(C) temperaturemdings from Fahrenheit(F) readings,use the following
fonnuia: C = (5/9) (F - 32). To obtainKelvin(K) readings,use: K = (5/9) (F - 32)+ 273.15.

.
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1 Introduction

Background

Past military and industrial activities have contaminatednumerous
U.S. Army installations with metals, solvents,and explosives. In response,the
Army initiated the Installation RestorationResearch Program in the early
1970sto address the cleanup of contaminatedsoil and gmundwater that could
impact the environmentand restrict the use of Army land. The early stages of
this program revealed the immense scope of the needed restorationeffort at
these sites. Many contaminants found at these sites were unique to the
military.

Recently, the U.S. Army, Air Force, and Navy have divided responsibility
for broad contaminantclasses under a cooperativeagreementbased on the
Reliance study. This agreement assigns the lead activity for nxearch on heavy
metals contaminationto Anny investigators. In support of this agreement, the
Army, through the.-U.S.Army Engineer WaterwaysExperiment Station (wES),
initiated research to develop more effective, economical, and environmentally
responsible technologies for treating contaminatedsoils.

Metals contamination

Past military and industrial practices have led to several forms of heavy
metal contamination. Typically, heavy metal contaminationis 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 contaminatedwith discrete metal fragments or
metallic smears on soil particles. Activities such as electroplating,metal work-
ing and refinishing, disposal of wastes in burning pits, munitionsproduction,
and cooling tower discharges have produced ionic forms of heavy metal con-
taminants that associate with soil particles.

.-

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

Chapter 1 Introduction



andoperated by the U.S. Army Environrnenti center (formerly the U.S. Army
Toxic and Hazardous Materials Agency, USATHAMA), of the contaminants
most IYequently 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 downsizingand closure of a num-
ber of military facilities. Simultaneously,the pressure to convert these pro-
pertiesto civilian purposes will grow mom imperative. A number of facilities
(e.g. Fort Oral)occupy properties with high economic value. Likewise, the
U.S. EnvironmentalProtection Agency (USEPA) continues to strengthen regu-
lations regarding soil and water contamination. For example, a bill to
strengthenthe Clean Water Act (of 1972) is under considerationby the Senate
and is expected to become law in 1992or 1993. Regulatory requirements
thus, will become more stringent and may also become cleaxwin terms of
required action and treatment levels.

Unlike organic contaminants that can be destroyed (or mineralized) through
treatment technologies, such as bioremediationor incineration,metal contami-
nants cannot Once a metal has contaminatedsoil, it will remain a threat to
the environmentuntil it is removed or rendered immobile. Unfortunately,few
technologiesexist for the removal or immobilizationof heavy metals. The
cleanup techniques most used for the mediation of heavy metal contamina-
tion we 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 contaminantfkomthe
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 implementationof regulatorycriteria under the landban rules, the
USEPA may require Best DemonstratedAvailable Technologyprior to landfill-
ing. S/S is one accepted approach. S/S treatment nxluces the mobility of
metals through chemical transformationand/or encapsulation. However, since
metals (as elements) are not destroyed by chemical reaction, the underlying
toxic agent remains in the tnmted material.

●

Study objective and scope

As a mult of the growing concern regading heavy metal contamination
and the lack of metal treatment technologies available for ~mediation, an
effort was initiated by WES to investigate possible treatment technologies for
heavy metals. The puxposeof this effort was to identify promising tech-
nologies--for the tmitment of heavy met&contaminated soils and for the
resulting metal-contaminated residuals fmm such activities. Efforts were made
to identi~ both immobilization and extraction technologies for contaminated
soils. Recognizably, many extraction technologies produce metal-contaminated

2
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aqueous side streams requiring treatment. In an attempt to be comprehensive,
this discussioncovers both solid and a limited number of aqueousphase metals
treatment technologies.

This report pments a detailed discussionof the candidate technologies
identified. Details regarding application to above-groundand in situ treatment,
potential treatment effectiveness, long-term perfommnce, residualsproduced,
adaptabilityto soils treatment, potential for scale up, and potential disqualifies
are discussedfor each technology. Available cost estimates are cited.

This report does not present any information regardingthe ranking or the
recommendationof candidate technologiesfor future study. Such information
will be presented in a subsequent report. Only the details of technologiesthat
may have potential for the t.matmentof heavy metals-contaminatedsoils and
resulting aqueouswastes m presented.

Report Organization

This reportisdivided into six chaptem,as described below:

a.

b.

c.

d.

e.

J

Introduction. Fmvides backgroundon heavy metals contaminationat
Army installations, the purpose and scope of this study, and the
organizationof the report.

Physicallchemical processes. Describes and assessesprocesses that
remove or immobilize metals in soil and water by applicationof
chemicals,mechanical separations,or electrical potentials.

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

hmobiliz~”onlstabiiizatwnldisposal 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
formationsor constructed landfills.

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

Summaryand conchswns. Presents a concise summary and the major
conclusions on the current practice of treating metals-contaminatedsoil
and resulting aqueous streams, and the prospects and needs for
alternative technologies.

Each technology review follows a consistent format, fhxt providing a gen-
eral description, diagrams, and assessmentcriteria. The process reviews am
organized as follows:

Chapter 1 Introduction

.-

3



a.

b.

c.

d.

e.

f.

g“

Description.

(1) Theory.

(2) Level of development.

(3) Available performance data.

(4) Conceptualdesign schematic.

Treatment @activeness. Actual or expected performancebased on
results available in the literatwv and/or engineetig judgment. The
natment goal is to render the soils capable of passing the USEPA
Toxicity CharacteristicsLeaching Procedure (TCLP) test for disposal as
nonhazardousmaterials.

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

Residuals treatmentidisposal requiremen~. Identificationof potential
residual waste side streams (i.e., extract solutions) that will require fur-
ther tnatment and/or disposal due to expected hazardous properties.

Adaptabili~. Ability to treat various soil/site types and other waste
streams (i.e., sludges), to treat for organic compoundsconcurrentlywith
metals, or to be readily linked to other processes for organic or explo-
sive compound treatment.

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

Potential dlsqudfiers. Identify known or potential “fatal flaws” that
could hinder development and implementationof the process, including

--

(1)

(2)

(3)

(4)

(3

Inherently unsafe.

Uncontrollable environmental

Uncontrollable air emissions.

Exceedin@yexpensive.

risk of mobilization.

,

Exceedingly complex materials handling, operation, or
m“mntenance.

4 Chapter 1 Introduction



2 PhysicallChemical
Processes

Precipitation

Pnxipitation is a process that converts a substance in solution to an insol-
uble form. This process alters the volubilityof a metal species by reacting it
with specific chemicals, causing it to “precipitate”ffom the solution. This
approachmay be adopted to soils to convert metals to insoluble species and
reduce their mobility. Two general approachesexist: abovegroundprecipita-
tion, in which soil is excavated and mixed with chemicals in processequip-
ment, and in situ precipitation, in which chemical solutions am pumped into
contaminatedsoil in place.

Aboveground precipitation
.

The abovegm&d precipitation process incorporatestreatment chemicals
with excavated soils using conventionalmixing equipment. There is no pub-
lished literature on the treatment of soils contaminatedwith metals (Lanouette
1977, Scott 1977,USEPA 1984b).

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

Sulfide process. Heavy metals react with suMde ions to form metal sul-
fides that are insoluble in water. The generic reactions for divalent heavy
metal cations (Me2+)can be characterized as follows (USEPA 1984c):

H2S <----> H++ HS-

.-

HS- <---> H++ S-2

Me2++ S-2<----> MeS

Chapter 2 Physical/ChemicalProcesses



where “Me” is the metal ion.

Generally, as the pH of the solution increases, the volubility of the metal

sulfide decreases. The amount of metal sulfide formed is dependent on the
following:

b. Type of metal.

c. Stide content.

d Other ions that interfere with the process.

e. Soluble salt content of the waste.

In wastewater treatment, sodium sulfide (Na#) and sodium hydrosulllde
(NaHS) are typically used as the stilde source in the reduction reaction.
However, sodium may adversely affect soil properties, particularlypermeability
(USEPA 1984c). This maybe overcome in an aboveground“slurry”process,
but may prevent effective in situ treatment.

It has been speculated that calcium or iron sulfide maybe used. However,
these have a low volubilityin water and thus must be added as a sluny. While
wastewater treatment with sulildes has been studied extensively,no experi-
mental work has been done on txvatingsoils. Therefore, no information is
available for soils ~garding the kinetics of the reactions, chemical loading
rates, interfering reactions, etc.

..
Most metal sultides m highly insoluble in water, with the exceptionof cer-

tain sulfide complexes formed by zinc, mercury, and silver, which are soluble
in water.

The volubilityof 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 solubilitiesdecrease somewhat
with increasing pH (Figure 1), high soil pH may be more favorable for sulfide
treatment While no adjustment of alkalinity would be necessary for naturally
alkaline soils, acidic soils may require lime addition to maintain a higher pH.

Under aerobic conditions, metal sulildes can be oxidized to form metal sul-
fates, which are more soluble in water, reduce pH, and thus tend to mobilize
other metal ions. Aerobic or oxidizing conditionsmight be controlled by the
incorporation of soil organic material and/or providing a surface banier to
water or air infiltration. However, susceptibtity for metal remobdization
remains a concern for long-term stability of treated soil.

.-
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Sodium borohydride (NaBH4)process. This processhas been used in
several chemical industry installations to treat metal-bearingwastewaters
(Cushnie 1985). NaBHAis a strong ducing agent that can Educe many metal
compoundsto elemental metals. Where waste streams are contaminatedwith a
single metal, the precipitate may be reprocessedor recycled for recovery of the
metal. Where waste streams contain many metals, the advantage of this pro-
cess over other precipitation techniques is the lower volume of sludge pro-
duced. However, this must be balanced against the higher costs of NaB&.

The process involves adjusting the pH of the wastewater to between 8 and
11 and then adding Na.BI&. The reaction time is approximately30 min for
complete metal reduction.

Again, there is no published literature on the applicabilityof this process to
soils contaminated with heavy metals. NaBI& 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 p~cipitation, oxidation and remobilizationmay subse-
quently occur unless soil conditions m controlled. Dependingon the nature
of the metals in the soil, this concept may, upon further study, be applicable
for the treatment of metal-contaminatedsoils.

One of the potential hazads associated with the use of this chemical is the
evolution of hydrogen, a reaction product that is potentially explosive.

Cost information is available in the literatwv for the treatment of metals-
Contaminated wastewaters.*

..
Starch and cellulose xanthate. This process was developedby the

U.S. Department of Agriculture as a low-cost means of removingmetals from
wastewater (Wing and Rayford 1977). F@ue 2 shows the typical process
scheme.

The insoluble starch xanthate (ISX) acts as an ion-exchangerthat rapidly
removes heavy metal ions horn wastewater, replacing them with Na+. ISX is
mixed with wastewater and subsequentlyseparated. 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 advantagesof this process include the fact
that the ISX metal sludge settles quickly and dewaters easily. Experimental
data have shown that the process can be operated in both the batch or continu-
ous modes with significant metals removal being achieved. While the process
is effective, ISX is thought to be too expensive relative to chemical

1 G. C. Cushnie, fi., P. (hnap~ and C. G. Roberts, 1983 (Dee), contrwx report prepared by
Centec CorpomtiQ Res~ VA forU.S.AirForceEn@xx@ and Services Laboratory,
Tyndall Air Force Base, Florida.

.-
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CS2+ NaOH(H20, MgS04)

REACTOR FILTER = FILTRATE?

I

+

Isx

HEAVY METAL
EFFLUENT

CLEAN EFFLUENT

ISXIHEAVY METALS

Figure 2. Production and use of insoluble starch xanthate for heavy metals removal from
wastewater (from Wing and Rayford 1977)

precipitation at metal concentrationsabove 100mg/L in wastewater(IWngand
Rayford 1977).

‘1’he~is no published literatu~ on applicationsof this process to the treat-
ment of metals-contaminatedsoil. Its successfulapplicationmay be limited by
the difficulty in distributing the insoluble starch throughout the soil and in its
potential biodegradationin a biologically active soil.

Lime/carbonates/hydroxides processes Heavy metal hydroxidesand car-
bonates m only slightly soluble in water. This phenomenonhas been used
extensively to remove heavy metals from wastewatm. Metals are precipitated
fium solution as carbonates or hydroxidesby adding hydrated lime. Control of
pH is vexycritical in this process. Volubilitycurves for the metal hydroxides
determine the best operating pH. Unlike sulfide precipitation, the volubilityof
hydroxides fimt decnxmx with increasing pH up to an optimum pH and then
starts increasing again (Figu~ 1). Since the optimum pH varies widely
between metals, all the metals in a mixture may not all be effectively treated
by this method. This behavior is unlike that for sulfides, where the volubility
continuouslydecreases with increasing pH.

Precipitation is followed by a sedimentationstep where the metal precipi-
tates are xemovedfrom the water by settling. Flocculatingagents that improve
the settling characteristics of the precipitate may also be added, prior to settling
(Lanouette 1977, USEPA 1985).

--
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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 horn municipal solid waste leachate to surrounding soils
(Weston 1987). It was found that “breakthrough” of metals in a soil column
was significantly prolonged when a layer of crushed limestone was utilized as
a bamier, particularly for trivalent ch.mmium. The results indicate that soil
treatment to reduce mobility may be feasible. Since the volubility of hydro-
xides is sensitive to pH, applying this process to nonalkaline soils or in rq@ons
where the rainfall is acidic could result in long-term instability and potential
remobilization.

Application to onsite soil treatment. While reduction,precipitation, and
immobilizationmethods are well established for wastewatertreatment, the ear-
lier reviewers (Weston 1987)did not reveal their application for treatment of
heavy metal-contaminatedsoil. 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 conceptualprocess appears in
Figure 3.

The water slurry process could very effectively distributeboth soluble treat-
ment chemicals (e.g., sodium hydrosulfide)and insoluble chemicals (e.g., lime)
throughout the soil. Slurry treatment with water may provide mom rapid reac-
tion of soluble metal species to form p~cipitates. The treated soil would
require dewateringprior to backfill or landfill disposal.

A dry mixing process using large-scale solids mixing equipment (e.g., pug
mill, screw mixer, etc.) would mix insoluble treatment chemicals with the soil.
Reaction may occur at a lower rate since metals dissolved in the soil pore
moisture or adsorbed onto soil swfaces 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 concep~ treatment chemicals, dos-
age, matrix effects, and pH niquirv further study to determine if performance is
acceptable for soil contaminantt remediation. Leach test performance,although
not the sole determinan~ depends upon the selection of leaching the solution.
Likewise, sample-air contact during leaching proceduresmay produce results
unmtistic for field conditions. SuMde precipitation achieves low volubility
under a wider pH range, with the best performanceprobably with exposure to
mild acids. Soil treated by this method would therefore tend to resist leaching
of metals better than soil treated by hydroxide or carbonate precipitation meth-
ods. Use of W latter two methods may mqu& additional and excessive alka-
line material to maintain a high pH during performance of the TCLP extinction

Landfill performance is of more fundamental importance than leach test
performance. Ultimately, preserving long-term performance after backfilling

.-
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onsite or landfting may requi~ runoff controls and/or infiltration barriers to
p~vent 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 fint 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 experimentaldata on

theapplicabilityof these processes to soils, comments on treatment stability
and performance w based on engineeringjudgment. Soil properties such as
pH, form of the metals, and oxidation-reductionpotential will play a critical
part in determiningthe long-term performanceof 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 requinxi 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 environmentis essential to
successful implementation of these precipitation technologiesin terms of long-
term pxformance.

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 requirementsfor the
treated soil would depend on extract metal concentrationsand 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 addressmetals and is
unlikely to effectively treat for organic compounds. While there art no
experimental data to prove that these processes can be used to treat soils, if
successful, they may also be applied to residues fmm organic soil treatment
processes, including incinerator ash. Since sludges of interest already contain
metal precipitates, -r treatment may not be effective in altering sludge
characteristics.

Scale up potential. The process maybe scaled up using existing solids-

handling and mixing equipment. Scale up should be niwlily achievable.

Potential disqualifie~ The principal concerns mgard.ing application of the
abovegmund prwipitation process are as follows:

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

.-
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b. Dependingon soil matrix and the natun#formof 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 considerablyhigher than those
associated with wastewatertmatrnent.

d. Another disqualificationmay be the instability of the precipitate. Under
some environmentalconditions (e.g., at lower pH values, oxidative
environment),the p~cipitates may resolubilize. The use of sodium
borohydrideand stildes may also pment some safety risks because of
the potential generation of hydrogen and hydrogen sulfide.

In situ precipitation

Description. The basic considerationsfor this process aR the same as
those describedpreviously for abovegroundp~cipitation. In this process,
chemicals am directly applied to the soil to pmipitate the metals and decrease
their mobility. This discussion is limited to the applicationof p~cipitation in
situ.

The four methods considered for in situ precipitationor mductiord
precipitationof heavy metals are the same as those for abovegroundpnxipi-
tation, namely:

a. Sulfide process.

b. Sodium borbhydrideprocess.

c. Starch and cellulose xanthate process.

d. Lime/carbonates/hydmxidesPIOWSS.

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

The application of these processes to soils contaminatedwith metals has not
been studied in grwt detail. Most of the experience with these processeshas
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 geochemical substrates,e.g. clays, organics, or
hydrous iron and manganese oxides and hydroxides (Horowitz 1991). Extrac-
tion studies have shown thaGgiven favorable reaction kinetics and thermody-
namic driving force, weakly bound compoundscan be mobilized fiat soil
(Calmano and Fomtner 1983). Conceptually,processes for ~~ent Of
metal-containatd aqueous wastes should be applicable to heavy metal-
Contamma“ ted soil. However, an excess of treatment chemicals maybe

.-
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necessary to ensure complete reaction, because of mmpeting soil ion exchange
or precipitation reactions.

Given the variation in soil types, structures, etc., and the extent of the con-
tarnination,-theapplicability 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 Soil Characteristics Identified as Important in In Situ
Treatment

Characteristics

Site Iocationhopography

Slope of site-degreeand aspect

Soil, type, and extent

Soil profilepropmies
Depth
BoundaryCharacteristics
Texture’
Amountand type of ooarse fragments/gram-sizedistribution
Sttuotura’
Color
Degree of mottting
Presenoeof oadmnates
Bulkdensity’
Cationexchange oapaoity’
Clay content
Type of *Y .
pH’ .

Eh’
Surfaoearea’
Organic mattercontent’
NutrientS-l
Miibial aotivity’

Hydraulii fXOpWtk and 00t1ditiOflS

Depthto impermeablelayer or bedmok
Depth to groundwater’(inoludingseasonalvariations)
Infiltrationrates’
Permeability’(under saturatedand a range of unsaturatedconditions)
water-holdingcapacity’
Soil water oharaoteristioowe
F@ldoapaaty/permanent wiltingpoint
Flodng frequenoy
Runoffgxxelltial’
Aerationstatus’

ClimatologioaJfaotors
Temperature’
Wti VdOdtk, directions, and ranges-seasonal anddiurnal

Some: Weston 1987.
‘ Factorsthat can be managed to enhanoe soil treatment (souroe: Sims and Wagner 1983).

.-
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usually accumulate in natural systems near the surface. Downwardtransport
will depend upon the factors listed, particular y as they affect metal compound
volubility,soil-metal interaction, and soil permeability. For instance, metal
volubilityand thus mobility are generally enhanced in acidic soils, where the
bufferingcapacity has been exceeded. Figure 4 shows the various phenomena
that influence soil metal concentrations.

QIon
Exchange

Ad’”@”n

\

H ,r.pi.ti.

l\ (3.OissoiutiOn

AH O’s”’”

Figure 4. Phenomena that influence soil metal concentrations (after Mattigod,
Sposito, and Page 1981)

The soluble tre&ment chemicals for in situ processingcould potentiallybe
applied as chemical solutions (e.g., sodium sulfide) and allowed to percolate
through the soil to the requi~d depth. Other chemicals (e.g., lime, sodium
bomhydride)must be applied as a slurry or solid and incorporatedinto the soil
by tilling.

Liquid applicationsshould employ surface controls, diking, and grading to
prevent unwanted surface runoff of chemicals and migration of excess chem-
icals to the gmundwater. Doses can be determinedby laboratory and pilot
testing. Chemical dilution may be necessary to ensure adequatepercolation to
the desired treatment depth. These measums may result in excess reactants
migrating into the groundwater. Although soluble sulfides, carbonates, and
hydroxides are not highly toxic in trace quantities, gmundwater recovery and
treatment or reapplication may be necessary,dependingon site hydrogeology,
gmundwater use, and regulatory constraints.

Following liquid application, additional measures to control the soil envi-
ronment may be necessary to impmve the long-termperformanceof the reme-
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/precipitationproductsmay include capping or

Chapter 2 Physioaf/ChemicelPrwesses
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application of natural organic matter that, as it decomposes,maintains a reduc-
ing environment.

me application of slurry or solid chemicals by sp~ading ~d tilling wo~d

lessen the need for special runon and runoff control measures such as grading
and diking, since the chemicals have been incorporated into the soil. In fact,
limited irrigation may be desirable to consolidate the soil and encourage down-
ward movement and contact of the ~actants with the metals. This type of
application process may be limited in its effectiveness for ~atment of contam-
inants well below the ground surface.

A mom intensive application procedure for solid or slurry reactants might
include mixing at depth using heavy excavating and earth-movingequipment.
These methods would result in performance and costs between that of onsite
p~cipitation (excavation and mixing process equipment) and surface
application.

Following successful reduction/precipitation,pos~atment measures for
surface application methods, as described above for liquid applicationmethods,
may be beneficial in maintainingperformanceover the long term.

Treatment effectiveness. As in the case of abovegroundprecipitation,the
effectivenessof these processes in treating metals-contaminatedsoils has not
been established. However, based on the soil matix and the experiencesborn
wastewater treatrnen~these processes can be effectively used to immobilize
metals in soil. Since applicability of these processes is site specitic, laboratory
tests on the particular soil must be done to select tmatrnent chemicals, dosage,
soil pH, mixing requirements,moisture content and reaction time and to assess
performance. -Treated soil should be fiuther studied to determine the effects of
envirmunental stresses (pH, oxidation)on metals leachability. In addition,
pilot studies must be conducted befo~ applying the Ml-scale process to field
situations.

Long-term stability/performance. Since the applicability of these pm-
Cessestosoilsco ntaminated with metals has not been demonstrated,estimates
on long-term precipitate stabiity and performance m based on engineering
judgment In the long term, changing soil pH and oxidation of nxiuction/
pnxipitation products could potentially destabii, i.e. resolubfize, metal con-
taminants. This is problematic for long-term stabfity. The impact of these
conditions on stability should be studied in the laboratory and, subsequently,
on demonstration sites. With additional treatment or site controls that can be
used to maintain soil pH and a reducing environrne~ pnxipitation could be an
effective means of immobilizing metals in soil. Of come, long-term relia-
bility will be lower than for technologies that remove the metals. This
suggests that in situ precipitation may best be applied to sites with low-level
Contamhw“onor with low risk of migration and exposure. Alternatively, in
situ precipitation could be combmed with established approaches for low-risk
sites, such as capping, to provide secondaryprotection against migration.

.-
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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 nxovery) and require
recycling or treatment. These potential ~quirements would be determined in
the testing and development phase, but are not considered significant obstacles
to implementation.

Adaptability. The ability of these processes to Wat 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 mult 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 resolubtiation. Finally, these precipitation processes
have relatively little effect on organic contaminants. For this ~asom these

processes are not effective for the treatment of soils contaminated with or-
ganics.

Scale up potential. In situ precipitation may use typical farm fertilizer
application or spray application techniques to rapidly treat contaminated soils.
Established nmon/runoff or grmmdwater contrul techniques are also available
and rwdily implementable. Scale up should be achievable, and rates of treat-
ment should far exceed those for aboveground precipitation techniques. These
advantages would probably facilitate regulatory acceptance.

..

Potential disqualifies. The principal concerns regarding the application of
in situ precipitation are as follows:

a.

b.

c.

d.

Of great concern is that the applicabilityof these processes to contami-
nated soils has not been demonstrated.

Another significant uncertainty is the stabtity of the pnxipitates with
regard to pH or oxidation-nxktion potential.

Treatment of heavy metal contaminationwell below surface level
would m@re development of injection methods.

Other issues include the need for long-term monitoring, the risk of
migration of the treatment chemicals and safety hazards associatedwith
sulfide treatment chemicals (H2SnAeaseunder acidic conditions)and
sodium borohydride (H2release from reaction).

.-
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In situ precipitation by vapor phase application

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

Gas phase introduction of SQ and/or hydrogen sulfide (I&$) has some
advantagesover 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 contaminatedsoil zone. Because of the hazmious properties and
high mobdity of the gases, precautionsmust be taken in system design to
prevent the Mease of gases. Withdrawalwells operate at a vacuum, and input
wells operate as vacuum bnxikers,near atmosphericpressu~. 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 accomplishedby applying a ben-
tonite slurry or asphaltic sealer, or by capping with impermeableplastic
sheeting.

SOZor HZSwill be absorbed into the soil moisture or adsorbedonto the
soil. Neutralization, reductio~ or p~cipitation ~actions a~ then completed in
situ. These chemical reactions im widely used in wastewatertreatment for
metals removal and were discussed in the subsectionentitled Aboveground
precipitation (page 5).

The reaction for SOZreduction of hexavalent (Cr~ has been described as
follows (Campbell et al. 1977).

(Crz07)-2+ 3 S02 + 2 H+ <-–> 2 Cr+3+ 3 SO~2+ H20

The anticipated nmction for H# pnxipitation of divalent metal cations was
given in the discussion of abovegmundprecipitation (see page 5).

The H#I precipitation process tits 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 solubtity across a wide pH range, metal
sulfide volubilityincmses as pH declines. Low pH will also result in lower
H2Ssolubtity because of the solution equilibrium with sodium sulfide (hk@)
and calcium sulfide (CaS).

The gas can be recycled with the periodic addition of H2Sand S% to main-
tain target levels. Some excess gas will accumulate as a tit of net gas
leakage into the system. This will n3quiregas treatment prior to discharge to
the atmosphere.

18
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In addition to rapid, even distributionof the reactants, this mode of chemi-
cal addition can result in less excess chemical addition to the groundwaterand
soil as compared with liquid phase application. Its principal disadvantagesare
the safety hazard that could result from the release of gases, particularly the
highly toxic I-IzS,and in the ability to ensure complete coverage.

Treatment effixtiveness. This technology is presently in its early concep-
tual stage. Performance is likely to be comparable to in situ precipitation.
The effectivenessof vapor phase application dependson reactant solubilities,
moistum content, and alkalinity in the soil.

Long-term stability/performance. Since there am no experimentaldata on
the applicabilityof these processes to soils, comments on treatment stability
and performance tue based on best engineeringjudgment. Soil properties such
as pH, form of the metals, and oxidation-tiuction potential will play a critical
part in determiningthe long-term performanceof the process. With metal
sulfides, the most critical concern is chemical conversionto more soluble
species. Under oxidizing conditions, the possibtity exists for convemionto
water-soluble sulfates. This might be prevented by incorporatingorganic mat-
ter into the soil and/or surface infiltration controls, but long-termperformance
is clearly a key concern in successfuluse of this technology. Note the previ-
ously cited concern about the generation of water-solubleorganometalliccom-
plexes as the organic matter decomposes.

Residuals treatmentidisposal requirements. Applicationof this process
will result in immobile metal p~cipitates remaining in the soil. Therefore,no
residual soil disposal is required. The excess air extracted fmm the system
necessary to maintain vacuum on the soil may contain residual S% or HZS.
This air stream will require treatment before discharge to the atmosphem.
Caustic scrubbing should be effective and may allow for subsequentregenera-
tion of HZSfor rmuR Some absorptionof these gases into the gmundwater
may occur, which could result in migration of contaminatedgroundwaterfmm
the site. Although these compounds will tend to oxidize over time to the less
hazardous constituents,groundwatermanagementmaybe necessarywhere
gmundwater users could be impacted.

Adaptability. Volatile organic compounds(VOCS)have been successfully
treated using in situ volatilization techniques in pilot and full-scale operations.
This technology uses the same gas-movingprocesses and potentially offers
simultaneousapplication of reactants for metals precipitationand ~moval 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. Adjustmentsto
reactant concentrationsmay be made, however, to match the requi~ments for
metals precipitation and VOC removal.

.-

Concentrated sludges are typically composed of insolubleprecipitates and
would not derive additional benefit from this treatment. Since incineration
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residues and low-temperature thermal treatment rwidues a~ 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-areasfor treatment of the unsaturated soil. The rate of treatment has
not been established, but is expected to exceed the rates for abovegroundpre-
cipitation techniques.

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

a. The single largest concern is the unplanned ~lease of toxic gases.
While the system is designed to operate largely under vacuum, the reac-
tant, particularly I-IzS,presents a significant employee safety hazard and
possible adverse public reaction to odors.

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

c. Other potential disqualified shared with liquid or slurry-basedprecipita-
tion axethe uncertain stability under long-term oxidizing conditions.
As a result, the~ is a need for long-term monitoring and a need to
assess the migration of chemicals used for treatmen~

Extraction

Aboveground e~ractlon

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

This process involves excavation of the soil and treatment with one or mom
chemical wash solutions to remove metals. The wash solution (containing the
extractd contamimmts) is fiuther tnated to n3movethe 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 pn3se@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 ffom om as well as waste Iium metallurgical operations.
Extensive study has been done using an extraction process for tnating
metal-plating wastewater followed by selective recovery by precipitation and/or
extraction. Them is a strung incentive for metallurgical and plating industries

.-
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to find methods to treat their metal-bearing wastes since disposal costs are high
and valuable metals are being lost.

Recent literature is available on the applicability of this process to metal-
contarninated $oils (Oliver and Caxey 1976; USEPA 1980; Lo, Baird, and
Hanson 1983; Yamamoto 1984; Connick, Blanc, and O’Shaughnessy 1985;
USATHAMA 1985; Ellis, Fogg, and Ta.furi 1986; Castle et al., undated).
Investigations range fium experimental to field applications. Several

solutions/metiods have been studied to extract metals horn soils. The follow-
ing are brief descriptions of these methods.

a. Acids/NH3. Both strong and weak acid solutionshave been used in the
metallurgical industry to extract metals. Acid solutionsdissolvebasic
metal salts such as hydroxides,oxides, and carbonates. Using strung
acid solutions to treat soils may present problems because of the poten-
tial hazardous residues left in the soil or alterationsof soil physical
properties. Soils with sufficient alkalinity to buffer acids maybe
treated with a dilute solution of a strong acid such as sulfhric acid
(~SO~; otherwise,weak acids such as acetic acid maybe preferred.
In one experimen~municipal sludge was treated with HZSOAto extract
a whole range of heavy metals (USEPA 1980). With the exceptionof
lead &b), all the heavy metals (Fe, Al, fi, Mg, Ca, Ni, Ar, Cr, and
Mn) were extracted to some degree by H2SOA.The extracted solution
was then treated with lime to alter the pH and precipitate the metals. A
sirnUir acid extraction process has been proposed by the U.S. Army
Environmental Center for txeatmentof plating sludge, with selective
precipitation and extraction for metal nxovery. Recoveryof metals is
less cost effective at lower concentrations,especially when them is a
mixture of metals.

Bases, like acids, may also be used in certain treatment processes. In
an experiment on recovery of metals ffom electroplatingof sludge
incineration residue, metals were first extracted by using H#Od and
then precipitated by using sodium hydroxide (NaOH). However, the
p~sence of large quantities of inm in the precipitate created problems.
The precipitate was then trvated with ammoniumhydroxide (NHAOH)to
solubfize all metals except iron (Oliver and Carey 1976).

Material and handling costs would be slightly higher for this process
compared with other extraction processes because of the cmosive
nature of the acids and bases. Subsequenttreatment of the extract will
depend upon type and number of the metals pnxent in the soil. Some
of the studies directed toward recovery have shown that the process
may only be cost effective for large-scale plants.

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

.-

21
Chapter 2 Physical/ChemicalProcesses



Cu + Cu(NH3)d2++ 4 NHdOH --->2 Cu(NH3)d++ 4 H20

4 Cu(NH3)A++ 02 + 2 HZO--->4 Cu@TIJA2++ 4 OH-

Cu(NHJ~ + 2 RH + 4 HZO---> Cu& + 4 NHAOH+ 2H+

C@+ &so, ---> CUS04 + 2RH

There are similar processes for recovery of heavy metals from solid
wastes (b, Baird, and Hanson 1983).

b. EDTNhydro@aminelcitratelwater. 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 Ilom
soiL Other chemical agents include citric acid and diethylene-triamine-
pentacetic acid.

Upon reacting with metals, these agents form complexes that m solu-
ble in water. The extract is treated to concentrate or recover the metals.
The chelating agent should be recycled for cost-effective~atment.

In some soils, metals are strongly adsorbedby the magnesium and iron
oxides in the soil, and extraction with only a chelating agent is insuffi-
cien~ In such instances, the metal oxides are first reduced and then
mobilized into solution. This is accomplishedby adding treatment
agents such as hydmxylarnineand sodium dithionite/citratealong with
EDTA (USEPA 1985).

..
Ellis, Fogg, and Tafiui (1986) have demonstratedthat a sequential treat-
ment of soil (tire an actual Superfundsite) with EDTA, hydmxyla-
mine hydrochloride, and citrate buffer results in the followingmetal
removal efficiencies: cadmium -98 percen~ lead -96 peme~ copper -
73 peu~ and nickel -23 percent. Similarly, Connick, Blanc, and
O’Shauglmessy(1985), in an experiment on soil from another
Superfimdsite, showed that water with EDTA is the most effective
reagent for removal of metals. One of their observationswas that using
water.~A/buffer solutions resulted in the formation of precipitates
with a resultant decrease in penneabiity. Findy, WOdC qxtd by
Castle et al. (undated) and in related unpublished wok shows that
EM’A rinse solutions we effective in removing lead only when the soil
Concatmtl“Onsam low.

c. Other extractionprocesses. In some instances, contaminants can be
extractd from soil using water alone. Most of the lower molecular
weight hydrocarbons can be extmcted from the soil with water. Water-
soluble inorganic salts such as carbonatescan also be extracted with
water (USEPA 1985). For metals, a full-scale project has been

.-
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d.

successfidly 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
soil characteristics. These can be used as a single tmalment step or in
combination with other chemicals.

Numerous techniques are available for the removal of metals from

solution. ~ese should be carefully selected to achieve maximum
chemical use/rose and to minimize the hazardous properties and
volume of residues.

Aboveground extractwn process. The use of chelating agents and other
additives in removing metals fmm contaminatedsoils has been clearly
demonstratedat the laboratory level. Many of these tests we~ done
with an intent of evaluating their use for in situ extraction. However,
these results am also directly applicable to abovegmundextraction.

The process can take many potential configurations,ranging from simp-
le batch ~ersion to continuousmultistage processing. The Navy
petionned a simple batch, water-washtreatment for about 2,200 cu ydl
of chromic acid-contaminatedsoil. The washingor “extraction”equip-
ment was essentially a 2-CUyd hopper modified with a port at the bot-
tom. The soil was repeatedly washed with water to extract chromium.
me extract was subsequentlychemically treated to meet discharge stan-
dards. The sludge generated by the treatment of the extract was dis-
posed in a hazanious waste landfill while the treated soil was disposed
in a conventional landfill because it was ~ndered nonhazardous. The
process for soil and extract treatment is shown in F@ure5.

A mo~ complex continuousprocess was implementedfor the cleanup
of lead-contaminated soil at a Superfimdsite, as discussedabove. A
preliminary flowsheet for this process is shown as F@w 6. The con-
tinuous process offem the potential advantage of higher treatment
capacity. Disadvantagesinclude difficulties in material handling for
soils that may contain rocks and debris, higher solution volume
requirements, and more difficult process control for ensuring complete
treatment.

Treatment eff&tiveness. Removal efficienciesvary with the type of
metal, soil characteristics, choice of reagents, etc. Literature seems to indicate
that the process is very effective in removing certain metals and ineffective for
other metals. Generally, lead seems to be less susceptible to acid leaching, and
chromium and nickel appear to be less susceptible to EDTA extraction. In
additiou the level of cleanup necessary (e.g., TCLP or human health criteria)

1 A table of factors for amvert@ non-SI to S1 units of measurement is presented on pagevii.
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would also impact the effectiveness ofa given process. Chromic acid-
contaminated soil was successfully treated below TCLP levels by water extrac-
tion alone. Laboratory studies indicate that lead can be removed below TCLP
limits by EDTA and other treatment chemicals.

Long-term stability/performance. This process, when applied to heavy
metal-contaminated soil, produces only decontaminated soil. Depending upon
the level of cleanup, the treated soil can either be disposed at a nonhaztmious
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 treatmentldisposal requirements. The treated soil may qui~
disposal at a landfill, depending on the residual metal concentrations in the
soil. Of coume, 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 also be mated prior to discharge. The metals may be

recovered or concentrated for off-site disposal. Concentration by chemical
p~cipitation most probably will result in hazardous sludges being produced,
which in turn must be properly disposed. In addition, the soil extracts contain-
ing metals may significantly differ fi-om 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-
contaminated extracts.

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 operatiom Expansion of the hopper
from 2 to 20 or 30 cu yd would increase capacity up to 15 times. Additional
units in parallel could fiwtherincrease capacity.

The continuousprocess could use existing ore or construction aggregate-
pmcessing equipment While material handling of a mixed soil strwunmust
be carefi.dlydesigned, scale up should be readily achieved.

Potential disqudifiers The principal concerns regarding the use of above-
gmund extraction are as follows:

a.

b.

c.

Mixture of metals will probably nx@re sequential extraction with
multiple solutions, e.g., EDTA and acid.

The spent extraction solution will require potentially difficult tnxttment.

Disposal of metal solutions/sludges,as a hazardous material, will be
required if reclamation is inkasible.
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In situ extraction

Description. The basic theory behind this in situ process is the same as
that for above-ground extraction. The only difference between the two pr-
ocesses is the manner in which the extraction chemicals are applied to the soil
and then recovered. Usually, aboveground processes are preferxed on sites
where the contaminated soil has already been excavated as part of a removal
action or where removal is mandated by other factom. Unlike dboveground
processes, in situ extraction does not involve excavation of the soil. In situ
processes involve application of the chemicals directly to the soil and
subsequent recovery of the extracting agent from a treatment zone via the
groundwater. While in situ extraction eliminates the cost of excavation and
backfilling, this process carries a risk of contaminating the gmundwater at a
site, and may result in dilution of the elutriate and less efficient raw material
utilization.

Extract solutionsmay be applied by spray applicationor floodingthe
contaminatedsite. The extraction fluid is subsequentlyrecoveredthrough
subsurfacedrains or shallow well points, and is treated to nxxwer the contami-
nants or concentratethem for disposal. Where expensive completing agents
= used, the treated extract solutionmay be recycled through the site to reduce
costs. If the elutriate is not completelycollected by either the subsurface
dmins or the shallow well point system, a potential risk of contaminatingthe
ground or surface watm occurs (USEPA 1984b). Figure 7 presents a sche-
matic diagram of this process.

An obvious advantageof this process over onsite extraction is that no costs
are associated with excavation and handling of the soil. One disadvantageis
the potential for shbrt circuiting the low-permeabilitysoils at sites with a heter-
ogeneous soil profile.

.-

Site-specificconditions, 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 fium 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 fium soils under continuousgravity flow. The types of elutriat-
ing solutions used in this process are the same as those used in abovegmund
extraction, namely acid/NH~and EDTA/hydmxylamine/citrate/water.

While a few applications of the extraction process to onsite extraction of
metals have been rqmted, pilot or full-scale in situ extraction installations for
metals are unknown.

Treatment effectiveness. All the experimentaldata and limited field appli-
cations show that the process can be effective in removingmetals. However,
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Fgure 7. Schematicdiagramofan in situ extraction process (f~m USEPA 1984b)

removal efficiencies depend on a number of site-specificconditions and the
comet choice and sequence of solutions.

Ideally, the soil should be uniform and have moderate to high permeability.
Sites with existing-grmndwater contaminationare preferred since‘thetreatment
of such soils will not result in new contamination,and combmed treatment of
soil and gmundwater is possible. Given appropriate site conditions, effixtive
in situ treatment should be achievable.

Long-term stability/performanm Labomtory-scale performancedata
indicate that the process is effective, to varying degrees, in removing metals.
Fmm a concept standpoint this process has good long-ttmn implications in that
the source of contamination is removed fium the soil. In situ treatment perfor-
mance is typically monitored by discrete soil boring analysis. Therefore, heter-
ogeneities, including low permeability zones that are not adequately treated,
may initially go undetected.

Residuals treatmenthiisposal requirements. The ~atest advantage of
this process is that the soil is treated in situ and no disposal of the treated soil
is necessary. However, the extraction fluid must be treated to remove the
metals. Depending upon the economic$ the metals would be nxovenxl or
would have to be disposed. In some instances, extinction fluids am used on a
once-throughbasis and would have to be discharged following treatme~

.-
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Adaptability. Experimental data show that extraction methods can be used
to remove metals from sludges and liquids. The data also show that the pro-
cess can be used to treat soils contaminatedwith organics as well. However,
treatment of soils contaminated with both may be difficult and would interfere
with the ability to ~cycle expensive metal chelating agents. Sludge or inciner-
ator residue treatment in situ is not likely to be advantageousbecause of the
metal insolubility and relatively high concentrations.

Scale up potential. The process is very well suited to treating large soil
areas. Treatment is expected to be completed sequentiallyfmm the surface to
the depth of solution collection.

Potential disqualifies. Principal
extraction are as follows:

a.

b.

c.

The greatest risk in using this

concerns regarding the use of in situ

process is the potential for contaminating
migration pathways such as ground and surface waters.

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

Certain metals and soils may not be amenableto efficient removal.

In Situ Adsorption

Description
.

Activated carbbn or agriculturalproducts could potentiallybe applied to
soils to adsorb metals in situ. Adsorptionof heavy metals by agriculturalcrop
refiuwand activated carbon was initially investigatedfor removal of heavy
metals from wastewater. Activatedcarbon has been used extensivelyto treat
wastewater for removal of organics. While this process has rarely been used
exclusively for heavy metals mnoval, its performancein removingmetals has
been studied extensively.

Lamen and Schierup (1981) experimented with straw, sawdus~ and acti-
vated carbon for the possible removal of heavy metals from wastewater. Their
experiments have shown that 1 g of straw was able to adsorb from 4.3 to
15.2 mg of ~ Cu, I%, IW,and Cd. They also showed that efficiency of
~moval by the straw was generally best with the addition of calcium carbonate
(CaCOJ, awidely used metal prwipi- In a single trwtmen&the applica-
tion of straw and CaCQ to 100 mg/L solution of metals could be used to
remove the metals. However, mnoval efficienciesof ZrLCu, IW,and Cd
rtmined below 50percentLeadmmov~Wmhigh-at~ P= saW-
dust was less effective for all metals. Activated carbon performancewas
higher (to 97.S percent for Pb) but also generally unacceptablefor removal of
all metals. Column studies were conducted for continuous treatment of
wastewater with barley straw. These showed that effective tmtment

.-
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(>99 percent) could be achieved for these metals using a flow-throughcolumn
system. Acid regenerationor ~ermal destruction of the straw could further
concentrate the metals for recovery or disposal. The lower ~movals exhibited
under single-stagebatch conditions may be indicative of the behavior of straw
incorporated into the soil for in situ treatment.

Hendexsonet al. (1977) investigated the adsorptionof Hg, Cu, Ni, Cd, and
Zh onto peanut hulls and raw and aged barks. These experimentswere
conducted to evaluate the feasibility of removingmetals from wastewaterusing
these natural waste products. The data showed that up to 80 percent removal
of Cu was achieved in batch tests using smaller particle size peanut hulls, but
removal of other metals remained below 60 pement.

Applicationof the above adsorptionmethods to the removal of metals fium
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 adsorbentmaterials such as agriculturalwaste
pmducs (SX preceding paragraph) and activated carbon into the soil. Metals
would be adsorbedonto these materials, thereby reducing mobfity. The obvi-
ous advantage of using agricultural waste products is that they are inexpensive
compared to activated carbon. It is common practice to use agriculturalpro-
ducts and by-products as soil conditioned, 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 counterproductivebecause the sludge itself may
contain appreciable amounts of metals.

Trestment effectiveness

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

Theoretically,this method should be able to irnmobtize a portion of the
metals in soil by adsorption However, organic materials, such as agricultural
crop refuse and activated cabon, are subject to micmbial degradatio~ and this
degradation may result in the subsequent release of immobw metals
(USEPA 1984). Finally, if the organic product or by-product has a high nitr-
ogenconten~ micmbial degradation may lead to elevated nitrate levels in
groundwater.

.-
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Long-term stability/performance

While activated carbon is more stable than agricultural products, mineral-
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 advantageof this process is that no residuals must be disposedof since
the treatment occurs in situ.

Adaptability

Few experimentshave been performed to show that agriculturalwaste
materials can be used to adsorb metals fmm wastewater. However,several
studies have shown that agriculturalproducts can immobilize organic chemi-
cals, particularly pesticides, in soils (USEPA 1984). Likewise, activatedcar-
bon has been extensively used in wastewatertreatment to remove organics,but
is rarely used for removal of heavy metals alone.

Wastes containing both organics and metals may present a problem, since
both of them m sorbable and organics are preferentiallyadsorbedby both
activated carbon and agriculturalproducts.
be decreased. --

Scale up potential

This will cause metal adsorptionto

. .

The incorporationof absorbents into near-surfacesoil can be readily accom-
plished using standad agricultural machinery.

Potential dlsqualiflers

Principal concerns regarding the use of in situ adsorption = as follows:

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

b. The performance of this technology applied to wastewater in batch
studies indicates that only mediocre performancecan 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 management and possible repeated applicationsof the
organic materials. In addition, site management in the form of diking
would be necessary, as tilled soil is susceptible to erosion Long-term
monitoring would be necessary to ensure that no offsite migration of
metals has occurred.

d. Because of the above factcm and because organics tend to alter soil
properties such as water-holdingcapacity and bulk density, land use
would be mtricted.

Ion Exchange Processes

In situ ion exchange

Description. The ion exchange process has been widely used to treat
metal-con “tmmated wastewat.m. The basic principle of this process is that
metal ions that are in solution can be exchanged with ions thatarebound to a
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-contaminatedwastewatershas been dem-
onstrated (Mount 1975,Gott 1978), its application to beatment of metal-
Co “ntmmatd soils is at the conceptual stage. This concept would involve
incorporationof the zeolites and clays into the soil by tilling. Runoff and
sedimentationcontrol measures would be necessary because tilled sites ~
susceptible to erosion. The ability of these ion exchangers to remove metals is
affixted by factomusuchas those listed below (USEPA 1984c).

a“ PH”

b.Competing cations.

c. Presence of completing agents.

d.Soilsolution ionic strength.

e. Type of anions.

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]-M

Clays have been found to attenuate the migration of metals through soils,
but little information is available on application of clay to soils for the purpose
of immobilizing metals. Smeuldemet al. (1983) studied the in situ immobili-
zation of metals on clay by first completing them with tetraethylenepentamine
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(tetren). These investigators reported that the ion exchange behavior of heavy
metals such as Cu, Zn, Ni, and Cd is strongly influenced by the tetren com-
plex. They also indicated that clays have an increased affinity for the tetren-

complexed heavy metals. Based on these results, a process that incorporates
clay and tetren into the soil may result in mo~ effective immobilization by ion
exchange compamd to using clay alone. Soils containing clay can be treated
at a lower cost since commercial clay addition may not be necessa~.

Synthetic ion exchange resins have been used for metals removal from low-
strength industrial wastewater stnxuns. The resin beads am stable polymerized
hydrocarbonswith various ionic functional groups on their surfaces that can
exchange innocuous ions of calcium and chloride (Ca+, Cl-)for ions in
solution. Applicationof ion exchange resin beads to the soil has been sug-
gested for pesticides, but no experimentshave 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.

Zeolites are natural hydrated aluminosilicatecrystals with a typical chemical
formula of Na@#iAOlz. They exhibit a selectivitypattern for certain metal
ions (Cd, Cu, l%, Z@ that is different fmm other ion exchangemedia and, in
some ways, superior. Zeolites are relatively stable over a wide pH range (from
6 to 12) but degrade when the pH is below 4 or 5. They should be applied
mainly to neutral or alkaline soils, or soil pH should be maintainedby regular
liming. High pH may have the added benefit of causing metals precipitation
(USEPA 1984b).

While natural zeolites are used widely in industrial applicationsfor water
treatment (molecul%sieves) and for agricultural applications(rvtentionof
ammoniumand potassium), they have not been studied for in situ soil treat-
ment. They do represent a less expensive alternativeto ion exchange resins.

Treatment effectiveness. Natural zeolites and ion exchange resins have
been found to be effective in removingheavy metals from water in full-scale
applications. These processes are sensitive to pH and the pmenm of compet-
ing ions. No data are available for direct applicationto soils.

The nxearch on enhancing the immobilizationof metals on clays by the
addition of a completing agent (tetmn) appeampromising. Experiments
reduced the soluble metal levels as much as two orders of magnitude as com-
pared with clay alone. Higher metal ion concentrationsin particular exhibit
improved performance. For example, the concentrationof copper in solution
was reduced below 1 ppm, while producing a clay-tetren loading of 1,000ppm
copper (Smeulderxet al. 1983). The process may be less effective for lower
concentrationsof metals and where high levels of cations (Na+,Ca*, Fe*)
may interfere with the captu~ 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 am used, long-term site management (including
liming and maintenance of erosion controls) would be necessary. Similar
potential impacts may be expected for resins or tetnm-claymixtures.

Residuals treatmentldisposai requirements. This isan insituprocess,

and no residuals must be disposed since the immobilizedmetals stay within the
soil.

Adaptability. The clay-tetren process and ion exchange resin process may
be also be used to treat sites contaminated with certain organics along with
metals if the organics arc sorbed by clay. Zeolites, on the other hand, are only
for treatment of heavy metals. The ability of the resin and zeolite processes to
treat metal-contamimted liquid wastes at low concentrationsis well estab-
lished, but successful treatment of high concentrationsludges is unlikely.
Treatment of residues Mm organic treatment processes may be feasible,but
onsite processingmay be more appropriate than in situ processing.

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

Potential disqualifies. Principal concerns regarding the use of the in situ
ion exchange process are as follows:

a. The process, as applied to soils, is still in a conceptual stage. Ther-
efore,little information is available on treatment effectiveness,process
parameten, cost, etc., with the exception of the clay-tetmn process.

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

c. The pmcas may be less effective in sites where heavy metals aR
p~sent in trace amounts and when excessive amounts of ions such as
Na+,Ca*, and Fe* are pnxwntin the soil.

Aboveground Ion exchange

Description. Ion exchange was proposed by Senqupta (1986) as a tech-
nique for metal removal fium waste ash or sludges that contain low concentra-
tions of metals. The waste would be slurred in water and mixed with ion
exchange resin beads. Although metal solubtities in water may be low, the
selection of a resin with a high affinity and selectivity for the metal would
result in removal of the metal compounds ftom solution and a continued driv-
ing force for solubilizing metals fmm the waste. P@iminary laboratory stud-
ies showed that most lead carbonate was removed fmm a slurry within 2 hr.

Following completion of slurry transfer, the slurred waste is drained while
the @n 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 Flgum 8.

The application of this technology to contaminated soils would necessitate a
modification of materials handling to include pmscreening soil particles or
devising an alternative slurry/resirI separation technique (e.g., flotation).

Treatment effectiveness. Ion exchange resins have been used successfully
to remove metals ffom wastewater to extremely low levels. If adequate dis-
solution of metal compoundscan be sustained throughout~atment, low con-
centrations can be achieved in the treated soil. Since the effectivenessdepends
on concentration,metal species, resin characteristics,conjugate ion or molecule
concentrations,and competing ions, its effectivenessmust be tested for each
soil/inetalmatrix.

Another considerationin assessingthe effectivenessof the technologyis the
form of the metal-containingresidual stream. If resin loading is inadequate for
the particular soi?’metalinput, the volume of meti con~ntrate solutionmay
b too high relative to alternative techniques (e.g., ex~ction with acids Or
chelating agents).

Long-term stability/perforrnanw. Since metals are ~moved from the
soil, no long-term performance concerns exist.

Residuals treatmentklisposal requirements. The concentratedregenera-
tion solution and lower concentrationrinse solutions require further treatment
or disposal. These solutions can be treated by conventionalchemical precipita-
tion techniques (e.g., lime, stide) or with alternative recovexytechniques
(e.g., electmdeposMon). The more cost-effectivep~cipitation process will
result in a concentrated sludge for further treatment or probable disposal as a
hazardous waste.

Adaptability. Significant destructionor capture of organics is not
expected. Treatment of soils contmkated with organics may prove difficult if
significant Solub=on occurs in the slurry filtrate or if ion exchange fouling
results. Residues fhm organic treatment processesmaybe treated. High-
concentration sludges (or soils) would not be efficiently treated because of the
limited capacity of ion exchange resins.

Scale up potential. The process includes numerousprocessing and sepa-
ration steps but should be readily scaled up with available processing
equipment.

Potential disqualifierso Principal concerns regarding the use of the above-
gmund ion exchange process areas follows:

a. As metal concentrationsand competitive ion concentrationsincrease,
the volume of regenerant increases. Under these circumstances,the
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objective of this treatment (to create a low-volumeconcentratedmetal-
bearing stream while treating soil) might not be met.

b. Further processing and residuals disposal will be necessary.

High-Gradient Magnetic

Description

High-gradientmagnetic separation

Separation

(HGMS)has been studied for removal of
magnetic or paramagnetic substancesfmm wastewaterand certain mineral
products, including clays and coal. A filamentous ferromagneticmaterial
immemedin a magnetic field provides a high surface area for capture Stain-
less steel wool or expanded metal packing have been used.

Some nonmagneticmaterials can be removedby “seeding”with a fenumag-
netic substancesuch as iron sulfate (Fe#OJ to create an agglomerate. This
coprecipitationprocess has been used successfullyfor metals removal ffom
wastewaterby flocculation/clarification. Hem, nonmagneticmetals are bound
to a magnetic agglomerateprior to magnetic separation.

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 grdlents locally around each fiber.
This can result in captw of even weakly paramagneticparticles. The mag-
netic field is periw$kally removed to release the accumulatedmetals into a
sluny or air concentrate. A process schematic is pnxented as F@uR 9.

HGMS was first cornmercialiti in 1974 for removal of mineral impurities
fmm clay slurries. It may also be applied for recovery of metals from process
effluents and low-grade ores and removal of iron fmm river water. It has also
been used successfullyon a commercial scale for coal desdfurization and
demineralizationat a rate of 100 tons of dry coal per hour. Capital outlay
varies with the stnmgth of the magnetic field. Operatingcosts are estimated at
$1 to $5 per 1,000 gal for removal of paramagneticmaterials from liquids
-g and Metry 1982).

While HGMShas been applied to finely ground dried coal (30 to
100 mesh) using air conveyance, testing is cumntly beiig conducted in a joint
Mpartment of Energy/Depwtmentof DefeIwXJS~A pmj~ for mm
metals ftom waste sludges, slurries, or granular mixtures. This study will also
determine if diamagnetic materials (those Epulsed 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-fd flow of
material without a magnetized matrix. The pararnagneticor diamagneticmate-
rials rue deflected from the vertical and can be captured in separate receiving
vessels. This process offers continuousoperation and reduced material
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Figure9. SchematicrepresentationofHGMS for liquid streams (from Bove et al. 1983)

handling problems. This process has been laboratory tested on a bench-scale
Franz o-~-n-gradientma~etic separator. A small super-cooledlaboratorypilot
unit will be tested as well.

While no test results have been publishedon OGMS,preliminary results am
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 con.finned,but the
treated stream still-n%ained0.2 to 0.4 percent uranium..

The applicability of HGMS and OGMS appears to be limited to solid mate-
rials that can be separated into contaminatedand uncontaminatedparticles
when dried, and reduced in size to 30 to 100 mesh Its Ixxt 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 = achievable.

One limitation with regard to application of HGMS and OGMSto soil or
wastes is the magnetic susceptibtity of the target compounds. Metals and
their various molecular species exhibit wide variations in magnetic suscepti-
btity. Some metals have magnetic values very close to major soil components
(e.g., silica). As a resul~ mixed metals and metal species may not be as easily
treated as single-specie contamination

Treatment effectiveness

The HGMS process is effective for removal of impurities (ferrous material,
pyritic sulfur, ash) tim clays and coal where objectiv= range ~m fra~o~

.-
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of a percent to 40-percent impurities. Removal of metal contaminantsin soils
to the low-parts per million range has not been demonstratedexperimentally.
The process may have limited application for highly contaminatedsoils with
appropriateparamagneticproperties where the metals are separableas particles
rather than dispersed. While complete decontaminationmay not be achieved,
HGMS/OGMScan be considered for large applicationsas a pretreatment/
recovery step.

Long-term stablllty/performance

The process would remove metals from the soil. Therefore, if adequate
treatment can initially be achieved, the ~moval of the hazardousproperties
will be permanent.

Residuals treatment

The HGMS and OGMS processesproduce a concentratedliquid or solid
waste that will require further natment and/or disposal as a hazardouswaste.
To achieve a lower concentration in the treated stream, the volume of the
concentrate would likely increase.

Adaptability

HGMS cannot directly treat for organic compounds. However,a pretrea-
tmentto associate the organic contaminantswith a magnetic fraction c- in
some cases, ovembme this limitation. The HGMS process might be useful for
treating sludges,but it is not likely to further significantlyconcentratealready
concentrated sludges. The treatment of incineration residuesmay be possible
only if metals axenot dispemed in the slag. The OGMSprocess is not likely
to be usefid 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 diflicult.

Scale up potential

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

Potential dlsqualifiers

The principal concerns ~garding applicationof HGMS/OGMSm perfor-
mance and residue management No other significant fatal flaws have been
identified.

.-
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Electrochemical Separation

Description

Electrochemicalprocessing of soils has been investigated and used over the
last 50 yearnsince its first application (Casagrande 1957) for improving the
stabtity of excavations; increasing pile strength; stabilizing fine-grainedsoils;
dewataing foams, sludges, and dredgings; gmundwater lowering and barrier
systems; removal of salts horn agricultural soils; and separation and fdtration
of materials in soils and solutions (Mitchell 1976). Electrokinetic soil process-
ing using low-level direct currents (in the order of magnitude of milliamps/cm2
of electrode area) could potentially be used as an in situ separation/i’emoval
technique for extracting heavy metals and radionuclides ffom soils (Acar et al.
1989).

Electrochemicalprocessing of contaminated soils separates the ionic species
from the soil by passing a low direct curnmt (DC) through it. Coupling
between electrical, chemical, and hydraulic gradients is responsiblefor differ-
ent types of electrokinetic phenomena in soils. These phenomena include elec-
tmosmosis, electrophomsis,streamingpotential, and sedimentationpotential
(Casagrande 1957). Electmosmosis and electmphoresis are terms applied to
the movement of water and particles, due to the applicationof the low-DC cur-
rent. Streaming potential and sedimentationpotential, conversely, are the
generation of a current due to the movement of water and particles,
respectively.

The effect of this coupling becomes mo~ important in fine-grained soils
with lower coefficients of permeability (MitcheJl1976). For instance, the
electmosmotic flow rate (Q is defined as

% = W(4)(A)

where

lq = coefficient of electroosmoticpfmneability

ic = elecMcal potential gradient

A = CmSS-SeCtiOIlalarea

Estimates of electmosmotic (EO) flow rates can be made using this equation.
The value of& varies within one otier of magnitude for all soils, 1 x 10s to
1 x ld (cm/see)/(v/cm)$with the higher values beii at higher water contents.
When compared with the five- to six-order of magnitude decmse in hydraulic
conductivity IiOmfine sands to clays (1 x 102 cm/sec to 1 x lF cm/see), it is
evident that flow rates comparable to those achieved by very high hydraulic
gradients in low-penneabii~
gradients (Casagrande 1957).
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soils could be obtained with very low electrical
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Figure 10 illustrates the electrical gradients, the hydraulic potentials, and

the ion flow during the process under constant cur-nmt conditions. The ion
flow and electrochemistry associated with electrokinetic soil processing am still
not well understood, but the need for new and more efficient metal removal
methods has prompted some recent work on the methodology
1989).

The pnaiominant electrode reactions in a typical low-ionic
solution with inert electrodes would be

(Acar et al.

stnmgthsoil

Anode ~action: 2 HZO+ 4 e- ---> Oz (gas) + 4 H+

Cathode reaction: 4 HZO+ 4 e- ---> 2 Hz (gas) + 4 (OH)-

Other secmdary mctions would be expected to occur dependingupon the
concentrationof the nxwtants,for example:

H++ e- ---> 1/2 Hz or Me*+ 2 e- ---> Me

The productionof H+ions at the anode decreases the pH while the reaction
at the cathode incnases it The pH values of 2 at the anode and 13 at the
cathode are those typically found (Casagrande 1957). For the same quantity of
electricity, twice the amount of water is hydrolyzed at the cathode than at the
anode. Thus, not only is a hydraulic gradient produced,but because of a
buildup of W at the anode, a chemical gradient is also induced. In addition,
other ionic species can be produced if electmlyzable electrodes (aluminum,
steel, silver, etc.) are used.

As a result of die pH gradients setup by the electrode nwtions, the follow-
ing physiochemical interactionswould be expected:

--
a.

b.

c.

d.

Dissolutionof the clay minerals beyond a pH range of around7 to 9.

Adsorption/resorptionand exchange of cations by replacementof H+
and OH-.

Precipitation of salts and metal ions in very high or very low pH envi-
ronments can produce cementitiousproducts.

Changes in the structure and, hence, the engineering characteristicsof
the soil due to variations in the pore fluid chemistry.

All of these interactions have been rqorted (Casagrande 1957). The move-
ment of the pH fkontby migration and advection leading to the resorption and
solution of inorganic cations ffom the clay surfaces together with the
concumentelectroosmotic flow process constitutes the fimdamentalmechanism
by which inorganic cations could be removed fium fine-grainedsoils.
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Treatment effectiveness

Homog and Banerjee (1987) investigatedthe use of electmkinetics for the
remediation of the United Chrome Superfundsite near Corvallis,OR. The
area selected-was approximately0.6 ha of level ground. This meal extent, a
nearly static gmundwater regime, and the saturated,moderatelypermeable soils
at a shallow depth were found to be favorable for maximizing the effectiveness
of electrokinetics. Hexavalent chromium (Cr VI), which was the most p~va-
lent of the contaminants,existed primarily in the anionic forms C@4, HCrOA-,
or CrzOT-2,depending on the concentrationof the individual chromiumions
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 investigator concluded
that a treatment combinationof hydraulic leaching and electrok.ineticswould
accelerate chromium removal compaxedto hydraulic leaching alone. They also
surmised that the possible methods of action involved were dispmion due to
hydraulic flow, ion migration, water electrolysis, adsorption/resorption,and
chromium reduction due to the applied electric field.

Additional reseamh and field trials must be undertakento ascertainthe
effects of different electrodes composition, soil types, and pore fluid compo-
sitions on the efficacy of the process.

Long-term stabIllty/performance

The removal of the metal ions from the soil would produce a permanent
solution. A concer’itratedby-product containing the removed ions would have
to be treated and disposed.

--

Residuals treatment/disposal requirements

No residuals rwnain in the treated soil. However,the concentratedmetal
solution removed finm the site would have to be treated and disposed,or
mlaimed.

Adaptability

The process seems to be best suited for fine-grained soils with low levels of
organic matter and low metal concentrations. Metal ions that have low levels
of interaction with the soil matrix appear to be better candidates for the pro-
cess. TheE is some question as to how large an area could be treated with a
single application, but clean-up activities associated with the Soviet nuclear
disaster (Chernobyl) indicate the potential large-scale applicationof this
technology.
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Scale up potential

No information is curnmtly available concerning the rate of cleanup. Elec-
tmkinesis would probably be used to enhance metal ~moval by hydraulic
leaching tim soils with low permeability.

Potential disquallfiers

The principal concerns
tion m listed below.

regarding the application of electrochemicalsepara-

a. Inhomogeneityin typical soils may cause uneven voltage gradients.

b. Feasibility may depend on local power costs.

c. Metal removal rates may not be high enough to be effective.

d. Organics or high ion concentrationsmay intetiere with the beneficial
electmkinetic action.

e. Insoluble metal species will not be affected.

Physical Separation

Description
..

Heavy metals contamination can exist in soil in several forms. Lead paint
deterioratio~ sand blasting, and firing range operations produce discrete ffag-
ments or metallic smears on soil particles. Electroplating,battery ~working,
and cooling tower discharging can produce ionic metals associatedwith soil
particles.

Each “type” of metals contaminationexhibits different “physical”properties:
particle size, density, and surface charge depending upon the metallic particle
or the associated soil particle. As a nxml~the contaminationwill occur, not
uniformly in the soil, but distributed acconiing to these physical properties.
For instance, most adsorbed metals are associated with smaller soil particles.

Recent research exploits the distdbution of metals in soil/sedimentby phys-
ically removing smaller, contaminant-richparticles. Ideally, the “cleaned”
fraction will _ no tier treatmer& and the “concentmted”I%actioncan
be more economically processed. An important example of this appmch is
the rtxnediation of low-level radioactively contdnatd soil. The major
parameters affecting the association of a heavy metal with soil and sediment
include grain size, surface mea, geochemical substrate, and metal aflinity, as
illustrated in ~lglll’t11.

.-
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Figure 11. Geochemical factors affecting sediment-trace element chemistry
(after Horowitz 1991 )

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, surface, and other properties to
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 soi~ he soil then moves to the outlet whe~ 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 flaction.
A spiral concentrator is fkquently 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 separationsbased 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.
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Several groups have applied processes similar to those described here to
physically separate themore contaminated fractions of soil. Companies and
government agencies include the following: A WC, a Lockheed 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 radiation 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 hydmcyclones. 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 contami-
nated soil from an ore processing plant in Wayne, NJ (the “Wayne Interim
Storage 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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radioactivity limits. Adding equipment to give a -200 mesh cut should give
50 percent recovery.1

In another effort, the Naval Civil Engineering Lawatory has worked with
the Bureau of Mines at Salt Lake City to remediate small arms firing range
soil. The investigators have characterized significant aspects of lead contami-
nation at a firing range, including disperxal of lead over the area, transport into
surface water, and uptake by plants. Based on this information, the Bureau of
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 separationof lead from firing range
soil (from U.S. Bureau of Mines 1991)

1 Personal CommunicatioIL1991(Dee),ClintCox,ProjectEngineer,USEPA-NARU CMfice
ofRadiationPrograms,Montgomery,AL.
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with2percent fme (slimes) lead particles, and wood Ilagments with embedded
lead pmticles.

All fractions failed the TCLP test for lead. However, about 95 percent of
the total mass of lead was removed, and the resulting fractions were sorted for
mom efficient leaching. Bench-scale acid extraction produced products that
met the TCLP limits.

Treatment effectiveness

Remediation of radioactively contaminated soil has shown that 30 to
50 percent of the soil can be very ~dily cleaned to meet standardsfor back-
ftig. With secondary physical and chemical cleaning, up to 90 percent of
the soil may meet standads. 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 supplementaryheap leaching.

Overall, physical separation can achieve a number of benefits that translate
to reduced treatment costs. These benefits include concentrationof the con-
taminant in a smaller volume, removal of the bulk of the contaminant, and
separation of the soil into size fractions for more efficient secondarytreatment.
In some cases, physical separation may achieve the majority of the cleanup.
Most onsite remediation approachescould benefit to some extent from physical
separation.

Long-term stability/performance..

The bulk of the contamination will be removed fium 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/perfonmmceconcerns.

Residuals treatment/disposal requirements

The bulk of the contaminants will reside in a fiwtion of the original soil
volume. Slurry water will also contain some contaminah●on. The contaminant-
enriched soil may require disposal at a secure landfill or additional tmtment,
e.g. chemical extraction, to allow less restricted disposal. Slurry water will
require flocculation of suspendedparticles (typically enriched in contaminants).
The water may have to be treated.
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Adaptablllty

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 @e 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)-contarninated sediment. Promising results indicate
that physical separation is not only adaptable, but a necessary step prior to
many treatments such as bio~mediation, incineration, and low-temperature
devolatilization. In some cases, large fractions of “clean” soil may be RCOV-

ered. In other cases, the physical separationmay simply impmve efficiencyby
removing the bulk of the contaminantor producing a more uniform feed for
secondary~atment,

Scale up potential

Demonstrationshave been petionned for ~mediation of radioactivelycon-
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
characterizationand determinationof separationsperformancefor process
desigm Finally, R&D needs exist in novel approaches,for example, to treat
combined metal and organic wastes or to apply ultrasound for particle
cleaning.

.-

Potentlal dlsquallflers

Principal concerns ~garding the applicationof physical separationtechnol-
ogy are as follows:

u. Small pockets of unusual contaminantcombinationsmay not wamant
the characterizationand testing required to coniigure a separations
system.

b.Benefits will be limited where contaminationoccum uniformly through-
out the soil or separation does not remove any significant ffaction of
the contaminantt. Given the fundamentalsof soil/metals associationand
results to date, such cases am probably uncommon.
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3 Thermal Processes

High-Temperature Fluid Wall Reactor

Description

The high-temperatumfluid wall (HTFW)reactor was developed by J. M.
Huber Corporationof 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
“com”through which waste material flows. The annular space between the
inner cylinder and another outer cylinder contains the carbon electrodes.
These electrodes, operated at temperaturesof 4,200 to 4,300 “F, am heated
electrically. The electrodes, in turn, heat the graphite cm to incandescenceat
a temperature of 4,100 ‘F.

Waste materials are gravity fti into the core tim the top of the reactor. A
constant flow of ni@ogenthrough the annulus and porous cm results in a
fluid banier being formed between the waste materials and the core (hence, the
name “fluid wall” reactor). Various other inert gases, such as argon, can be
used to act as a fluid wall. Elimination of contact between the waste materials
and the core reduces maintenance problems such as fouling. Solids must be
reduced in sim to 10 mesh or smaller and dried prior ~ processing.

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 1~00 W/sq in The waste materials am rapidly heated at a rate of Id
to 107OF/sec(Lee, Schofield, and Lewis 1984). Organic wastes m pyrolyzed
at these temperatures, resulting in their convemion into basic elements or sim-
ple molecules that reside in the gaseous phase. Inorganic wastes or nxidues
(which may include nonvolatile heavy metals) m 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 nonhammlouslandfill.

In the additionalreacting chambm that follow the HTFW nxwtor,the gas-
eous phase is maintained at high temperature for further reaction and then

.-
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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 hydrocarbonprocessingonly. F@ures14
and 15 show sections of a HTFW ~actor.

Huber Copxation 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 Percenu energy, 29 percen~ and other
(including permitting), 34 percent.

Treatment effectiveness

The available literature shows that the process has been successfullyused in
the destructionof PCBSand dioxins in contaminatedsoil. These tests were
performed at the experimental and pilot levels. Because of the high tempera-
ture in the reactor, very high destruction efficiencies axeachieved since
destruction is by pyrolysis. Since the reactor operates in an inert atmosphere,
no oxygen-containingby-products such as dioxin are formed. In 1986the
Huber Corporation also studied the fate of metals under a contract from the
U.S. Air Force. The company did not specificallydesign 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 particulate. The investigators in this nqmted study concludedthat 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 containinghigh
metals concentrations. Related information fmm incinerationstudies 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 stabIllty/performance

.-

The process results in the effective treatment of organic wastes and
volatilization/condensationof certain metals frotn contaminatedsoil. The
remaining inorganic waste materials end up in a granular glassy foxm. This
glassy material is thought to be nonhazardousand very stable. Once formed
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into a nonteachable matrix, metals will leach out of this vitrified material
under most conceivable long-term environmental conditions.

Residuals treatment/disposai requirements

For metals-contaminatedsoils, the vitrified (glassy) granular material con-
taining the metals will requi~ disposal. It is thought that this material will be
nonhazardousand very stable, but this has not been conilnned for waste
stmrns 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
process for each case.

The gases from the reactor must typically be treated prior to their being
released to the atmosphere. If the phenomenonof vaporizing and subsequent
recondensationof low-melting point metals is confirmed, disposal of baghouse
dust as a hazardous waste will be necessary. The potential for dust recycling
to the feed has not been addmsed.

Adaptability

Several demonstrationshave 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.

Sludges and otWr residues maybe similarly treated, if they are dried,
reduced in size, and free flowing before input to the reactor.

Scale up potential

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

Potential dkquallflers

Principal concerns mgmling application of the HTFW reactor are given
below:

a. High energy requirements.

h Disposal problems“withbaghouse &NW

c. Hazardous gases may have to be treated to effectively
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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 ~adily accessibleon process perfor-
mance. Repmti.ngon the Japanese work focuses on t~atment of heavy metal-
contaminateddust or wastes (KOXand Van Der Vlist 1981).

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

a. Evaporationof the residual water.

b.Decompositionof hydroxides and salts to form the cornxponding
oxides.

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

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

This process heats the waste to sintering temperatunx where heavy metals
are immobilized in the slag. X-ray diffractionphotographsof the sintered slag
show that the metals are in the dkpemed phase while the silica melts to form
the continuousphase. Since the objective of this process is immobtiatiou
volatilization of metals should be prevented as far as possible. To achieve
this, silicates in the form of clay minerals (i.e., kaolinite, sodiumhydroxide,
and ferric oxide) may be added to the mel~ if these materials are not pment in
the waste or soils. This yields a mom viscous mel~ and the vaporizationtem-
perature of the metaI compounds in the melt is reduced. Roasting of contami-
nated soils has not been studi~ 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 fhll-scale operations have been conducted. The
probable fbaces would be either the rotary kiln or the Fiarnmenkarnrneroven
(KOXand Van Der Vlist 1981). Both these designs are capable of handling the
molten slag. Some experimental data exist on the effect of additives and pr-
ocessingtemperature on the leachabfity of slag derived from simulated metal
hydroxide (electroplating) sIudge. It has been shown that leachability
decreases with increasing amounts of additives such as kaolinite

.-
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(AlzO~● 2SiOz“2HZO)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 appmpnate mixture of additives (up to a 1:1 ratio) and temperatures
from 1,000to 1200 “C were effective in reducing chromiumleachate levels
below 1 mg/L in both boiling water and weak acid (pH 5 with H#Od) extrac-
tions. (Note that the melting and boiling points of chromium are 1,615and
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) chromiumhydroxide sludges.

While no experimental data m available for soils, the natural mineral con-
tent and lower anticipated metals concentrationsshould make most soils a
good potential substrate for treatment.
literature for other hazanious metals.

Results are also not available in the

..

Long-term stability performance

~e @assy/vitrifid residue is very stable and appears to leach metals o~y
from its exposed surface H It is expected that the long-term performanceof
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 no~ therefore, be affected
by anticipated environmental changes. The metals will still be contained in the
soil, and thus susceptible to mechanical disturbance.

Residuals treatment/disposal requirements

If treatmentcan reduce the metals leachability below TCLP levels, the
glassy/vitrified residue in which the metals are imrnobtized 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 nxovery, and any residue generated will require haza.ni-
ous disposal and possible ftuther treatment These measures will be most
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critical for metals such as arsenic and mercury, which volatilize at lower oper-
ating temperatures.

Adaptability

The roastingpmess effectivelytreatsorganics-contaminatedsoilsandhas
potentialfortreatingmetals-contaminatedsoils.Infact,theliteraturesuggests
that,incaseswhe~ thewasteincludesmetalcontaminants,a rotarykilnsoil
incineratorcanbemodifiedtoreducethehazardouspropertiesofthewaste.
Thisprocesshasalsobeensuccessfullytestedfortreatingmetalhydroxide
sludges.

Scale up potential

The roasting pmess can be conducted in available rotary kiln incineration
equipment. Therefore, scale up should be madly achievable.

Potential dlsqualifiers

Principal concerns regarding applicationof the roasting process am as
follows:

a. Lack of fW-scale opemtional information.

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

..
c. Delisting actions that maybe requiredprior to disposing the slag as a

nonhazardouswaste.

d High energy costs.

Thermal Extraction (Chloride Volatilization)

Description

As with roasting technology, most of the work in this =a has been per-
formed by the Japanese, and only limited information is readily accessible.
Heavy metals in the metal chloride form can be removed ffom the soil as a gas
at high temperatures. This approach differs from roasting, in which the objec-
tive is to immobtize the metals in the vitrified residue.

Most metals occur in soil as oxides, much less volatile than the chlorides.
Optimal treatment thus requhvs fimt converting the metal oxides to chlorides
and then vaporizing them. These volatile compounds are reclaimed from the
gas phase and treated or disposed in a suitable manner. In this process,
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temperature and additives for chemical conversion to chlorides are critical
factom. Additives are either chloride salts or other chlorine-containing materi-
als that transform metal oxides to chlorides.

No W-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 CaClz to sludge con-
taining lead, cadmium, and zinc, 95-percent removal efficiencies were achieved
at 1,100 ‘C (KOX and Van Vlist 1981). Another experiment involved the use
of polyvinyl chloride (PVC) waste as an additive. The drawback with this
method is that a minimum stoichiometric amount of PVC is required in the
process. This results in the formation of HCl gas, which causes an air-
pollution problem. This problem could potentially be solved by adding lime to
bind the excess HCl and form Ca~.

Treatment effectiveness

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

Since the process cannot remove all the metals fmm the soil, the xvsidue
will still contain some metals. The experimental data for this particular waste
show thw even with a removal efficiency of 95 pment, the residual metal
concentration is about 0.1 penxnt. Although leaching data am unavailable, the
mobility of residual metals depends upon the degree of vitrillcation achieved.

..

Long-term stablllty/performance

For treatments that produce total residual metals below compliance stan-
dards, the resulting waste will remain nonhazardousin the long term. On the
other hand, high residual total metals concentrationspresent the potential for
mobht.ion or leaching due to mechanical disturbanceor severe enviro-
nmentalconditions.

Residuals treatment/disposal requirements

58

Volatilized metal chlorides must be cooled, condensed, and collected as a
dust. Metal concentrations in the residue will be higher, but the leaching pro-
pertiesof the residue are unknown. Disposal nquimments and costs would
depend on leachability. Any HCl gas discharge~ if PVC wastes are burned,
Willalso havetobetreated.
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Adaptability

The process is conducted at high temperatures in rotary kiln-type equipment
and is, the~fore, also likely to successfidly destroy organic compounds or
explosives. With regard to metals treatment, the process has been shown at
the experimental level to be applicable fol
sludges but has not been demonstrated for

treatment of metals-contarnimted
contaminated soils.

Scale up potential

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

Potential disquallfiers

Principal concerns associated with applicationof the thermal extraction
pmCeSSare listed below.

a. The process cannot remove all the metals fmm the soils. Thus, for
high metals concentrations,treatment may not be effective.

b.Energy costs will be comparableto incinerationand thereforemaybe
prohibitive.

c. Residues from off-gas treatment may require hazardousdisposal or
further treatment.

..
d. Off-gas treatment costs may be high, especially when HCl has to be

treated. New off-gas treatment technology is perhaps quid.

e. Recovery of the volatilized heavy metal compounds from the gas phase
may cause severe problems with respect to cooling, corrosion,and
aerosol collection

J As with most extraction processes, the metals are removed fmm the
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 Recovery)

Description

This technology has been applied on an experimentalor pilot basis to
address metallurgical process applications. Most of the research and
development has been confined to metals smelting/melting,ore roasting,metals
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calcining, chemical reactions/synthesis,and high-temperaturegas 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-efficienttech-
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 fimace and produce an
electrical arc. A process gas is injected into the gap between the electrodes.
This gas can be an inert, oxidizing, or reducing substance. The gas in and
around the arc is activated into an ionized atomic state, absorbing large quanti-
ties of energy and losing electrons. The nxulting gas is known as the plasma
state (fourth state of matter), which consists of charged and neutral particles “
with an overall charge near zero and with electron temperatures up to
28,000 “C (Martin 1985; Freeman, undated). As the molecules or atoms relax
from their highly activated state to lower energy levels, ultraviolet radiation is
emitted.

Wastes are introduced into the ~active zone of the furnace whe~ the
molecular bonds of the waste material am broken as a result of the bombard-
ment by electrons and high-intensity ultraviolet radiation. This rmults in the
convemion 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 transfemd to the waste
material. Hazardous gases that may emanate fmm the fimace must be
scrubbed. Flgwes 16 and 17 show various configurations of plasma arc reac-
to~ and fiumces.

..

Performance data that are currently available for the plasma arc system am
mainly for liquid wastes. The system has recently been tested for destruction
of PCBS. Very limited information is available on treatment of soils contamin-
ated with metals. However, the fact that the system has been used in EWV-
ery of metals tim low-grade OM indicates that it may be used in certain
instances for metals recovery fmm highly contaminated soils. In the treatment
of on%, 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 rtsult in a liquid melt and
immobilization of metals, rather than oxidative destruction, as occurs with
Or#lIliCS such as p~s.

Treatment effectiveness

60

The literature indicates that no Ml-scale performancedata exist for waste
materials. Experimental data indicate that the system was effective in the
destruction of PCB wastes (Lee, Schofield, and kvis 1984).
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Figure 16. Schematic of plasma arc reactor (after Freeman, undated)

The work completed for metallurgical applicationsindicates that metals
recovery is possible for high-concentrationwastes. Success in processingonx
indicates that soils can be readily handled by the equipment. The high silica
and mineral content may affect operation and separationof metals. Based on

.-
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Figure17. Cross section of plasma arc furnace (Source: J. M. Huber
Corporation)

the high operating temperatures, the formation of a vitrified residue is likely.
This residue may provide a nonteachablematrix for safe disposal.

..

Long-term stabillty/performance

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

Residuals treatment/disposai requirements

‘ Mterthecon “tmmants have been removed fmm the soils, the residual slag
must be disposed. Slag leaching properties m as yet undetermined. The high
temperatures will, however, result in a high level of metals in the off-gases
passing onto the dust collectors. ‘llwse metals will be primarily, but not exclu-
sively, the mom volatile metals, such as mercury and amenic. This dust may
require disposal as a hazardous residue. As noted in the section on the HTFW
reactor (see Chapter 3), substantial metals are also likely to escape baghouse
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capture. Scrubbersmay be used to treat the hazardous gases, but effectiveness
is uncertain. No data for metals-contaminatedsoils m available at this time.

Adaptability .

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 a~
limited.

Scale up potentiai

Tests have been conducted for wastes in a pilot unit sized for 500 lb/h.rof
sludge. Based on metallurgical studies and applications,scale up shouldbe
achievable.

Potentiai dlsquallfiers

Principal concerns regarding application of the plasma am process an3as
follows:

a.

b.

c.

d.

e.

Energy cost is an important factor in detennin.ingthe economic feasibil-
ity of the process.

Plasma arc technology has been attractive in metallurgical applications
only where@or 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 akmdecline&

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

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

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

. .

63
Chapter 3 Thermal Processes



Vitrification

In situ vitrification

Description. In situvitrification (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 Timrnexman 1985). Battelle’s scientists claim that, while the
technology “is not a panacea for all contaminated soils,” itdoes have the fol-
lowing advantages (Buel~ Fitzpatrick, and Timmerman 1985):

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

b. Cost effectiveness($122to$252/cuyd).

c. Applicabilityto varying soil and site conditions.

d. Minimal occupational exposure to the waste during processing.

e. Low energy requirements (<0.5 kW/lb).

The ISV process is initiated by inserting molybdenumor graphite electrodes
into the soil in a square grid pattern. The spacing of the electrodes varies with
the size of the ISV unit (e.g., 0.23 to 0.36 m for an engineeringunit 3.5 to 5.5
m for a large-scal~unit). Next, a conductivemixture of flaked graphite and
glass fit is placed in an X pattern among the electrodes in 5-cmdeep 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 surroundingsoil melts, it becomes electrically
conductive. The graphite is eventually consumed by oxidation, and the molten
soil maintains the electric conductivity (Buelt, Fhzpatrick, and T-erman
1985; Martin 1985).

Figure 18 illustrates how the molten soil zone grows outward and down-
ward as the process prognxses and eventually encompassesthe volume
between the four electrodes (Buel~ Fitzpatrick, and Timmennan 1985). As the
temperature in the molten zone approach2,000 ‘C, organic wastes in the soil
m pyrolyzed. The nxulting gases fmm the process burn when they come into
contact with the air. The high temperatures and long residence times result in
essentially complete combustion anwor destruction of the organic components.
Many of the nonvolatile and sernivolatileelements at these temperatunx, 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
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Figure 18. Process sequence of in situ vitrification(after Bueit, Fitzpatrick and—
Timmerman 1985)

escapescan be collected by an off-gas hood that is placed over the vitrified
zone. The off-gas is then treated in a treatment system, which is housed in a
mobile uni~ as shown in Figure 19. Thus, the process is self-containedand
tmnsportable.

When the desinxl vitrification depth is attained, voltage to the electrodes is
discontinued, and the molten mass is allowed to cool. The enti~ cooling
process can take several months, depending on the size of the vitreous mass
produced, but this does not ,interferewith the use of the power system and
off-gas treatment for additional settings. After the surface of the molten glass
has cooled, the vitreous mass is backfilled with clean iill, because of a reduc-
tion in volume upon treatment

Treatment effectiveness. Literature indicates that the effixtiveness of the
ISV process has been demonstrated over a range of site si~. ASinti-
previously, most of these tests have been done on radioactive contaminate

Chapter 3 Thermal Processes

.-

65



ELECTRICAL SYSTEM

GLYCUL CWUNG
SYSTEU

r VtTRtFIED AREA

....+! /’iN?+/ I

..-. .. ● ✎ ✎

J ~HEPA FILTER. . .
. . .. . . . . . ...

. . .. . .. . . .
OFF-GAS tUXIO

tWSING

.? .:..... ~.

VtTRIFIED

Fgure 19. Large-scale testing unit (after Buelt, Fitzpatrick, and Timmerman 1985)

soils where concern for mobility is mom acute than for metals. The leachabd-
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 klitial 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 requhes a significant expenditureof
energy to accomplish vitrification, because of its high heat of vaporization

As stated, the molten zone would encompass the area between all the four
electrodes. Depth of the zone ranges fkom2 to 13 m. Metal objects such as
pipes and bars can short out opposing pairs of electrodes, preventingheat from
being dissipated into the melt. However, test results show that the ISV process
can accommodate metal objects occupying up to 70 pment of the spacing
between the electrodes (Buelt, l?itzpatric~ and Timrnennan 1985).

Long-term stability/performance Once classification 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 secondaryhydraulic perme-
abfity. The low metals mobtity and low-fkactumsurface anm should provide
relatively permanent ~atment effectiveness.

.-
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Residuals treatment/disposal requirements. One of the inherentadvan-
tagesof the ISV process is that no hazardous ~sidual mustbedisposed.The
gaseouseffluentcanbetreatedinamobileoff-gastreatmentunit.However,
moxevolatilemetalsmay evolve,requiringtreatmentotherthanthatprovided
fororganicvolatiles.Thevitrifiedsoilremainsinplace.Land~clamation
andreusemay belhnitedby thephysicalproperties(hardness,low
permeability).

Adaptability. Though most of the testing has been confined to radioactive-
contaminated soil, there is some informationon organic-contaminatedsoils.
Conclusionshorn these tests (Buelt, Fhzpatrick, and Timmerman 1985;Martin
1985)are summarizedbelow.

a. Burial depth attenuates release of hazardouselements (e.g., a meter of
um%ntaminatedoverburden lowers release llactions significantly).

b.Gaseous @eases associated with combustiblesnxdt in significantly
higher release fractions.

c. Organics are pyrolyzed in the soil-meltingprocess at high temperatures,
resulting in essentially complete combustionin the hood directly above
the molten zone.

Communicationswith Battelle indicated that the process can also be
adapted to sludgesor other waste materials either in situ (if waste is in-ground)
or in abovegroundprocess equipment (see followingsection, Abovegmund
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 demonstratedin field tests tnxiting a soil

cube approximately20 ft on each end. The process requires 2 to 3 days to
complete. Thus, throughput rate for this transportable system is 100 to
150 cu yd per day. Higher rates would require multiple units operating on the
site.

Potential disqualifies. Principal concerns regarding applicationof in situ
vitrification are as follows:

a. Safety may be a concern because of the use of high-voltagepower and
the release of volatile organics and inorganic to the air.

b. Air emission controls are included in process desi~ Based on testing
and projections, problems of safety, release to the environment,and air
emissions are controllable. Special gas treatment may be mquimd 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 beenadapted in
thisprocesstopyrolyzeandoxidizeorfusewasteswithmoltenglasstoforma
residuethatisnonteachable.Soilscontainingglassmineralsmay bereadily
vitrifiedwithminoradditionsofglassi~ingagents.Two firmsaredeveloping
ormarketingthisprocess:

a. Battelle Northwest-Joule-Heated Glass Melter.

b. Penberthy Electmmelt Intemational-ElectromeltPyro-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 materialbeingheatedastheresistanceelement
inanelectricalcircuitwithouttransferringheatfromametallic~sistance
element.Contaminatedsoilsmay beaccepteddi~ctlywithlittleornopm-
h’eatmentOrganicconstituentswouldbedestroyedbypyrolysisand/orcom-
bustedattheoperatingtemperatureof1,200“C,whileinorganicconstituents
(includingnonvolatileheavymetals)wouldxeactwithglassformerstocreate
animpermeableglassmatrix.Moltenglassfromthemelteriscontinuously
drainedintoaninexpensivereceivingcanisterandcooledtoambienttempera-
ture.Thesecanistersmay bedisposedofinanonsecurelandfillifEgulatory
criteriaaremet Battelleclaimsthattheglassmsiclueisinitselfalong-term
disposalmedium,exhibitingleachingpropertiessimilartoPyrexorgranite.
Off-gasestim themelterwillincludepyrolysisproductstim organicsand
volatileinorganic(e.g.,heavymetalsrequiringmeasurement),whichwill
requireadditionalQeatment(Freeman,undated).Organicpyrolysisgasescom-
bustuponleavingthemeltwhen providedadequateoxygen.

In the Penberthy process, waste is directly charged into a pool of molten
glass, also heated in an electric furnace (Penberthy 1986). Ag~ this results
in the organic constituents being destroyed by pyrolysis and pyrolysis gas
combustion, while the inorganic constituentsmix with the molten glass to form
a nonteachable residue. The nxidue is drained into canistemfor disposal in a
nonsecum landfill, again, assuming delisting. This process has been success-
fidly 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 tmnsmnic wastes.1 Numemus alternative conjurations are
offered in sales literature, including a rotary kiln primary t.mtment step fol-
lowed by the standard fhmace with molten glass at the base to “capture dust
particles” and provide secondary combustion Options described for air emis-
sion amtrol include limestone reck-packed tower, wet scrubbing, and mist
elimination The entire system is m~ under negative pmssum by

1 Pemnal Communication 1986 (Jul), DennisHotaling, Technical Manager, Puherthy
Electromelt IntemationaL Seattle WA.

68
Chapter3 ThermalPmo8sses



meansofanexhaustblower.Figure20 showsaschematicdiagramofthe
basicprocess.

Battelle’s process is still at an early developmental stage. However, the
Penberthy process has been tested on organic wastes and has proven success-
ful. Penbt.hy is ina goodpositiontocommercializethisprocess,basedon
thepilot-scaletestresultsandtheirextensiveexperienceinglass-making
equipment.

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

Long-term stability/performance. The glassy residue that is formed con-
tains the inorganic constituents (includingheavy metals) and is very stable.
Leaching characteristicsof this glassy residue are similar to those of Pyrex and
granite. It will be stable under all anticipated environmentalconditions.

Residuals treatment/disposal requirements. If the metals am not leach-
able and the residue meets specific regulatorycriteria, this residuemay be
disposed or backfilled with no special precautions. In some cases, beneficial
reuse may be possible. Off-gas fmm the process will require treatment. This
is especially critical for instances in which volatile metals (e.g., mercury,
amenic) or chlorinated organics are present in the waste. Additivesto reduce
volatilization, as discussed for roasting technology,have not been exploredfor
off-gas ~atment. After cooling, metals may be collected as dust and recycled
(rtwolatilized)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

v destruction would be required. The system can also readily handle liquid
wastes and sludges. In these cases, the addition of glass-formingraw materials
will be necessary.

Scale up potential. While the Battelle process remains developmental,
Penberthy equipment is rqmtedly available to process up to 4,000 lb/hr or
48 tons/day (Freeman,undated). Penberthy promotional literature indicates
that units could be sized to process up to 25,000 lb/hr or 300 tons/day.

Potential disqualifies. Principal concerns regarding application of
abovegmund vitrification are as follows:

a. The qxts associated with the application of this process to the treat-
ment of metals-contaminatedsoils appear to be somewhathigh
Penberthy estimates that for a 2,000 lb/hr feed of tetrachlorobenzeneor
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 significantlyhigher for soils contaminated withheavy
metals.

b. Bacl@llingwill be ~uired to compensate for ~duced volume of the
vitrified soil.

c. Metals would be fixed in the vitrified soil. Leaching potential would
be low. However, the metals would stiUbe present and subject to
mechanical disturbance or mobtlzation, and delisting actions may be
necessary.

d. Additionally,off-gas treatment maybe expensive, especially in
instances where volatile metals a~ present in the soil. The potential
technical problems all appear to be manageable,however.

.
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4 Immobilization/
StabilizationlDisposal
Processes

Stabilization/Solidification (Chemical Admixing)

Description

In this process, the waste constituent is encapsulatedwithin the
stabilized/solidifiedmass, which results in a reduction in the amountof con-
taminants that can be leached. An ideal S/S system would mult in a waste
constituent being mmdend chemically nonreactive and immobilized (Pojasek
1980). Several commercial stabilization processeshave been used to treat
industrial waste and radioactive sludges. The method was fimt widely
accepted in Europe and is now being used extensively in the United States,
particularly for wastes of high water content that are subject to land disposal
restrictions (Bricks and Cullinane 1989).

Many of the commemial S/S systems are pmpnetary, but there m essen-
tially two techniques for S/S, as describedbelow (CuUinane,Jones, and
Malone 1986; CuUinane1989):

a. C&nt-based S/S techniques.

(1) These processes involve the use of Portland cement and other
additives such as fly ash to form a conc~te type (mcklike)
material (Pojasek 1980). Some of the early wok done on the
treatment of electrochemicalplating sludges showed that the form-
ing of concrete was similar to the formation of natural minerals
(Mahoney et al. 1981). These nxeamhers represented the chemical
reactions that occurred in the hardening of concrete, as follows
(Pojasek 1978):

2(3Ca0-SiOJ + 6140 ---> 3Ca02Si023~0 + 3Ca(OH~
(lxicalciumsilicate) (tobennorite gel)

.-
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2(2Ca0-SiO~ + 4H20 ---> 3Ca02SiOz.3Hz0+ Ca(OH)z
(dicalcium silicate) (tobennorite gel)

4CaOAlzO~.Fe20q+ 10HZO+ 2Ca(OH)z >------
(tetracalcjum aluminoferrite) -------> 6 CaO-AlzO~”12Hz0

(calcium aluminofernte hydrate)
(also called hydrogamet)

3 CaO”AlzO~ + 12HZ0+ Ca(OH)z ----------->
(tricalcium aluminate)

--------> 3 CaO”AlzO~+ 12 HZO+ Ca(OH~
(tricalcium alumimte hydrate)

3 CaO-AlzO~ + 10HZO + CaSOds2H20--------->
(tricalcium aluminate) (gypsum)

(2)

(3)

-------->3 CaO-AlzO~oCaS0412Hz0
(calcium monosulfoaluminate)

As mentioned previously, several commercial processeshave been
developed. These processes differ in the use of proprietaryaddi-
tives to enhance immobilizationof contaminantsin the waste.

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 parametem,such as the amount of water
required, cement formulation requi~ments, etc., must be deter-
mined%oreach soil based upon site-specificconditions. F@re 21
shows a process flow diagram for the commemial SoilirocProcess.
The type of cement used depends on type of waste, e.g., Type I -
normal cement used in cmstructio~ Type III - high early strength,
recommendedfor use where rapid set is required; and Type V -
special low-alumina, sulfate-resistantcement, recommendedfor
high-sulfate content (>1~00 mg/kg) waste (Mahoneyet al. 1981).
This process can be used in a batch or continuousmode. Advan-
tages of this process include

(a) The moderate price of additives.

(b) Availabtity of processing equipment.

(c) Proven ability of the process to immobilizemetals.

Some of the disadvantagesof using this process am as follows:

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

.-
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b. Lime-based techniques. These techniquesmake use of the reaction of
lime with silica and water to form a hard, concrete like material, often
called pozzolanic concrete. Additives such as fly ash, cement-kilndust,
and other (possiblyproprietary) materials are added to the process to
increase the strength of the S/S waste or to retard the migrationof the
contaminants (Pojasek 1978).

As in the cement-basedtechniques, there are several commercialpro-
cesses that use various additives to form pozzolanicmaterials. Fig-
ure 22 shows a process flow diagram for the Envirosafeprocessused to
treat sludges and liquid wastes. Adding lime to the waste nalts in the
pH being raised, which generally reduces the volubilityof metals.
Adsorptionand 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-
ffled. The advantages of this process include low costs for additives
and ease of operation of processingequipment. One of the disadvan-
tages of this process is that the Wated material is susceptibleto attack
by acidic solutions (Mahoneyet al. 1981).

Treatment effectiveness

The ability of S/S processes to effectively immobilizemetals in liquid
wastes and sludges has been demonstratedat all levels--experimental,
pilot-scale, and field operational (Pojasek 1978, 1980;Smith 1979;Mahoneyet
al. 1981;Rousseaux and Craig 1981; U.S. Army ArmamentResearch and
DevelopmentCenter 1982, 1986; Zenobia and Smith 1982). Based on the
available literature; soils contaminated with low levels of nonvolatileorganics
may also be effectively treated using these processes. The choice of the type
of process will depend on the site-specificconditions. Tables 2 and 3 show
the effectivenessof the Soiliroc and Envimsafe processes in immobilizing
metals and meeting regulatory limits. Table 3 illustrates that several envinm-
mental concerns, such as oil and grease and total organic carbon (TOC), are
nxlucexlby this process. This is significant for the treatment of mixturesof
organic and metal contaminants.

Long-term stability/performance

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 concentrationsbelow the USEPA’s
Extraction Procedure toxicity limits and Toxicity CharacteristicsLeaching
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 destabtize the material, but these conditions are not expected in

. .
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Table 2
Comparison of Raw Waste Metai Concentrationswith EP Toxicity Concentra-
tions After Stabilization by Soiiiroc Process

Metals
CN

Sample No.
pH mg/L cd Cr Cu Ni’ Pb Zn

Analytical Results of Raw Waste Samples2

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 <1.0 53.0 470 39.0 46.0
3

5,000

Analytical Results of EP Extracts’

1
s

5.60 0.10 0.28 1.30 0.013 34.8

2
5

2.30 0.27 0.64 0.95 0.016 5.00

4
s

0.10 0.13 0.06 0.15 0.006 0.41

5
5

2.70 0.18 0.36 1.15 0.017 25.0

6
5

<0.01 0.50 “ 0.05 4.10 0.008 0.50

Maximum Allowable Concentration

I 1.06 5.0’ 1007 5.06 5007

Source: Rousseaux~d Craig (1981).
1 Nickel is not regulatedby the primaryor seoondatydrinkingwater standards.
2 Metal concentrationsare given in unitsof ~g/g (wet weightof sludge),as received.
s Analysisnot performed.
4 Metal mncentrationsare expressedas mglL.
S Cyanide removedby pretreatmentwith &sC), picklingliquor. “
6 RCRA-TCLP levels.
7 100 times the seoondary‘haximumcontaminantlevel.

the environment. Fwthermore, the S/S product has a low permeability and
high strength. This should tier imp~ve performanceover that indicated by
the TCLP, based on a sample crushed to less than 9.5 mm (Wick Holmes,
and Cu.llinane1992).

Residuals treatment/disposal requirements

The S/S product containing the immobilizedmetals must be disposed in an
appropriatemanner. Depending upon the nature of the soils, metals concentra-
tion, and stabtization performance, the stabtized product may have to be
classified/delistedprior to ultimate disposal as a nonhazardouswaste. The
usual mode of disposal is landfilling. In some cases, however, the

.-
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Table 3
Comparison of Chemical and Physical Characteristics of
Wastes Successful y Stabilized by Envirosafe Process

Stabilized Waste

Raw Waste ASTM Method A RCRA
DWB’ Leachate Anaiysis Standards

Parameter mglkg ppm ppm

Chemicai Characteristics

‘Totalsoiids 99.8

TOC 840 30

pH 11.8 11.6

Oiifgrease 479 12

& 235 0.05 5.0

As 34 0.01 5.0

Ba 10 0.75 100

Cd 1,680 0.01 1.0

Cr 1,155 0.15 5.0

Hg 2.8 0.2 0.2

Pb 49,600 5 5.0

se 2.0 0.07 1.0

Physical Characteristics

Unconfined compressive strength (cured >100 psi
7 days@ 100 “F)

Unconfined compressive strength (cured >150 psi

28daYS@730F)

I 1 x l(Pcm/sec

Source: Zenobii and Smith (1982).
Note: Comparisonbased on use of Envirusafeprocesswith a generator(as for typicaisteel
corporation)and the resuitantwaste (air poilutioncontrolresidue and eiectricfurnacedust).
‘ Dry weight basis.

high-strong@ nonhazardous S/S product can be used for construction
materials.

Adaptability

The abiity of the process to handle liquid wastes and sludgeshas been well
established. In some cases, residues horn organic contaminantshave also been
treated. The application of S/S is site and waste specific.

.-



Scale up potential

The processisinfull-scalecommercialuse.Conventionalbatchor
continuous-feedandmixingequipmentmay beused.Largecapacitycanbe
achievedby increasingequipmentsizingorutilizingparallelprocesslines.

Potential disqualiflers

Principal concerns associated with stabilization/solidification are as follows:

a.

b.

c.

d.

Organic wastes interfe~ with the process.

Low-binder to waste cement and pozzolanic
ceptible to attack by highly acidic solutions,

cement products are sus-

Contaminantsare not removed. The potential for mechanical distur-
bance and/or leaching, while reduced by S/S, is still present.

Long-term performanceis not understood.

Microencapsulation

Description

In this process, contaminantparticles in solid or liquid waste m immobil-
ized by encapsula@onmaterials that create small-scaleencapsulationcells.
Metals-contaminatedsoils would be excavated and mixed with a polymeric
substance in an extruder to form a product in which the contaminantsare
encased in a polymer matrix that is dispersed throughout the soil. J.mmobfliz-
ing materials (which form the matrix) may include polymers such as polyeth-
ylene and other thermoplastics such as asphalt bitumen.

The SEALOSAFEprocess is a commercial Ml-scale method used to treat
wastes. This process is operated under the trade name STABLEX. ChappeIl
and Willetts (1980) have reviewed test data on independent tests to verify the
manufacturer’sclaim that the process effectively isolates heavy metals. The
process consists of first pretreating the waste to form a homogenizedproduct.
Pretreatment includes neutralization of acidic wastes by waste alkalis, reducing
@to C# 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 slurxythat later (aiicr 3 days) hardens to
form a mcklike material. Leachability tests (under worst-caseconditionsof
grinding the product and subjecting it to an acid solution), conducted in the
United States, United Kingdom, and Japan, showed that the leachate contained
very low concentrations (d pprn total) of metal (Chappell and Wi.lletts1980).
The permeability of the product is less than that of clays or concrete. The
encapsulationmaterials are pmpnetary, and thus cannot be described.

.-

79
Chapter 4 lmmoM~uatid*MluatiodDk~=l Processes



80

Another immobilizing agent used to microencapsulatecontaminants is
asphalt. Bnmner and Rugg (1982) investigated the effectivenessof using
asphalt and asphalt/sulfurblends to encapsulate metals. In their experiments,
molten sulfur and liquefied asphalt were first mixed for 8 min to form an
emulsion‘ata temperature between 285 ‘F and 300 ‘F. This emulsion was
then immediately mixed for 2 min with a preheated “simulated”waste similar
to copper sulfate, 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 sulf-
ur) proved to be preferable because it yielded more uniform product. Their
results showed that the best nx.dts, in terms of binding, were achieved when a
ratio of 60 percent waste and 40 percent binder (asphalt and sulfur) was used.
The tests also showed that the product exhibited strong mistance to chemical
and mechanical stresses. Minor problems with increased leachate due to par-
tially encapsulated particles were solved with the applicationof a thin exterior
coating of asphalt by hot spray or dipping. Brenner and Rugg (1982) empha-
sized that their findings am applicable only to the experimental wastes they
used and that waste-loadingcapacities 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 ~atment using a sulfur/asphaltblend would
vary from $41 to $45/ton (for a 50-ton waste/weekplant) to $42 to $44/ton for
a 25-ton waste/weekplant) (waste solids = 60 percent by weight) (Brenner and
Rugg 1982). This cost does not include excavation and/or disposal.

Bnmner and Rugg (1982) also state that this process has been implemented
on a fkll-scale level and is called the Volume Reduction and Solidification
System (VRS). This Ml-scale VRS process is nonchemical and uses an extru-
der that simultaneouslyevaporates water ffom the waste while mixing it into
the asphalt binder. The homogenizedwaste/asphaltmix is then discharged into
containers, where tie mix cools. Upon cooling, the volume of the
waste/asphaltmix is reduced considerably. Figure 23 shows a process flow
diagram for the VRS process.

A process, described in the following subsection, combmesmicmencapsu-
lation with macroencapsulation, This process, developedby Environmental
Protection Polymers, uses 12 polybutadieneand 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
@lbOWitZand Wfles 1981).

Another process involves the use of an organic polymer-modiied gypsum
cement called Envimstone CemeM manufacturedby U.S. Gypsum Company.
This process is a modified cement stabilization proms, that combines inor-
ganic cement with organic bmdem (USEPA 1985). -

Treatment effectiveness

Leachability and mechanical tests performed on both the STABLEXprod-
uct and the asphalt/sulfur blend indicate that these materials have a strung
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resistance to chemical attack and can withstandmechanical stresses. (Note that

the TCLP test neverthelessrequires size reduction to <9.5 mm.) Metals are
effectively immobilized in the additive matrix,which is dispersed through the
waste. This process has beencommercializedand operated at a full-scale
level. -

Long-term stablllty/performance

Both methods described previously produce very stable products. Metals
are held in the additive matrix, resulting in their possible long-term immobili-
zation; however, no long-term evaluations have been performed to date.

Residuals treatment/disposai requirements

The STABLEXproduct is a rocklike material. The VRS process yields a
microencapsulatedwaste 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)
m present in the waste.

Adaptability

on liquid wastes and sludges. Residues tim
also be txeated. Soils contaminatedwith

The process can also be used
organic treatment processes may

organic wastes and metals may be tRated together, but elevated processing
temperatures may necessitate emission controls.

--

Scale up potential

Full-scale processes are presently feasible. Units with capacities of
25 tons/Weekand 50 tons/week have been suggestedin the liter-.

Potential disquallflers

Principal concerns Rgading the application of microencapsulationare listed
below.

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

b. If the soil were not backfilled on the original site, the stated cost would
be incmsed by costs for backfill with imported soil and waste disposal.
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Macroencapsulation

Description

This process-involves encapsulation of a block of hazardous waste with a

polymer such as HDPE to nmder it environmentally acceptable. Few experi-
ments and pilot-scale studies have been conducted to evaluate the capability of
different types of polymemto provide an acceptable and stable covering. The
most detailed study to date is the one petionned by TRW, Inc., for the USEPA
in 1977~W Systems Group 1977). This detailed study first conside~d the
suitabilityof certain polymeric materials as liners. Laboratorytests were per-
formed on 3-in. waste cubes (bound internally with a polybutadienebinder)
encapsulatedwith a 0.25-in.-thick polyethylenejacket. This is actually a more
secure combinedmicro- and macroencapsulationprocess. These tests showed
that the encapsulationresulted in the retention of the contaminantsin the
waste, even when subjected to severe leaching conditions. Mechanical tests
also showed that the encapsulatedwastes were cap~bleof withstandingsub-
stantial compressivestresses. The product of this treatment process could be
disposed in a nonhazardouslandfill, if delisted.

SubsequentTRW study included the developmentof a process design and
cost estimating. F@ure24 shows the process flow diagram for a full-scale
waste encapsulationprocess. This process would yield a 2-ft cube of waste,
weighing between 600 and 1,000lb, encapsulatedby a 0.25-in. polyethylene
jacket. Cost estimates indicated that treatment cost wouldbe $91/tonof waste
(for a 20,000 tin/year throughput, 1977cost). Fifty pement of this cost was
attributed to the cost of the covering (HDPE) and binding (polybutadiene)
resins. This does not include costs for excavation,backfilling, and encapsu-
lated waste dispo~ The researched have specificallyrwommended this
process for treating metal-contaminatedwastes.

Lubowitz and Wfles (1981) reviewed three methods for encapsulatinghaz-
ardous waste. The first method, the TRW process, was describedearlier. The
second method involves coating the fiberglasscontainers that hold the hazard-
ous waste, by spraying or brushing on a covering. The third method involves
overpackingof a standard 55-gal drum (which contains hazardouswaste) with
a welded polyethylene container (85-gal capacity). F@e 25 shows the thnx
methods (schemes) nwiewed by Lubowitz and Wales(1981). The thini
method is usually applicable to liquid wastes stmd in the 55-gal drums and is
a means of preventing leaks from the drums. Presumably, it could be adapted
to tmt metal-contaminatedsoils. However, the costs associated with this
method of disposal would be high, as wastes would have to be drummed first
and subsequentlyoverpacked. Lubowitz and Wiles (1981) estimated that it
would cost $253/ton (1980 figures), assumingthat 80,000 55-gal drums =
disposedper year.

Chapter 4 lmmoMl~atiodS&tilkatiodD~~al Processes
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Treatment effectiveness

Experimental data indicate that microencapsulation combined withmacroen-
capsulation(theTRW process)isaneffectivemeansofpreventingmetalcon-
taminantsfmm leachingintothereceivingwaters.Coupledwiththisisthe
addedadvantageofforminga mechanicallystrongblock,whichallowsfor
easydisposalina nonhazardouslandfill.Studieshaveshownthatthefinal
encapsulatedproductcancontainup to94percentofwasteby weight
(LubowitzandWiles1981).Macroencapsulationconsistingsolelyofa secure
outercontainermay havea lowereffectiveness,sincebreachoftheoutercon-
tainermay resultinleakage.The sizereductionrequirement(<9.5mm) for
TCLP effectivelyrequiresthecontainedwastestomeetleachabilitystandards,
regardlessofthe“macm” container.The outercontainerthusbecomes
“added,”notrequired,insurance.

Long-term stability/performance

Compared with chemical stabilization,macroencapsulationhas a greater
reliability in immobilizingmetals in soils. This is because stabilizationpr-
ocessesrely on the chemical affinity betweenthemetaland the stabilization
agent and m therefore susceptible to bnmkdownwhen soil conditions such as
pH change dramatically. Encapsulation,on the other hand, can be used on a
number of types of wastes, regardlessof organic compoundcontent, and
encapsulated wastes can withstand severe chemical and mechanical stresses.

Residuais treatment/disposai requirements
..

The encapsulated waste (unconfinedor drummed)will have to be disposed
in a landfill. These heated wastes exhibit excellent resistance to chemic-d
attack and leaching and may qualify for disposal in a nonseme landfill. The
wastes still face the significanthurdle of delisting. The contaminantt still
remains and thus the potential of leaching still exists.

Adaptability

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

.-
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Scale up potential

It isanticipated that the process can be readily scaled up, although the
microencapsulation/macroencapsulation versiondoespresentadifilcult
material-handlingapplication.

Potentialdisqualifies

Principal concerns regarding application of the macroencapsulation
am listed below.

process

a.

b.

c.

Preliminary indications are that the costs of disposal, especially when
drums are overpacked with polyethylene,are high.

The process may involve disposal of the encapsulatedwaste in a secure
landfill. This is because the encapsulatedwaste may still be considered
hazardous. Questionsmay be raised over long-term performance.

Excavated areas would have to be backfiied with ffesh soil.

Secure Landfill

Description

This method is not a “treatment”technologybut is, rather, an established
commercial disposal technique. It is included he~ as the basis for comparison
of treatment technologies. In addition, some treatment technologiesmay clean
the soil of metals by producing a waste concentratethat requires subsequent
treatment or disposal. The most likely disposal option is a secure landfill.

All contaminated soils would be removed ilom the site using standardcon-
struction equipment--backhoes,draglines,dozers, etc. A “secure”landfill is a
RCRA-permittedfacility that is designed and constructedto 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 groundwatercontamination. Extensive USEPA
regulationsexist for such hazardous waste disposal facilities, to minimize harm
to the environment.

Landfill liners may be constructed of chemically resistant polymeric mem-
branes (e.g. HDPE) and/or natural low-permeabtity soils (clays). Another
material suggested in the past as a separate liner or composite liner component
is asphalt bitumen. The liner/cap system provides for surface runoff away
from the fill, and for collection of any infiltration or leachate. The liner mate-
rials am designed to be resistant to chemical attack and must be cmfully
constructed and joined to prevent leakage. A typical double-linedlandfill
design is pnxented in F@re 26.

.-
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Figure 26. Cross section of secure landfill (after Weston 1987)

A secwe landfill can be constructedonsite (if the volume of waste war-
rants) or shipped to an offsite landfill. Since dry metal-contaminatedsoil can
be expected to be quite compatible with most liner materials, codisposalwith
mom chemically active hazardous wastes (e.g., solvents, acids) would be
undesirable.

The offsite disposaloption has been used as a remedial action at many
Superfund sites. In many instances, only “hot spots” (high-contamination
areas) are excavated and disposed offsite. This reduces costs, as the volumes
of soil/waste that must be disposed m lower. The overall cost of disposal
depends on the type of waste, distance tim site to landfii, volume of waste,
etc. The USEPA estimated that landfilling costs am approximately$240/ton
for highly toxic wastes, $120/ion for ignitable wastes, $80/ton for most

88

industrial sludges, and $40 to $50/ton for municipal sludges.
posal of metal-contaminatedsoil is expected to be in the low
However, landfill disposal costs are rising rapidly.

Treatment effectiveness

The cost for dis-
to middle range.

.

This option is an available and effective means of Rmedying a contamina-
tion problem. The source of contamimm“onis Rmoved tim the site. W
extent of removal, e.g., to background or to regulatory levels, is based upon an
assessment of all the factmx associated with the site cleanup. The disadvan-
tage of this method is that the problem is simply transfemedto another site,
though a mom secure one. Co@minant migration is controlled, and perfor-
mance can be readily monitoti
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Long-term stability/performance

A well-designed landfill may offera safe,long-term alternativeformanage-
mentofcontaminatedsoilsforup to30years.Long-termstabilityandperfor-
mancewoulddependonhow thefacilityisoperatedandmaintainedovertime.
Whilelandfii-designhasimproved,thelong-termperformancewithregardto
naturalforces(e.g.,erosionandthepotentialformajorevents,suchasearth-
quakes),chemicalresistance,andphysicalstrengthmay beaconcern.

Residuais treatmentidisposai requirements

Thisisnotatreatmenttechniqueanddoesnotyieldanyresidues.

Adaptability

Landfills can accept a wide variety of wastes, including sludges, residues,
and soils containing organic compounds. Again, USEPA regulations specify
treatmen~ storage, and disposal requirementsfor all wastes. In addition, recent
USEPA regulations restrict disposal under landban rules, and in many cases,
wastes require pmtiatment prior to landfilling. However, the RCRA reautho-
rization is likely to mtrict landftiing of chlorinated organics and metals at
high concentrationsin the future.

Scaie up potentiai

Secure landfilling is the most widely available commercial technologyand
is best suited to large-scale operation since maintenance and monitoring activi-
ties must be conducted regardlessof size.

.-

Potentiai disquaiifiers

Principal concerns associated with the use of secure landfills are summa-
rized below.

a. Limited availability of appropriatelandfii capacity.

b.The RCIU4reauthorization legislation has nm.ked in banning land-
f~g of many inorganic wastes now ~quiring pretreatment (such as
S/S) prior to landfilling.

c. Liability associated with future potential contaminationor environme-
ntalproblems at the landfill still rests with the generator.

d. Indefinite monitoring would be necessaxyto ensure continued good
performance. Futwt leakage could require remedial action.



Geologic Isolation

Description

Geologic isolation is a disposal method and no~strictlyspeaking,a waste
“natment”technology.This method involves excavation of the contaminated
soil, drumming it, and placement (of the drums) in secure, stable geologic
formations,which Esult.s in isolation of the waste from the surrounding
environment.

One proposed application of this technique is radioactive waste disposal in
deepsaltmines.Thishasbeenstudiedby theU.S.DepartmentofEnergy
(DOE) fordisposalofhigh-levelradioactivewaste.

Another“morepermanent”optionfordisposalisplacementinthebedof
theocean(Boveetal.1983).Drums containingwastesareplacedinstable
locationsthatcontainunconsolidatedclaybeds.The drumswouldbeplaced
wellbelowtheseaandwouldbecoveredby theclayuponplacement.In
additiontothestabilityofthebeds,clayhassorptivepropertiesthatwould
enableminorleakstobeabsorbedby thebedmaterials.The lackofoxygenis
lcnowntopreventoxidationandbiodegradation.Thismethodisbeingusedby
Europeancountriesfordisposinglow-levelradioactivewastesandhasbeen
studiedby theDOE.

Ocean disposal of hazardous waste is viewed with increased disfavor by the
many countries. Apart from degradation of the ocean beds by disposal, addi-
tionaluncertaintyexistsn3ga@ng thelong-termeffectsofthisprocess.
Accmdingly,theUnitedStateshasbannedoceandisposalofhazardouswaste..

While low-level radioactive wastes are expected to become nonhazardousin
10 to 100 years, metals will retain their hazardousproperties indefinitely.
Since seabed stabtity is difficult to predi~ 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
problems of accessibility and disposal site development, in addition to the
costs for excavation, transportation, and backfilling.

Soils with low metal concentrations and low leachability could potentially
be disposed directly onto the ocean with little adverse effect at a significantly
lower cos~ l%is would likely encounter serious regulatmy and institutional
obstacles and is, therefore, considered infeasible.

Treatment effectiveness

This technology mults in the removal of contaminants from the site and is
therefore an effective means of mediating a metals-con “tammated site. The

.-

90
Chapter 4 lmmoti~uatio*MluatidDkpA Prooesses



ability of salt domes to isolate materialfromtheenvironmenthasbeenstudied.
Storageofpetroleumgasesandliquidsinsaltdomeshasbeen~ported,and
somewell-knownincidentsofleakagehaveoccurred.Storageofsolidsmay
bemoresuccessful,butcarefulsiteselectionanddevelopmentisclearly
needed.

Seabeddisposalhasbeenusedsuccessfullyforlow-levelradioactivewaste
disposalinEurope.Accidentalreleaseorimproperplacementduringdisposal
operationsmay bemom likelyindeepseaoperations,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 stable clay sedi-
ments may provide long-term, secure storage/disposal. The ability to predict
the duration of stability in deep seabeds is uncertain at this time.

Geologic isolation of radioactive wastes in deep salt mines appean to be a
stable long-term disposal option. Althoughleakage has occuned on certain
installationsused for oil and gas storage, properly selected sites may provide
indefinite secure disposal for solids.

Residual treatment/disposal requirements

This is not a “treatment”technique and does not yield any residues. The
contaminatedsoil itself is disposed.

..

Adaptability

This method of disposal can be applied to a variety of wastes. Sludgesand
liquid wastes can be drummed and disposed. Wastes containingorganics or
residues from organic treatment processes can also be disposed.

Scale 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-handlingequip-
ment may be increased in size and/or operated in parallel. Specific limitations
on the disposal rate are not

Potential disquallfiers

available.

Principal concerns regarding the application of geologic isolation are listed
below.

Chapter 4 lmmoMihati~@ti~uatiotiD~~*l Processes
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a.

b.

c.

Oceandisposalmightnotbeanavailableoptionbecauseitmay be
legallyorinstitutionallyunacceptable.

A fewsaltdome burialsitesam underactiveconsiderationfor
radioactivewastedisposal.Thismethodmay beexcessivelyexpensive
fordisposalofsoilswithverylowmetalcontaminantconcentrations.

Whilethistechnologymay becomeavailablecommerciallyorunderthe
U.S. DOE prognun as a more secure disposal option, itdoesnotcon-
stitutewastetreatment.

Deep Well injection

Description

Chemical manufacturing, for instance, electroplating,produces solutions
laden with heavy metals. Likewise, a number of soil remediation technologies
produce nxidual aqueous streams contaminatedwith 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 fmm the blosphem. Injection
has been successfullypracticed for disposal of liquid wastes, “especiallywhen
wastes am malodorous or toxic and contain little or no suspendedmatter”
(Nemerow 1978). Use has accordinglygrown as disposal to surface wate~ has
become mom restricted. The number of hazardous waste wells has increased
fmm 30 in 1%4 to 280 in 1973. By 1991,over 180 wells wem in use for the
disposal of dilute wueous hazardous waste.1 This does not include the more
than 100,OMIoilfield wells for return of extracted brine (Freeze and Cherry
1979). Deep well injection “has been successfullyapplied for disposal of
organic and inorganic solutions from chemical, pharmaceutical,petrochemical,
paper, and rvfining” (Nememw 1978). In a more recent example, an ammonia
liquor contaminated with selenium has been injected (Federal Register 1990).

Environmental protection requirw injection of wastes into a formation that
will pnwent the movement of the contaminant to the surface or into drinking
water supplies. Generally, the wastes am pumped into formations of porous
limestone, sandstone, and dolomite capped with impermeable layers of mck
such as shale. Most wells am between 300 and 2,(KKIm in depth and operate
at flows of 500 to 1,400L/rein (Freeze and Cherry 1979). ‘Ihe effect of an
injection well on the hydrodynamic conditions in a hypothetical horizon aqui-
fer in which there is a qgional 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

1 PersonalCommunicati~ 1986(May), Bill Bonner, Battelle Pacific Northwest Laboratories,
Richlsnd WA.
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Constont injection rate

Positions of front of
potentiometrlc mound

Regional
groundwater E

( Zone of injected waste

Figure 27. Potentiomettic mound caused by waste disposalwell and
expansion of zone occupied by waste(positionsat times$, 4, and
~) (aftefKazmann 1974)

continues the anal extent of the mound spnmdsto occupy an ever-increasing
area. The process can be viewed as the inverse of the effect of a pumping
well in a confined aquifer...” (Freeze and Cherry 1979).

Factom affecting successful applicationof injection include geology,well
depth and diameter, injection pressure, volume and rate of liquid, and charact-
eristics of the wasie.

Concern for protecting drinking water supplies (Cantger and Knox 1985,
Driscoll 1986)led to the Drinking Water Act of 1974. Further requkments
were formulatedunder RCRA and the Hazardous and Solid Waste Amend-
ments (HSWA)of 1984. Under the most recent standardsof RCRA with
HSWA (Federal Register 1990),hazanious waste can be disposedonly in a
“~ 1“(mom qXXM~y ‘tin”) type Well. Class I wells m’ethow u=d tO
inject waste below the lowermost fomnationcontaining drinking water within
0.25 mile of the well bm. These wells me most frequentlyused for munici-
pal and industrial injection disposal systems. Classes II-V apply to disposal of
oilfield brines, injection of fluids for minerals extractio~ and return of air-
conditioningwater, among other uses.

According to the RCRA/HSWArules, “hazardouswaste can only be
injected under two chumstan ces: (1) when the waste has been treated in
accmiance with...4OCFRpart 268...; or(2) Whentie Owner/OpmtOrh~
demonstratedthat there will be no migration of hazardous constituents ffom
the injection zone for as long as the waste remains hazardous. @pliCIIIMS

seeking an exemption from the ban must demonstrateeither (a) that the waste
undergoes a chemical transformation so as to no longer pose a threat to human

Chapter 4 lmmoM[uati~~tilwatitiD~~d Pmoesses
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health and the environment;or(b)thatfluidflowissuchthatinjectedfluids
wouldnotmigrateverticallyupwardoutoftheinjectionzoneortoapointof
dischargeina periodof10,000yearsuseby mathematicalmodels”(Federal
Regtiter 1990). Between 1985 and 1990, these more stringent regulations
contributed-to a decline inthenumberofClassIH facilities(tire95to51)
andintheinjectionrate(fium11.5to9 billiongallons/year)(USEPA 1991).

Good engineering practice and regulation xequima number of stages in the
planning and constructionof 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 determinationof permeability and geo-
chemical compatibility of the formation and the waste fluid;l (c) drill-stem
tests to measure initial static pressure, formation permeability, and skin effec~
(d) short-termpumping and injection tests; and (e) use of concentric bore holes
with packing between the casings and bore hole. This prevents fluid flow
fmm and into the formation to effectively seal all contaminationin the format-
ion. Details m shown in F@ures28 and 29.

Treatment effectiveness

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

Long-term stability/performance

Instances of dkposal system failure and contaminationof surface and near-
surface waters am ram (Nemerow 1978). However, some instanceshave been
reported, and the number may increase with the time over which strata have
been used for receiving wastes (Wentz 1989). Storage in a formation will be
particularly vulnerable where unplugged wells may provide pathways for waste
to migrate through capping formations. The waste might then migrate to
underground or even 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 some areas and exhaustible in most areas”
(Wentz 1989).

Residuai treatment/disposai

AU significant fluid flows am

requirements

iqjected, so few or no additional disposal
requirements exist However, pretreatment may rtquire settling or filtering of

1 Wastefluidreadvity or pluggingwithsamplecoresmayrequirepH adjustmentor settling
andfiltration.
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Fgure 29. Injectionwell dimensions (case study) (after Wentz 1989)

solids before fluid injection. Any hazardous solids will have to be disposed
accordingly. :

Adaptability

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

Scale up potential

‘Xhemethod has been fully scaled up and successfullyoperated for over
25 years. All methods and regulatory requirementsam in place. Costs will
vary with the type of formation and p~treatment quinxl. One set of esti-
mates for well costs alone, for two cases, gives $1.03 million (4,180 it) and
$1.206 million (5,900 ft) (Wentz 1989).
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Potentiai disquaiifiers

Principal concernsregarding the useofdeep well injectionareasfollows:

a. Injection will not be an option unless an appropriate formation, meeting
all requi~ments, exists under ornearthewastegenerator.

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, concerns 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.

..
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5 Vegetative Uptake

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 hamested 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-
cies. Generally, metal uptake is higher in acidic soils because of the higher
volubility of most metal species at low pH. The soluble metal ions must then
move to the roots by movement of soil moisture or diffusion, or the mot will
move by growing through the soil. Cation adsorption is highest at pH 5 to 7,
and anion adsorption is best under pH 6 (Harward, Doyle, and Kitchens 1980;
Bove et al. 1983). Differences in metal uptake between plants depend on
nutrient requirements and typical growth conditions. Many plants concentrate
metals only in the roots, indicating that the root surface ion exchange and/or
membrane surface characteristics may pnxent a banier to metal adsorption into
the plant tissue. Other plants that typically gmw in high-mineral content soils
tolerate high metal uptake by the storage of metals (completing them with
mtural ligands) (Bove et al. 1983). Studies indicate widely varying properties
based on the soil matrix and plant species.

Extensive research has been conducted on the uptake of metals from natural
soils, urban soils, and sewage- and sludge-amendedsoils (Keeling et al. 1977;
Brown 1978; Brow Thomas, and Slowey 1983; Jones and Thornton 1983).
Research on aquatic plant uptake of metals has also been conducted (Wol-
verton 1975; Wolverton and McDonald 1975a b).

Much of the work conducted on soils was directed at public health impacts
due to metals uptake to food crops. This has shown that metals levels are
often incmsed, but not to toxic levels. If metals concentrationsare too high,
toxicity can result These studies do not indicate high rates of metal uptake,

--
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however, with one study citing 1 to 2 percent uptake of Cd, Cu, Pb, Ni, and
fi in Bermuda grass (Brown, Thomas, and Slowey 1983).

Waterhyacinth and alligator weed have been fairly effective in removal of
soluble trace metals (Cd, Ni, Pb, Hg, Co, Z@ from water. Dry weight plant
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 fmm soil. If plants that perform
effectively can be identii5ed, they can be harvested and disposed. Because of
phytotofic effects on plant growth, applications maybe limited to lower metal
concentrations. Plant uptake may nxult in concentration of metals, but this is
limited in biological systems. This results in a si@lcant residual vegetation
volume that will require further management. Disposal in a hazardous waste
landfill is an option for this residue. Alternatively, drying and incineration can
result in significant volume reduction, but metals will ~main in the ash or
off-gas dust, requiring treatment or disposal as a hazardous waste. RCRA
definitions of hazardous waste incineration residue as hazardous may limit
options.

Description

Treatment effectiveness

Although much. work has been published on vegetative uptake, as described
above, few studies have been directed toward cleanup of metal-contaminated
soils. The study by Brown, Thomas, and Slowey (1983) indicated that only
1 to 2 percent of metals in the soil can be removed by Bermuda grass.

Hanvard, Doyle, and Kitchens (1980) conducted a detailed study on the
feasibility of using vegetative uptake as a means of cleaning a site contamin-
ated 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 ld years). Therefore, they concluded that this
method was infeasible for the radionuclides investigated (plutonium, uranium,
thOlilml, and radium).

Any treatment achieved would necessarily be limited to the active plant
root zone. Based on the limited information available, it appears that the time
involved in cleanup of a site using this “process” would be very great. In
additio~ 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
soils.

.-
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Long-term stabillty/performance

Once removed, of course, the site will remain fme of metal. From a long-
terrn perspective, this method may be considered ineffective because of the
very slow mte of metals removal.
may migrate offsite or away fmm

Residuals treatment/disposai

During an extended cleanup, the metals
the root zone before recovery is achieved.

requirements

The harvested vegetative matter containing metals will xequi~ disposal. If
dinxtly 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.

Adaptability

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.

Scale up potential

This technology could madly be applied to large land surface areas utiliz-
ing normal agricultural techniques. It is limited to ~atment of the soil root
zone, however.

Potential disqualifies

Principal concerns with regard to the application of vegetative uptake m as
follows:

a.

b.

c.

d.

Very slow removal rates for certain metals nmder the process
inel%ctive.

Extensive long-term site management requirements, including hanwst-
ing of CK)ps.

Hamsted cropfiegetative matter has to k disposed.

Poor transport of metals to mot zone.
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e. If metals are sufficiently mobilized to move toward the root zone, they
may also be mobilized toward aquifers.
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6 Summary and Conclusions

Technologies for the natment of heavy metals-contaminated soil have been
critically reviewed, and the results are presented in this report. The scqe of
this review includes a survey of metals contamination at Army installations, a
review of regulatory standards, and a review and assessment of
24 technologies.

This report reviewed and assessed the technologies without ranking. A
separate report will integrate site survey and regulatory rtwiew to prioritized
technologies. This discussion grouped the processes into four categories:
physical and chemical; thermal; immobilization, stabilization, and disposd, and
vegetative uptake. Each technology was described and assessed according to
treatment effectiveness, long-term stabtity/performance, residuals treatment/
disposal requirements, adaptability, scale up potential, and potential
disqualified.

The major conclusions from this review are:

a.

b.

c.

d.

e.

..

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

The most common “treatments” are dig-and-haul (to a landfill) and
solidification/stabilization.

A number of the technologies reviewed offer promising performance
for a variety of applications.

Questions or uncertainties exist for many of these technologies. Two
major concerns are production of rwidual streams and long-texm stabili-
ty of treated metals left in the soil.

Additional nxearch and development is needed to better understand the
fundamentals of some processes and to nxolve uncertainties for others.
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