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ABSTRACT

Soil washing has been applied internationallyto decontaminatesoils due to

the widespread increasein environmentalawarenessmanifested in the United

States by promulgationof the ComprehensiveEnvironmentalResponse,

Compensationand LiabilityAct, yet we continueto lack understandingon

why the techniqueworks in one applicationand not in another. A logical,

methodicalapproachmust be designed to establishminimum acceptable

criteria,determinewhat the controllingphenomenaare, and then

objectivelyevaluatewhether the technologycan potentiallybe appliedto a

site. Insteadof solvingthe problemanew for each site, fundamental

criteria based on soil scienceand engineeringjudgementmust be

establishedto build a knowledgebase transferrableto the next situation.

A soil washing processtypicallyintegratesa variety of modules, each

designed to decontaminatethe matrix by destroyinga particularphase or

segregatinga particlesize fraction in which the contaminantsare

. concentrated. The more known about how the contaminantsare fixed, the

more likely the processwill succeed. Much can be learnedfrom

bioavailabilitystudieson heavy metals in soils. Sequentialextraction

experimentsdesignedto destroy one fixationmechanismat a time can be

used to determinehow contaminantsare bound. This knowledgeprovides a

technicalbasis for designinga processingstrategyto efficiently

decontaminatesoil while creatinga minimumof secondarywastes.

In this study, a soil from the Idaho NationalEngineeringLaboratorywas

physically and chemicallycharacterized,then sequentiallyextractedto

determine if soil washing could be effectivelyused to remove cesium,

cobalt and chromium. The contaminantdistributiondid not correlatewith

surfacearea or any particularcrystallinephase. However, the transition

metals did appear to be coincidentwith the matrix transitionmetals, iron

and manganese. This findingwas verifiedby sequentialextractiondata

which showed that most of the cobalt and chromiumwere extractedby

• destroyingthe soil hydratedmetal oxide phases. Unfortunately,less than

20% of the cesium was extractableeven after dissolvingover 20% of the
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CHAPTER 1. DECONTAMINATIONAND SOIL CHEMISTRY

I. INTRODUCTION

"In the later 1480s the new technology becamemore diffused. For nearly a
century thereafter Italian engineers scattered over Europe, from Madrid to
Moscowand back to Britain, monopolizing the best jobs, creating wonderful
new machines, building palaces and fortifications, and helping to bankrupt
every government which hired them. To tax-paying natives they were a
plague of locusts, but rulers in the sixteenth century considered them
indispensable."

- Lynn White, Jr. "The Flavor of Early Renaissance Technology," in
Developments in the Early Renaissance, ed. B. A. Levy (Albany, ]972);
p. 41.

The above quote, cited in Eugene S. Ferguson'sinsightfulbook Engineerinq

and the Mind's Eye, MIT Press, Cambridge,MA, (1992),page 60, could be

equally appliedto our currentengineeringapproachto technology

developmentsince the promulgationof the ComprehensiveEnvironmental

Response,Compensationand LiabilityAct (CERCLA). The law createdextreme

monetary incentivesfor timely cleanup, intendedto bias industryto prompt

action, and curtailedresearch. While good in theory, in that there is
J

emphasis on restoringthe environment,some actionshave been misguided,

creating greater risks due to waste dispositionthan those originallyposed

by the contamination,and we continueto lack understandingon why

techniqueworks in one applicationand not in another. The literatureis

rife with erroneousclaims based on extrapolatingsuccessfrom one location

to the problems at another. Insteadof solvingthe problemanew for each

site, basic objectiveevaluationis necessaryto build a knowledgebase

transferrableto the next situation.

Ferguson also discussesthe loss inherentin giving up the slower slide-

rule for the more precise calculator. Modern engineeringis susceptibleto

- loss of perceptionof the problem and solution. The "reasonableness"of

the solutionmay not receivefull considerationin our zeal for engineering

• analysisalone. He supportshis argumentwith the resultsof a report

generated by MIT in 1961 which states that engineeringgraduatesmay be too



likely to pursue only the problemsthat are amenableto analyticalsolution

without considerationof the system. He attributesthis to a curriculum

focusedon analyticalsolutionsand modellingbecausethey are unambiguous

and thereforeobjectivelymeasured to assign grades.

Judgement remainsthe primary requirementto sound engineeringdesign.

Technologiesto clean the environmentdiffer from those more well-

documented in handbooksin two significantways: first the pa,vbackis

extremelysubjective,so there is no quantifiableprofit margin to work

against, and second,the naturalmaterialswe must deal with are typically

much more heterogeneousthan pure industrialsubstanceswhich makes them

much less predictableand almost impossibleto effectivelymodel. This

perspectiveis essentialto this report which focuseson engineering

judgement and systemsanalysisto develop a solutionless burdensomethan

the problem.

Soilwashing is one such technologydevelopedto supportenvironmental
i

restoration,bringingto bear chemicaland engineeringscienceson the

decontaminationof contaminatedsites. This technologymay combine both

physical and chemical processesto produce significantvolume reductionof

contaminatedsoils. While successhas been demonstratedfor organic and to

some extent for metal contamination,review of availablepublicationson

practicalapplicationsto radioactivesites indicatesthat most volume

reduction is a productof unique circumstancessuch as screeningor

floatingout non-soilmaterialscontainingmost of the contaminants,or

leaching contaminants(uraniumor TRU) that exist as anioniccomplexesI

which are not held by the soil cation-exchange-capacity.In either case,

the potentialfor successof the technologyis extremelysite and

contaminantspecific.

Environmentalremediationtechniquesare based on the same principlesused

in mining, chemicalmanufacture,and water treatment_ Nothing magic is

impliedby the environmentalapplication;this new industry is just based

on creative combinationsof existingtechnology,with a little development
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to reach new goals. However, due to the extraordinarycosts of waste

" disposal,waste minimizationhas never been more critical.

. A logical,methodicalapproachmust be designedto establishminimum

acceptablecriteria,determinewhat the controllingphenomenaare, and then

objectivelyevaluatewhether a technologycan potentiallybe appliedto the

problem. The EnvironmentalProtectionAgency's (EPA) guidanceon soil

washing treatabilitystudiessuggestsa 50% reductionof contaminationin

particlesover 2mm as a reasonablecutoff for choosingsoil washing for

further development.2 Once the decisionhas been made t_ attempt

development,a systemsapproach is imperativeto ensure a practical

solution. The EPA guidance also suggestsa conceptnot so well recognized;

"Residualrisk, as appliedto soil washing, assessesthe risks associated

with treatmentresiduals... sidestreamand other treatmenttrain processes

should be included".2 Soil leachantscannot increasethe toxicityof the

soil product, interferewith downstreamwater treatment,or presentan

unacceptablehazard to remediationworkers. This "big-picture"approach is

frequentlylost in the drive to developthe "magicbullet".

A

This chapter includesa summaryof the literaturecovering: 1) the state

of the technologyto date and the uniquechallengesof treating

radioactivelycontaminatedsoils, 2) an introductionto soil chemistryand

the mechanismswhich can fix contaminantsinto the matrix, and 3) a

strategy to evaluate if and how the technologyshould be employed.

II. T_CHNOLOGY DEVELOPMENT

A. Mining Industry

A wealth of experienceand knowledgeis availablein the mining industryon

the recovery of preciousand industrialmetals. Commodityvalues have

pushed retrievalefficienciesabove 80% for ores containingparts-per-

. million (ppm) quantitiesof gold.z Crushing,screening,and grinding

equipmentfor particlesize reductionto enhancechemical contact,release



individualmineral grains,remove surfacecontaminants,and prepare

material for particularapplicationsor treatmentcomes in a wide variety

of shapes and sizes. The chemicalengineeringHandbook by Perry devotes an

entire chapterto these technologies.4

Physicalseparationrequiresa distinct size or densitydifference between

the material to be processedand the reject material. Where the speciesof

interestexists in distinct particles,screening,settling,or flotation

may be applied to providea first cut, such that more cost-effective

processingcan be targetedat the more concentratedmedia. The last twe

processesmay be facilitatedby chemical additionsthat are species

specificand cause or accentuatedensitydifferencesto promote settling or

floating.

Acid leaching is typicalof a chemical extractionto furtherconcentrate

the material for retrievalprior to purificationfor its intendedpurpose.

Acid is relativelyinexpensive,and metals can be readily removed from
R

other solublesalts, so the gross dissolutionof other acid soluble

compounds is acceptable. Once the metals are removed,the remainingsalt

bearing solution can be dried to a cake in an open evaporationpond.

B. Soil Washing

Applicationof these technologiesto environmentalrestorationpurposes

entailsa set of more confiningconstraints,while trying to satisfymore

demandinggoals. Not only do the contaminantsincludeorganics and

inorganics,with cleanup criteriawhich may be orders-of-magnitudelower

than commerciallyvaluable ore concentrations,but all effluentsare

subjectto scrutinyfor residualcontamination. Surveys of soil washing as

currentlyapplied, particularlyin Europe,show a key similarityin relying

on size classificationfor the primary contaminantseparation. Wet

screening is used to remove particulatebelow a 63 to 74 micron cutoff

range, which is then disposedof as hazardouswaste,s'e'7Though chemical

extractionmay be employed in conjunctionwith the screening,it is



commonlyaccepted that fine particulatepresent in solutionmay resorb

" extractedcontaminants,and it is not cost effectiveto continue to wash

the fines. Soils containingmore than 10-20% fines below the cutoff level

- are generallynot cost effectivelytreatedwith soil washing.B'6'7Thus

soil washing can typicallyreduce the volume of soil to be controlledby a

factor of 5-10 by producinga small quantityof highly contaminated

material while leaving the bulk soil mass relativelyclean. However, the

treatmentdoes not actually reducethe toxicity of the contaminants.

While organic contaminationis typicallybound by the naturallyoccurring

organic contentof the soil8, inorganiccontaminantsmay be bound through

any combinationof severalmechanismsincludingion exchange,chemical and

physical adsorption,precipitation,isomorphicsubstitution,and

agglomeration. Adding to this complicationis the extremelysite and

species specificnature of the problem. A soil washing flowsheetthat

works well to remove gasoline from a moist, humic soil would have a slim

. chance for success removingcadmiumfrom an arid calcareoussoil. Even a

system proven successfulfor removingthe same element from the same soil

could have difficultydue to speciation,as is the case for trivalent
M

versus hexavalentchromium. Applyingsoil washingtechnologyto inorganic

removal requires a quantumleap in sophisticationfrom the relatively

simple applicationof heated water and surfactantswhich can be quite

effectivefor organic contaminants. Satisfactoryresultsbeyond size

classificationcannot b otainedfor many metals in many environments.

C. RadioactiveContamination

Adapting this technologyto radionuclidecontaminatedsoils presentsa much

greater challenge. At the IdahoNational EngineeringLaboratory(INEL),

for example, some contaminatedsoils and sludgesare one-thirdto as much

" as three-quartersfine material below SO micron,g'1° In addition,the

contaminantsmay not exist as individualparticles. Being derivedfrom

" aqueous solutions,many radionuclidescontaminatesoils on an atomiclevel.

The contaminantsare not limitedto transitionand heavy metals, but also



includealkalies and alkalineearth fission productsthat are chemically

analogousto natural soil constituentswhich make up percent levels of the

soil matrix. It is obviouslyquestionablewhether soil washing is

applicableto these contaminants. More questionableis the abilityto

reach the radionuclidecleanupgoals even if the conditionsare ideal.

"How clean is clean?" takes on a specialsignificancewhen radionuclides

are discussedbecause instrumentationexists to measure radioactivityto

extraordinarilylow levels, and the risks projectedby the cancer

initiationmodels in use by the EPA have no lower bound.11 To date, below

regulatoryconcern (BRC) levels have not been quantified,and the waste

dispositioncriteriafor radionuclidesin commerciallandfillspermitted

under the ResourceConservationand RecoveryAct (RCRA)have defaultedto

backgroundvalues,which vary by location,but are always very low.

Continuedplacementof radioactivesoils in Departmentof Energy (DOE)

controlledlandfillsis complicatedby the frequentassociationof

radionuclideswith regulatedheavy metals and organics (mixedwaste). The
i

technologyexists to treat most soils to the extent that they will pass the

toxicity characteristicleachingprocedure (TCLP)criteriaunder RCRA, but

treatmentmay be complicatedif not precludedentirely by the radioactive

contamination. Chemicallyextractingmetals to meet the TCLP requirements

such that soils may be placed in landfillsmay leave a significantnon-

leachablemetal content in the soil, but radionuclidelimits are not simply

a function of leachability. The very existenceof radionuclidespresents a

cancer hazard as a function of proximitydue to the non-contacteffects of

ionizing radiation. Obtainingcontacthandling standardsof 5 millirem per

hour for soils contaminatedwith cesium-137requires contaminantreduction

to parts-per-billion(ppb) levels. Treatmentto eliminateall significant

risks to allow free release,that is lower than the typicallyacceptable

10.6levels (one additionallethal dose in a populationof one million) for

remediationefforts under CERCLA,12can requiredecontaminationof

radionuclidesdown to part-per-trillion(ppt) levels in the soil._3

m

Were it not for the potentiallyhuge environmentalgains to be made by



successfullydevelopingsoil washing for remediatingradionuclide-bearing

- soils, the conceptwould have alreadybeen dropped. To develop an adequate

knowledgebase to definitivelyjudge the usefulnessof the technology

. requiressome basic researchin how the contaminantsare bound, so

flowsheetscan be targetedat the controllingmechanisms. Without this

knowledge,trial-and-errormethodsmay never provide the results required

to give the technologya comprehensiveevaluation. It is very possible to

free a speciesfrom one mechanism,while making it susceptibleto another,

with no net releasefrom the soil. To obtain release,gross dissolutionof

an unnecessarilygreat fractionof the soil using acid may result in

increasingthe waste disposalproblem.Without the basic knowledgeon what

binds the contaminant,it may only be fortuitousto develop an acceptable

strategy.

Ill. SOIL BASICS

A. FixationMechanisms
a

Soil is a naturalmixture of mineral and organicparticlesand their

• weatheredderivatives. Contaminantsmay be found in a varietyof forms

includingsalts, ionicallyfixed ions, physi- and chemisorbedcompounds,

and severalorganicmaterialswhich may be ionic and/or covalent. The

strong retentionof radionuclidesin some soils was once consideredan

asset because it served as a final barrierto contaminationof ground

water. This attributeis now a liabilityto returningcontaminatedsoils

to a near pristineconditionfor uncontrolledrelease. Understandingthe

fixation mechanism(s)is necessaryto developingan effectivestrategyto

induce release. The idealizedsoil particlein Figure 1.1 is labeledwith

six phases: I) exchangeableions, 2) precipitatedsalts, typically

carbonates,3) easily reduciblemetal oxides such as amorphousmanganese

. oxides, 4) more refractorymetal oxides such as crystallineoxides of iron,

5) organicmatter, and 6) unweatheredmineral lattice. This listing is not

exhaustive,but representativeof the phaseswhich may be targeted forl

decontamination. More thorough descriptionsof the chemistry involvedmay



14,15,16,17,18be found in the referencescited below.
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Figure I.I IdealizedSoil Particle.

I. ExchanqeableIons

Many inorganiccontaminantsare held in soils by physical adsorption

or cation exchangedue to the electricalcharge on soil particles,

particularlyclays. Cations are attractedto the broken edges of

silicate layers to stabilizethe negativecharge imbalancethat

occurs where the silicatetrahedraare incomplete. The

electroneutralitymay also be upset by isomorphicsubstitutionof an

ion of lesser charge. For example,a trivalentaluminumor iron ion

may substitutefor a tetravalentsiliconion leavingthe matrix with



a net negative charge.TM This effect can be strongly influencedby

- pH; as pH is increased,the abilityof water to stabilizethe matrix

is reduced, and the cation exchangecapacity of the soil is

increased.TM Strontiumhas been shown to be less strongly bound by

clays at lower pH values,probablydue to reduceddissociationat

hydroxyl sites (i.e.,competitionwith hydroge_ ions) and the net

positive charge inducedon aluminumand iron oxides.15 Note that

some contami,antsexist in solutionas anioniccomplexesor compounds

and are held by analogous,but opposite forces. Some materialscan

be fixed in either manner dependingon the soil redox chemistryand

pH.

2. precipitatedSalts

Contaminantscan also be depositedthroughprecipitationfrom a

saturatedsolution,coprecipi.atedwith anothermaterial,or

physicallybound in an agglomeratedue to the characteristicsof
r

anothercompound. As a solutionevaporates,it eventuallybecomes

saturated,and the salts crystallizeon whatever solid surface to

which they are exposed. Exposedto water again, these salts are

typicallyredissolved. However, if they precipitatein pores where

flow cannot be established,or as a new relativelyinsoluble

compound,dissolutionmay be drasticallylimited. The local chemical

equilibriummay also be controlledby pH such as in the carbon

dioxide/carbonate/bicarbonatesystemwhich can cause fixation over a

very sharp pH gradient around a carbonatemineral such as

limestone.TM

3. HydratedMetal Oxides

• Hydratedmetal oxides are well known for their tendencyto

concentrateheavy metals. Oxides of aluminum,manganese, and iron

. readily hydrateto form a semi-continuouslayer which may occlude

other cationsor particles.14'_ Their effect may be disproportionate
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to their concentrationin the soil becausethey tend to form thin

coatings on particles,yielding a tremendoussurfacearea for fixing

contaminants. Manganeseoxides are primarilyamorphousand readily

reduced for dissolution. While iron oxides may be partially

amorphous,the crystallineoxides require a stronger reducingagent.

This differenceallows the two types of oxides to be almost

independentlyremovedfor study.

4. Orqanic Mat.ter

Organicmaterialsmay also bind contaminantsdue to biological

activity,stabilizationby free organicligandssuch as

polyelectrolytes,or charge neutralizationwith organic acids.Ie'18

Highly humic soils are typicallyacidic which tends to keep metals

soluble,but also generallyhave a high cation exchange capacity

(CEC) due to the activityof these other phenomena.TM

5. M.i.neralLattice

Over a long enough period of time contaminantsmay also substitutein

a mineral latticeor diffuse into surfacemicrofissuresor pores to

become trapped, in effect,becominga part of the undissolved

unweatheredmineral fractionof the soil. Ironically,though this

material is all but unavailableto the environmentbiologically,if

radionuclidesare involved,much investmentmay be necessaryto

solubilizethem for removal.

B. Heterogeneity

As stated above, soil is a mixture of particles. Rather than the idealized

surface depicted in Figure 1.1 with segregatedpatches of each phase, soil

is a heterogeneousmatrix of variable size, texture, chemistry,and

contaminationlevel. Though contaminationgenerallyconcentratesin the

finer material both due to surfacearea and the higher cation exchange
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capacity of fine clay and organic particles,many factors can modify this

- general effect. Dependingon its mode of deposition(alluvial,eolian,

etc.), the climatic history,the parentmineralogy,and the contamination

. pathway,the matrix may range from coarse to fine, includeall of the

phases describedabove or be dominatedby one or two, and may or may not be

uniformlycontaminated. Heterogeneityconfoundsthe applicabilityof

resultsfrom one locationto another,and makes modellingal'nost

impossible. Any testingmust accountfor this variabilityby ensuring the

sample is well mixed, and performingreplicateanalysesto check

reproducibility.

IV. TECHNOLOGYEVALUATION

A. PreliminaryPhysicaland ChemicalCharacterization

Certainlyscreeningthe materialto determineif a significantfractionmay

be discardedwithout treatmentis a sound start. Chemical assay of the

• soil fractionswill not o_ la_,,_ifywhich fraction(s)on which to focus,

but analyses of other typicaC soil constituentsmay also provide initial

insightinto any correlationsbetweenthe contaminantsand compounds in

which they could be fixed. These analyseswill also providethe basis for

understandingthe soil chemistry,e.g. acidity,alkalinity,organic

content, and fines fraction. For a small amount of soil, or a relatively

straight forwarddecontamination,simpletrial-and-errorwith the most

widely used or most probablyeffectivecleaningagents such as water (hot

or cold), detergents,complexingagents,or possibly acid or causticmay be

completelysatisfactoryto evaluatethe efficacyof soil washing. For more

complicatedcontaminantssuch as soil analogues,particularlywith

radionuclideswhere long term dispositionand controldrives waste

minimizationmore than short-termcosts, a more insightfulstrategymay be

necessary. The more known about the contaminantretentionin the soils,

the more likely an efficientcontaminant-specificreleaseflowsheetwill be

developed. Not all trial and error can be eliminatedfrom the R&D program,o

but certainlydeveloping a hypothesison the principalretention
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mechanism(s)for a species in a particularmatrix will provide a basis for

organizingan experimentalstrategy.

The next step may includea surfaceanalysisif possible. Though the

contaminationcould penetrateinto the individualparticlesover time, the

contaminationwas introducedfrom an externalsource, and thereforeshould

reside primarilyon the surface. Elementa_,mapping of the surfacewith a

scanningelectron microscope (SEM)may corroboratecorrelationsindicated

by the chemicalassays,or it may indicateless obvious correlationssuch

as the disproportionatemetal fixing capabilityof the hydratedmetal oxide

films describedearlier. Electronspectroscopyfor chemical analyses

(ESCA),though expensive,may give direct indicationof the compounds

fixing the contaminantsof concern.

B. Mechanism Identification

Though significantwork has been done to quantifythe relative retention

characteristicsof contaminantsin soils,most of this research has been in

support of migrationmodelling.TM Very littlework has been found in the

literatureon studiesdedicatedto defining how radioactivecontaminants

are retained. Other than generalitieson cation exchange,very few

mechanisms are even suggested. Contactwith many commercialvendorsof

soil washing technologyhas explainedthe dearth of publisheddata;

virtuallyall testing data with RCRA regulatedspecies is protectedas

proprietary,and little or no work has been done with radionuclidesbecause

of the regulatorymorass which makes profitabilityquestionable.

Much can be learned, however,from bioavailabilitystudieson heavy metals

in soils.16"2°'2_'22Sequentialextractionexperimentsare designed to

destroy one fixationmechanismat a time, progressingfrom relativelymild

to increasinglymore aggressivetreatments. Chemical analysesof both the

solids and the leachate betweensteps suggest the mode of fixation for each

contaminant. The challenge is in designinga treatmentthat will

efficientlyeliminateone mechanism,without attackingthe remaining
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matrix. Not only is this idealityimpossibleto fully attain, it can be

- masked by the refixationof the contaminantsin the remainingsolids. In

additionto providingstep-wisereleasedata for the contaminantsof

. concern,the chemicalanalysescan help to adjust the extractionprocedure

by providingverificationof how completelya phase is removed, and some

insightinto the unavoidableattackon the remainingmechanisms. Though

i._Jperfect,this techniquecan be used to deduce the most probable fixation

mechanismso that it may be targeted by a flowsheet.

Summarized in Table 1.1 are some of the reagentslisted in the references

cited above to perform selectiveleach experiments. This is by no means a

comprehensivelist, and referenceto the originalpublicationsand

bibliographiescontainedthereinis recommendedfor evaluatingwhich

treatment is most applicableto a given soil. The leachantsare listed by

mechanismattacked,in the order of the typical sequentialdesign. The
f

first leach should be dedicatedto physicaladsorptionand ion exchange,

the second carbonates,etc. The followingparagraphssummarizesome of the

considerationsimportantto selectingleachants.

Some of the ion exchange solutionsmay also attackcalcium carbonateeither

due to the acetatecomplexingthe calcium,or the ammonium ion neutralizing

the carbonate.TM Runningthe extractionat a pH slightlyover 8 rather

than in a neutral solutionmay mitigatethe complexingeffect,and using

the sodium salt may eliminatethe neutralizationproblem.TM In additionto

pH, the time and temperatureof the extractionshould be held constant,

experimentto experiment,to minimizedata variability.TM

Reduciblemetal fractionsmay be alteredduring samplepreparation,such as

exposure to air for samplesfrom reducingenvironments.TM Metal oxide

films are surfaceactive due to their hydrated surface. Samplesshould be

washed with only deionizedwater, and dried to constantweight at a

temperaturebelow the boilingpoint. Drying in an oven may drive off some

• or all of the waters of hydration,changingthe naturalcharacteristicsof

the soil.
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Target Mechanism Extractant
"iii I'I I' i II I _ iiIliil ii iii I' i il ]' '1'1 ' r Hill i lilii i iii I' i [ i '

ExchangeableIons 0.05 M CaCl2
BaCl2,Triethanolamine,pH 8.I
MgCl2,pH 7
NH4OAc,pH 7, 8.2
NaOAc

PrecipitatedSalts C02
NaOAc/HOAcbuffer,pH 5

HydratedMetal Oxides Acidic Hydroxylamine
AmmoniumOxalate Buffer
Hydroxylamine/Aceticacid
0.1 M NH2OH/HCI,0.01 M HN03, pH 2
0.2 M Ammonium Oxalate,0.2 M oxalic acid,
pH 3
Ammonium oxalate/Oxalicacid with UV
Sodium Dithionite-citratebuffer

Hydrox_lamine/HCl,Acetic acid

Organic Matter H202,NH4OAc,pH 2.5
30 % H202, 0.02 M HN03, pH 2, 85°C
Organic Solvents
0.1 M NaOH, H2S04
Potassium pyrophosphate

Mineral Lattice HN03 (conc.), 180%
Aqua Regia, HF, Boric acid
HF/HCI04

--- ri i, ill' i i , ,,ii, i i i r illi| i i i li i i ii i iili iiii

Chelating,and complexingeffects of leach solutionanions may also yield

confusingresultsfor metals.TM Reprecipitationmay occur due to pH swings

at particle interfaces,or in the solutiondue to loss/gainof carbon

dioxide.TM Adjustingthe pH up to 3, and decreasingthe contact time to 15

minutes and the reagentconcentrationto 0.025 M may make the hydroxylamine

hydrochlorideleachant even more specific,removingthe more readily

reducedmanganeseoxides while leavingthe iron oxides virtually intact.23

Using sulfide bearingreagentsmay cause low solubilitymetal-sulfidesto

be lost from solution.TM Care should also be taken in using dithionite

because of inherentzinc contamination,and residualextractantcan cause
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plugging problems in atomic absorption equipment. 21

Sodium and potassium chlorides have also been used to displace strontium

" and cesium.24 Calciumchloridewas shown to effectivelydisplace strontium

which might be expectedfrom their chemical similarity,but potassium

seemed to be far more effectiveat displacingcesium than was sodium which

suggestssome sort of sterichinderancerather than simple ion exchange.25

Chelants have also been used to extract heavy metals from soils,2e but are

notablyabsent from Table 1.1. These materialsenhance solubility,but

provideno mechanismspecificattack,and thereforeare not particularly

effectivefor a sequentialleach.

V. CONCLUSIONS

The need for R&D to minimize the amount of waste our societieswill have to

. controlfor years to come is without question. Though trial-and-error

testing is quick and relativelyinexpensive,it provideslittle or no

insightfor technologytransfer to other locations. A mechanisticapproach

yields enough data to help explainhow a processworks or why it should not

be consideredfurther. With this level of understanding,it will be easier

to present the evaluationas comprehensiveto local communities. Finally,

developing flowsheetsto minimize waste by minimizingthe amount of soil

dissolved is cost effective.

Timely treatabilitystudiesare necessaryto evaluatethe potentialfor

technologiessuch as soil washing for applicationto radionuclide

contamination. The goal of the researchshould be to provide adequate

insight into the physical/chemicalprocessesinvolvedto determineif soil

washing should be consideredfor remedialactionswith radioactivesoils.

" Soil assays,surface analysesand sequentialleaching strategiesare tools

availableto provide the knowledgebase needed to make informeddecisions.
t
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CHAPTER 2. SOIL WASHINGTECHNOLOGY

I. INTRODUCTION

Soils contaminatedwith heavy metals and/or radionuclidespose a

significanthealth threat and a huge internationalfinancialburden for

clean up and dispositionof the resultantwaste. The international

industrializedcommunityis faced with the responsibilityof managing the

health and environmentalrisks posed by millions of cubic yards of soils

contaminatedwith radionuclides. These soils were contamir_atedby a broad

spectrumof activitiesrangingfrom uraniumprocessingtailings and

solutionmining wastes,to historicallyacceptedsoil column and landfill

dispositionof contaminatedwastes,to accidentscenarios (i.e.,Chernobyl,

JohnstonAtoll) and war time events,includingnuclearweapons production,

testingand use.

Though significantfunding and emphasis has been directed toward developing

new technologies,physical and chemical soil washing are the only options

availablefor decontaminationof these soils. Physicalsoil washing is the

use of materials handlingequipment,mostly borrowed from the mining

industry,to separate particlesover a gradientof some physical

characteristic,e.g., densityor nominaldiameter. Chemical soil washing

involvesthe use of an extractantto dissolve some fractionof the matrix

to release the contaminantson a molecularor atomic scale. Though much

developmenthas been directedtoward more efficientmeans of

decontamination,little basic researchhas been publishedto explainthe

correlationof successfultreatmentwith the mechanismresponsiblefor

fixing the contaminationin the soil matrix.

A responsibleengineeringdesign should begin with an understandingof how

the contaminantsare fixed so that a processcan be designed to target the

contaminatedphase(s). Each of the mechanismsdescribed in Chapter I can

be targeted by a unit operationrather than attackingthe soil as a whole.

This approach should not only minimize secondarywastes requiring
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treatment,but allow a definitivejudgementof whether the technology is

- applicableat a particularsite. This chapter covers a detailed

descriptionof the operationsused in soil washing, includingan

. explanationof how the mechanismsdescribedearlier can be targeted in

particularsteps•

II. WASTE MINIMIZATION

Decontaminationof radioactivelycontaminatedsoils is complicatednot only

by the heterogeneousnature of soil, but also by the wide variety of

radionuclidesincludingtransitionmetals, alkalies,alkalineearths, and

uranium and transuranicelements• In additionto the technical

complexities,however, the legal issues of cross-contaminationwith

hazardouswastes (a completedescriptionmay be found in the code of

federal regulations,40 CFR Part 261) and disposal are extremely

restrictive. The importanceof waste minimizationin processdesign cannot

be over-emphasized. The followingis a brief summaryof the legal

backgroundof this constraint.

• In the United States, since the landmarkcase filed by the Legal

EnvironmentalAssistanceFoundation(LEAF) againstHodel (the Secretaryof

the Departmentof Energy (DOE) in 1984),the EnvironmentalProtection

Agency (EPA) has had sharedjurisdictionover the managementand

dispositionof defense-activitywastes which exhibitboth hazardousand

radioactiveproperties. Prior to that time, the DOE held that all

radioactivewastes created by their activitieswere exclusivelymanaged by

DOE contractorsunder the specialnuclear materialand by-productexemption

provided by the Atomic EnergyAct (AEA) of 1954. The court's finding in

LEAF v. Hodel, restrictedthe AEA exclusionto protectionof information

only to the extent that nationalsecuritywas affected. In 1987 the by-

product rule was modified to yield EPA controlover the nonradioactive

fraction of the waste, and finally, in 1988 the EPA formallydecreed the

. category of "mixed-waste". A similararrangementis in place between the

Nuclear RegulatoryCommission (NRC) and the EPA for commercial (i.e.,
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utility and medical) wastes.

Dispositionof mixed-wastes,regulatedby two agencies,creates challenging

opportunitiesfor an engineer designinga processto treat soils cost-

effectively. Interestingly,wastes contaminatedwith sufficienthazardous

wastes to be governed by the ResourceConservationand RecoveryAct (RCRA)

must be disposed of in landfillswith very prescriptivedesign features

such as double-liners,leachatecollectionand groundwatermonitoring.

Radioactive-onlywastes are governedby their activitylevel and nuclide

inventory,but can be disposed of in a landfillwhich is essentiallya

"hole in the ground", so long as they meet relativelysimple waste

acceptancecriteria, (i.e.,no pyrophorics,free liquids,finely divided

solids,etc.) Obviously,to mitigatethe costs of excavation,packaging,

and long-termmanagement,segregationof wastes is extremelyimportant.

Physicalsegregationis certainlythe preferablealternative,because it

generatesonly minimal secondarywastes. Chemical extractionis a last

resort attemptedonly if a unique chemical advantageis gained,or if no

other option is available. Though much effort has been expended on

solubilizingcontaminants,treatmentof secondarywastes has generallybeen

assumed to be within the spectrumof traditionallow level radioactive

solid and liquid waste treatment.

Complicatingthis assumptionis the mixed-wasteissue. There is no de

minimis level for radioactivityother than possibly local background

levels. Additionally,there are specifictreatmentand concentration

guidelines for hazardousconstituentsper RCRA regulations. The best

strategy is to minimize the secondarywaste streamsand, to the extent

possible,segregatethe radionuclidesfrom the RCRA hazardousconstituents.
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III. PROCESSDESIGN

A. Modular Design

A soil washing treatmentprocess is typicallybuilt from skid-mounted

modules which might includesome or all of the basic steps combined in

Figure 2.1. This allows the processto be tailored to a specific site, and

reconfiguredafter mobilizationto a new site. Physicalsegregationis

used to the extent possible,to minimizethe amount of material requiring

furthertreatment. If satisfactoryresultsare obtainable,the only liquid

used is locallyavailablewater. Chemicalextraction,if necessary,is

targeted primarilyat the fine fraction,but some use of extractantmay be

advantageousduring the physical separationsto take advantageof the

agitationand intimatemixing. Recycleof the wash solution is criticalto

the successof any processdue to the huge volumesof material to be

treated. This not only minimizesthe volume of water required,but more

importantlyreducesthe effluentto be treated. A certainminimum blowdown

stream is unavoidableeven in a purely physicalwet process, however,due

to the solubilityof naturallyoccurringsalts and the buildupof suspended

• solids and/or colloidalmaterial that cannot be readily filtered.

B. OversizeMaterial Separation

An adjustablebar screen is commonly used to separateoversize rock, roots,

and debris which might interferewith the downstreamprocessingequipment.

This large materialnormallymeets decontaminationcriteriabased on weight

because of its low surfacearea to volume ratio. The bar spacingis set at

the smallestpracticalsize that will yield a reject pile that can be

disposed of without furthertreatment,typically2-6 inches. If even the

large material contains too much contaminationto be returnedto the

. excavation,it may requiresize reductionsuch as shreddingor crushing for

furtherprocessing. In unique circumstances,such as piles containing

. discrete pieces or agglomeratesof contaminatedmedia, separationmay be

achievedby manual sorting.I If the pile is small enough, however, it may
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be more cost effective to package the whole pile for waste management.2

C. Trommel

A trommel is an tnclined rotating cylindrical screen or set of screens

which provides a rough separation as material is tumbled. Though typically

incorporating a water spray to mitigate release of contaminated dust, this

processing may be done dry if dust is not a significant factor. The

tumbling action serves to break up lightly bonded agglomerates and to

separate gravels from sand and finer material. In many cases the gravel

fraction can also be returned to the excavation without further processing.

The trommel is also the first opportunityto aid decontaminationby adding

an extractant. Water will probably sufficeif the gravel is only

contaminatedby fine particulatebonded to surfacesstatically,or

agglomeratedby materialssuch as clays or organicmaterial. Time in the

trommel is limited, so realisticallythe material can only be rinsed in

this step, but if a precipitatedsalt is readilysoluble in a solvent,or a

solvent is to be used in the liquid circuitfor downstreamprocessing,

" using the same solutionin the trommelmay provideadditional

decontamination.

D. Sizing

The next particle size separationmay be accomplishedby a series of

hydrocyclones(as shown),vibratingscreens,or screw classifiers. All

units provide a rough separationof sand from finer materialprimarilyby

particle size, but much of the low-densityorganicparticulatewill

separatewith the fines cut from the hydrocyclone. If most of the

contaminationis bound by ion-exchange,it should be found primarily in the

fine material which containsthe clays and organicmatter. In some cases,

the sand fractionwill meet the decontaminationcriteriawithout further

• processing,but if significantcontaminationis bound on the grain

surfaces,some form of surfaceabrasionmay be necessary.



If treatabilitystudies (laboratorytests) indicate significant

contaminationis containedin weakly bound organicmatter or surface

coatings,separationthrough a mineraljig may be used to pretreatthe feed

to the hydrocyclonesor replacethem altogether. A mineral jig is a pulsed

up-flow classifierincorporatinga layer of steel shot or gravel on a

screen through which the settlingparticlesmust pass. If the

contaminationis only weakly adherentto the sand grains, this additional

agitationmay be adequateto break the contaminatedparticlesfree to be
3

carried out in the rising solution.

E. AttritionScrubbing

For more adherentcoatings,simpleautogenousgrindingmay be necessary.

In an attritionscrubber,a particle slurry is passed through a highly

turbulentzone betweenopposed impellers,causingattritionof the particle

surfaces by impingementof other particles. This abrasion can be

controlledto remove surfacefilms such as precipitatedsalts and/or

hydratedmetal-oxides. The remainingsolid core shouldthen meet the

decontaminationcriteria.

F. Flotation

An air flotationcell is used to separatelow density organicmatter and

fines from heaviermineral particulateby attachinggas bubblesto the

contaminatedfines causingthem to float to the surfaceto be skimmed. As

shown in Figure 2.1, a flotationcell is used to separatethe fines

generated (and dislocated)in the attritionscrubber. Surfactantis mixed

with the slurry to make the particulatehydrophobiccausing it to float to

the surface as the slurry is sparged. Choice of reagentaddition is based

on laboratorytesting to producethe most efficientseparationof

contaminatedmedia.
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G. Dewatering

Dewatering of the fines is required because waste shipped to a landfill

cannot contain any free liquids (dewatering may also lower disposal costs

which are on a weight basis). Polymer is added to produce a floc to

enhance settling in a clarlfier. The settled sludge is then pressed to

remove free ltquids prior to shipment.

Fine solids from the rough separation step may be further divided prior to

dewatertng if laboratory testing indicates contamination may be segregated

in organic or fine mineral material. This may be possible using a

vibrating screen (as shown in Figure 2.]) or a flotation cell.

The sand fraction may be dewatered efficiently using a vacuum filter as

shown, or more slowly by allowing time for gravity draining. All solutions

from dewatertng are recovered for recycle to the process. A settling basin

and somedegree of additional water treatment are typically required if any

contaminants are soluble.

- IV. CORRELATIONWITH SEQUENTIALEXTRACTION

As noted in the process descriptions above, each of the mechanismswhich

can be selectively extracted can be targeted in the soil washing process.

Ion-exchangeable material is primarily bound in the fine mineral and

organic fractions which account for most of a soil's cation exchange

capacity. Someprecipitated salts are readily soluble with a slight pH

adjustment, or a particular solvent. Less soluble salts and metal-oxide

coatings may be abraded to yield a clean mineral core. Finally, if

significant contamination remains with the mineral grains after all steps,

extractive soil washing cannot be used. Decontamination would require

gross modification of the soil matrix such as dissolution in mineral acids

or milling to liberate contaminated fines trapped in microfissures. With

radioactive contamination, this type of processing would almost certainly

result in an increased waste volume.
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CHAPTER3. RELEASEAND RESORPTION

I. INTRODUCTION

Much can be learned from sequentialextractionmethodologydescribed in the

first chapterwherein the soil matrix is chemicallydissectedto

selectivelydissolve particularsoil componentsindependently. However,

the publishedstudiesdo not appear to consider the potentialfor a

contaminantreleasedfrom one type of site to resorb on another site during

an extraction. Chemicallyor physicallyremoving a phase may generallyact

to the benefitof removing a contaminant,but a layer may cover or block

pore spaces or ion exchange sites, and removalmay open these other sites

for active fixation. If resorptionis significant,it is doubtfulwhether

a sequentialextraction,no matter how ideally selective,can provide

representativedata on the actualdistributionof contaminantsby phase or

fixationmechanism.I Treatabilitystudiesmay erroneouslyconclude that a

contaminantcannot be removed,when in fact controlof resorptionIs all

that is required. Therefore,characterizationof the relativemagnitudeof

resorptionduring soil decontaminationis essentialto definitive

" evaluationand may providethe insightnecessaryto improvethe technology

for wider application.

II. BACKGROUND

A. SequentialExtractions

The sequentialextractionmethodologyreferencedabove uses a series of

progressivelymore aggressivesolventsto dissolve six principlephases:

]) exchangeablecations, 2) precipitatedcarbonates,3) easily reducible

metal oxides (primarilyamorphousoxides of manganese),4) more refractory

metal oxides (primarilycrystallineoxides of iron), 5) organicmaterial,

and 6) the residualmineral lattice. In step one a brine is used to

. displace exchangeableions and in step 5 a brine is added to mitigate

resorption after the organicmatter is destroyed. In step six the residual
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mtneral soltds are completely dissolved. However, in steps 2, 3, and 4,

the published studies do not consider the potential for a contaminant

released from one type of site to resorb on another site during an

extraction. The physicalmodel assumes,in effect,no ion exchangeor

adsorptionat sites either previouslyoccupiedby other ions, or exposed by

the dissolution.

It is typical in the literature,that a significantpercentageof heavy

metal contamination(up to 50 wt.%) is concludedto be fixed in the

residual crystallattice. While this is certainlypossible;clays have

extensivecapacity for ion exchange,and silicatesmay have considerable

capacityat unsatisfiedlatticeedges, substitutedsites or at

intercrystallineboundaries,it is also possible to free a speciesfrom one

mechanism,while making it susceptibleto another,with no net releasefrom

the soil. These resultsmay be influencedby a cascadeof ions from one

type of site to anotheras the most active fixationsites are destroyedby

dissolution.

The tendency for an ion to exchange at an uncoveredsite will be a function

of the HofmeisterSeries which takes into accountthe ionic charge and

hydrated radius.2 Generally,the greater the charge and smallerthe

hydrated radius,the greater the charge density, and the strongerthe

affinity for a chargedsubstrate. Thereforea contaminantion may displace

an ion of lower affinityto resorb on the surfacetherebydecreasingthe

apparentdegree of decontamination.

B. Research Needs

Ideally,if one were characterizinga spill of limited extent, such that

uncontaminatedmaterial of a similarnature was availablejust outsidethe

spill area, comparativestudieson adsorptioncould be characterizedin

parallelwith extractionfrom the contaminatedmaterial. However, even in

this unique circumstance,there would still exist the basic unresolvable

questions includingthe influencesof weathering,time and temperatureon
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the contaminants and their distribution. This simplistic goal is made more

challenging by the heterogeneity of natural materials such as soil and the

complexities of the soil matrix. Grinding the soil, using only a narrow

- particle size fraction,or any other techniquewhich might normally be used

with syntheticresins or catalyststo isolatespecificphysical phenomena,

may modify the characteristicsof the native soil matrix reducing the

credibilityof the experiment.

Clearly,many of these shortcomingscan be avoided if the release and

desorptionphenomenacan be evaluatedseparatelyfor the same soil. One

approach is to cause releaseof the contaminantwithout allowing it to

resorb. This can be accomplishedby borrowingfrom a techniqueused for

developingelutionprofiles in ion-exchangechromatography. This

analyticalmethod accomplishesthe isolationof two or more ions by taking

advantageof the differencein their relativeaffinitiesfor a solid

substrate. Followinga loadingphase, the speciesare eluted by passing a

clean solutionthrough the exchangecolumn. As the speciesare washed

through the column, they continueto desorb and resorb,proceedingdown the

column while in the liquid phase in a random walk fashion.3 Though the

bulk of a particularspecieswashes out as a front,this randomwalk

creates some distributionaround the front which createsa followingtail

of diminishingconcentration. Becausethe adsorptionisotherm is typically

not absolutelylinear,and the relativeextent of adsorptionis greater at

lower concentration,the tail continuesto grow, which may blur a following

peak. To enhance the separation,the elutingsolutionmay contain a

counter-ionspecificallyselectedto preventthe resorptionof the species

of interestby activelycompetingwith it for availablesites,a'4 This

"displacementdevelopment"can be accomplishedusing an ion of greater

adsorptionaffinity for the substrateor by concentration(as in ion

exchange regeneration)or both. Thus, by conductingparallel extractions,

with and without the counter-ionpresent,the effect of resorptioncan be

isolated,allowing its relativemagnitudeto be evaluated.
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III. KINETICMODEL

A. Dissolution

The metal-oxidesin a soil may representa significantportion of the

contaminantfixing capacityof the matrix. This is attributedto the very

thin (possiblyonly severalatomic layers) but high surface area film a

hydrated metal oxide may form on an otherwisevirtuallyinert particle such

as a quartz grain._'e'_If a first-orderreaction is assumed,the rate of

selectivedissolutionof the iron oxide film at constant temperature

reducesto a functionof surfacearea and solvent strength:

f
i

dC(Fe)/dt_ kAC(solvent),

where: C representsthe concentrationin the liquid phase, A is the

surface area of dissolving iron oxide film, and k is a rate constant

(mgllls).

No other time-dependentsource term is includedbecausethe experimentsare

to be done in nonmetalliccontainers. Also, no loss term is necessary

because all iron dissolvedout of the oxide shouldbe kept in solution by

the iron specificextractant/complexant.

If the film is uniform,and indeedvery thin, the differentialradius of

the particle across the film approacheszero, and the surface area may be

assumedconstant until the film is gone. Similarly,if the film is minute

relative to the supply of solvent,and the solvent is well mixed, the

effective solventconcentrationmay be assumedconstant. Therefore,the

rate of dissolution,and rate of change of iron in solutionremains

constant over the life of the film.

Integratingyields:

C(Fe) = kt + Co(Fe),where Co(Fe)= C(Fe) @ t_O
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The initial iron concentrationmay be set to zero through the use of

reagent grade extractantsand distilledwater.

Finally, if over the term of thirty plus years of weatheringand water

rinsing it can be assumedthat the contamination(i.e., cesium)has

permeated the thin film uniformly,the rate of cesium releasecan also be

modelled as ; constant,and the cesium liquid-phaseconcentrationwill also

follow a straightline with new slope k (pCi/I/s).

B. Resorption

If the concentrationof cesium in solutionis very low, its rate of

increasedoes not appreciablyaffect its dissolutionrate out of the iron

oxide film. However,the loss/gainof cesium in solutionwill strongly

impact the driving force for resorption. As the film is destroyed, new

sites are exposed, and other sites previouslyavailablebut not containing

cesium may preferentiallysorb the cesium as it is released from the iron

oxide. The released atoms may thus cascadefrom one group of sites (or

mechanism) to the next availablelevel of fixation,always sorbingto

minimize the energy of the system. Again assumingfirst order kinetics,

the expected rate of resorptionfor a trace constituentin solutioncan be

modelled as:

dC(Cs)/dt= -k'C(Cs)

where: k' is the resorptionrate constant (s1).

The rate of radioactivedecay for cesium with a half-lifeof 30 years is

considered insignificantover the term of the experiments,and is therefore

not included above. However,the decay providesa unique opportunityto

accuratelymonitorthe concentrationin solutionat very low

. concentrations.

. Integratingthe cesium resorptionequationresults in a simple exponential

decay from an initialliquid-phaseconcentration:
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C(Cs) = Co(Cs)exp(-k't),where Co(Cs)= C(Cs) @ t=O

This equationmay be used for the period followingcompletedestructionof

the iron oxide film, using the cesium concentrationfor Co at the point

where the iron concentrationreaches a constantvalue. Up to that point,

cesium is being constantlyreleasedby dissolutionand variably resorbed as

a function of its solutionconcentration.

C. Combined Dissolution/Resorption

During dissolutionof the iron oxide film, both mechanismsmust be

considered:

dC(Cs)/dt= k - k'C(Cs)

Integratingnow yields:

-I/k'In(k-k'C(Cs))= t + Q, where Q is a constant.

evaluatingthe integrationconstantwith boundaryconditionCo(CS) = O,

results in:

C =-(I/k')In(k), or

C(Cs) = (k/k')[]-exp(-k't)]

Thus, as resorptionbecomesincreasinglysignificant(k' increases),or

suffi_;ienttime passes,the exponentialterm approacheszero, and the

i cesium concentrationasymptoticallyapproachesthe mathematicalratio

between the rate constantsfor dissolutionand resorption. If the

constantsare in consistentunits, the plateau cesiumconcentration

provides an estimate of their relativemagnitudes. Thus, under ideal

conditions,the time to reach the plateau, the magnitudeof the plateau,

and the time of decay followingdissolutionall decreasewith increasing
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rate of adsorption. This equation is undefinedwhen the resorptionrate is

zero, and simplifiesto the relationshipgiven above for iron. At

intermediatevalues, the cesium profileranges as shown in Figure 3.1.

Cesium concentrationincreasesthroughoutthe duration of the iron-oxide

layer dissolution,then resorbson the residue as long as sites are

available.

1400 100
I

1200 L Fe
1 __,k,.lOOOO i so

1"°L. c.--,-I,o
t //...-"---.. ' !_-"r //..-'" "-...c,--.:,oo-!,o/ //.-" "'- / "?

I/<" °._.1o t21111
" I J'=..--................."_, I

0 _ Cs k'=l "_....,. 0
0 100 200 300 400 500 600

• Time (rain)

Figure 3.1 RelativeRates of Dissolution(k) vs. Readsorption(k')
Fe (matrixdissolved)and Cs (contaminantreleased)

IV. CONCLUSIONS

The theoreticalmodel providessome understandingof the relativeeffects

of resorption,though from an idealizedperspective. It is unlikelythat

the ideal profiles based on such a simplemodel (first-orderkinetics

without competingreactions)would be realized by experimentaldata. For

example, if resorptionoccurs rapidly,and the sorptioncapacity is

exceeded,the solution analyseswill show only a gradual increaseto a

steady-statevalue without the predictedpeak and decreasefollowing

dissolution. The data should,however,demonstratea significant

enhancementin decontaminationby using a counter-ion.
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CHAPTER 4• EXPERIMENTALDESIGN

I. INTRODUCTION

This chapterdescribesan experimentalplan for evaluatingsoil washing

technology for potentialapplicationto a radioactivelycontaminatedsite

at the INEL. The experimentswere designedat the laboratoryscreening

level in accordancewith the EPA guidancedocumentsfor conducting

treatabilitystudiesI'2in supportof the remedy selectionprocessunder the

CERCLA.

The experimentsplannedreflect significantmodificationsfrom the

procedures in the literatureto providegreater insight into the site-

specific contaminantsat this site. These changesare describedunder the

individualextractiondescriptions. The data generatedprovide the insight

necessaryto understandthe controllingmechanismswhich bind contaminants

in the soil matrix. A mechanism-specificextractanthas the potentialfor

greater removalefficiencythan a broad-spectrumextractant,such as acid,

while using a less aggressivechemistryand reducing resultantwater
m

treatment and dissolvedsolids handlingproblems•

II. TEST OBJECTIVES

The potentialfor contaminantrelease using soil washingwas characterized

by examiningthe decontaminationof a semidesertsoil. The sample studied

is an prehistoricalluvial sedimentdepositedby the Big Lost River on the

Snake River Plain within the boundariesof the Idaho National Engineering

Laboratory (INEL). The INEL is a semidesert,890 squaremile Departmentof

Energy reservationin southeastIdaho,about 32 miles west of Idaho Falls.

Annual precipitationis about g inchesper year. The four-acreWarm Waste

- Pond (WWP) site at the Test ReactorArea (TRA) consists of three

infiltration/evaporationcells contaminatedover a period of several

. decades by the outfallof coolingwater containingchromiumcorrosion

inhibitorand trace amountsof radionuclidesincludingcesium• Though
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originallythoughtto be hexavalentchromium,speciationstudies have

proven essentiallyall of the chromiumto be in the much less soluble

trivalentform. The soil is a poorly sortedmixture of volcanic origin,

approximately40 wt% of which is below 4 mesh.

Specificgoals are to:

A. Determinethe controllingfixationmechanism(s)for Cs, Co, and

Cr in the Warm Waste Pond soils.

B. Verify the experimentaltechniqueof sequentialextraction for

selectivelyattackingfixationmechanismsto provide a basis

for evaluatingsoil vashing.

C. Determinethe optimum_xtent of decontaminationachievableas a

functionof soil matrix dissolved.

D

D. Determinethe amount of contaminationheld in the mineral

matrix which representsthe absolutelimiting values for

practicalapplicationof soil washing.

E. Evaluatetime-releasedata to determinethe relative effectsof

contaminantresorptionon net release.

F. Develop recommendationson the applicabilityof soil washing

technologyto the contaminantsin the Warm Waste Pond soils.

Ill. EXPERIMENTALDESIGN AND PROCEDURES

A. Sample Handling

The soil source for these experimentswas oxygenatedand weathered, hence

did not require a controlledatmosphereto minimize oxidation. Humidity

controlwas required after initialhomogenizationand drying to ensure
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consistent sample size between sample replicates and extraction

- experiments. Contaminantsof concernwere limitedto chromium,cesium, and

cobalt, but soil matrix elementsincludingsilicon,aluminum,manganese,

_ iron, calcium, and both organicand inorganiccarbon were also analyzed,so

samples were handled in glass during extractions,and glass or clean

disposablenon-metalliclab ware for dry samples. The one exceptionwas

during wet screeningfor the initialparticle size separationwhich used

stainlesssteel screensand deionizedwater. Here after the specieslisted

above are referred to collectivelyas the analytes.

The followingdescriptionof the experimentaldesign is illustratedin

Figure 4.1.

B. Sample Homogenizationand Sizing

Native soil materialwas wet sievedusing deionizedwater and stainless

steel screensof mesh sizes #4, #10, #40, #100, #200 and #400. Sizing

continued until approximatelyone kilogram (dryweight) of -40 mesh

material was collected. The percentageof soil in each size fractionwas

" recordedafter ambientair drying to remove free liquids. Samples from

each size fractionwere dried to constantweight at I05°C,to avoid the

possibilityof modifyingthe soil matrix chemistry,such as removingwaters

of hydrationfrom hydratedmetal oxide films.3 After drying, the soil

fractionswere kept in air-tightcontainersto minimizethe amount of

moisture readsorption.

Water was continuouslysprayedover the top screen and recycled from the

bottom pan during screening. Samplesof the water were taken before and

after screeningto be analyzedfor radioactivity,chlorides,sodium,

potassiumand the analytesto check for washingeffectsduring sizing. An

after-screeningsample was taken directly from the reservoircontainingthe

screeningrinsate, or if more than one batch was necessary,compositedfrom

. individualbatches.
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SAMPLE Wet Sieving I

Liquid Analysis [ Remix I

Dry Weight

Discard
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Analysis
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] _ _11 Micro
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+++ ++__

Extractant_ Ion Exchange _ Residue AnalyzedAnalysis , Residue Stored

+++ _
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Metal Oxides
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Metal Oxides

Organic

Matrix

qD

Figure 4.1 Experimental Design Flowsheet.
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C. Sample Preparationand PreliminaryAnalyses

Triplicatesamplesof each soil size fractionsmallerthan 4 mesh (six

- fractions)were chemicallyanalyzedto determinethe analytecontentof

each fraction. This data provided insightinto any correlationof the

contaminantsof concernwith gross soil matrix chemical constituents. The

triplicatesamples also provided insightinto the homogeneityof the

initialsample. The materialwas to be remixed if the precisionof the

chemicalanalyses across the triplicateswas not within ±20%. Based on

prior studies,4'5which indicatedthe pond soils are virtuallyall either

+65 mesh or -200 mesh, the size fractionswere then combined into +40 and

-40 mesh sizes to simplifyhandlingfor the extractions. Based on the

assumptionthat any effectiveextractionschemedevelopedfor the fine

material would be at least as effectivefor the coarse material,the

balanceof the experimentswas conductedusing the -40 mesh fraction only.

Scanning electronmicroscopy (SEM) analyseswere done to provide
B

representativeelementalmaps for each analyteand selected soil matrix

constituentsto determineif the contaminantsof concerncould be

" correlatedwith any trace chemical constituentor surface phenomena.

"Representative"was determinedby examiningseveral surfacesites of

severalparticle sizes and appearances,but only sites showingdistinct

characteristicswere recordedphotographically.

X-ray diffractionwas done in a similarexplorativemanner to determine

what the major crystallinephases were and if the contaminantscould be

correlatedwith any dominantphase.

D. Chemical Extractions

. Thirty (30) samplesof about one gram each (I+0.1g) of the -40 mesh

'materialwere weighed out and stored in air tight containerswith minimal

. head space for use in the extractions.
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I. Extractants

All solutionswere made using deionizedwater and analyticalgrade

reagents. Liquid samplestaken before and after the extractionswere

analyzedfor the added reagents as well as for pH and the

experimentalanalytes. All extractionswere continuouslyshaken,and

conductedat room temperatureunless otherwiseindicated,and the

temperatureswere monitored. The extractantswere then centrifuged,

and the solid residueswere rinsed twice with 5 ml of deionized

water. The rinsateswere combinedwith the extractants. After-

extraction,liquid analyseswere done on this combined solution. The

solid residueswere air dried, weighed,and stored in air-tight

labeled containers. Each extractiontreated samples subjectedto

prior extractantsas well as fresh samplesto determine how the soil

matrix changes caused by one treatmentaffectedlater treatments.

2. [xchanaeab!e Ph_@,e
9

Six one-gram samples were each extracted using 20 ml of 1 _ potassium

nitrate solutionat pH 7 and room temperature,shaken for 2 hours.

Potassiumnitratewas used over magnesiumchlorideto avoid the

potentialfor precipitationof magnesiumcarbonate. Ammonium acetate

was not used to avoid potentialfor complexingof soil calcium by the

acetate,e

Potassiumwas chosen as the displacingcation because it is the next

in size to the cesium ion, which should increasethe probabilityfor

effective ion exchange.7 Though it has been reportedthat desorption

of cesium from humic materialsmay not be strictlya functionof ion

size,8 it is well known that potassiumis virtuallythe perfectsize

to fit into montmorillonite2:1 clay types.9 As such, it probably

providesthe greatest likelihoodfor displacementof cesium from

between clay layers. More detail is includedbelow in the

discussionon resorption.
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All extractants were filtered as described above. Samplesof three

clear solutions were sampledfor the analyte group and sodium,

potassium, chloride and nitrate. The soiid residue from each
extraction was handled as follows:

a) Onesamplewas analyzed for potassiumand the analytes to

confirm the liquid analyses,

b) Three sampleswere used in the following extractions, and

c) Two sampleswere saved in air-tight containers for
additional surface analysis if required.

3. PrecioitatedSaltsICarbonatePhase)

Three newone-gram samplesand the three samplesfrom above were

extracted using 20 ml of I _ sodiumacetate reduced to pH 5 with
acetic acid. The extraction was shakenandmaintained at room

temperature for 5 hours. The pH was checkedeach hour and adjusted

• to pH 5 using acetic acid if drift was over 0.5 pH units. Though

somenonselective attack on transition metals in metal oxide coatings

and the organic phase is reported in the literature, TM it was

believed that close control of the solutton to maintain pH 2 5 would

maintain the desired selectivity. 6 The three samplesexposedin both

extractions were filtered, all leachates were analyzed for the

analytes, and the residue savedfor the next step. The three new

sampleswere filtered, the leachates and one residue sampleanalyzed

for the analytes, and the other two residue samplessaved in air-

tight containers. Extraction leachates and residues from steps 4, 5,

6, and 7 were handled in the samemanner.

4. Easily Reducible Phase

Three newone-gramsamplesand the three samplesfrom abovewere

extracted using 20 ml of 0.1 H hydroxylamtne hydrochlortde acidified
to pH 2 with 0.01 H nitric acid. The extraction was shakenand
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maintainedat roomtemperaturefor 3 hours. This extractanthas been

provento be quiteselectivefor manganeseoxidephasesbecauseits

reducingcharactercauseslittleor no attackon crystallizediron

oxidesor organicmaterials.TM The pH was checkedeachhour and

adjustedto pH 2 usingnitricacid if driftwas over0.5 pH units.

5. Moderately Reducible Phase

Three new one-gramsamplesand the three samplesfrom abovewere

extracted using 20 ml of 0.2 M ammoniumoxalate acidified to pH 3

with 0.2 M oxalic actd. The extraction was shakenandmaintained at

roomtemperature for 6 hours. The pH was checkedeach hour and

adjustedto pH 3 usingoxalicacid if driftwas over0.5 pH units.

6. Oraantc phase .

Threenew one-gramsamplesand the threesamplesfromabovewere

extractedusing15 ml of 30% hydrogenperoxideacidifiedto pH 2 with

0.01N nitricacid. The extractionwas shakenandmaintainedat 85%

for 4 hours. The pH was checkedeachhour and adjustedto pH 2 using

nitricacid if driftwas over0.5 pH units. Aftercooling,5 ml of 3

potassiumnitrateacidifiedto pH 2 with 0.01_ nitricacidwas

added,and theextractionshakenfor30 minutes. The additionof

potassiumnitrateactedto preventresorptionof freedcontaminants

on the solidresidue. Use of potassiumnitrateratherthan ammonium

acetatewas a deviationfromthe methodtypicallyused,TM to allow

analysisfor organiccarbonin the solidresidueto verifycomplete

oxidationof the organicmatrixduringthe heateddigestion.

7. Lattice

Threenew one-gramsamplesand the threesamplesfromabovewere

digestedusing20 ml of a 3/I mixtureof concentratedhydrochloric

and nitricacidsat 85°Cuntilno solidswere visible. More acidwas
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addedas required to attain complete digestion if residue remained

- afterI hour. Hydrofluoricacidwas addeddrop-wiseto attain

completedissolution.

IV. TIME RELEASESTUDIES

To makeengineering use of the sequential extraction data, the release of

contamination must be isolated from the effects of resorption. Either

adsorption on identical virgin soil can be monitored suchthat rate and

magnitudecan be quantified directly, or a meansmust be demonstratedto

maintain the extracted species in solution, minimizing the massaction

driving force for resorption. This simplistic goal is mademore
challenging by the heterogeneity of natural materials such as soil and the

complexities of the soil matrix. Grinding the soil, using only a narrow

particle size fraction, or any other technique which might normally be used
with synthetic resins or catalysts to isolate specific physical phenomena,

will modifythe characteristicsof the nativesoilmatrixinvalidatingthe

" experiment.

Evaluating release and desorptton phenomenaseparately for the samesoil

requires releasing the contaminant without allowing it to resorb by

displacing another ion sorbed at lower energy. This can be accomplished

using an ion of greater adsorption affinity for the substrate or by

concentration (as in ion exchangeregeneration) or both. Potassiumwas

chosenas the displacing ion becauseits size, charge, and chemistry yield

the greatest potential for mitigating resorption at even stertcally
7.9.14.15hindered sites inside silicate structures.

Basedon this principle, rate studies were conductedto qualitatively

determine the significance of resorption versus dissolution and contaminant

release. For example, as the moderately-reducible metal-oxide fraction of

the soil matrix (characterized mainly by crystalline oxides of iron) was

destroyed in the sequential extraction, the concentration of iron,

chromium,and the cesium activity in solution were monitored and evaluated
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based on the model described in Chapter 3. The occurrence of a

radionuclidewith a high-energydecay allowedvery sensitivemeasurementof

contaminantreleaseover time. The relative shapes of the profileswere

then compared for extractionswith and without the presenceof a strong

potassiumnitratebrine present to mitigate the resorptionof cesium.

Similar studieswere done for the extractionsto destroy the carbonateand

easily-reduciblemetal oxide phases by monitoringcalciumand manganese

respectively.

The brine can change the apparentcontaminantdistributionin two ways: I)

by mitigatingresorptionof the releasedspecies,or 2) by mass-action

causing potassiumto activelydisplace sorbed ions thereby enhancingthe

release. Practically,both effectswill occur at sites made availableto

the solutionduring dissolution,but misleadingdata could result if the

potassiumactually penetratesinto the surfaceto displace contamination

from a phase not attackedby the extractant. This would again result in a

faulty estimationof contaminantdistribution. To minimize this potential

all time-releasesampleswere pretreatedwith brine to displace all

availablecesium prior to conductingthe time-releaseextractions.

V. EQUIPMENT

A. FritschA-3 VibratorySieve Shaker equipped for wet screening,

and stainlesssteel screensizes: #4, #10, #40, #100, #200,

and #400.

B. Cole-Parmertemperature-controlledwater bath horizontal shaker

and stainlesssteel tank.

C. DIONEX Ion Chromatograph(It)(DIONEXseries 4500i)

D. InductivelyCoupled Plasma(ICP)SequentialSpectrometerSN

AVRIL 83/387 (ISA JY-38)
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E. Flame Atomic Absorption(AA)SpectrophotometerThermo Jarrell

- Ash (SmithHieftjemodel 4000 S#8128)

- F. Gamma SpectrometerSystem

G. C02 Coulometer (UIC Inc.model 5011)

H. CarbonateSystem (UlC Inc. model 5130)

VI. ANALYTICAL METHODS

Summarized in Table 4.1 are all analytes,analyticalmethods, and, where

available,correspondingEPA standardmethods.

A. InductivelyCoupledPlasma (ICP)

Compoundsare brokendown to elements in a high-temperatureplasma.The
A

excited elementsgive off light at characteristicfrequencieswhich are

resolved by a detector.

B. Atomic Absorption (AA)

The compoundsto be analyzedare atomizedinto a flame in the path of a

light source of a specificwavelength. The wavelength is chosen for the

specific elementof interestto be absorbedin a quantum interaction. The

degree of absorptioncan be resolvedto quantifythe amount of the element

present in the sample.

C. Gamma Scan

- Gamma (y) rays (photonsfrom nucleardecay) incidenton a germaniumcrystal

yield free electronsin amounts proportionalto the absorbed energy. Due

. to an imposed voltageon the crystal,a currentprofile is produced as a

function of photon energy and frequencyof impact. Detector software is
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Table 4.1 AnalyticalMethods
illmllll i L ii i i iiii i i i iii mml II I I " II IIIIIII

Analyte Technique StandardMethod
t ii tt

Or ICP SW-846; 6010A

Si ICP
iiii

Al ICP SW-846;6010A
tt tt it ii imul|

Mn ICP SW-846; 6010A
,, ,,, ilml i, ,m,,,, i

Fe ICP SW-846; 6010A

Ca ICP SW-846; 6010A
,

Na AA SW-846; 7770
,,,, i, m, ,,,, J

K AA SW-846; 7610

Cs137Co6° GammaScan No EPAmethod
,, ,,

NO3 IC 9056; EPA-600 Method 300 "

C1 IC 9056; EPA-600 method 300

Inorganic C ASTMD4129-82
,

Total C ASTMD513-82
ii ,, ,i H,,

Density Hel ium Displacement

Surface Happing Scanning Electron

Microscopy
ii i i

capable of resolvingup to 106 impactsper secondto produce a spectrumof

photon incidenceversus energy. Nuclide prevalencecan then be determined

by the size of the peak at characteristic energies.

D. Ion-chromatography(IC)

Nitrate and chloridewere separatedby ion-chromatographyas described in
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Chapter 3, then titrated as acids.

E. Inorganic/OrganicCarbon

To measure inorganiccarbon,the sample is heated to convertcarbonateto

carbon dioxidewhich is capturedfor titrationas carbonicacid. For total

carbon,the sample is heated to a higher temperatureto not only convert

the carbonatebut to burn the organiccarbon as well. Organic carbon is

determinedby diffey_nce.

F. Density by Helium Displacement

The sample is containedin a cylinderof preciselyknown volume with a

helium atmosphere. The cylinder is repeatedlypressurizedby displacement

with a piston. Pressureincreaseversus volume is interpretedto determine

the exact volume of the sample exclusiveof pore spaces filled by the

helium. Combinedwith a weight determination,the absolutedensity of the

particlemay be calculated

• G. ScanningElectron Microscopy

A narrowly focusedelectronbeam is used to bombard a small portionof the

sample surface in scanningelectronmicroscopy (SEMI. Incidentelectrons

are either reflected from the surface,or penetrateto ionize surface

atoms. Incidentelectronsare of essentiallyidenticalenergy,but

reflectedelectron energiesare distributedacross a spectrumbecauseeach

recoil causes a certainloss characteristicof the surfaceatom. Thus the

reflectedelectrons (backscatter)can be sorted by energy to derive the

elementalcompositionof the surface (electrondispersivespectroscopyor

EDS). The EDS spectrumprovidesinformationon the relative incidenceof

. elements occurringat the surfaceto at least 0.1% atomic prevalence. The

backscatterelectronscan also be mapped: generallyto providea

topographicalimage (backscatterelectron imagingor BEI), or at a single

energy to provide a "dotmap" showingthe incidenceof asingle element.
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Penetrating electrons can ionize surface atoms causing a high-energy photon

emission (x-ray)and loss of an electron from an outer orbital (secondary

electrons). Secondaryelectronsare produced over a narrower range of

energiesbecause they are limitedto quantum energieslower than the

incidentelectronsand are not affectedby surfacegeometry. This makes

secondaryelectron imaging (SEI)more valuableto producetopographical

maps with higher contrast.

VII. DATA ANALYSIS AND INTERPRETATION

The extractionefficiency (degreeof contaminantremoval)was measured by

gamma scan and chromium analysisof the extractantand the soil residue.

Specificity(attackon only the target compound),and completeness(degree

of target compound removed)was evaluated,as applicable,for each step as

follows:

A. Exchangeable Phase

All contaminationremoved in this step should be the result of potassium

displacementat ion exchange sites. Potassiumremovalfrom the extractant

was comparedon an equivalentbasis to the cation additionto evaluate

specificity. Analysis of the soil residuewas comparedto match the

potassiumpickup versus the loss of other cations. Detectionof calcium,

aluminum,iron, or manganesecould indicateattack on carbonateor hydrated

oxide fractions,but could only be due to ion exchange interactions. Loss

of inorganiccarbon or siliconfrom the solids would indicateattack on the

carbonate fractionor mineral latticerespectively.

B. PrecipitatedSalts (CarbonatePhase)

Contaminantremoval in this step should be due to dissolutionof carbonates

which may precipitateor occludethe ions of concern. For example, cesium

does not form an insolublecarbonate,but may be trapped in a pore which is

blocked by an insolublecobalt carbonate. Calcium additionto the
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extractant, and inorganic carbon analysis of the solid residue was used to

- judge the completeness of the carbonate dissolution. Presence in the

extractant of aluminum, iron, manganese, or silicon would indicate lack of

. specificity.

C. Easily ReduciblePhase

This step should primarilyremove hydratedoxides of manganeseand

amorphousiron oxides. It will also remove any residualcarbonates.

Completenessof reactionwas to be evaluatedby measuring residual

manganese in the solid residue. Silicon in solution,or loss of organic

carbon from the solidswould indicatelack of specificity.

D. ModeratelyReduciblePhase

This step should remove the remainingmore refractoryiron oxides. The

hydratedoxides are removed in two steps to determinehow much

contaminationcan be liberatedby dissolvingthe least amount of soil

matrix. Completenessof reactionwas to be evaluatedby measuring residual

• iron and manganese in the solid residue. Silicon in solution,or loss of

organic carbon from the solidswould indicatelack of specificity.

E. Organic Phase

This step should oxidizeessentiallyall of the organicmaterials. The

extractioncould use more aggressivechemistryto ensure complete

oxidation, but this method was chosen as a compromiseto prevent

significantattack on the mineral lattice.

Completenessof reactionwas evaluatedby measuringresidualcarbon in the

. solid residue. Silicon in solutionwould indicateattack on the mineral

lattice and lack of specificity.
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F. Lattice

This final digestionof the remainingsolid matrix released residual

contaminantstrapped in the silicatematrix. Contaminantsremainingin

this solution provideda mass balanceon the earlierextractions,and an

indicationof the limitingconcentrationsthat could be reached by

practicalapplicationsof soil washing technology. Removal of the

contaminantsheld within the silicatematrix is not believed possible by

any practicalfield applicationof soil washing technology.

VIII. CONCLUSIONS

This experimentalplan representsnot only a comprehensiveevaluationof a

technologyfor a specificapplication,but the basis for understandinghow

a remediationtechniqueworks. Rather than a simplisticpositive/negative

result which is typicallyall that is alloweddue to economicconstraints,

this type of plan provides the data on which to base a true engineering

systemsapproach. A knowledgebase is establishedincluding: I) which

mechanism(s)should be targetedby a flowsheet,2) how aggressivea

chemistrywill be required,3) how much dissolvedsolid must be treated,

and 4) what degree of decontaminationcan be expectedfrom the technology.

The final assessmentof remedies can then be explainedin a manner

acceptableto the public which will build credibilityand confidence

through shared knowledge.
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CHAPTER5. EVALUATION

- I. INTRODUCTION

. This chapter covers the findings of the experimental plan outlined in

Chapter 4. The study was reviewed and approved by the Department of

Energy, Region 10 of the Environmental Protection Agency, and the State of

Idaho, Department of Health & Welfare. At the time of this study, Fall,

1992, the WarmWaste Pond at the Test Reactor Area was subject to a CERCLA

Record of Decision 1 (ROD) agreed to by these three organizations, which

prescribed soil washing to decontaminate the pond sediments. The ROD

included cleanup goals of 90% removal of total contamination and an average

residual cesium concentration of 690 pCt/g. At the time the document was

written, the chromium was known to be trtvalent, so no residual level was

specified other than the general 90% criterion. Many experiments had been

done which suggested application of this technology might not reach these

goals, but no definitive data were available to change the agreement. This

evaluation contributed to the decision to seek an alternative solution,

such as physical separationand/or capping.

• II. SOIL CHARACTERIZATION

A. ParticleSize Distribution

Three soil samples from the Warm Waste Pond were blendedtogether in their

entirety and wet-sievedusing distilledwater and No. 4, 10, 40, 100, 200,

and 400 ASTM standardsieves. This providednominal particlesize cuts of:

4.75 mm, 2 mm, 425pm, 150pm, 75p m, 38pm and fines respectively. The

sieve stack is shown in Figure 5.1. The stack is shaken,and water is

distributedvia spray heads over the solid sample on the top screen to

promotebreakup of agglomeratesand rinse fine material down through the

L sieves. The rinse water is centrifugedto recoverthe material smaller

than 38pm.
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Figure5.1 ParticleSizeClassificationSieveStack.

The materialwas receivedmoist,but significantrinsewaterhad to be

addedin the sievingprocessto avoidagglomerationand attaingood

separationof the particles.The initialsievefractionswere then

resievedrepeatedlyto ensuremaximumseparationandminimalphysical

contaminationof the largermaterialwith finesthatwere suspectedto

carrysignificantconcentrationsof chemically-boundspeciesof concern.

The sievingoperationwas keptas gentleas possibleto minimizeattrition

and damageto the as-receivedparticlesurfaces.This procedure

significantlyincreasedthe timeto completesieving,but is believed

justifiedby ensuringthe most reproducibleand representativeresults.

Approximatelyone literof distilledwaterwas usedto sievea totalof

28,892gramsof soil. Analysisof the rinseindicatednegligiblelossesof
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any of the monitoredanalytes(lessthan0.1%),withthe exceptionof

- organiccarbonwhichlostabout0.5wt%, probablyas colloidalmaterial.

About0.05%of the cobaltactivitywas foundin the rinsatewith abouttwo

. ordersof magnitudelesseffecton the cesiumor chromium.

The particle size fractions were then atr dried andweighed. The resultant

distributionis givenby weightfractionIn Table5.1 and Figure5.2. As

can be seen In Figure5.3,overtwo thirdsof the materialIs greaterthan

10 mesh,and about85 wt% of thematerialis over40 mesh. This

i i i iiiiii ii iii, ii ii i iii, ,,,i,, lln

Table5.1 SollSizeDistribution
' "'"'" ' '='" I1' I I IIIII Ill I IIIII II

Sieve Screen Average Weight Particle Relative

Size Opening Diameter Fraction Specific Surface

/_m l_m WI. % Gravity AreaA/AIo

+4 4750 .... 59 ........
ii, i, i ii i,i , i ml I i

+10 2000 3375 12 2.66 1.0
,,, ii ,, i1= , i i , ,, , i, [ i ii i

+40 425 1212 14 2.65 2.8

+100 150 287 7.4 2.62 11.9
.. i H i , i i i , i

+200 75 112 2.0 2.58 30.9

+400 38 56 1.6 2.56 61.9

-400 38 .... 3.9 2.56 ....
r ii iiiiiii

distributionprovidesan opportunityfor segregationof the bulkof the

material by simple screening. If a decontamination flowsheet ts proven

effectivefor the finermaterial,a modified,or possiblylessintense

treatment may then suffice for the large material.

I
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B. Radlonuclide Distrlbutlon
e

Incidence of radioactive cesiumand cobalt as measuredby V-scan ts

. summarizedby particle stze in Figure 5.4. As can be seen, both species

increase monotonically wtth decreasing parttcle size. Thoughnot apparent

tn the ftgure due to the magnitudeof the cestumcontamination, cobalt ts
present in all size fractions. Numerical values are ltsted in Table 5.2.

It mayalso be seen tn the table that noneof the size fractions meet the

criterion in the Record of Decision of 690 pCt/g for allowable restdual
contamination.

0 L ,,,, , ,,, , ,,,1,,,, ,,,, , !,, ,, , , ,, ,,,

70 -
60-

"_ 50-

))°
. _ 30

2o
10

0 - ,, r._, _ _ ,,
+4 + 10 +40 . 100 . 200 +400 --400

Sieve S/ze

_] Co-60 _ Cs-137

Figure 5.4 Radionucltde Incidence by Stze Fraction.

The ratioof cesiumto cobaltdecreasesfromover30 in the largestsize

. fractionto aboutfive in the fines. This suggestsdifferentdominant

fixationmechanism(s)forthe two radionuclides,as mightbe expectedbased

on theirdifferentpositionsin the periodictable. Cesiumis an alkali

metaland distributesin a mannersimilarto potassium,its nearest
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chemical and physical analogue, and naturally occurring soil matrix

constituent. Cobalt is a transition metal, and as such distributes

primarily with iron and mapqanese, both of which are also naturally

occurring.

,i i,i , III I , II

Table 5.2 RadlonuclldeDistribution
,,,,' rl',,,,l'r,,, r'lll'I i

Sieve Size Cos° Coe° Cs137 Cs13_
(dps/g) (pCi/g) (dps/g) (pet/g)

+4 2.7E+00 7.2E+01 8.8E+0] 2.4E+03
i i i ,i i i, i,i i

+10 1.4E+01 3.8E+02 1.5E+02 4.]E+03i i i1,,.,i,l,i i

+40 8.8E+01 2.4E+03 3.6E+02 9.7E+03
i ii

+]00 1.8E+02 5.0E+03 7.0E+02 1.9E+04
, ii ,i,., i

+200 4.4E+02 ].2E+04 1.8E+03 4.9E+04
i i i

+400 4.6E+02 1.3E+04 2.3E+03 6.1E+04
i ,,i i

-400 5.5E+02 ].5E+04 2.7E+03 7.2E+04
I ,HH, , I IIIIIIII I

O

Whencoupled with the particle size distribution, it can be seen that only

about one-third of the total activity occurs in the 85 wt% larger than 40

mesh, and two-thirds is incident in the remaining 15 wt% (Figure 5.5).

This reinforces the potential for screening to separate the most

contaminated ]5 wt% for treatment, with a simplified flowsheet for the

larger material.
I

C. Elemental Distribution

The soil fractions were analyzed for the seven primary matrix constituents

to be tracked in the sequential extractions: silicon, aluminum, calcium,

iron, manganese, and inorganic and organic carbon, and the only

nonradioactive contaminant of concern, chromium. The standard deviation

for triplicate samples taken as a percentage of the average value ranged

from 1.2 to 21%. Of the 36 triplicate sets, only two values exceeded the

20% criteria in the experimentalplan, so no furthermixing was warranted.

The triplicatedata is summarizedin AppendixA. The averagevalues of the
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elementalconcentrationsare listed in Table 5.3.

- 35
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+4 + 10 +40 + 100 + 200 +400 -400

Sieve Size

Figure 5.5 Total % Activity by Size Fraction.

" Table 5.3 ElementalDistributionby ParticleSize

Sieve ElementalWt%

Size A1 J Fe J Cr Si Mn Ca C-C% J C-Org

................+4 < No RepresentativeSample- ->

+10 3.88 1.24 0.02 31.13 0.02 2.45 0.61 0.23
, ,,,

+40 4.75 1.63 0.07 31.10 0.04 1.00 0.06 0.70
ii

+100 4.79 1.70 0.13 30.47 0.05 1.44 0.12 1.46
, i

+200 3.70 2.65 0.35 23.40 0.13 3.24 0.67 3.19

+400 4.98 2.60 0.37 25.97 0.13 3.13 0.49 3.88

-400 4.67 3.01 0.63 22.47 0.20 2.16 0.37 4.14

This data is also summarizedin Figures5.6 and 5.7. The second figure

. magnifies the minor constituentsby removalof the dominant siliconand
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Figure 5.6 Matrix Si and Al Distributionby ParticleSize.
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Figure 5.7 ElementalDistributionby ParticleSize Minor Matrix Elements
w/o Si & Al.
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aluminumbars. As can be seen, the iron, manganese,chromium and organic

carbon values all show a general increasewith decreasingparticle size,

with profiles similarto the radionuclidedistributionshown above.

b

Also in Table 5.1 are the absoluteparticledensitiesas measured by helium

displacement. The surfaceareas estimatedin the table are based on the

particledensitiesand the assumptionthat the particlesare essentially

solid mineralgrains with minimalporosity. This assumptionis supported

by at least one historicalmicroscopicexaminationof INEL soils,2 and the

resultsof the scanningelectronmicroscopydescribedbelow. If the

particlesare essentiallyconvex solids,surfacearea is proportionalto

the square of a characteristicdiameter,and mass is proportionalto the

productof density and the cube of a characteristicdiameter. For example,

specificsurface area (cm2/g)of a sphericalparticleis related to

diameter and density as:

Specific SurfaceArea (cm2/g)= (4rrr2)/(p4r[r3/3)= 3/rp

The derivation for any fairly uniformparticleyields the same result, so

" the particularcleavageof any specificmineral latticeis irrelevant.

Therefore,plots of contaminantdistributionversus the inverse of the

productof averageparticle radius and densityshould give a linear plot to

the extent that the contaminationis physicallyand not chemically

distributed. Figures5.8-5.14are plots of incidenceof contamination

versus surface area or a soil matrix constituent. Normalizingthe surface

area, elemental, and activitydata for all particle sizes to the values for

the +4-10 mesh material,make the scales comparable,illustratingonly the

change in one parameterversus another. As can be seen from Figure 5.8,

the contaminantsdo not distributesolely due to surfacearea as would an

inert coating such as paint. In fact the distributionfalls below the

theoreticalcurve based on surfacearea alone,which indicatesa decreasing

contaminantconcentrationdensity by availablesurface. Therefore,there

. must be some partitioningdue to selectiveinteractionwith particular

elementalor crystallinespecies.
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Figure5.8 RelativeContaminationDistributionvs. SurfaceArea.
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Figure5.9 CorrelationTest of Contaminationvs. SoilConstituent,
Chromium Distribution vs. Iron in Matrix.
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. Figure 5.14 Correlation Test of Contamination vs. Soil Constituent,
Radionuclide Distribution vs. Organic Carbon in Matrix.

, The trends becomemore obvious on the plots of relative incidence of

contaminants versus iron, manganese, and organic carbon. The curves for

cesium are similar to those for cobalt which indicates the dominant

fixation mechanismsfor the cations may not be selective between the

cations for the matrix elements analyzed, attracting them both in a similar

manner. The chemical differences between the ions may be manifested only

in the degree to which they are concentrated (slope of curve). For

chromium, the correlation with manganeseappears the most pronounced,

however, this is not necessarily a cause and effect relationship, and the
two species may just be coincident.

Interestingly,Figures5.15 and 5.16 indicatepossible inverse

relationshipsto the siliconconcentration. Other than a single low

siliconvalue, the curves show a continuousdecrease in contaminationwith

inc_easingsiliconcontent. This may indicatethat the quartz grains are

relativelyinert to contaminantadsorption,and simply dilute the matrix,



66

5 ,, , , , i ,i , i,i i ,i,,ii ,i,,,i i i

E 30 -

25 - "
o 20 -
8
o=
•_ 15 -

o 10 -

o
_ 5 -

0 I I ,,I , I I

0.9 1 1.1 1.2 1.3 1.4 1.5
Relative Concentration of Silicon in Soil Matrix

Figure 5.15 Correlation Test of Contamination vs. Soil Constituent,
ChromiumDistribution vs. Silicon in Matrix. 4

0 ''"

._ 40 -

_ 30
O
o

•_ 20 -

i i ,I I Iii ii i

0.9 1 1.1 1.2 1.3 1.4 1.5
Relative Concentration of Silicon in Soil Matrix

-m- Co-60 __ Cs-137

Figure 5.16 Correlation Test of Contamination vs. Soil Constituent,
Radionuclide Distribution vs. Silicon in Matrix.



67

decreasing the adsorption capacity on a weight basis. Cesium sorption may

- be a function of the degree of silicon lattice substitution (silicate)

rather than the amount of silicon (quartz) present.

D. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to provide both insight into

the geometric nature of the particles, and elemental mapsof the as-

received particle surface. By mapping the surface of the particles for

matrix constituents and contaminants, correlations may be observed that are

not necessarily obvious from gross assays of total elemental makeupof the

soil matrix. The SEMphotographs shown in Figures 5.]7 and 5.]8 show the

surface topography of two particles in the -40+100 mesh fraction. As can

be seen at this relatively low m_gnification, the particles appear to be

just minute versions of commonriver rock with rounded surfaces, and a few

pits, but little or no porosity. Further examination of this particle size

both topographically at very high magnification, and by elemental mapping

for chromium provided no more insight. No porosity was apparent, and no
areas of concentrated chromium contamination could be found.

Electron dispersive spectroscopy (EDS) was then used to generate the

elemental spectrums shown in Figures 5.19, 5.20, and 5.21. Elements

covering at least 0.1 percent of the scanned surface are shown in the

spectrum. The gold (Au) peaks are caused by the surface coating applied

during sample preparation to create a conductive surface, and the copper

peaks (and possibly someof the zinc) are from the brass stud on which the

sample is mounted. Note that significant peaks are shownfor aluminum

(AI), silicon (Si), sulfur (S), potassium(K), calcium (Ca), barium (Ba),

chromium (Cr), iron (Fe), copper (Cu) and zinc (Zn), but cesium and cobalt

are not indicated. This is due to the fact that the radionuclidesoccur at

sub-parts-per-billionlevels,and the limitingSEM sensitivityis six

orders-of-magnitudegreater. The radionuclideswould have to be greatly

concentratedat specificsites to be apparent.q
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Figures 5.22 through 5.24 display an area designated Stte 1 of the mounted

-200+400mesh particle size. The first photo shows the actual surface at

100 times magnification,generatedby backscatterelectron imaging (BEI) of

particlesfixed in epoxy. The secondphoto shows slightlymore detail

using electronsof higher energy to penetratethe surface a few angstroms

(]0"1°m)producinga secondaryelectron image (SEI). As can be seen, the

particlesare mainly broken mineral fragments,not all as roundedas in the

larger particle size, and some showingirregularprecipitateddeposits.

The third photographindicatesthe relativeincidenceof elements of higher

mass, but very few sites stand out from the field.

Figure 5.25 is a dot map of the relativeincidenceof chromium in the same

field coveredby the surfacetopographs. Chromium is concentratedin the

bright spots in the upper left corner. Comparingto Figures 5.26 and 5.27,

dot maps of iron, and silicon respectively,it can be observed there is no

correlationin this field betweenchromiumand iron or silicon. It can be

observed,however,that siliconis ubiquitousin the sample as expected,

and the wide-spreadincidenceof iron suggeststhat an iron oxide film

covers many of the particles.

Figures 5.28 through 5.33 and 5.34 through5.40 are of two differentgroups

of the -200+400mesh particlesize. This time the elementalmapping

sequenceshows a positive correlationof chromiumwith the incidenceof

iron which suggeststhe chromiummay be fixed with oxides of iron on

particle surfaces. Calciumand manganeseare also coincident,but to a

lesser extent. Siliconand carbon show no positive correlation. The last

series of photomicrographs,(Figures5.41-5.48)are for a single particle

in the -I00+200mesh size. The dot maps show a slightlyelevated level of

chromium above background,with coincidentconcentrationsof iron and

manganese. Calcium is barely elevated,but the incidenceof siliconstands

out strongly againstthe high carbon epoxy pottingcompound. This is

probably a flat cleavageplane of a silicatemineral coveredwith hydrated

oxides of iron and manganese. The dot maps do not yield definitiveproof

of correlationof chromiumwith any one specificphase, but do indicate
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Figure5.44 IronDot Map, -100+200Mesh Particle.

Figure5.45ManganeseDot Map, -100+200Mesh Particle.
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Figure5.46CalciumDot Map, -100+200Mesh Particle.

Figure5.47SiliconDot Hap, -100+400Mesh Particle.
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Figure 5.48 Carbon Dot Map, -100+200 Mesh Particle.

concentration of chromium in the surface deposits. Higher incidence of

chromium is apparent only with weathering products which are dissolved in

the sequential extractions.

E. X-ray Diffraction

Analysis by x-ray diffractiongives an indicationof the probablemajor

crystallinephases in the sample. The computermatch of the diffraction

peaks is not an exact determination,rather it providesa list of the most

probable crystal structurespresent, and the relative amountsof each

phase. Amorphousmaterialsare not only indeterminate,but their magnitude

relative to the crystallinephases cannot be _ccuratelyestimated. For

these reasons, the data may not be simply comparedto the elemental

distribution. Of greater importanceare the confirmationor denial of the

existenceof a suspect phase, and the trends it,dicatedby the analyses.

The relative incidenceof five functionallygrouped speciesmost commonly
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found in the sample is summarizedby particle size in Figure 5.49, and

- Table 5.4. In general, silica (a-quartz)is the dominantcrystallinephase

in all but the finest sieve fraction,decreasing in magnitudewith particle

• size. This is probablydue to weatheringof parentminerals and biological

activitywhich accumulatesmetal oxides and organicdetritus in the smaller

particle sizes. Of notableexceptionis the -200+400 fractionwhich is as

high in silica as the -4+I0 fraction. This size range may includequartz

particlesthat weather more slowly than larger conglomeratesof mixed

mineral. Feldspargrains (aluminosilicatessubstitutedwith mono- and di-

valent cations)and mineralweatheringproducts such as oxides of manganese

and iron, and carbonatesare presentin all size fractions,with a greater

prevalencein the smallersize fractions. Organic carbon cannot be

detected by x-ray diffraction.

The diffractiondata had no apparentcorrelationwith the incidenceof

contaminants,either when tested as individualcrystallinespecies,or when

grouped functionally. The data do, however,confirmthe presence of all

" crystallinespeciesto be targetedby the sequentialextractions,and

provide some insightinto the relativemagnitudesof each phase. A

• complete listingof the relativeabundanceof crystallinephases by

particle size is provided in AppendixB.

F. RepresentativeSample

Combiningthe characterizationdata by weight fraction,a representative

sample compositedfrom the -40 mesh material has the calculated

characteristicssummarizedin Table 5.5. These numbersare only about 10%

lower than measured values for an actualcompositedsample,which verifies

the compositlngaccuracy.

. Radionuclideactivityper gram is sufficientfor calculatingsome risk

scenarios,but provides no insightfor most readers into the relative

amounts of each element presentin the soil. To evaluatethe extraction
e

data, the values in Table 5.5 must be convertedusing half life values
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Figure 5.49 X-ray DiffractionData by ParticleSize Functionally
GroupedMajor CrystallinePhases.

Table 5.4 FunctionallyGroupedCrystallinePhases
Distributionby ParticleSize,,

Sieve Si02 (Ca,NaK)COz (Fe,Mn)xOv (Na,K)AISi30e CaAl2Si20e
Size

,,

+4 <- No RepresentativeSample > .......

+10 41.7 11.1 3 6.5 3.0

+40 50.5 3.6 1.2 11.6 16.2

+100 34.3 4.5 9.7 13.9 13.1

+200 28.1 4.5 4.6 7.8 11.0

+400 42.7 2.9 3.9 21.9 9.1

-400 14.8 25.7 7.2 2.3 19.8 "
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Table 5.5 Representative-40 Mesh Sample Description
.e

-, u, r i i J,,,,, J, ,! , ir u i I 1

Characteristic Average Element wt%
. u.,,i ,. i, .., ,. ,, ,,u,,.u,, ,.,,, , Ji

ParticleDiameter (/An) 171 Silicon 26.93
, ,i ,,.., i ,i ,i , J i i

ParticleDensity (g/cm3) 2.5g Aluminum 4.63
,,,,,, , i ,,, .......

Cesium Activity (pCi/g} 41445 Calcium 2.05
i, ,u . ,,, , ,, ,u u ....

Cobalt Activity (pCi/g) g327 OrganicC 2.66
.,, ..,, ,, ii,, i ,,,

Total y-Activity (pCi/g} 50772 Iron 2.27
,, , ,, ,, , ,,, ,,,.,, ,, ,., i ,,

ChromiumContamination(ppm) 3135 Manganese 0.11
' " ' ,, ,, ,,, ,, r,, , : "' -

(Cs137: tl/2=30.I7yr,COB°: tl/2-5.271yr},and atomic weights {Cs_37:

AW=I36.gO68g,Coe°: Aw=sg.g338g}. Hence, the cesium concentrationin the

sample is O.48ppb, and the cobalt concentrationis B.24ppt. Soil washing

to remove contaminantsat these concentrationshas never been accomplished.

Ill. SEQUENTIALEXTRACTIONS

A. Time-ReleaseProfiles

The duration of each extractionstep outlined in the originalplan was

selectedor estimatedbased on the availableliterature to ensure complete

dissolutionof the target matrix component._'4'6'°In conflictwith this

goal is the potentialfor contaminantsto resorb to differenttypes of

sites on the solid residueduring the extraction. This would produce a

cascadeof contaminantspeciesfrom one type of site to another as the

dominant fixation sites are destroyedby dissolution.

- To test this hypothesis,time release studiesof net contaminantrelease

were done with and without a potassiumnitratebrine to inhibitthe

. resorptionof the cesium. Extractionsolutionswere analyzed after varying

exposure times to determineoptimumconditionsfor cesium release in the
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carbonateand easily and moderatelyreduciblephase dissolutions. Cesium

was tracked for the optimizationbecause it is the dominant risk driver in

the site risk analysis,and its strong y-emissionsignatureallows very

sensitivemonitoringof incrementalchanges over time. Potassiumwas

chosen as the displacingion because it is closest in size, charge, and

chemistryto cesium, and thereforehas the greatest potentialfor

penetratingand displacingcesium from adsorptionsites as described in

Chapter 4.

The first mechanisticassumptionnecessaryfor analyzingthe applicability

of the model presentedin Chapter3 is that the matrix element chosen to

monitor the progress of the dissolutionis relativelyunaffectedby

resorption(i.e., the extractantis effectivenot only in dissolving a

phase, but in keeping it _n solution). The profiles for calcium during the

carbonateextraction,manganesefor the easily-reduciblemetal-oxide

extraction,and iron fur the moderately-reduciblemetal-oxideextraction

are shown in Figure 5.50. Initialcalciumrelease appearsto be

acceleratedby the brine, but the time-to-plateauand steady-state

concentrationsappear constantwith and withoutthe counter-ionpresent.

The curves with and without the brine are essentiallycongruentfor the

other two matrix elements. Thus the extractantis effectiveand any brine

effects observed in the contaminantprofiles probablyresult from

resorption.

The brine effects on the carbonateextractionare illustratedby the

profiles in Figure 5.51. Radionuclideconcentrationis plotted as

disintegrationsper second per milliliterof solution (dps/ml)versus time.

Net release of cobalt is increasedby a factor of about two, cesium by

about five-foldby additionof brine. The requiredextractionduration to

ensure complete carbonateextractionwas less well defined. The profile

shown in Figure 5.51 shows a prompt release followedby a gradual increase

in calcium (microgramsper milliliter (ug/ml)and radionuclidesover 1080

minutes (18 hours),with no definiteplateau indicatingthe completionof

the carbonatedissolution. A longer term study to define the entire
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profilewas then run for 48 hours. While there was still no obvious

endpoint,the radionuclidelevelsdid not increaseappreciablybeyond about

24 hours. In addition,inorganiccarbon analysesof the residueand

extract indicatedabout 80% destructionof the carbonate,but increasing

non-selectiveattack on the manganeseand iron phases. (Non-selective

extractionof the metal-oxideswas not entirelypreventedby control of the

pH as indicatedby a graduallyincreasingwine color in the extraction

solutions,and later verified by analysis.) Thus, while it is conceivable

additionaldecontaminationcould be accomplishedusing the carbonate

extractant,the extractiontime selectedwas 24 hours as a compromise

between extractionefficiencyand selectivity. Any residual carbonatewas

destroyedin later extractions.

Net release of the metals chromium,manganeseand iron during the carbonate

extractioncontinuesalmost linearlythrough four hours, with a gradual

decrease in rate for an additional14 hours (Figure5.52). The counter-ion

acceleratesthe apparentinitialrate of metal extractionby 90-100%,but

after about 18 hours the net release is only increasedby 30-40%. The

gradual continuousreleaseof additionalactivitytracks roughlywith the

continuousrelease of metals,which may reflectsome of the nonspecific

dissolutionbeyond the targeted carbonatephase.

This data suggestssignificantresorptionoccurs naturallyon the same

time-scaleas the dissolution,such that sites are filled as soon as they

are available. Withoutthe brine present,the decontaminationavailableby

dissolvingthe carbonatephase would be grossly underestimatedfor cesium.

The potassiumbrine appearsto be more specificthan predicted,with a much

lesser impact on the metals relativeto the effect on cesium. Similarity

in hydrated ionic size and charge are probablycontrollingfactors.

Although iron and calciumcontinue to be releasedfor at least 24 hours

(Figures5.53 and 5.54), the easily-reduciblephase extractionas monitored

by the manganeserelease is essentiallycomplete in the first several

minutes of exposure (Figure5.53). The continuedreleasemay be due to
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are available. Without the brine present, the decontaminationavailableby
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lesser impacton the metals relativeto the effect on cesium. Similarity

in hydrated ionic size and charge are probablycontrollingfactors.

Although iron and calciumcontinue to be releasedfor at least 24 hours

(Figures5.53 and 5.54), the easily-reduciblephase extractionas monitored

by the manganese release is essentiallycomplete in the first several
P

minutes of exposure (Figure5.53). The continuedreleasemay be due to
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slow attack on partiallyamorphousiron-oxides,and the extractant

destroyingresidual carbonates(calcium)not dissolvedearlier. The

figures also show the releaseof the contaminants,chromium,cesium and

cobalt is essentiallycomplete in less than an hour. To ensure complete

destructionof the carbonatephase, the extractiondurationwas increased

to 18 hours.

The counter-ionappears to increasethe calcium and cobalt release by about

20%, but the cesium release is increasedby over an order of magnitude.

Interestingly,after a peak at about 30minu_;es,the solution chromium

concentrationcontinuesto decrease for the durationof the extraction.

The counter-ionappears to double the net releaseof chromium,but only

slows the loss from solution. None of the other analyteconcentrations

show a consistentdeclineover the duration of the experiment. This decay

in chromium concentrationindicatesa slowerresorptionof chromium
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relative to the other analytes.

The extraction profilesfor all monitoredelementsduring the moderately-

, reduciblemetal-oxideextractionshow a significantreductionin slope at

about 30 minutes, and again at 4 hours (240 minutes),but a more gradual

releasecontinuesfor at least 48 hours. Figures5.55 and 5.56 show the

general trends in changingslope over a 36 hour period. Solutionmanganese

and calcium show a continuousincrease,but are two orders of magnitude

lower than the iron release. This confirms the prior extractionswere

effective,as any residualcalciumcarbonateor manganeseoxide would also

be dissolvedin this step. The gains in net extractiondue to the counter-

ion are 30% for calcium,20% for chromium,and 10% for cesium. Manganese

and cobalt show no gain due to the counter-ion,which may simply reflecta

lack of these metals availableafter the earlierextractions. There is no

indicationof slow resorptionfor any of the analytes. To maximize

destructionof the phase, the extractiondurationwas increased50% over

the time-studyperiod, to 72 hours.

In general, the experimentsindicatedvery rapid resorptionof the cesium

- and cobalt. None of the curves for the radionuclideshave a negative slope

indicatinga gradual loss from the solutionsas shown for chromium in

Figure 5.53. In all cases enhancementof extractiondue to additionof the

brine is manifestedby an upward shift in the entire releaseprofile. The

magnitudeof the brine effect was substantiallygreater for cesium than

cobalt. This apparent selectivitymay be attributedto two equally

plausiblecauses: 1) potassiummay, in fact, specificallydisplace cesium

over cobalt, or 2) cesium may simply have a greater tendency for

resorption,so its net release is affectedmore by any counter ion.

Neither of these possibilitiesmay be ruled out entirelyby the data.

However, some insightmay be gained from the easily-reduciblephase

• extFactionresults. Assuming no synergisticeffect on dissolutionby the

brine, the differencein releasebetweenthe experimentswith and without

brine is the amount that resorbs. Noting that the brine produces a ten-

fold increase in cesium release in the easily-reduciblephase extraction
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(Figure5.54), it can be concludedthat about 90% of the cesium can resorb

under these conditionsand only 10% of the extractedcesium stays in

solutionwithout the brine present. This relationshipdoes not hold for

, cobalt under the same conditions. The net releaseof cobalt without brine

is 50-60% of the total availablein the sample. Clearlyless than 90% of

the released cobalt resorbs. At parts-per-trillionlevels, it is extremely

unlikelythat the adsorptioncapacityof the residualsolid is limiting,

thereforethe tendencyfor cobalt resorptionon the remainingsites must be

less than that for cesium regardlessof the selectivityof the brine.

Thus, though the magnitudeof the brine effect is probably primarilya

functionof the Hofmeisterseries,it is also at least partiallyan

indicationof the contaminantsaffinityfor resorptionon the remaining

solid.

B. Mass Dissolution

Air-dried sampleswere weighed before and after each extractionto estimate

" the mass dissolved in each step. Repeatedlytransferringthe material back

and forth from centrifugetubes used for extraction,solids separation,and

rinsing to petri dishes used to expeditedrying proved too cumbersometo

provide reliabledata. In addition,two sampleswere lost in the organic

digestionstep, when the concentratedperoxideextractantreactedviolently

with the high surfacearea samplescontainingabout 2.5 wt% organic

material. The remainingtwo samples indicateda cumulativeweight loss of

about 22 and 26 wt% over the five extractions(Table5.6). Observation

suggestseach determinationmight be 0.5 to 1.0 wt% high, for a nominal

weight loss of as much as 20 wt%. Figure 5.57 illustratesthe relative

mass dissolutionfor each extraction.

Samples 1-4 were carried throughthe entire sequentialextraction,versus

. samples 5-8 which were new samplesfor each extraction. A comparisonof

the data on a weight basis alone indicatescomparabledissolutionwhether

the samplewas previouslyexposedor not, with the exceptionof the easily

reducibleextractionwhich dissolvesabout 50% more material from a virgin
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Table 5.6 TRA Warm Waste Pond - Seql_entialExtractionWeight Loss
All d_,tain grams

I on- X CO_ MnOx FeOx Organ i c
SampLe Initial Final Final Final Final Final Total
No. Weight Weight X Loss Weight X Loss Weight _ Loss Weight X Loss Weight X toss X Loss
• ....... . .....0........... t.....................................................................................

1 1.9703 1.9154 2.8 1.7869 6.5 1.7211 3.3 1.6124 5.5 1.4671 7.4 25.54
2 1.9881 1.9611 1.4 1.8610 5.0 1.7938 3.4 1.7210 3.7 Lost Lost Lost
3 1.9681 1.9067 3.1 1.8106 4.9 1.7281 6.2 1.6530 3,8 Lost Lost Lost
4 2.0093 1.9750 1.7 1.9272 2.4 1.7989 6.6 1.7102 4.4 1.5707 6.9 21.83

Ave 1.9840 1.9396 2.2 1.8464 4.7 1.7605 4.3 1.6742 4.4 0.7595 3.6 23.68
o ! o. v t g i e. i I i / I I ! e ! i I I e ! t I ! I m ! I ! ! I I e I * m ! I t. m o I I m ! m e e i i t e. i. e i I I e. i w m i i m !. !. i e e o ! p e I p e e e e. i I e ! ! o I e 8 e i e. t. ! m I I. i I.

5 1.9:365 1.9005 1.9 5.2 9.0 1.9 3.0 21.03
6 2.0766 2.0346 2.0 4,7 6,2 4.4 4.0 21.2B
7 2.0000 Ave Vat-> 1.9 3.9 6.9 3.8 4.0 20.64
8 2.0504 Ave Vat-> 2.0 4.7 4.4 3.7 3.9 18.67

Ave 2.0159 1.9676 2.0 4.6 6.6 3.4 :3.7 20.40
.....= ..........................................................................................................

9 1.9607 <- VaLues used for estimating
10 2.0408 Initial contamination or
11 1.9972 matrix element content only.
12 2.0454

................................................................................................................

AnaLyst felt 0.5 to 1.0_ overstated in each step due to tosses in transfer

,0

b

lon-X C03 MnOx FeOx Organic
Exaction Step

Figure 5.57 Weight % Dissolvedby Extraction
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sample. Comparisonon an elementalbasis indicatesthat weight loss alone

" is not adequate to evaluatethe selectivityof the extractions. In most

cases, the virgin samplesdo indeedyield more contaminationthan the

, previouslyextractedsamples, indicatingsome non-specificattack as the

extractantsbecome more corrosive.

C. ReleaseData

I. Tabular Data

Radionucliderelease in the extractionswas essentiallythe same as

that predictedby the time studies,confirmingthe reproducibilityof

data using this technique. Tables 5.7 and 5.8 show the total

activity released in each extraction,and the percentageof the total

that release representsbased on the initialweight of the samples,

and the averagemeasured activity in a compositedsample. Samples I-

4 were used for the initial ion-exchangestep, then carried forward

to generateweight loss data only. The averagerelease by ion-

exchange from these four sampleswas used to calculateclosure for

' samples 5-12. The data from samples9-12 provide the basis for

calculatingthe contaminantdistribution. The last two columns

contain: I) a summationof the total amountextractedplus that

found in the final residue,and 2) a percentclosure based on the

total accountedfor versus the amount estimatedin the original

sample based on weight. Tables 5.g through 5.17, for chromium and

soil matrix constituentsare organizedin the same manner.

2. RadionuclideRelease

Total cesium and cobalt releasewas 18% and 84%, respectively.

. Triplicate sampleextractionvariabilityfor cesium ranged from I to

31%, with 82-86% for cobalt. Summingthe released activitywith that

measured in the final residuedissolution,a closure of about 86% and8

104% for cesium and cobalt respectivelywas obtained. This
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Table 5.7 TRA Warm Waste Pond - SequentialExtractionCesium
Decontamination,All data in disintegrationsper second (dps)

1on-X CO_ MnOx FeOx Organic LatUoe

Inilkd Cesbm _eLrn CellIJ_ Cesium Cesklm _sklm Cesbm Ad_
CosLim RMlle_d % _ RIW_ttod % _ Fkl4t4Nd % dec_ Fleleaeed % dectrl Relealled % deccx't Releaoed % left Fleleaeed Cloture

¢
1 3302 ;m0 7.0
2 _ ate s.e
3 3290 IN2 7.$

Am 3311 ;NO 7.3

5 330_ 283 7.7 271 8.0 484 14.0 321 0.5 2307 68.0 3901 1 t 5.0
6 3463 244 7.0 286 8.8 470 13.e 338 0.5 2645 76.4 4234 122.3
7 3352 258 7.7 _ 72. 474 14.1 &47 10.4 2380 71.0 3043 117.6
8 _ 248 7.2 255 7.4 502 14.6 338 g.g 275Q It1.1 4382 127.5

3411 253 7.4 263 7.7 485 14.2 _ 2.0 2530 ?,4.1 4115 120.5

g 3_6 M 2.1 56 1.1 73 2.2 112 3.4 2118 64.4 2645 80.5
10 34_0 71 2.1 40 t.2 72 2.1 Be 2.9 2040 58.5 2568 75.1
11 _47 N 2.1 57 1.1 Be 2.6 82 2.8 3437 72.8 2964 88.5
12 3428 65 1.0 34 1.0 75 2.2 130 8.8 2825 85.5 3478 101 .S

3370 08 2.0 37 1.1 77 2.3 100 32 2380 70.5 __a14 86.4

AcIj_, Io 100_ ...... > 8.4 2.5 1.3 2.0 3.7 81.7 t 00.0

Table 5.8 TRA Warm Waste Pond - SequentialExtractionCobalt
Decontamination,All data in disintegrationsper second (dps)

ion-X CO_ MnOx FeOx Organk: Lattice
8aml_e _ Cobalt Caimlt Cobl Calmlt C_ Cot_l Colmlt Aclk,lly

Colmll FleleaNd %cle_n ReleeNd %cleoan Releeted %cleom RelmNd %delft Releat_l %dean Fleleeeecl %left Reteued Closam

1 058 _ 0.0
2 672 nKI 0.0
$ ms r_ 0.0

563 nKI 0.0

5 _ =12 4.5 474 N.3 229 _13.4 0 0.9 _ 88.2 1343 190.4 "
6 We 29 4.1 467 BeJ) 330 47.$ g 12 688 Be.5 1$23 218.0
7 675 29 4.2 433 (14.0 235 34.9 8 1.2 IS74 00.7 1379 204.0
8 58_ 30 4.3 434 02.0 Z24 32.4 7 0.9 705 101.8 1400 202.0

088 29 4.$ 452 68.7 255 :17.0 7 1,1 (168 97.0 1411 205.1

9 883 30 5.7 470 71.0 64 8.2 26 3.7 1L_4 18.7 711 107.3 ,-_
10 eg0 42 0.t 487 72.1 64 9.3 _1 3.4 104 15.0 73t 106.0
11 875 :)B 5.3 453 M.5 e0 8.0 _4 3.5 103 15.2 MS 101.5
12 Be1 37 5.3 448 64.7 58 8.5 28 4.0 125 18.1 e_ 100.5

e00 Be 3.0 470 (m.1 60 5.7 25 3.7 114 10.8 706 ' 103.8

ACI_KI to 10015 ...... ), 0.0 6.4 M.S 8.4 3.5 16.1 100.0

Table 5.9 TRA Warm Waste Pond - SequentialExtractionChrome
Decontamination,All data in grams

Awmge Ion-X CO8 MnO_t FeC)x Orgmo Lstlioe
_ Cllroml _ Chro1111 Chroml Chrc1111 Clt_111 Chrtell Mil
Cl'_rame Re_INCl % decxm Fte_Nd % cltmrt ReieeNd % dram P_eatmd % _ Fte_Nd % clem_ I_leaoed % left Retested Cloture

1 0.G067 5.943 --06 0.1
2 0.00_ 5.34E-03 0.1
3 0.0007 5.04E-OG 0.1

O.OOG7 5.g,4E -06 0.1

5 0.00_ 0.1_ --04 10.0 3.53 -04 5.2 5.073 -03 86.8 1.723 -03 _l.g 8.41E -03 I)3.2 1.513 -02 220.3
e 0.0370 0.BEE-04 0.5 2.053-04 3.0 e.123 -03 37.1 2.0;E-03 28.5 6.693-03 95.3 1.573 -02 223.8
7 0.0Q68 0.4_E -04 9.4 2.15E -04 32 0.483 -03 95.3 1.803 -03 27.5 0.493 -03 05.3 1.STE -02 231.3
8 0.0070 6.843 -04 9.0 2.473 -04 3.3 3.963 -03 85.5 2.0eE -03 29.9 6.733 -03 Be.e 1.573 -02 225.4

o.ooee 6.71E -04 9.7 2.573-04 3.7 6.133-03 88.7 1.63E-03 27.8 e.SSE -03 05.1 1.56_ -02 225.2
I.

g 0.0067 B.SSE --04 9,5 5.28E -04 7.0 4.4SE -03 Be.7 1.TeE -03 29.4 5.28E -04 7.8 7.goE -03 118.5
10 O.OOaO G.eOIE-04 0.5 S.7"J¢=-04 5.4 4._-03 67.6 1.85_-03 26.6 5.40E-04 7.8 5.12E-03 117.0
11 0.0008 0.12E -04 0.0 4.75E -04 7.0 4.30E -03 63.4 1.80_ -03 26.5 5.25E -04 7.7 7.72E -0_ 113.8
12 0.0070 0.12E-04 8,0 4.87E-04 7.0 4.311=-03 52,0 1.71E-03 24,0 5.70E-04 8.2 7,egE-03 110.7

0.0008 8.3(_-04 0_ 4.053-04 0.8 4.443-03 64.g 1,783-03 29.0 5.41E-04 7.0 7.8_-03 115.0

A_,_ tO1Gt_ ...... > 0.1 8.0 5.9 56.5 22.6 8.9 100.0
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Table 5.10 TRAWarmWaste Pond - Sequential Extraction Calcium
. Dissolution, All data in grams

Ion-X CO3 MnOx FeOx Orgsnlo Lsttloe
_ Galolum Oalolum Calcium Calcium CalcJum Ca_=lurn OaJc4urn Male

No. _ R,kamd % _ R,lu,4cl % dim Relxwd % din R,leaNd % _ R,teete¢l % _ Relueed % left Releated Cto-,m

1 0.04,M S.71E -03 13.2
2 0.0437 5.HE -033 12.7
S 0.0433 5.72E-03 152

A_ 0.04,t5 8.97E-03 ls.0

6 0.04418 2.48E-02 E8.8 2.3GE-02 83.1 1.90E-04 0.4 7.¢14E-03 17.2 4.9_E-03 104.5 1.0gE-01 244.0
6 0.0455 2.86E-02 58.t 2.83E -02 58.6 1.9tE-04 0.4 8.74E-03 19.2 4.03E-02 80.1 1.07E-01 234.4
? 0.0440 2.41E-02 84.8 2._1E-02 60.8 1.3,IE-04 0.8 0.13E -03 18.5 4.7E-02 10e2 1o08E-01 245.7
8 0.0481 2.34E-02 51.9 2.48E-02 58.1 1.73E-04 0.4 8_IE -03 18.2 4.98E-02 106.3 1.11E-01 248.9

A_ 0.0440 2.4E -02 E4.9 2.40iE -03 03.7 1.8_ -04 0.4 8.lie -03 18.3 4.90E -02 103.8 1.0_ -01 242.8

g 0.0481 1.78E-02 40.e 8.11GE-03 8.2 1.$1E-04 0.8 7.68E -04 t.8 1.711E-02 41.3 4.SGE-02 106.$
10 0.0448 1.8,_1E-02 40.8 4.17E-03 8.3 1.29E-04 0.3 7.88E-04 1.8 1.78E-02 80.8 4.71E-02 104.9
11 0.04,1e 1.81E-02 41.1 4.38E-03 10.0 1211E-04 0.3 7.44E-04 1.7 1.95E-02 42.0 4.76E-02 106.1
12 0.0480 1.82E -02 40.4 8.1ME -03 8.6 1.34E -04 0.8 7.118E-04 1.7 I.SSE -02 41.0 4.73E -02 105.1

Aw 0.0442 1.80E-02 40.7 4.10E-03 9.$ 1.$1E-04 0.8 7.70E-04 1.7 1.82E-03 41.0 4.98E-02 106.1

Adjumclto 1001(, ...... > 12.3 M.4 8.7 0.9 1.e M.7 100.0

Table 5.11 TRA Warm Waste Pond - Sequential Extraction Iron Dissolution,
All data in grams

Ion-X CO6 MnOx FeOx Or_nk: LaSioe
_ _ _ Iron _ Irml Imn Itm_ MMS

No, Iron Retee_¢l % dim R,meted % _ Rs_ted % cks Relmeed % ¢IN Retutecl % clm Fll_md I; I_t ReINled Cloture

1 0.04Sl 1.24E -03 0.0
2 0.04M 8_-03 0.0
$ 0.0481 8.4eE -03 0.0

Av8 0.0452 1.10E -06 0.0

'- 5 0.0403 $.8_-04 0.8 1.8(E-03 42 128E-02 27.6 4.90E-03 0.1 4.?0E -02 101.4 622E-02 134.2
6 0.0473 8.82E-04 0.8 1.50E-03 8.4 124E-02 26.2 1.8_-06 0.0 $.88E-02 82.0 5._E-02 112.5
? 0.04M $._-04 0.8 1.63E-03 3.0 1.2SE -02 27.4 1.74E-05 0.0 4.115E-03 103.0 0.31E -02 137.8
8 0.0470 S.SE -04 0.7 1.78E -03 3.8 1._i0E-02 27.4 2.20E -03 0.0 6.01E -03 103.8 6.$2E -02 138.9

AW o.0400 3.71E-04 0.8 1.74E-03 3.7 127E-03 272 2.7=1E-05 0.1 4.81E-03 ge.1 6.08E-02 130.8

9 0.0440 S.31E-04 0.7 2.81E-03 Q.S 9.18E-03 _0.4 6.33E-04 12. $.18E-03 70.2 4.44E-02 M.8
10 0.0467 3.71E-04 0.9 2.,'_1E-03 4.8 8.80E-03 20.8 1.16E-03 2.5 $.1:1E-02 03.9 4.40E -02 95.4
11 0.04_ 8.43E-04 0.7 2.58E-03 S.9 9.12E-03 19.9 8.30E-04 2.0 3.2(E-02 70.0 4.SOE-02 03.3
12 o.o408 $.64E-04 0.8 S.43E-03 7.$ 0.30E -03 19.9 $.78E-04 1.2 320E -02 M.3 4.$7E -02 97.5

Aw 0.0401 3.54E -04 0.8 2.78E -03 8.0 9.30E -03 20.2 7.8E -04 1.7 8.17E -02 M.8 4.49E -02 97.5

Jdjumld to 100% ...... > 0.0 0.B Q.I 26.7 1.8 70.6 103.0

Table 5.12 TRA Warm Waste Pond - SequentialExtractionManganese
Dissolution, All data in grams

han-X COS MnOx FeOx ormm: Latlloe
mmp_ v_ Mmmmle Mmmm_ _W_m_ _r_mN Mm_I_ Mmmmle Mmmmw
INk). _e FW_mReed % (_e _med % dlm RmWeeed % _ ReWe_m:l % dN ReINt_l % din Re_e_ed % I_t Rel_mKI Closm

1 0.0025 8.87E-03 02
2 0.9O25 624E-Oe 0.2

0.00_ 7.(mE-03 0._
A_ 0.0025 e._-03 0.$

8 0.0_8 ?._E -04 28.8 t .88E -03 ?8.8 1.04E -03 41.0 6.88E -03 2.8 2.30E -03 80.8 0.1:1_ -03 240.7
e 0.0026 0.90E-04 26.5 2.0_=-03 77.8 1.48E-03 58.6 1.ME-04 6.0 2.11E-03 81.0 G.43E-03 247,?.
7 0.0025 0.94E-04 27.2 1.8_: -03 72.8 1.18E-03 40.7 1.02E -04 4.1 2.$?E -03 84.1 8.16E-03 244.8
8 0.0026 7.0eE -04 27.4 2.0GE -03 78.9 1.0_E -03 412 1.0gE -04 42 2.40E -03 M.1 0.32E -03 248.1

At_ 0.5020 7.0tE -04 27.4 1.27E-03 76.8 1.1lie -03 46.1 1.0eE-04 4.1 229E -03 8_.7 82_E -03 244.4

8 0.00_ 7.74E -04 81.4 1.$7E -03 55.7 8.78E -05 4.0 2.88E -05 12 0.65E -04 27.0 2.85E -03 1t9.4
10 0.(XI_ 2.82E -04 04.4 1.20E -03 502 2.g0iE-05 8.g 8.111E-06 12 0.05E -04 28.2 2.97E -03 t18.9
11 0.0028 7.32E-04 26.1 127E-03 50.8 2.e_E -05 8.8 8.04E-06 12 6.73E-04 26.9 2.81E-03 111.8
12 0.0026 7.38E-04 28.7 1.25E-03 48.5 9.84E-05 8.8 2.ME-05 1.1 8.ME-04 20.9 2.81E-03 100.8

Aw 0.0q_ 7.82E -04 50.8 1.30E -03 5t.8 2.711E-05 S.8 2.80E -06 12 8.74E -04 28.8 2.88E -03 1t4.1

* lid)uteri to 100% ...... > 02 27.1 44.8 $.4 1.0 ;_.3 100.0
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Table 5.13 TRA Warm Waste Pond - SequentialExtractionSilicon
Dissolution, All data in grams .

lon-X COS MnOx FeOx Orgsni¢ Lattk3e

No. Blcln I:llbu,d % _ Rlilllld % dill Fl*l_l_l %din Riul*d % dill Rl_led _ dill RCllmd _ II_ RClll*d Clotlm

1 0.5786 1.18E -04 0.9
2 0.5837 1.21E -04 0.9 /
$ 0.$778 1.f103-04 0.O

AW 0.34100 1.313 -04 0.0

0 0.1_10 1.08E -08 0.S 1.lie -08 0.8 4.223 -0S 0.7 2.0IS -04 0.0 §.80E -01 86.9 5.11GE-01 100.S
• 0.0067 2.323 -OS 0.4 1.lee -0S 0.3 8.4413 -0_ 0.0 e.11E -04 0.1 4.0eE -01 Ik?..$ 5.0eE -01 83.7
7 0.8872 1.81E-03 0.8 1.8'13-03 0.3 8.033-03 0.e 8.48E-04 0.1 8.(_-01 ge.3 5.74E-01 97.7
8 0.(1_0 1.823 -03 0.S 1.1ME-03 Q.S $.(13E-03 0.0 8._iE -04 0.1 5.513 -01 91.6 8.1183-01 02.8

AW 0.5378 1JME-03 O.S 1.00E-03 O.a $.723-03 0.e 6.00E-04 0.1 5.51E-01 93.3 5.53E-01 03.e

g 0.5?87 1.873 -03 0.3 1._E -03 0.2 1.B0_ .03 0.3 2.78E -03 0.5 5.43 -01 04.9 8.$43 -01 96.3
10 O.IJ0e2 1.g0E -03 0.8 1.:KE -03 0.2 2.213 -03 0.4 6.23 -03 O.g 5.103 -o1 03.8 5.303 -01 88.4
11 0.5ee4 1.733 -03 0.8 1.843 -03 02 1.ME -03 0.3 4.283 -03 0.7 4.893 -Q1 88.4 4.geE -01 85.0
12 0.0005 1.(1_. -03 O.:l 1._13 -03 0.2 2.0_ -03 0.3 2.533 -03 0.4 0.50E -01 103.0 6.873 -01 111.1

Aw 0.5004 1.79E-03 0.3 1.ME -03 0.2 2.01E-03 0.3 $.72E-03 0.15 5.933-01 93.7 5.62E-01 95.2

Adjul_l to 100_ ...... > 0.0 0.3 02. 0.4 0.7 ge.4 100.0

Table 5.14 TRA Warm Waste Pond - SequentialExtractionAluminum
Dissolution,All data in grams

I¢_-X CO_ MnOx FeOx (:rglmi¢ Lat_
8am_ _ Nurn_m _ Nunmum Nmmum AM_num NurWn_ Alurtmum
No. Numlm_ Releelmcl % dim ReINImci % _ Relleled % _ Relul_l % _ Releelm:l % _ Ret_eecl % bet Re4xlm:l CloluR

1 0.0540 2.563-05 0.0
2 0.0048 2.65E-05 0.0
S 0.003g 2.ME-03 0.0

A_ 0.0e42 2.eeE-OS 0.0

5 0.0_5 8.103-05 0.9 8.843 -04 0.7 8243 -03 8.4 4.34E -0G 0.0 1.93 -01 110.0 1.103-01 1142 .,
e 0.90_ 2.g0E -06 0.9 4.753 -04 0.5 $.103-03 82 1.523-05 0.0 e.843-02 80.7 821E-02 93.5
7 0.0064 2.38E-03 0.9 4.1(IE -04 0.4 8.13-03 8.3 1.70E-03 0.9 1.00_-01 118.8 1.1_=-01 117.6
8 0.0378 2._!E -05 0.0 8.8.._ -04 0.0 8.223 -03 8.8 2.2aE -05 0.0 1.073-01 100.8 1.11E-01 118.7

Ave 0.0071 2.703-0S 0.0 8.403-04 0.6 8.203-03 8.8 2.4QE -05 0.9 1.033-01 106.8 1.0aE-01 I00.7

g 0.00_18 2.38E -05 0.0 1.043 -03 1.1 1.773 -03 1.8 8.803 -04 0.g 8.1)E -02 93.7 8._ -02 90.7
10 0.0073 2.083-03 0.0 7JIBE -04 0.8 1.80E-03 2.0 1.74E-03 1.8 g.10E -0R 93.5 9.5aE-02 56.2 '_
11 0.9053 2.383 -03 0.0 0._ --04 1.0 1.81E-03 1.g 1.443 -03 1.3 9.0(IE -OR 85.8 8.|r_ -OR ge.7
13 0.0076 3.38E-03 0.9 g.g0E -04 1.9 1.56E -03 1.9 8_E -04 0.8 8.433-OR g_.e g.80E -02 100.4

Aw O.0eSg 2.51E -03 0.0 9.4_ -04 1.0 1.1NE -03 1.8 1.22E -03 1.8 9.143 -OR 56.8 9.563 -02 00.5

MjuIl_l to 100% ...... > o.o o.o 1.o 1.8 1.8 oG.7 1oo.o

Table 5.15 TRA Warm Waste Pond - SequentialExtractionPotassium
Dissolution,All data in grams

ton-X CO_ MnOx r-eox Org_nlo La1111oe

8m1_e _ PotmsM, n Potassium Pa¢_m Po¢_um Potm_m PoCmWm PaCk,urn
No. Potassium Ftelsn_i % dm Releal_d % _ Rtiu_cl % dim Fte_lm¢l % _ Releswcl % dim Releued % bit Reiea_d CIo_u_

1 0.0370 8.93 .-02 253 ........... >)
3 0.0381 8.g_ -03 103 (<- 10d0G BrIm u_l in el E_ecllans .......
8 0.0377 g.gE -02 203

Aw 0.0373 7.03 -03 210

8 0.0G_ -8.97E-02 -20_.1 -4.0a1=-02 -105.3 -8.003-02 156 7 2.933-01 523.7 3.743-01 706.8 8.7_E -01 070.8
0 0.9300 -8.0713-02 -203.7 -4.083-02 -103.0 -0.003-02 -153.4 2.1i03-01 531.8 8.003-01 780.0 4.e03-01 1161 J)

- . 817.0 5.223-01 13602- .7 0.0_3 -3.073-OR 54 0 -4.0eE-OR 106 4 -0.0(E-02 156 6 3.50_ -01 052.4 8.1_E -01
8 0.0_ -2.073-02 -52.7 -4.02E-02 -103.0 -8.03E-02 -154.0 3.110E-Q1 e._.4 8.13_-0t 796.0 8_llE -01 l:k_2D

Avl 0.0300 -6.073-02 -129.6 -4.003-02 -104.0 -8.00E-02 -156.0 2.ME-01 ¢111.0 8.0_1=-01 778.4 4.703 -01 120_.1

0 0.0370 -0.073-OR -2t4.7 ...4.0_-02 100 5 -6.003-02 -101.7 1.1_ -02 61A 4.503-02 110.7 -8.81E-02 -104.1

- " 315.910 0.9_01 -8.973-OR -200.2 -4.003-02 104 8 -8.083-02 -156.4 7.003-02 202.7 4.753-02 131.4 3.e_E-02 67.9
11 0.9_83 -3.073-02 -54.1 -4.083-02 1081_ -e.oeE-02 -153.8 7.933-02 2072 4.503-02 117.8 8.233-02
12 0.0302 8.933 -02 100.2 -1.01E-0t -257.1 -8.9¢!E-02 -155.0 7.11_E-02 202.8 4.733-02 131.1 8.6113-02 22t.:)

A_ 0.0386 -8.SRE-02 -i)3.7 -S.HE-02 -144.1 -8.903-02 -157.7 6.433 -02 165.9 4.02E-02 119.9 8.013-02 100.0
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Table 5.16 TRAWarmWaste Pond - Sequential Extraction Sodium
• Dissolution, All data in grams

Ion-X C08 MnOx FeOx Orgmlk: Laltl_
8smp_ _ 8oclk_ IkxJum 8odU_ _ _ 8odU_ 8odlum
No. 8odlum I:lMtuecl %clime Reltued %_ P,ekwlecl %dims Reltmtt4d % climeFletul4d %din FIMulKI %left P,Meaetd Cloture

1 0.0t84 6._1eE-08 0.$
0.01Be S.geE-015 0.3

3 0.01¢4 4.aOE-08 0.2
Ave O.OleS S._E-OS O.S(NsOAclb4nomm)

S •.•lee -4.04E-02 -20"_? S.OOE-o6 O.S 7.eOE-08 04 S.SaE-06 O,S 2,29E-02 114.0 -t.7_E-02 -iNS,7
e 0.0204 -4.04E-02 -1M.S S.OOE-(IS 0.2 0.40E-08 0.S e.?,M_-08 o.s 2.10E-02 102.g -IJ2E-02 -044
7 0.0197 -4.04E-Q2 -205.1 9.80E-06 0.5 5.8QE-06 0.$ 9.09E-06 0.§ 2.30E-02 110.4 -1.72E-02 -117.1
8 0.0_0e -.4.04E-02 -200.0 0.20E-08 0.S ?.0(E -06 0.S 8.1EE-06 0.4 2.01E-02 129.1 -1.4tE-02 -69.6

Ave 0.0201 -4.04E-02 -201.e O.S0E-06 0.S e.70E-08 o.s 7.S2E-08 0.4 2.02E-02 110.0 -1.WE-02 -64.6

0 0.011_ -4.04E-02 -2Qe2 O.B_E-0_ _13.0 2.80E-06 0.1 2.08E-04 1.1 2.1CE-02 108.0 -1.20E-02 -06.2
10 0.OQ01 -4.04E-02 -201.0 $.44E-08 17.1 2.8QE-06 0.1 2.42E-04 t2. 2.2CE-02 102.3 -1.47E-02 -73.0
11 0.0197 -4.04E-02 -206.4 $.ME-08 10.t $.40E-08 0.2 2.30E-04 12 2.2;IE-02 112.0 -1.43E-02 -72.7
12 0.0_ -4.04E-02 -2O0.6 O.ME-_ 8;',6 22CE-08 0.1 2.12E-04 1.1 220E-02 111.6 -1.11E-02 -SS.0

Ave 0.01M --4.04E-02 -2O4.0 S,0_E-0S 20.4 2.eCE-02 0.1 2.22E-04 1.1 2.10E-02 t10.e -1._E-02 -ee.5

Table 5.17 TRAWarmWaste Pond - Sequential Extraction Carbonate
Dissolution,All data in grams

kln-X CO3 IdnOx FeOx Orglni¢ LBIIol)
8arr_ _ _ _ _ _ _ C,amonm Cwt0on_
NO. _ Relw_d % din Relxwd %dill Reiuucl %dill Reix_l % din Rei_Nd % _ RI_N¢I % left I:ieutmd Clolum

1 0.00e0 8.$1E-04 S.8
2 o.00e0 5.ME-04 02
s o.oow 8._E-04 e.e

Aw O.OOeO 4,25E-04 7.1

8 O.OOel rio¢1_¢t 88.1 no¢liM_ 98.7 6.24E-04 102 1.2_-04 2,0rio¢IM_ ---
e 0.0062 In4Mr•ct 88.1 IneMr•ct 9e.7 4.19¢-04 6.e 1.16E-04 1.oinextact ---
7 0.0040 beom_ of 68.11De¢lt_ of M.7 5.0(E-04 8.4 e.:lE -05 1.1_ ---
8 0.0062 (:C)__ 88.10C_ evolW M.7 2.0SE-04 3.3 7.eeE-05 1.2coQ evoMm• .........
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variabilityis well within the precisiondefined by the elemental

analyses,reflectingthe inherentheterogeneityof natural soils.

About half the total cesium releasedwas by simple ion exchange,with

the remainderdistributedamong the organic, iron oxide, carbonate,

and manganeseoxide phases in order of decreasingsignificance,

(Figure5.58). The remainingcesium may be in fine clay particles

caught in surfacemicrofissureswhich cannot be sufficiently

contactedby extractants,or actually immobilizedin insoluble

silicatestructures. The first explanationis more likely because it

does not require significantsolid-phasediffusion,and fine clay

particlescould certainlyhave been depositedin cracks over 40 years

of pond operation.

FeOx (2.6%) MnOx (1.3%)
(2.3%)

Ion-X (8.4%)

Organic (3.7%)
t

Lattice (81.7%)

Figure 5.58 Cesium Distributionby Phase.

Over three-quartersof the cobalt releasedwas attributedto the

manganeseoxide phase, the balancedistributedamongstthe iron

oxide, carbonateand organicphases in order of decreasing

significance(Figure5.59). No cobalt was detected in solution
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following the ton-exchange step.

Lattice (16.1%) FeOx (8.4%)

Ion-X (0.0%) _..;.,,
C03(5.4%)

nOx (66.5%)

Figure 5.59 Cobalt Distributionby Phase.

The small amount of siliconand aluminumfound in the sequential

• extractantsconfirmsthe intendednegligibleattack on the lattice.

Comparingthese resultsto the reported80% recoveryof cesium in a

preliminaryevaluationof extractionwith hot acid, it can only be

concludedthat the hot acid actuallyetches the underlyingsilicate

mineral surface - partiallydigestingthe mineralgrain to release

the sorbed contamination.

3. Chromium Release

Over 90% of the chromium in the sample is extractable. About 57% of

the total chromiumcontaminationin the sample is releasedfrom the

iron oxide phase. The organic phase also contributesa significant

fraction (21%), followedby the carbonateand manganeseoxide phases,

. with no significantreleasein the ion exchangeextraction. The mass

closure on chromiumwas uniformlyover 100% for all samples,
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indicatingthe initialassay was probably low. Figure 5.60

illustratesthe distributionadjustedto 100%.

t

Lattice (7.0%)

FeOx (57.4%)
Organic (21.3%)

Ion-X (0.1%)

C03 (8.2%)

MnOx (,

Figure 5.60 Chromium n_cL,'3utionby Phase.

D. ExtractionSpecificityand Completeness

The designed extractionsequence is arrangedwith progressivelymore

aggressivechemistrywith the understandingthat succeedingsteps will

completethe dissolutionof any residualfrom a prior step as well as

attackingthe targetedphase. This expectedresult can be seen in the

dissolutiontables; new (unexposed)samples (numbers5-8 in the tables)

typicallyreleasedmore contaminantthan previouslyexposed samples

(numbers9-12 in the tables). However, in many cases the release from new

sampleswas not as much as all prior steps combined,and in some cases, the

previouslyexposed samples actuallyreleasedmore materialthan the new

samples. It appearsthat though there is large overlap betweenthe

carbonate,manganese, and iron extractions,there is some fractionof each

phase specificallydissolvedonly by the intendedextractant. This
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apparentchemicalspecificitymay also be explainedby the overlapping

- layers of the three phases and the sequencein which they are removed. The

carbonateand metal oxide phases all form graduallyover time due to

mineralweathering. Possiblyone extractionmakes more of anotherphase

availableto a later extractionby removinga surfacefilm or an intermixed

phase (causingsurfaceporosity).

All extractionsshould remove the ion exchangeablematerial becauseof the

additionof brine to precluderesorption. The potassiumreleasedata

(Table5.15) includesmany negative values,indicatingsignificantincrease

in sample potassiumconcentrationas potassiumactivelysorbs in exchange

for other cations. Similarlythe sodium releasedata shows negative values

becausethe carbonateextractionis done with a sodium acetate solution

which makes large amountsof sodium availablefor ion exchange. The

concentrationsof sodium and potassiumwere so high and the amounts

exchanged so minor, that this tabulardata should be evaluatedfor trend

only. This is apparent in the potassiumdata for the ion-exchangestep

which indicatesan impossiblegreaterthan 200% release from the sample.

The residue (Table5.18) verifiesthe actual increasein potassiumcontent

after exposure.

Table 5.18 TRA Warm Waste Pond - Single ExtractionResidueAnalyses
All data in grams, exceptCs and Co in dps

Ion-X C03 MnOx FeOx Organic
Ini_ll Re_cluml ReJdual I:h_dual Residual Realclual

Species Assay Content % di_ Content % dim Content % dies Content % di_ Content % dise

Cr 0.0058 8.64E-03 -o.e 7.02E---03 -6.4 7.13E--03 -8.1 1.34E-03 79.8 4.57E-03 30.8
cs 3255 3.81E+03 -172 3.92E+03 -20.5 3.54E+03 -8.7 3.55E+03 -8.1 2.51E+03 22.7
Co 656 6.56E+02 -0.0 7.85E+02 -19.5 2.46E+02 62.5 4.71E+02 28.2 6.64E+02 -1.1

Ca 0.0427 3.87E-02 9.3 2.50E-02 41.8 2.30E-02 46.2 4.71E-02 - 10.3 3.78E-02 11.5
Fe 0.0445 4.70E-02 -5.8 5.17E-02 -102 823E-02 -17.8 3.68E--02 17.6 4.61E-02 -3.7
Mn 0.0024 227E-03 7.1 2.07E-03 15.4 e.00E-04 75.1 1.54E-03 36.9 2_0E-03 9.9

0.57(_ 8.18E-01 9.1 5.80E-01 1.7 8.65E-01 0.8 5.28E-01 7.8 5.50E--O1 3.5
AI 0.0_J8 7.06E-02 23.8 920E--O2 0.7 9.45E-02 -2.0 8.78E-02 5.4 1.03E-01 -10.7
Na 0.0372 2.04E-02 45.2 22.5E-02 39.7 2_e0E-02 40.8 1.95E-02 47.5 2.32E-02 37.7
K 0.0191 4.EOE-02 -134.8 4.99E-02 -180.6 4.48E-02 -134.0 4.54E-0Q -136.8 8.41E-02 -234.8

C-org 0.0517 8.06E-02 -17.3 7.85E-0Q -81.9 8.82E--O2 -12.8 8.57E-02 -7.8 4.43E-02 14.2
CO3 0.0050 4.97E-03 15.3 6.98E-04 88.1 7.66E-06 98.7 3.88E-08 00.3 4.88E-03 20.7
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The ion-exchangestep not only provides the primarydecontaminationstep

for cesium, but also releases significantcalcium (13%) from the matrix.

The carbonatedata in Table 5.17 indicatesthis is due to partial

dissolutionof that phase as well as ion-exchange,because about 7% of the

carbonate is also releasedinto solution. No effect is apparenton

chromium,cobalt or any of the soil matrix constituents. The metals are

apparentlybound as oxides rather than exchangeableions.

The carbonateextractiononly removesan additional40% of the total

calcium from the matrix, but the carbonatein the residue is diminisheda

further80%. This is a good exampleof the differencebetweenavailable

material and that bound in the unweatheredmineral. Only 10% of the

carbonateis left in the sample,but close to half of the calcium is still

bound. The remainderof the carbonatemay well have been extractable,but

as described in the time study, the extractionwas terminatedafter 24

hours becauseof the attack indicatedon the easily-reduciblephase. The

data in Table 5.12 indicates30% of the total manganese, (50% of the

extractablecontent)was also dissolved. This releaseis attributedto

lack of specificity,but some of the manganesemay have been available in

the carbonatephase rather than fixed to the underlyingparticle. Release

data for the unextractedsampleswas comparableto the cumulativerelease

for the ion exchange and carbonateextractionsdue to the presence of

potassiumbrine as explainedabove.

The manganese-oxideand iron-oxideextractionscompletethe releaseof

availablematerial from prior steps as expected. The manganesestep frees

little iron, and neithercause significantattack on the underlying

mineral. As with the calcium,fully 70% of the iron, and about 25% of the

manganese is left in the mineral residue. It is believed this material is

contained in the intactmineral lattice,but the experimentaldata cannot

verify complete dissolutionof the surfacedeposit.

The organic digestionalone (containingbrine) releasedabout as much

material as the organic and ion exchange steps in the sequentialextraction
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combined. Little attack is indicated on any other phase. Calcium release

- is slightlygreaterwhich may he due to the nonspecificattack or the

naturalcalcium contentin biologicalmaterial. Reduced iron extraction

, for the individualextractioncomparedto the sequentialresultsmay again

be attributedto the diminished iron phase availabledue to coveringby the

other phases. Siliconand aluminumextractionis minimal, indicating

negligibleattack on the mineralmatrix.

Analysis of the extractionresidueswas also limitedby sample variability.

The residuedissolutionswere comparedto completedigestionsof unexposed

samples to determinethe percentdissolutionin each step. The resulting

number is thereforea calculateddifferencebetweentwo relativelylarge

values with intrinsicvariability. While the data is a good indicationof

gross effects, (i.e. the manganeseextractionresidueconfirmedover 60%

cobalt decontamination,with dissolutionof half of the calcium and three-

quarters of the manganese),more minor effectsare masked by the data, and

do not provide reliableconfirmationof the extractionresults.

IV. CONCLUSIONS

On a purely chemicalbasis, over 90% of the chromium can be extractedfrom

the -40 mesh material,and no doubt more easily from the larger material.

Most of the cobalt can also be removed (84%),but with a half-lifeof only

5.271 years, a comparablereductionoccurs naturallyin less than 15 years.

Cesium cannot be appreciablyremovedfrom the -40 mesh material by any

practical soil washing flowsheet,becauseover 80% of the material (32,000

pCi/g in the -40 mesh sample) is bound in microfissuresin the surfaceor

in the silicatelattice itself and is unavailableto extraction.

The sequentialextractionsverify that significantrecoveryof available

. speciescan be achievedwith less aggressivechemistrythan boiling acid.

This techniquecan provide an accurateaccountof contaminantdistribution,

with mass balanceswell within the precisionof the soil matrix sample

homogeneity.
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Time studiesto determinethe requireddurationsfor extractionsfor a

particularsample are essentialfor designinga study. The times used were

significantlylonger than those reported in the literature. Time-release

profilesdeveloped for cesiumduring the carbonate,manganeseand iron

extractionsshowed a strong tendency for rapid resorption. Tests with and

without a potassiumbrine presentto inhibitcesium resorptionindicated

extractionefficiencycould be enhancedby as much as a factor of ten using

the brine. Potassiumselectivityfor cesium displacementwas apparent in

the extractionresultswhich showed a much strongereffect on cesium than

on cobalt or chromium. These studies also allow identificationof

extractioncomplexitiessuch as the proceduredescribedabove for

conductingthe organicdigestion.

Soil washing cannot be practicallyappliedto the Test ReactorArea Warm

Waste Pond sedimentsto meet the criteria in the Record of Decision for

cesium decontamination. The goals of 90% removalof contamination,and an

average radionuclidecontent of 690 pCi/g cannot be accomplishedfor cesium

by extractivesoil washing. In addition,the waste generatedby

dissolutionof 20% of the soil matrix caused by the test extractionswould,

if reconstituted,fill over 14,000 55-gallondrums requiringlong-term

management. Finally, the intrinsicrisks of shippingand handling

treatmentchemicals,the worker exposureduring excavationand processing,

and the long-termexposureto workers managingthe residualsoffset much of

the potentialgains of decontaminatingthe soil.
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9

ELEMENTALANALYSISTRIPLICATEDATA
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Table A.I Elemental Analysis Data (wt%)

w,

Aluminum A B C Ave. Std Dev % StdDev

" +4

+i0 3.91 3.91 3.81 3.88 0.05 1.22
+40 5.08 5.03 4.77 4.96 0.14 2.74

+I00 4.41 4.28 5.67 4.79 0.63 13.10

+200 4.41 4.52 4.55 4.49 0.06 1.34

+400 4.90 4.95 5.08 4.98 0.08 1.52

-400 5.08 4.89 4.05 4.67 0.45 9.58

Iron A B C Ave. Std Dev % StdDev

+4

+i0 1.27 1.14 1.31 1.24 0.07 5.85

+40 1.58 1.71 1.59 1.63 0.06 3.63

+i00 1.79 1.63 1.69 1.70 0.07 3.87

+200 2.18 2.86 2.91 2.65 0.33 12.56

+400 3.40 2.29 2.28 2.66 0.53 19.79

-400 2.96 3.05 3.01 3.01 0.04 1.22

Chrome A B C Ave. Std Dev % StdDev

+4

+i0 0.017 0.017 0.016 0.02 0.000 1.29

+40 0.069 0.078 0.063 0.07 0.006 8.26
+I00 0.132 0.133 0.129 0.13 0.002 1.29

+200 0.331 0.337 0.389 0.35 0.026 7.3q

+400 0.351 0.369 0.379 0.37 0.012 3.16

" -400 0.669 0.677 0.552 0.63 0.057 9.03

Manganese A B C Ave. Std Dev % StdDev
+4

+i0 0.017 0.017 0.017 0.02 0.000 0.72

+40 0.039 0.042 0.029 0.04 0.006 15.14

+i00 0.053 0.052 0.054 0.05 0.001 1.63

+200 0.118 0.131 0.145 0.13 0.011 8.39

+400 0.133 0.132 0.136 0.13 0.002 1.27

-400 0.209 0.207 0.172 0.20 0.017 8.67

Silicon A B C Ave. Std Dev % StdDev

+4

+i0 30.1 31.2 32.1 31.13 O. 818 2.63

+40 31.0 32.7 29.6 31. I0 1. 268 4.08

+i00 31.0 31.5 28.9 30.47 1.126 3.70

+200 23.5 23.0 21.6 22.70 0. 804 3.54

" +400 27.3 24.4 26.2 25.97 i. 195 4.60

-400 23.2 22.8 21.4 22.47 0. 772 3.43
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Table A.1 Elemental Analysis Data (cont.)

Calcium A B C Ave. Std Dev % StdDev
+4

+I0 2.51 2._5 2.48 2.45 0.069 2.84
+40 1.00 1.09 0.92 1.00 0.069 6.88

+I00 1.53 1.23 1.56 1.44 0.149 10.35
+200 2.73 3.52 3.47 3.24 0.361 11.15

+400 3.95 2.81 2.83 3.20 0.533 16.67

-400 2.13 2.27 2.07 2.16 0.084 3.89

Organic C A B C Ave. Std Dev % StdDev
+4

+I0 0.219 0.246 0.23 0.013 5.81

+40 0.701 0.706 0.70 0.002 0.36

+i00 1.430 1.490 1.46 0.030 2.05

+200 3.010 3.360 3.19 0.175 5.49

+400 3.790 3.950 3.87 0.080 2.07

-400 4.080 4.070 4.08 0.005 0.12

Inorg C A B C Ave. Std Dev % StdDev
+4

+i0 0.61 0.61 0.61 0.000 0.00

+40 0.06 0.05 0.06 O. 005 9.09 .
+i00 0.13 0.ii 0.12 0.010 8.33

+200 0.67 0.68 0.68 0.005 0.74

+400 0.51 0.49 0.50 0.010 2.00
r

-400 0.37 0.38 0.38 0.005 1.33
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APPENDIXB

X-RAY DIFFRACTIONPHASELISTING



TableB.I X-rayDiffractionData (wt_)

...°..................°.... .... ...° .... ...... .... _---_-__**-------_-_---_--__----------------_--_-_----------------_---*--_-----**---_--_------_---------_--
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44 0 0 0 0
.............................-------------------'',"

.............................-.----------
........................... ..... .............------------ .... °.
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+100 34.3 4.5 4.5 4.5 13.9 13.9 13.9 13.1 13.1................................-------------------"
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