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SUMMARYANDCONCLUSIONS

This report summarizes the results of studies conducted in FY 1991 to

help establish the causes of generation, retention, and episodic release of

flammable gases from Tank 241-SY-I01 (_ank I01-SY). Tank I01-SY is one of the

23 waste tanks on the watch list for flammable gas generation, and its cycle

has exhibited the largest growth/collapse of waste volume.

This report critically reviews available waste composition data for

double-shell and single-shell waste tanks on the watch list. Physical and

chemicalpropertiesof layersformed in laboratorytests using syntheticTank

I01-SYwastes are summarized,as are the resultsof gas generationmeasure-

ments using these syntheticwastes. Microscopic-scalephenomenaresponsible

for the retentionof gases within the wastes are also discussed.

Informationon the compositionof wastes on the flammablegas generation

watch list was reviewed, lt is clear from the data that compositionvaries

from tank to tank and that compositionwithin each tank also varies. Despite

uncertaintiesand inconsistenciesidentifiedin some of the data, the major

componentconcentrationsof wastes in double-shelltanks are quite similar.

Double-shellwaste slurriesconsistof 1.8 to 4.0 molar sodium nitrate, 1.3 to

3.0 molar sodium nitrite, 1.9 to 5.6 molar sodium hydroxide,0.9 to 2.7 molar

sodium aluminate,and 0.15 to 0.65 molar sodium carbonate. Variationsin com-

positionsof the solutionphase are small becauseof saturationwith respect

to certainmajor components.

Crust growth studieswere performedon a laboratoryscale using syn-

theticwaste compositionsbased on actual Tank I01-SYanalyses. Five dif-

ferentwaste compositionswere used in these experiments. A reference

compositionmost closelymatchingthat of the inorganiccomponentsof the

actualwaste was chosen as a control,and containedHEDTA and EDTA as the

organiccomponents. Four variantcompositionswere preparedby changing

sodiumaluminateand organicconcentrationsby 50% above and 50% below the

referencecomposition. The syntheticwastes were aged at 60°C for 6 weeks,

and the resultingsolid and liquidproductswere characterized. Chemical

analysesincludedion chromatographyfor anion detection,inductivelycoupled
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plasma for elementdetection,total inorganiccarbon detection,and total

organiccarbon detection. Physical characterizatlonincludedweight and

volume percentof solids versus time, density, shear strength,viscosity,

crust penetrationresistance,x-ray diffraction,differentialscanning calori-

metry, and scanningthermogravimetry.

Syntheticreactionmixtures held at 60°C separatedinto a floating

crust, a relativelyclear aqueous supernate,and solidswithin a few days,

dependingon the waste composition. No sharp distinctionsin the concentra-

tions of major inorganiccomponentswere noted among the separatedlayers.

Total organiccarbon analyseswere highestfor the supernate,but substantial

quantitieswere found in the floatingcrust and solids. The total solids

volume was clearlyaffected by the concentrationratio of organics to sodium

aluminate: high organicto sodium aluminateratios favoredhigh solids

volumes.

A seriesof experimentswas performedon syntheticwaste samplesto

determinethe thermal sensitivityof selectedoxidant and complexantmixtures

and the potentialthermal releasesfrom potentialreactions. Differential

scanningcalorimetryand a modified Henkin test were used to evaluatethese

sensitivities. Exothermicreactionswere not observedbelow 200°C during a

period of at least 30 minutes. At no time was an explosivereactionobserved

in the small-scaleexplosiontest. Nonviolent,charring reactionswere occa-

sionallyobservedwhen waste mixtureswere heated to 380°C. Thus, solids

formed in syntheticI01-SYwastes are thermallyquite stable and are unlikely

to combust under any foreseeablecircumstances.

The stoichiometryand rate of gas generationfrom the five synthetic

waste compositionswere assessed at 90°C (in the absenceof radiation). Prin-

cipal gases produced,in order of decreasingabundance,were nitrogen,nitrous

oxide, and hydrogen. Nitrousoxide yields were typically5 to 10 times higher

than yields of hydrogen. Using an activationenergy of 25 kcal/mole (Delegard

1980) to adjust gas productionrates measured at 90°C to the approximatetank

temperatureof 60°C, and tank volume,we estimatethat 20 moles per day of

hydrogenand 100 moles per day of nitrousoxide are producedby the reference

syntheticwaste. Hydrogenproductionfrom the referencesyntheticwaste is
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roughly one-third of that estimated to be produced by Tank I01-SY, while

nitrous oxide production is twice that estimated to be produced by Tank I01-SY

waste. Reasons for these differences are not well understood at this time,

but are probably influenced by the choice of organic constituents used in syn-
thetic waste formulations.

The formation of a floating crust composed of solids whose densities

exceed that of the liquid phase has been shown to be the result of interfacial

tension forces. Whensolid surfaces are incompletely wetted at equilibrium,

the surface energy of the system can be minimized if the solid particle posi-

tions itself at the gas/liquid interface. The result is that solid particles

will capture gas bubbles and, if sufficiently buoyant, will rise to the sur-

face of the waste. Organic components were shown to significantly decrease

the wettability of the solid particulates in synthetic waste slurries. When

such slurries were sparged with nitrogen and other gases, those containing

organic constituents formed a floating crust that was stable indefinitely,

whereas those without organics did not form a crust.

The studies at PNL have shown that synthetic wastes representative of

and similar to the waste present in Tank I01-SY behave similarly to the I01-SY

waste, although some differences exist. The synthetic wastes formed three

distinct layers--a floating crust, an aqueous phase, and a layer of bottom

solids. These synthetic wastes thermally produced nitrogen, nitrous oxide,

and hydrogen, although the ratio of the latter two gases differed from that

produced by the actual I01-SY waste. The similarity in behavior between real

and synthetic wastes lend credence to the fact that the synthetic studies are

suitable models for helping to identify the mechanism whereby periodic

releases of flammable gas mixtures occur.
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1.0 INTRODUCTION

Of 177 high-level waste storage tanks on the Hanford Site, 23 have been

placed on a safety watch list because they are suspected of producing flam-

' mable gases in flammable or explosive concentrate. One tank in particular,

Tank 241-SY-I01 (Tank I01-SY), has exhibited slow increases in waste volume

followed by a rapid decrease accompanied by venting of large quantities of

gases. Such cycles have occurred every 8-15 weeks beginning in the early

1980s and continuing to the present time. The concentration of hydrogen in

the space above the waste slurry has approached its lower flammability limit

during some of the gas release episodes. Other tanks have also been observed

to periodically vent flammable gases, but to a lesser degree (Tank 241-SY-I03

and 241-AN-I04,in particular).

The purposeof this study is to help determinethe processesby which

flammablegases are produced,retained,and eventuallyreleasedfrom Tank

I01-SY. This report documentsprogressmade during FY 1991 to these ends.

Waste compositiondata for single-and double-shellwaste tanks on the flam-

mable gas watch list are criticallyreviewed. The resultsof laboratory

studiesusing syntheticdouble-shellwastes are summarized,includingphysical

and chemicalpropertiesof crusts that are formed,the stoichiometryand rate

of gas generation,and mechanismsresponsiblefor formationof a floating

crust, lt is hoped that this informationwill be useful in developingstrate-

gies to mitigate safety hazardsassociatedwith the operationof this tank and

other tanks having similarbehavior.

This report is organizedas follows: Section2 criticallyreviews the

availabledata on waste compositionfor tanks on the flammablegas generation

watch list. Section3 describesselectionof the compositionsof the syn-

theticwaste formulations. Section4 describespreliminarysafety studies.

Section5 describesexperimentaldesign and methodsused and the resultsof

chemical_physical,and thermalcharacterizationof syntheticwastes aged at

the temperatureof Tank I01-SY. Section6 gives the resultsof gas generation

studies,and relatesthese resultsto those estimatedto occur in the actual

tank. Section7 discussesmechanismsfor forminga floatingcrust that is
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composed of solids whose density exceeds that of the liquid phase on which it

floats. A report on possible gas generation by microbial action is included

as Appendix A. Appendix B provides all the tables cited in this report, and

Appendices C, D, and E provide raw data for differential scanning calorimetry

and scanning thermogravimetric analyses, shear stress versus shear rate analy-

ses, and x-ray diffraction analyses, respectively.
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2.0 REVIEW OF WASTE COMPOSITIONSIN TANKS ON THE HYDROGEN

AND FLAMMABLEGAS GENERATIONWPTCH LIST

The purposeof this sectionis to bring together and review available

informationon the compositionof wastes in those waste tanks on the watch

list for hydrogenor other flammablegas generation. The informationreported

here is based on data obtainablefrom a varietyof sourcessuch as letters,

letter reports, analyticallaboratoryreports,etc. lt is clear from these

data, especiallyfor cases of multiple samplesfrom the same tank, that there

is variabilityin compositionwithin each tank and that the values presented

here cannot exactlyrepreser.tthe true averagecompositionof the tanks in

question.

There are currently23 tanks on the watch list for producingpotentially

flammableconcentrationsof hydrogenor for flammablegas generation. These

are listed in Table B.I (all tables are in AppendixB) (Hanlon1990a and

1990b). Measurableflammablegas (normallyH2) generationor measured slurry

growth _ _pparentlycriteriafor such listing,althoughat least one single-

shell tank is listed becauseother tanks on the list vent through it. Of

these 23 tanks, 18 are single-shelltanks.

Apparentlyall of the single-shelltanks are on the watch list for at

best marginal reasonsand none have apparentlybeen shown to be clearly hydro-

gen or other flammablegas generatorsto anywherenear the extent of double-

shell Tank I01-SY. As an example,single-shellTank 110-T is on the watch

list becauseof slurrygrowth. This growth amounts to a clearlyseasonal

fluctuationin tank level (high in late summer,low in late winter) of about

I inch. This seasonalchange has occurredvery consistentlyover at least a

7-year period and, over those 7 years, the average level has increasedby

about 1 inch (data shown to the author by D. A. Reynolds,WHC). This can be

contrastedto an approximately8-inch slurrygrowth in double-shellTank 101-

SY occurringwith an approximately3-4 month frequency,with each growth cycle

usuallyfollowed by a rapid collapseand definitereleaseof gases enrichedin

H2. In some of these releases in Tank I01-SY,the hydrogencontent of the

tank gas space has exceeded4% for severalminutes during the slurrygrowth

2.1



collapse. This value is less than the lower flammabilitylimit for hydrogen

in air but greater than the lower flammabilitylimit of hydrogen in nitrous

oxide. However, in the tank, air is believedto be the primaryoxidant.

The single-shelltanks have passiveventilationand the vapor space in

severalof these tanks, when sampled,has been found to contain0.1% H2 as

measured using a hydrogendetectioninstrument. Apparentlythis is the lowest

possible instrumentscale readingabove zero. lt is not even certainthat

such readingsare real, but it is the reason for severalof the single-shell

tanks being on the watch list for H2 generation (D. A. Reynolds,WHC, private

communicationswith the author,November iqgo).

For tanks containingvery large fractionsof solids,as most of these or

the watch list do, and with additionsof differentwastes at differenttimes,

it should be clear that it is difficultto obtain samplesthat reflectthe

averagetank contents. Two samplingmethods have been used, a dip or bcttie-

on-a-polemethod and core drilling. The bottle-on-a-polemethod does nok accu-

rately reflectvariabilityin compositionof this materialwith depth, but it

probablycan, if properlyused and if the sample is not too viscous,produce a

fairly good sample for the compositionat the samplingpoint. Core drilling

gives a better continuousrepresentationwith depth and is capable of sampling

very semi-solidto solid materialand thus, in theory,gives a better picture

of the total tank contents. If care is not taken in core drilling,however,

the solids/liquidratio in the sample can be altered from that in the tank.

In practice,a normal paraffinhydrocarbondrilling fluid (hydrostaticpres-

sure compensatingfluid) has normallybeen used, and this renderstotal

organic carbon (TOC) analyseson such samplesextremelysuspect.

Unlike double-shelltB_ks, analyticaldata, except for total organic

carbon (TOC) content of a_y of the single-shelltanks on the watch list, were

not found. Internalmemos containingreferencesto such data were located,

however. As a result,this sectionemphasizesprincipallythe double-shell

tanks for which slurry growth and flammablegas generationare much more

firmly establishedand for which analyticaldata are much more available.
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2.1 MEASURED TANK COMPOSITIONS

This sectionpresentscompositiondata for the double-shelltanks

I01-SY, I03-AN,I03-SY,I04-AN,and I05-AN and the TOC analysesavailablefor

the single-shelltanks. The presentedcompositionsrepresentthe authors'

assessmentof the availabledata and analyses.

2.1.1 Tank I01-SY

This double-shelltank is the most notoriousof the tanks on the watch

list for hydrogenor flammablegas generation, lt is well-establishedthat

slurrygrowth occurs in this tank with a surfacelevel increaseof typically

8 to 9 inchesoccurringover a 3 to 4-monthtime frame. This slow growth of

slurry is usually followedby a rapid collapse(Hanlon1990b). Significant

hydrogenand nitrousoxide release, in some cases approachingthe lower

flammablelimit for hydrogen in air, has been measured in the tank head space

during these rapid collapsesof slurry.

The contentsof Tank I01-SY consistof five separateadditionsmade over

an approximately3-1/2-yearperiod startingin April 1977. Table B.2 shows

the nature, amounts,and times of these five additions(Simpson1984).

Table B.2 also shows that the total additionsshould have resulted in a total

tank waste depth of 386.85 inches assumingthe volumes to be additive,whereas

the maximum level up to August 1984 had been 414.5 inches in March 1981. This

was attributedto a 27.65-inch(7.1%)slurry growth.

The total initialcompositionof Tank I01-SYwas estimatedby Simpson

(1984)based on the best availableinformationfor various feeds making up the

five major additionsto this tank. This process is more complexthan it might

appear. For example, the complexantconcentrategeneratedfrom the evaporator

run on contentsof I02-SY (TableB.2) reflectswastes from I02-U, I05-U and

111-U,which had been combined in I02-SY. Simpsonnoted that optimumtank

analyseswere unavailablefor most of the transfersand almost all of the tank

compositionshad to be based on one sample-one-analysisdata. He assumedthat

the one sample of evaporatorfeed or effluent,or in some cases a reasonable

estimatewhen no analysiswas available,was representativeof the total waste
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transferredat the time. This estimatedtotal tank compositionis shown in

Table B.3 and has recentlybeen cited as the compositionof Tank I01-SYby

Hanlon (1990b).

Three samplesof the contents of Tank I01-SYwere obtainedon January6,

1986 (endnote I)(a)by the dip or bottle-on-a-polemethod and analyzed in

early 1986 (Mauss 1986). These sampleswere designatedas top, middle,and

bottom samples. The estimateddistancesfrom the tank bottom that each sample

was taken are bottom,20 inches;middle, 175 inches;and top, 380 inches (end-

note I). These sampleswere taken 2 weeks after a maximum level of

411.2 inches tank depth followedby a gas releaseevent, lt is estimatedthat

the top sample was taken 27 inches below the surface,and Reynoldspresumed

that this was below any crust.

The analyses of these samplesare shown in Table B.4. The bottom and

the middle samples are rather similarin compositionfor most constituents,

with the greatestdifferencefor major constituentsbeing higher TOC (total

organic carbon)for the bottom sample. The top sample is more dilute in all

major constituentsrelativeto the middle and bottom samples,with the

apparentdilution ratio being about the same for all major inorganicconsti-

tuents except Al. Aluminum appearsto be even more dilute in the top sample

relativeto the other inorganicconstituents. The ratio of TOC to inorganic

constituentssuch as NO3, NO2, OH-, and CO_-seems to be lowest in the middle

sample. Whetherthese ratio differencesreflectreal compositionaldiffer-

ences or analytical/samplingerrors is not certain, lt should also be noted

that the analyzed Na contentsfor all these samplesexceed the sum of the

equivalentsof all the analyzedanions by an averageof about 19% (assuming

all Al is present as mononegativeanions). Even if the unlikelyassumption

were mad_ that each mole of organiccarbon constitutedone equivalentof anion

(such as it would if all organiccarbon was presentas oxalate)there would

still be an average3.8% excess of Na, which is no doubt within expected

analyticaluncertainty.

(a) The endnotes given in this chapter and subsequent chapters cite internal
memosand letters that generally do not appear elsewhere in published
form. Hence, they are acknowledged here as endnotes.
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In additionto the above data for Tank I01-SYwaste, an earliertank

samplingand analysiswas done in about June 1980 before all the waste addi-

tions to this tank had been made (endnote2). At this time three samples,

apparentlyat the 3-, 6-, and 9-ft depth, were taken. The data presentedby

Jansky in (endnote2) are by no means clear. Thus, the 9-ft sample is

reported to be 100% solids,and in the table showinganalyticalresults for

this sample,it is indicatedthat the analyses are for a 3.0-g to 25-mi dilu-

tion. Molaritiesand a specificgravityof 1.033 are reasonablefor such a

dilution but a value of 38.59% H20 given in the same table is totally incon-

sistentwith such a dilution. Without the densityof the solid sample, a

concentrationper unit volume cannot be determined from these data. lt is

noted in this letter that the 6-ft samplewas analyzeddirectlyand yet NO3 is

only 0.66 M, NO2 is 0.61 M, OH- is 0.44 M, and Al is only 0.17 M. This should

be well under saturationin severalcomponents. The 3-ft depth sample was

presumablydiluted 1"I and analyticalresults are given as NO3,2.18 M; NOi,

1.61_M;OH-, 3.02 M and; Al, 1.75 M. Doubling these numbersto accountfor

dilutiongives very high values for the concentrationsof these components,

and it is not clear how a high concentrationsolid or largelysolid material

could exist as a thick layer on top of a lower density undersaturatedlayer.

These values may possibly be the result of nonequilibriumconditionsin the

recently filledtank and probablyare of little if any value to understanding

the currentcompositionof Tank I01-SY. lt can be concludedthat either the

calculatedcompositiondata of Table B.3 or the analyticalresultsof

Table B.4 better representthe true tank compositionthan other values.

2.1.2 Tank I03-SY

Tank I03-SYshowed up to almost 5-inch surface level fluctuationsduring

1987 and has shown level increasesfollowed by sudden drops of about 1.5 to

3 inchesduring 1990 (endnote3). The contents of double-shellTank I03-SY

apparentlyresultedfrom the addition in October 1980 of 132.5 inches of

double-shellslurryto 45.8 inchesof heel in the tank (Simpson1984). This

double-shellslurrywaste was the same material as the 84-inchdouble-shell

slurry additionto Tank I01-SY on October29, 1980 (seeTable B.2). No

descriptionof the heel was given by Simpsonother than to list in his letter
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the total numberof moles of major componentsin this heel (Simpson1984).

Peters (endnote4) defines this heel as transuranic-bearingcomplexantconcen-

trate, and Fow et al. (endnote5) state that the tank containsdouble-shell

slurry,complexantconcentrate,and uraniumsludge from ion exchange

processes.

The total initialTank I03-SYcompositioncalculatedby Simpson (1984)

is shown in Table B.5. lt is based on the same methods and uncertaintiesas

those for the Tank I01-SY data calculatedin the same manner and discussed in

the precedingsection (Table B.3). The total depth of Tank I03-SY based on

the heel depth and the double-shellslurry addition is 178.3 inches,and

Simpson (1984) indicatesan aver'agedepth of 190 inches (TableB.5).

Fow et al. (endnote5), in describingcore samplestaken by Rockwell

personnel,indicatethat segment#2 comprises109-209 inches from the tank

bottom,and they indicatea tank fill depth of 213 inches. Apparently

"33 inches"of "uraniumsludge from ion exchangeprocesses"cited by Fow

et al. was added between the time of the Simpson letter (1984)and the time of

the Fow et al. work and accountsfor the additionaldepth in this tank.

Prignano (endnote6) also states that "uraniumsludge from ion exchange proc-

essing was later placed on top of the DSS." Peters (endnote4), in discussing

some of the core samplestaken in the same sampling as those in the Fow et al.

work, apparentlydid not recognizethat this uranium sludge additionhad

occurred.The result of this sludgeaddition is that the data of Simpson

(1984)do not accuratelyreflectthe currentcontents of Tank I03-SY. Hanlon

(1990b)indicatesthat this tank is filled to a level of 274.1 inches. This

indicatesthat additionalwaste has been added since the last known tank samp-

ling and analysis (endnote5). Liquid level data (endnote7) indicatesuch an

addition in July and August 1988. Six more small additionswere apparently

made to this tank in late 1988, 1989, and early 1990 (endnote8).

Resultsof analysesof three core samplesfrom Tank I03-SYby Fow et al.

(endnote5) are shown in Table B.6. Table B.6 shows that the concentrations

of major constituentsvaries very littlebetween the top and middle of the

tank except for the case of carbonate,which appearsto be higher in the

middle than at the top of the tank. This, along with similardensitiesfor
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the top and middle samples,would point toward the upper half of the tank

possibly being reasonablywell mixed. The differencesbetweenthe carbonate

(and also sulfate)values for the top (#2) and middle (#7) samples, if real,

could result from a differentamount of solids in the two samples since cer-

tain carbonatesand sulfatesmay be precipitated. Indeedsample #7 (middleof

tank) was reportedby Fow et al. to be similarin appearanceto sample #2 but

to contain bigger particlesand to be less fluid. This probably indicatesa

higher total solids contentas wou3d be expectedanyway.

The bottom sample (#12)was reportedto contain "very little liquid"and

to have the consistencyof "chunkypeanut butter and sand" (endnote5). This

is in agreementwith the high concentrationsof the major constituentsshown

in Table B.6. Based on the (somewhatuncertain)densityof this sample and

the values in Table B.6, it is easy to show that the samplecontains no more

than about 20% and possibly only 10% water by weight. Several constituents

such as NaNO3 and NaAlO2 are no doubt presentas major solid constituents.

The significantlydifferentratio of NOi to NOi in this sample relativeto the

middle and top of the tank is not explainableby differencesin solubility

alone since NaNO3 and NaNO2 do not differ greatly in solubility.

The total sodium content of the bottom sample (#12),as well as the

other two samples,exceedsthe equivalentsof anionsmeasured. In the bottom

sample (#12) this excess is 6.1 M_. If this is due to an analyticalproblem,

it indicatesa seriousproblem. If, on the other hand, the differenceis

attributedto organic anion_ (TOCwas not determined),it represents3.05 M_

oxalic acid if all TOC is p._seF_t as such, Oxalate is a likely end product of

degradation of the complexants because of its relative stability to oxidation,

and it represents about the maximumanion equivalents per carbon possible. If

the bottom sample had contained 3.05 M oxalate, the total mass of constituents

shown in Table B.6 for sample #12 would be 1860 g/L. This does not include

water, which unfortunately was apparently not determined, so it is not pos-

sible to determine whether its inclusion would produce a reasonable sample

density. Prignano's (endnote 6) value for TOC in adjacent core segments (to

be discussed below) is far too low to account for this anion/cation

discrepancy.
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Peters (endnote4) presentedlimitedanalyticaldata for segments3, 6,

and 11 (each segment 19 inches)from the same core samplingfor which Fow

et al. presenteddata for segments24 7, and 12. Unfortunatelythese appar-

ently are not total sample analysesbut rather are analysesof the aqueous

phases removed from the samplesor from 1"i or 2"I dilutionsof the samples

with water. The fact that NOi valuesfor the supernatefor all three samples

are only 1.43 to 1.85 M in comparisonto values of 2.43 to 7.1 in Table B.6

would indicatethat this value (-1.4to 1.9 M) is a solubilitylimit. The

higher supernateNO_ value for the 2"I dilution versus the undilutedaliquot

of segment 11 would also indicatethe presenceof a large amount of solid

NaNO3. Peters'values for undilutedsamples (rangingfrom 1.43 to 1.85 M and

including1.65 for segment 11) are lower, however,than values reportedby

Barney as solubilitylimits for solutionsat these NaOH concentrationsand

saturatedwith NaNO3, NaNO2, NaAlO2, and Na2CO3. The very low values of NOi

(<0.04M) (endnote4) make the analysisfor this anion very suspect. The high

bulk densitiesfor the samples (up to 2.93 g/mL) are also very suspectsince

they are greater than any of the true densitiesof the pure, major component

solid salts expectedto crystallizefrom such solutions.

Prignano (endnote6), in discussingthe preparationof a composite

I03-SY sample by blendingaliquotsof core samplesfrom this same tank samp-

ling, stated "SegmentsI and 4 were found to be empty and 3, 5, and 6 were

liquid and not used in preparingthe composites." The absenceof any solids

was not noted by Peters (endnote4), nor are his densitiesat all reasonable

for an aqueoussolution, lt will of course explainwhy Peters' 1'I dilution

of segments3 and 6 show only about half as much NOi as the undilutedsample,

whereas a 2"i dilutionof segment11 shows slightlymore NOi than the undi-

luted sample. If Peters'valuesdo actuallyrepresentNaNO3 saturatedsolu-

; tion, it could also accountfor his values being significantlylower than

those of Fow et al. (endnote5).

Prignano (endnote6) rejectedsegments3, 5, and 6 in preparinga compo-

site sample of Tank I03-SYwaste for analyses. Since segments2, 7, and 12

had been sent to PNL, she used segments 8, 9, 10, and 11, representing waste

19 to 95 inches from the tank bottom,to preparethis composite. Whether Tank
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I03-SY actuallycontains a zone with virtuallyno solidsor whetherthis was a

samplingartifact is not known. Limitedanalyticaldata for this composite

slurry and for the supernateliquid in it are available(endnote6). The Al

value for this compositewas about one-halfthe values shown for segment7 in

Table B.6, while the value for Na was about 68% of that for segment7 and

about 130% of that for NOi. The value for SO_-was almost identicalto that

for segment7 (TableB.6), and other major constituentswere not determined.

The higher NO3 in the compositeis not surprisingbecausein dissolutionin

strong acid as performedby Prignano,one-thirdof a mole of nitrate is pro-

duced per mole of NOi decomposed, lt appearsthat the lower Al and Na values

representreal and large analyticaldifferences.

Other more minor constituentsreportedby Prignanofor this composite

differ markedlyfrom values reportedby Fow et al. for either segment9

immediatelyabove or segment 12 immediatelybelow the compositeregion. Thus,

Prignano'svalues for Cr and Fe are much lower than those reported for seg-

ments 7 and 12 (TableB.6), and her value for P034- is significantlyhigher.

lt is difficultto concludewhy these differencesoccur, but it should

be emphasizedthat Prignano statesthat this slurrycompositewas contacted

with HCI (presumablyto prepare a solutionfor its analysis)and that a large

amount of solids (-50% by volume after centrifugation)did not dissolve. If

this HCI was 12 M (as was the HNO3 mixed with 0.1 M HF used on later samples),

and particularlyif such small volumeswere used as indicatedby the comment

on centrifugedvolume of solid, the Na salts would not even be dissolvedsince

NaCl and AICl3.xH20both have low solubilityin strong HCI solution. If this

interpretationis correct, it would explainwhy the Na, Al, Fe, and Cr values

are so low relativeto segments 2 and 12 from Table B.6, and would indicate

that the Table B.6 data are more reliable.

Prignano (endnote6) reportsa value of 0.692% TOC (or about 0.9 _M)for

the compositeslurry. Since normal paraffinhydrocarbonis apparentlycom-

monly used as a drilling fluid in core sampling,this shouldbe consideredan

upper Iimit.

Prignano (endnote6) also gives analysesfor the interstitialliquid

(separatedby centrifugation)presentin the core composite,and these are
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shown in Table B.7. The value for NOi is significantlyhigherthan those of

Peters (endnote4), who, as noted earlier,analyzedcore segments3 and 6,

which, accordingto Prignano (endnote6), containedonly liquid and agrees

much more closelywith that expected from solubilitydata (Barney1976).

Prignano'sdata, given in Table B.7, show a very good match betweentotal Na

and total equivalentsof anions not includingorganiccarbon anions.

2.1.3 Tank I03-AN

Tank I03-AN showed a gradual surfacelevel increasefrom January 1987 to

mid-1989 of about 10 incheswhere it essentiallyleveledoff (endnotes7

and 8). Shorterterm level fluctuationshave not exceeded2 inches. Accord-

ing to Fow (endnote9) Tank I03-AN was filled to 320 incheswith double-shell

slurry feed (DSSF)during the third evaporatorcampaign in 1984. This DSSF

came from varioustank farms:

"During 1984 and 1985 the tank was used as a dilute receiverof
approximately86.5 inches of miscellaneousPUREX waste. In the
second evaporatorcampaign of 1985, the slurry level in DST I03-AN
was pumped from 406.5 inches down to 93.6 inches. This slurry
along with I02-AW feed was concentratedin the evaporatorand sent
back to DST I03-AN. The tank depth at the end of this campaignwas
337.6 inches. In the most recent campaign,88 inches of waste from
I03-AN and waste from I04-AW and I02-AWwere pumped throughthe
evaporatorand back to I03-AN. The depth of waste in DST I03-AN at
the end of the campaignwas 329 inches. Core samples(core seg-
ments 2 through 18) were retrievedfrom DST I03-AN in January
1987."

Hanlon (1990b)indicatesa tank depth at presentof 345.09 inches. This

increase in depth over the 329 inches is subsequentto the performanceof all

the analyticalwork reportedbelow. Mauss (endnote10) indicatesthe DSSF was

removed in the second campaign (February1986 rather than 1985).

Mauss (endnote10) indicatesthat a sludge sample was taken from this

(93.6 inches)heel before material was returnedfrom the evaporator. The

samplewas "pea-green,"with 5% supernatant,85% settledsolids,and 10% foam.

lt was separatedby filtrationand the liquid phase and filteredsolidswere

analyzed separately. The sample was 58% filteredsolids,by either volume or
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mass since the densitiesof the two phaseswere almost identical(1.47-

1.48 g/mL). The solids had a 39.0 wt% water contentversus 48.8 wt% in the

liquid. Solids were 49 wt% Na2CO3, 31 wt% NaNO3, and 11 wt% NaNO2.

Tank I03-ANwas core sampled,apparentlyin the earlier half of 1987. A

compositesamplewas preparedand sent (endnote11) to PNL in May 1987 for

comprehensiveanalysis. (lt is assumedhere that this is a compositeof all

core segmentsrather than a compositeof only the lower 8 segments of an

18-segmentcore referredto by Prignano (endnote12) in dissolutionstudies.)

The analyticalresultsfor the core sample sent to PNL are shown in Table B.8.

This tank appearsto be somewhatlower in NOi and CO_-than Tanks I01-SY and

I03-SY but somewhathigher in OH-. Other major constituents(Al, NOi, Na) are
similarto those in Tanks I01-SYand I03-SY.

Toste (endnote13) also reportsthe identificationof and analysesfor

some of the specificorganiccompoundspresentin the waste. Of the 0.42 M_

total organiccarbon, he found 21.9% of it to be oxalic acid, 3.2% to be

succinicacid, 5.6% to be N-(Methylamine)iminodiaceticacid and no more than

1.4% of any ether single organiccompound identified. He identified33.1% of

the total organic carbon (allwere organicacids), lt should again be empha-

sized that the waste being analyzedhere is a core sample and that a hydrocar-

bon (n-dodecane)was typicallyused as a drillingfluid; thus, the total

organiccarbon reported in Table B.8 must be consideredan upper limit.

The analyses in Table B.8 show that total Na plus K exceeds total equi-

valentsof anions by 3.2 M. Since total organiccarbon is only 0.42 _M,since

drilling fluid may have contributedsome to this, and since oxalic acid (at

one mole acid per mole carbon)contributesonly 22% of this, the discrepancy

in anion-cationbalancecan hardly be attributedto any other source than

analyticalproblems.

2.1.4 Tank I04-AN

Tank I04-AN has shown slow surfacelevel increasesof up to almost

8 inches followedby rapid decreases (endnote14). The time period for these

fluctuationshas been much longer than those occurringin Tank I01-SY,being

about 2 years in Tank I04-AN. Some hydrogenhas alto been detected in gas
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leavingthis tank. The orllyother data found for this tank were those tabu-

lated in the Tank Farm Surveillanceand Waste StatusReports (Hanlon1990a and

b). This tank is listed as co1_taining385.8 inchesof waste. The principal

componentis DSSF, which is a more dilute solutionthan double-shellslurry

and which is the principalcomponentlisted in the same source for Tank I03-AN

discussedin the precedingsection, lt is not known if any other wastes have

been added to this tank. No analyticaldata were found for this tank. The

tank discussed in the followingsection (Tank I05-AN)is also listed as being

composedof DSSF, but whereasTank I04-AN has 25% by volume sludge,Tank

I05-AN is listed as having no sludge solidsvolume.

2.1.5 Tank I05-AN

Tank I05-AN is on the watch list becauseof level changesover time and

becauseof the correlationof these level changesto temperaturefluctuations

(endnote15). This tank is also reportedto have a crust, and it was esti-

mated that it has a worse slurrygrowth problemthan Tank I03-AN {endnote15).

Tank I05-AN is reportedto containDSSF as at least the principalwaste type

that has been placed in this tank (Hanlon1990b). The waste depth is

410.6 inches and the solidsvolume is reportedas zero. Sludge,double-shell

slurry, and salt cake are the types of solids normallyreported,if present,

by Hanlon. These two references,thus, raise some questionregardingthe

nature of the solids contentof this tank.

No informationabout when the tank was filled was recoveredin this sur-

vey. The tank was presumablysampled in 1984 since analyseswere reported in

November 1984 (endnote16). No detail about the samplingprocedurewas found,

but it is presumedthat the samplewas a dip sample,since this type of sam-

pling would be logicalfor a low solids contenttank. lt is presumedthat, if

there was no significantsolids layer and if the tank was filled an adequate

time before sampling,the tank would have been fairly homogeneous. No infor--

mation was obtained about the waste depth at the time of sampling or about the

tank history after samplingto ascertainwhetherthis sampling is representa-

tive of the current tank contents.

Results of analysesof Tank I05-AN samplesare shown in Table B.9 (end-

note 16). Comparisonof these ,datawith those for Tanks I01-SY, I03-SY,and
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I03-ANpresentedearlier (TablesB.4, B.6, and B.8) shows that this tank con-

tains waste that is more dilute in the major constituents. Comparisonof

these values to the solubilitydata of Barney (1976) indicatesthat this waste

is undersaturatedin NaNO3, NaNOz, NaAlO2, and NaOH. This is consistentwith

this waste being DSSF insteadof double-shellslurry or complexantconcen-

trate, which are the principalmaterialsin the other three tanks. This would

indicatethat the only solidsexpected in these tanks would be the relatively

minor constituentsforminginsolublecarbonates,phosphates,sulphates,etc.

The total organic carbon contentfor Tank I05-AN is 3.36 M, as shown in

Table B.9. lt should be noted that in reported analysesof other tanks, Mauss

(endnote16) has shown total organiccarbon in a table columnwhose units were

designatedM but with a footnoteon the total organiccarbon value to indicate

that it alone was being reportedas g/L. Since 3.36 M total organiccarbon

seems a high value for this tank, and since in the same letter Mauss shows a

value for Tank I04-AW (listedby Hanlon 1990b as dilute non-complexedwaste at

present) of 4.675 M total organiccarbon, it is quite possiblethat such a

footnotewas inadvertentlyleft off. If this interpretationis correct,the

true value of total organiccarbon for Tank I05-AN would be 0.28 M carbon.

The data in Table B.9 show a close correspondencebetweentotal anion

equivalents(neglectingtotal organiccarbon) and total cations (mostlyNa).

lt seems that, in the tank waste analysesgiven in this document,samples

having little or no solids have shown a much closer match betweencation and

anion charge balancethan have samplescontaininglarge amountsof solids.

Whether this is becauseof random chance or a more fundamentalreason is not

clear.

2.1.6 Sinqle-ShellTanks

As shown in Table B.I, there are 18 single-shellwaste tanks on the

watch list for hydrogenor flammablegas generation. As discussedabove,

there seems to be far less solid evidencefor these tanks being significant

hydrogenproducersand retainersthan are the double-shelltanks. For this

reason,less effort has been put into locating analyticaldata for the single-

shell tanks on the watch list, althoughanalyticaldata for these tanks are

currentlybeing collected. References(all but two of which are from 1980 or
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earlier) containinganalyticaldata for nine of these tanks have recentlybeen

obtained and review is underway. Until these referencescan be reviewed,the

thoroughnessof the data, the methodsof sampling,or the degree to which the

data is representativeof the total tank contents cannot even be speculated

on.

Of the 18 single-shelltanks on the watch list, 10 are describedas con-

taining non-complexedwaste, 6 are listed as containingDSSF, and the other

2 are listed as containingcomplexedwaste (Hanlon1990a and 1990b). The

referencedanalyticaldata describedabove representsall three waste types.

Hanlon (1990aand 1990b)describesthese tanks as being mostly solids with no

more than 11.3 vol% (mostly0 to 5%) supernatantliquids.

Klem (endnote17) has recentlycollectedavailabledata on total organic

carbon analyses for single-shelltanks. This includesnine of the tanks on

the hydrogen and flammablegas generationwatch list. The total organic

carbon values for these nine tanks are shown in Table B.IO along with the

phase (liquid,solid,or both) that the sample representsand the type of

waste (Hanlon1990a and 1990b) present in that tank. How reliablethese total

organiccarbon data are is not certain, lt is apparentthat the highestvalue

in Table B.IO is for Tank I05-U at 3.71 M_C (presumablynon-complexedwaste)

and the lowest is for Tank I01-SXat 0.033 M C (presumablyfor complexed

waste), lt is known that at least some of these sampleswere taken by core

sampling. These may be highly contaminatedby the organicdrilling fluid

usually used during drillingoperations.
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3.0 SELECTIONOF SYNTHETICWASTE COMPOSITION

The concentrationsof inorganicmaterials in the referenceformulation

are based on a letter from Mauss (1986a)that summarizesanalysesof the com-

positionsof various layers in Tank I01-SY. We chose not to use the concen-

trationsof EDTA and HEDTA from the Mauss report in our formulationbecause

these values representthe amount of these materialspresent in 1986, after

years of potentialdecomposition,and probablydo not reflectthe initialor

currentconcentrationsof these complexantsnor the total organiccarbon in

the waste. Instead,we chose to use the concentrationsof EDTA and HEDTA

given by Delegard (1980),which are estimatedto be the concentrationsin the

waste actuallyput into the tank. This would bound the maximumpossible con-

centrationof organics in the tank. The concentrationvalues for these two

organics,as outlined in Delegard'sreport, are based on total organic carbon

analysisof the Tank I01-SYwaste and on B Plant processflowsheets.

Four other variant formulationswere chosen to determinethe effectsof

differentconcentrationsof AIO2-and the organics (i.e.,EDTA and HEDTA). In

two of the four variantcompositions,the AlO2- and organicconcentrations

were both changedby a factorof 50% above and below the test formulationcon-

centrations. In the remainingtwo variant formulations,the concentrationsof

AlO2-and organicswere alternatelychangedto 50% higher and lower, respec-

tively,and 50% lower and higher,respectively. The variantformulationswere

arbitrarilychosen to providea great enough change in concentrationfrom the

referenceto ensure observationof the effects of these changesand to allow

use of statisticalanalyticalmethods.

Table B.11 presents the concentrationsfor the constituentsfor the

referenceand four variant formulations. The anions in this table were added

as the sodium salts, and the transitionmetal ionswere added as the nitrate

salts.

For this study, noble metals were not includedin the formulation

becausethere is no informationon their concentrationsin the wastes.

Severalof these elements (e.g.,Pd, Rh, Ru, Pt, lr, etc.),which are produced

as fissionproductsat potentiallycatalyticallysignificantlevels,are known
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to thermallycatalyzereactions involvingthe decompositionof alcoholsand

organic acids. For this reason,these elementsshould be consideredfor

inclusionin formulationsfor future crust and gas formationstudies. In

future syntheticwaste studies,the actinideelements,which may also act as

catalysts,should also be considered.
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4.0 PRELIMINARYSAFETY STUDIES

Martin (1985)completedan in-depthreviewof explosivereaction poten-

tial for Hanford organic-containingwastes similarto those described in this

report. The potentialfor organic-bearingwastes to react explosivelywas

found to be remote. The maintenanceof severalconditionswould reduce the

likelihoodof producinghazardousexplosiveconditions: I) an aqueous

environment,2) an alkalinesolution,and 3) controlledtemperatures(below

3oooc).

To evaluate the safety of working with organiccomplexantand nitrate/

nitrite slurriesat elevatedtemperatures,we performeda series of experi-

ments to determinethe thermalsensitivityof selectedoxidant and complexant

mixtures and the potentialenthalpy releasesfrom potentialreactions.

4.1 EXPERIMENTALEVALUATION

To ensure that testingof large batchesof the syntheticwaste formula-

tions would not lead to an explosion,an experimentalsafety study was under-

taken, and thermodynamiccalculationswere made. Small batchesof mixtures

containingorganics,nitrate,and nitritewere producedand tested using dif-

ferentialscanningcalorimetry(DSC) and a modifiedHenkin test analysis

(Burgerand Scheele 1991). The componentsand amountsused are listed in

Table B.12. The purposeof the DSC and Henkin testingwas to get a general

idea of the thermalbehaviorand sensitivityof the test mixtures.

DSC measures enthalpychange as the temperatureis increasedat a con-

stant controlledrate. The DSC provides informationon the temperatureat

which a thermal event occurs,such as an observedminimumreaction temperature

for an exothermicreaction. However,the observationof an event is dependent

on sample size and the heatingrate.

A modified Henkin test is a thermal shock test which consists of placing

small amounts (-100mg) of sample into a pre-heatedsample holder and measur-

ing the time until an audiblereport or visibleflame is observed. The Henkin

test measuresthe stabilityof reactionmixtureswhen they are exposedto

elevatedtemperaturesand thus caused to heat up very rapidly. Resultsfrom
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Henkin tests are dependenton sample size and geometry. Henkin tests are

commonlyused to evaluate explosivematerialsto determinethe effect of a

severethermal shock to the materials.

In order to bound the experimentalconditionsused in the full-scale

tests, which were to consistof I-L batches,the mixtureschosen for this

safety-relatedpreliminarystudy had higher and lower concentrationsof

organicsthan those used in the full-scaleexperiments. Six of the mixtures

(identifiedas mixtures I-6 in Table B.12) includedonly the organic fuel

(HEDTAand EDTA) and oxidant (nitrateand nitrite)componentsof the synthetic

waste formulation. Also includedwere mixtures containingthe transition

metal salts that are part of the referencesyntheticwaste formulation. These

mixtures,identifiedas mixtures 7-12 in Table B.12, were tested becausethe

transitionmetals may catalyzeone or more of the reactionsand perhaps lower

the temperatureat which an exothermicreactionoccurs.

Each test mixture was mixed with water and then dried overnightin an

oven at 70°C. The mixtures containingtransitionmetalswere dried at this

temperaturefor 2 days. No reactionfrom the drying was observed in these

samples.

Using the DSC, exothermicreactionswere not observedbelow 200°C.

Using the modified Henkin analysis,reactionswere not observedat 200°C over

a period of 30 minutes. In no Henkin experimentwas an explosivereaction

observed. At 380°C, the Henkin experimentyielded a charringreaction but not

an explosiveone. Occasionallyat 380°C, mixtureswith high HEDTA and EDTA

concentrationswould flame after the charring reaction. These same mixtures

were stable for more than 4 hours at 200°C.

Becauseof the observedreactionsat 380°C, we tested a mixture contain-

ing the high HEDTA and EDTA concentrationsalong with the other components

found in the "high NaAlO2/highorganic"composition(sample#13, Table B.12).

The DSC did not reveal an exothermicreaction below 200°C. The Henkin analy-

sis did not show a reactionat 200°C, but a nonviolentcharringreaction

occurred at 380°C.

4.2



lt is worth noting that the DSC and Henkin analyseswere run on dried

material. The large batchesused in this work all containedwater, which

acted as a heat sink for energy released by any reaction.

4.2 THERMODYNAMICCONSIDERATIONS

Based on balancedchemicalreactionsbetweenHEDTA and EDTA with NO2-and

NO3-(assuming N2, CO2, and H20 as products),heats of reactions (aHrxn)were

calculatedusing appropriatestandardthermodynamictables. Heats of forma-

tion for HEDTA and EDTA were calculatedfrom standard bond dissociationener-

gies. The protonatedforms of HEDTA and EDTA were used in the calculations

rather than the sodium salts in order to permitcalculationof the heats of

formationfrom molecularspecies. Table B.13 provides the balancedchemical

equations. The total heat that theoreticallycould be producedper liter of

solutionwas calculatedbased on these equationsand the concentrationsof the

expected ingredients(HEDTA,EDTA, NO3 and NO2-) in each of the test formula-

tions given in Table B.11. The calculatedheats are also includedin Table

B.13.

The calculationsshow that in the "worst case" mixtures (high organic),

the total energy thermodynamicallyavailableis -50% of the energy available

in an equivalentmass of TNT, or alternativelyfor the air oxidationof an

equivalentmass of sugar. Although the reactionof HEDTA and EDTA with

nitrate and nitritesresultsin significantreleasesof energy, for the test

mixtures used here a reaction is not expectedwithout an initiatingevent

(Martin1985).

4.3



5.0 AGING STUDIES

5.1 EXPERIMENTALMETHODS

In order to simulate the chemistry of the aged radioactive waste within

Tank I01-SY, it was necessary to heat treat the synthetic waste at tank tem-

peratures (~60°C) for several weeks. Chemical and physical samples were taken

periodically to assess the effect of aging on the synthetic waste. The total

aging time for these solutions was 66 days. This doesn't compare with the

resident time for the actual waste currently in Tank I01-SY, which was filled

more than 10 years ago. Webelieve, however, that important information about

the gas retention and crust growth phenomena can be obtained from such a short

aging study because Tank I01-SY has manifested these characteristics since the

initial waste addition in 1977 (Delegard 1980).

A typical preparation of synthetic waste was made by adding each ingre-

dient from each respective formulation in Table B.11 in the order of its

appearance in the table (except for NAA102, which was always added last) to

approximately 80% of the total H20 required for the desired composition, while

maintaining vigorous mechanical stirring. After all the solid ingredients

were added, the amount of water was brought to the required level. Batches

were stirred at room temperature for several days to ensure mixing prior to
use.

Approximately 900 mL of each of the five formulations were placed into

five separate I-L polymethylpentene (PMP) containers. Each formulation was

prepared in quadruplicate in the PMPcontainers. Samples were taken from two

containers throughout the aging experiment for chemical analyses. Two con-

tainers were left intact until the end of the experiment so that uninterrupted

phase volume and weight measurements could be taken. Each container was

equipped with a lid with a gas escape tube filled with glass wool to reduce

air mixing and water evaporation.

An additional amount of the reference formulation was also placed in two

500-mL graduated borosilicate cylinders. Graduated cyliader glassware was

used for the reference formulation to assess the difference between synthetic

waste aging behavior in various container geometries. PMPwas chosen as the
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standardbecauseof its resistanceto alkaline solutionsand moderateheat.

The use of borosilicateglass in one experimentresulted in a measurabledis-

solutionof the glass, almost to the point of failure. Figure I shows the

five syntheticwaste formulationsin PMP containersafter approximately

6 weeks of aging.

All reactionvesselswere placed in a heatingoven maintainedat 60°C

for the durationof the experiment. Reactionvesselswere taken out of the

oven only for the time required for recordingweight and phase volume measure-

ments or for taking the chemicalsamplesto be analyzed.

Extensivechemical,thermal,and physical characterizationswere per-

formed on the syntheticwaste samplesfrom the initialproduction,periodic-

ally throughout,and at the terminationof the aging studies. This section

details the methods used and resultsof the characterizationof the synthetic

waste samples.

5.2 CHEMICALANALYSESAND BEHAVIOR

The chemical characterizationsperformedon the syntheticwaste samples

includeion chromatography(lC) for anion detection,inductivelycoupled

plasma (ICP) for element detection,total carbon, (TC), total inorganiccar-

bon, (TIC),and total organiccarbon (TOC).

High-performanceliquid chromatography(HPLC)for EDTA and HEDTA analy-

sis was initiallyscheduledfor these samples, but unforeseendelays in

acquiringthe appropriatemethodologiesmade it impossibleto includeresults

from that analysis in this report. Archive sampleshave been preservedfor

analysisat a later date.

Samples used for analysesof the five formulationswere taken before

heating (day 0), twice during heating (day 16 and day 41), and at the end of

the heatingperiod (day 66). The samplestaken at day 0 were centrifugedto

create a supernateand a solids layer. With the exceptionof the low

aluminate-highorganic formulation,three definite layersformed very quickly

with each formulation. In each formulation,solids had formed a thin top

layer; this layer was labeled "crustlayer." The body of the reactionvessels
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contained a solids layer labeled "solids" and a liquid layer labeled "super-

nate." Samples used for analyses were taken from each well-defined layer of

each aged formulation.

5.2.1 lon ChromatoqraDh_

The lC analyses were performed to determine specific analytes including

fluoride, chloride, nitrite, nitrate, and phosphate. These were specifically

requested because they are all present within the synthetic waste matrix. Ali

samples were analyzed in duplicate and the reported values are the average

determined concentration. The IC data are recorded in Tables B.14-B.18.

Table B.14 contains IC data for unheated samples from each formulation

at day O. A supernate and solid fraction of each formulation was generated by

centrifuging the unheated sample. The supernate and solid samples were both

analyzed, and results are included in these tables.

Tables B.15, B.16, and B.17 contain IC data for synthetic waste samples

aged at 60°C for 16, 41, and 66 days, respectively. Samples were taken from

the crust, supernate, and solids layers of the two reaction vessels for each

formulation used for chemical sampling throughout the experiment. For the

instances in which the solid phase present was layered into more than one

facies, a combined solid sample was taken and homogenized before it was sub-

mitted for analysis. The results are listed in these tables as "crust,"

"supernate," or "solids," according to the phase frGm which it was taken.

Table B.18 contains IC data obtained from samples taken from the refer-

ence formulation on day 66. The source for these samples differed from other

samples taken for chemical analyses. These samples were taken from the two

reaction vessels reserved for physical testing and left undisturbed throughout

the experiment. In the case of the solid phase, three distinct layers were

observed. Each of these layers was sampled separately. They are labeled as

Solid-l, Solid-2, and Solid-3, which coincide to the top, middle, and bottom

layer, respectively, of the solid phase.

The IC results i,,dicate that there does not appear to be a universal

tendency for concentration, of the nitrate and nitrite ions in the crust.
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There were two exceptions: on day 16 and day 41 (TablesB.15 and B.16,

respectively),the low aluminate,low organicformulationshowed an increase

in the crust concentrationof nitrate ion (approximately30 wt%) comparedto

the averageconcentrationfor nitrateadded to the syntheticwaste, approxi-

mately 10 wt%. A similar increasein nitrateand nitritewas also observed

for the high aluminate,high organicformulationon day 41 (TableB.16); there

was an increasein the nitrateconcentrationin the crust above the average

concentrationin the syntheticwaste.

The referenceformulationsamples,which were analyzedby each indi-

vidual strata on day 66 of testing (TableB.18),did not show an increaseof

nitrateor nitrite in the crust. There does, however, appear to be a concen-

trationof nitrate and nitritein the Solid-3layer of the referenceformula-

tion at day 66.

Figure 2 is a plot of the measured concentrationof anions as a function

of phase locationand shows a large increasein nitrate and nitrite ion con-

centrationsin the Solid-3sample. These observationsare consistentwith the

fact that the sodium nitrateand sodium nitritewere added in concentrations

35 I ' I I I'
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FIGURE2. Concentration of Anions from Various Phases of the
Reference Formulation (Day 66)
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greater than their solubilitylimits (Reynoldsand Herting 1984). The solid

phase of these salts presumablyhas settledto the bottom of the reference

formulationreaction vessel.

The phosphate ion concentrationin the solids layer of the reference

formulationis approximatelytwice the averageconcentrationof the other for-

mulationsthroughoutthe entire experiment(days 16, 41, and 66; Tables B.15

through B.18). In Figure 2, it can be seen that it is concentratedin the

middle strata (Solid-2)of the bottom solids (TableB.18), where it is approx-

imatelya factor of five times more concentratedthan it is in the strata

above or below, lt is interestingto point out that the transitionmetals

which form insolublephosphatesalts are enriched in this Solids-2 facies of

the referenceformulation. The informationon the metals concentrationis

providedwithin the discussionof the ICP data below.

5.2.2 InductivelyCoupled Plasma (ICP)

Specificelements analyzedby ICP includeAl, Cr, Cu, Fe, Na, Ni, and P.

The TCP analysiswas requestedbecausethese elementsare present in the syn-

thetic waste feed. All sampleswere analyzed in duplicate, and the reported

values are the averagedeterminedconcentration. The ICP data are recordedin

Tables B.19-B.23.

Table B.19 contains ICP data for unheatedsamplesfrom each formulation

at day O. A supernateand solid fractionof each formulationwas generatedby

centrifugingthe unheated sample. The supernateand solid sampleswere both

analyzedand the data are includedin these tables.

Tables B.20, B.21, and B.22 contain ICP data for syntheticwaste samples

aged at 60°C for 16, 41, and 66 days, respectively. Sampleswere taken from

the crust, supernate,and solids layers of the two reaction vesselsfor each

formulationset aside for chemical samplingthroughoutthe experiment. For

the instancesin which the solid phase presentwas layered into more than one

facies,a combined solid samplewas taken and homogenizedbefore it was sub-

mitted for analysis. The results are listed in these tables as "crust,"
II II II II

supernate, or solids, accordingto the phases from which they were taken.
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Table B.23 contains ICP data obtained from samples taken from the refer-

ence formulation on day 66. The samples were taken from the two reaction

vessels reserved for physical testing and left undisturbed throughout the

experiment. Chemical samples were taken after all other needs for physical

testing were satisfied. In the case of the solid phase, three distinct layers

were observed. Each of these layers was sampled separately. These layers are

labeled as Solid-I, Solid-2, and Solid-3 as before to designate their relative

vertical placement within the reaction container, lt can be seen from Fig-

ure 3 that the concentration of sodium (Na) is the highest in the solid

phases, and in particular, the Solid-3 phase. The high level of sodium in

this phase corresponds to the high concentration of nitrate and nitrite

observed by the IC analyses above and is due to the settled sodium nitrate and

sodium nitrite salts.

The ICP analysis for phosphorus corresponds well with the IC analysis

for phosphorus. The phosphate level in the reference formulation on day 66

(shown as phosphate in Figure 2 and phosphorous in Figure 3) indicate an

increase in facies Solid-2. There is a concurrent increase in the transition

metal concentration in the Solid-2 facies of the reference formulation on

day 66 (Figure 4). lt is expected that low solubilities of the transition

metal phosphates are responsible for the coincidental concentration of the

transition metals with phosphate.

Ali other elemental concentrations appear to be independent of the day

of aging of the formulation, the layer analyzed, or the makeup of the formula-

tion, except for aluminum. The aluminum concentrations in the solid phases

present on each day of testing were dependent on the total amount of NaAIO2
added to each formulation. Figure 5 summarizes the aluminum concentration in

the bottom solids throughout the aging of the synthetic waste. In all cases,

the higher the NaAIO2 concentration in the formulation, the higher the ana-

lyzed concentration of aluminum in the solid phase, as shown in Figure 5.

This same relationship exists for aluminum in the crust. The aluminum

concentration data listed for the crust in Tables 20, 21, and 22 are
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summarizedin Figure 6. As shown by Figure6, the relationshipof 'increasing

aluminum concentrationin the crust with added aluminumin the formulationis

not as definitiveas it is for the bottom solids (Figure5).

The supernateconcentrationof aluminumfor all days of testingfor all

formulationsis summarizedin Figure 7 (data taken from Tables 19 through22).

This figure shows that for all formulationswith the same added concentrations

of NaA!O2, the amount of aluminumspeciesdissolvedin solution is not depen-

dent on how long the solutionsare aged. Otherwise,the concentrationsof

measured aluminumin the supernatewould not be grouped togetherso tightly

for formulationswith differingNaAlO2 concentrations. A plateauor solu-

bility limit of aluminum concentrationappearsto be reached in Figure 7 at

approximately3.5 wt% measured aluminum. This agreeswith the predictedphase

diagramdata and calculationsby Reynoldsand Herting (1984)based on NaAlO2

solubilityin a system containingonly NaNO3, NaNOz,NaAl02,NaOH, and w_ter "

at 60°C. Actual measured aluminumconcentrationsslightlyabove the calcu-

lated solubilitylimit of 3.5 wt% Al may be due to the effectsof added organ-

ics and other material in our system and not accountedfor in the solubility

equations.
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5.2.3 Total Carbon, Total Orqanic Carbon, and lotal Inorganic Carbon Analyses

Analyses of TC, TOC, and TIC were performed on each solid phase of each

formulationduring the aging of the waste. This was done to see what effect,

if any, aging the waste would have on the distributionof organic and inor-

ganic carbon within the sample. The concern is that the organic carbon could

possibly be concentratedwithin one layer and increasethe fuel load of that

layer.

Table B.24 containsTC, TIC, and TOC data from unheatedsolid samples of

each formulationon day O. Each sample was centrifugedto provide a solid

samplefor analysis. The analysiswas of solidswith interstitialsolution.

Taoles B.25, B.26, and B.27 containTC, TIC, and TOC data for synthetic

waste samplesaged at 60°C for 16, 41, and 66 days, respectively. Samples

were _ak_.nfrom the crust and solids layers of two reactionvessels for each

formulation. For the instancesin which the solid phase presentwas layered

into more than one facies,a combined solid samplewas taken and homogenized

before it was analyzed. The resultsare listed in these tables as "crust"or

"solid_,''accordingto the phase from which each samplewas taken.

Tabl_ B.28 contains TC, TIC, and TOC data obtainedfrom samples _aken

frum the referencefo_'mulationon day 66. Three distinct layers were observed

in the _olid pr,ase. Each of these layers was sampledseparately. They are

labeledas Solid-l,Solld-2, and Solid-3 to designatetheir relative vertical

placementwithin the reactioncontainer. The TOC data from the referencefor-

mulation on day 66 is presentedin Figure 8. lt is apparentfrom Figure 8

that the wt% TOC is considerablyhigher in the supernatethan in any of the

solid facies. Of the solid facies,the Solid-1phase had the highest measured

concentrationof TOC.

Figures9 and 10 detail the wt% TOC versus the relativeorganicconcen-

trationfor crust and solids, respectively. By inspectionof these figures,

there appears to be a correlationbetweenthe organicconcentrationadded to

the formulationand the measuredTOC in the crust and bottom solids. For

example,for the bottom solid samp,es in Figure 10, the high organicformula-

tions and the referencehave much higher TOC values than the correspondinglow
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the formulations. For the bottom solids in Figure 12, the high organic and

referenceformulations,in general, have considerablyhigherTIC value.,than

the low organicformulations.

lt is not surprisingthat there would be higher measuredTOC in the

solid sampleswith higher added organicconstituents. The relationship

between the higher measuredTIC in the solids with higher added organicsmay

be explainedby higher concentrationsof carbonates,which is the final carbon

decompositionproductof the orgailicconstituentsin those systemswith higher

added organic.

5.3 THERMALANALYSES

Differentialscanningcalorimetry(DSC) and scanningthermogravimetric

analysis (STG) of each solid phase of each formulationwas carriedout at the

end of the aging studies (day 66). The DSC resultsyield endothermsand

exotherms. STG analysisgives weight loss informationas a functionof tem-

perature. This informationis importantfor determiningthe amount of heat

generatedor absorbeddue to chemicalreactionsduring heatingof the waste.

The mass loss can be correlatedto water loss or loss of other gaseousprod-

ucts of reaction.

Table B.29 containsDSC data for the crust and homogenizedsolid samples

from reactionvessels for each formulation. Table B.30 containsdata for the

crust and a separatesample from each of the three distinct solid facies from

the referenceformulation. The originalDSC thermogramsare compiledin

Appendix C.

The DSC data from Tables B.29 and B.30 are representedin Figures 13 and

14. In Figure 13, the magnitude of the endothermsand exothermsfor crust

samplesof the variousformulationsare plotted as a functiGnof the relative

concentrationof organic and as a functionof the relativeconcentrationof

NaAlO2 added to the formulation. There does not appear to be any relationship

between the endothermicor exothermiccharacteristicsof the crust samplesand

the added organic or sodium aluminateconcentrations.
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Figure 14 shows DSC data from bottom solids samples. Plots of the

observed endothermsand exothermsversus the relativeorganicconcentration

added to the formulationsshow definite relationshipsbetweenthe intensityof

the endothermor exothermand the amount of organicpresent. The increase in

the endothermwith added organic in the formulationis real but slight,and is

difficultto rationalizesince off gases were not analyzed in the DSC.

The observed increasein the exothermportionof the DSC with increased

organic concentrationis very pronounced,probablybecause of the oxidationof

increasedamountsof organics in these bottom solids. Since the sodium

nitrate and sodium nitrite are above their solubilitylimits in these mix-

tures, the solid phase would most likely be fuel (organic)deficient, lt

makes sense, then, that an increase in organicconcentrationhas an increased

effect on the observed exothermiccharacteristicsof the reaction. There does

not appear to be any relationshipbetweenthe intensityof the endothermsor

exothermsand the relativeNaAlO2 concentrationadded to the formulation.

Tables B.31 and B.32 present STG data for the various syntheticwaste

formulations. These tablesgive percentweight loss during heatingof the

sample. The weight loss is broken down betweenthat lost during an exothermic
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event and that lost during an endothermicevent. A weight loss measured by

STG was identifiedas arisingfrom an endothermor an exothermby comparison

with data taken by DSC of the same sample. The temperaturebetweenendotherm

and exothermlisted in these tableswas determinedby judgingat what tempera-

, ture the reactionwent from endothermicto exothermicaccordingto DSC

results. The endothermicweight loss is that loss below this transitiontem-

perature,and the exothermicweight loss is that loss above the transition

temperature. Mass loss during the endothermicprocessis thoughtto involve

water loss primarily;mass loss during the exothermicprocessis believed to

be due to loss from gases releasedfrom combustionprocesses. The original

STG thermogramsare compiled in Appendix C.

The STG data are summarizedin Figures 15 and 16 (datataken from

Tables B.31 and B.32). Figure 15 includesplots of wt% mass loss of crust

samplesas a functionof added relativeorganicconcentration,and wt% mass

loss of crust samplesversus the added relativealuminateconcentration.

There does not seem to be a clear trend for the STG crust data.
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Figure 16 containsplots of the wt% loss of bottom solids samplesversus

relativeorganic concentrationsin the formulationsand wt% loss of the same

sample versus relativealuminateconcentrationadded to the formulation.

Clear trends are observed for the wt% loss during the endothermsand exotherms

as a functionof added organic to these formulations.

The higher the concentrationof added organic to these formulations,the

larger the mass loss tends to be duringthe endothermand exotherm. This

observationcan be explained if increasingthe free organic in solution incor-

porates an increasedconcentrationof bound organic in the solid phase. The

increasedconcentrationof the organicwill directly increasethe mass loss

during the exotherm becauseof loss of combustionproductgases.

However, the observed increasein mass loss during the endothermwith an

increase in the organic concentrationis not easily explained,but the reason

may be relatedto an increasedabilityof the solid to hold solventsince the

organicstend to dispersethe solid phase (see the followingdiscussion).

The mass loss of water with heatingwould be expected during the endotherm

portion of the STG.

5.4 PHYSICALCHARACTERIZATIONS

Extensivephysical and rheologicalcharacterizationswere performedon

the day 0 samplesand on the samplesheated at 60°C for 66 days. These char-

acterizationswere performed for each formulationon duplicatesamples. The

physical and rheologicalcharacterizationsincludeddensity, settlingrate,

volume percentsettled solids,volumepercentand weight percentcentrifuged

solids,weight percenttotal solids,weight percentdissolvedsolids,weight

percent total oxide, pH, shear stress versus shear rate (apparentviscosity),

shear strength,and penetrationresistance.

5.4.1 Crust, Supernate,and Bottom Solids Phase Volumes

Crust, supernate,and bottom solidsvolumes, as well as mass of reaction

contents,of each reactioncontainerwere measured periodically(approximately

twice each week). This was done to assessthe settlingbehaviorof the solids

within the aging waste.
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Tables B.33 throughB.37 provide the data from the phase volume and

weight measurements. ApproximatelyI L of each formulationwas added to four

PMP containers. All four containersfor each formulationwere monitoredfor

phase volume and mass changesduring heating. On day 16 of heating,two con-

tainersfrom each formulationwere sampledto obtain material for chemical

analysis,therebydisruptingthe mass and phase volumemeasurementsfor these

containers. Phase volume and mass data collectionwas continuedfor the

remainingtwo vesselsuntil the terminationof heatingon day 66.

The data in Tables B.33 throughB.37 have been normalizedto a 1000-mL

total volume for the day 0 (initialstate)measurement. The weight loss with

time is representedas wt% remaining. The densityof the total reaction con-

tents is also includedin these tables.

The phase volumesfor crust, supernate,and solids are shown in Fig-

ures 17 through 21 for all five formulations(data taken from Tables B.33

through B.37, respectively). In all stagesof the experimentthe crust volume
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was an insignificant contribution to the total volume of all components. The

volume chang_ with time of aging for these formulations show quite different

behavior depending on the total composition of the system.

The volume measurement of each phase present was relatively easy to make

during early heating of all the formulations. However, after approximately 4

to 6 weeks of heating, the distinction between phases of several of the formu-

lations became difficult to determine and required subjective evaluations.

For this reason, only the portion of each formulation data set of solid volume

data believed to be significant is compiled in Figure 18.

Figure 22 divides the solid volume data into two groups. The upper

group in Figure 22 is data for the solids phase volume versus time of aging

for the high and reference organic-containing compositions. The lower group

in this figure is the data for solid phase volume versus time for the low

organic-containing formulations, lt is evident from Figure 22 that in all

cases involving high or medium organic concentrations, the solid phase volume

either increases throughout the aging period or is 100%of the volume of the

container and remains the same throughout this period. In contrast, in both

of the low organic-containing formulations, the solid phase volumes decrease

and level off at a lower than initial state volume with time. In all these

formulations as shown in Figure 22, a constant volume of the solid phase is

eventually achieved (in the case of the high organic/low aluminate formula-

tion, the solid phase volume was constant throughout the aging process). This

constant or terminal volume of the solid phase at long aging times can easily

be determined by inspection of Figure 22 (for the high organic/low aluminate

formulation, this volume is essentially 1000 mL). The terminal volume of

solids is shown in Figure 23 as a function of the ratio of the relative

organic and aluminate concentrations for each formulation. This figure shows

a strong correlation between the solids volume and the relative organic to

aluminate ratio. Since the high organic/low aluminate shows the highest

solids volume (most dispersed), and the low organic/high aluminate shows the

smallest volume of solids (most compact), one role of the organic in this sys-

tem is believed to be that of a dispersing agent.
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Additionally,the high aluminatemixture also has the highest sodium ion

concentration. The common ion effect would cause more sodium nitrate and

nitrite salts to precipitate. Despitethis, the high aluminate/loworganic

mixture has the smallest observedvolume of settled solidsand reinforcesthe

role of the organicas a dispersingagent.

Figure 23 shows similaramounts of terminalsolids for the high organic/

high aluminate,reference,and low organic/lowaluminateformulations. Each

of these systems has the same ratio of organicto aluminateconcentrations.

This suggeststhat EDTA and HEDTA are servingas dispersiveagents for the

aluminatesolids. The role of the organicsthat coat the solid phases is

importantnot only for the dispersionof the solids,but can be shown in the

next sectionto play an integralrole in allowinggas bubblesto attach them-

selves to the surfaceof the solids.

Table B.38 contains crust, supernate,and bottom solidsdata for the

referenceformulationaged in two 500-mL borosilicategraduatedcylinders.

This experimentwas undertakento determineif there would be a large effect

of containergeometry on the measured phase volumes. The data are normalized
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to an initialvolume of I L in order to directlycomparethe phase volume ver-

sus time behaviorwith the referenceformulationaged in I-L PMP containers.

Figure 24 is a plot of the phase volumesversus time. The terminalphase

achievedby the referencein the graduatedcylinderfor the aqueousand solids

phases is similarto that found for the same phases for the referencein the

PMP containers(Figure19). The_ appearsto be an increasein the crust vol-

ume of the graduatedcylinder reactioncontainerover that of the PMP reaction

container,but these differencesare small.

5.4.2 Density

A sample of waste was placed in a preweighedgraduatedcentrifugetube

and sealed. The total sampleweight was determined. Often the waste from the

settlingrate and volume percentcentrifugedsolids was used for the density

measurements. The sample centrifugedfor I hour at greater than 1000 gravi-

ties to remove any voids in the samplesso that an accuratevolume could be

measured. The total volume of samplewas measured using the graduationsof

the commerciallyavailablecentrifugetube. The sample densitywas calculated
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by dividing the sample mass by the sample volume, lt should be noted that the

centrifuged solids contained an unknown amount of interstitial solution.

The densities of the centrifuged solids and centrifuged supernate were

determined after the sample was centrifuged for I hour at greater than

I000 gravitieso The total sample volume and centrifuged solids volume were

determined using the graduations on the centrifuge tube. The supernate was

removed from the centrifuge tube and placed in a preweighed container. The

mass of solids and interstitial solution in the centrifuge tube and the mass

of supernate in the container were determined. The centrifuged solids density

was calculated by dividing the mass of the sample by the sample volume. The

centrifuged supernate density was calculated by dividing the mass of supernate

by the supernate volume.

As shown in Tables B.39 and B.40, the densities of the centrifuged

supernateand solids are essentiallyconstantfor all the formulationsat both

day 0 and day 66. The densitiesfor the centrifugedsupernateand solids are

1.48 + 0.03 and 1.78+ 0.08 g/mL, respectively. The densities for the slurry

are essentiallyconstantfor all the formulationsat day 0 (1.61 + 0.03 g/mL)

but increase for most of the formulationson day 66. This increaseappearsto

be due to the loss of water, and correspondsto an increaseof approximately

7% for the reference and high aluminate feeds. The low aluminate fnn_u!ations

did not appear to change significantly.

5.4.3 Solids Settlinq Rates

The settling rate and volume percent settled solids measurements were

determined in a centrifuge tube. The sample was placed in the centrifuge

tube, and the weight of the sample was determined. Volumes of the total sam-

ple, solids, and liquid were determined using the graduations on the centri-

fuge tube. The solids in the sample were allowed to settle with minimal

disturbance. The total sample volume and the volume at the solid-liquid

interface were recorded at appropriate intervals (approximately every

2 hours). Volumes were measured until no change was observed among three
successive measurements.
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The settling rate data are presented as the vol% settled solids versus

time. The settling rate data for the reference and the high aluminate/low

organic formulations at day 0 are given in Figures 25 and 26. The settling

rate appears to be first order with a settling rate constant for the reference

and high aluminate/low organic formulations of -0.08 and -0.02 hr -I, respec-

tively. The other formulations showed no significant settling over a period

of 3 days. This data is consistent with the phase volume studies with the

exception of the low organic/low aluminate formulation. The phase volume data

indicates that this formulation settles at 60:C. The settling rate was meas-

ured at room temperature and it appears that temperature has a significant

effect upon the settling behavior of this formulation.

The volume percent settled solids was determined by dividing the final

settled solids volume by the total sample volume and multiplying by 100%.

5.4.4 Volume Percent and Weiqht Percent Centrifuqed Solids and Supernate

The sample used for the settling rate measurements was also used to

determine the volume percent and weight percent centrifuged solids and
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supernate. The sample was put into a preweighedcentrifugedtube and the

total mass of sample was determined. The samplewas centrifugedfor I hour at

greaterthan 1000 gravities. The total sample volume and solids volume were

determinedusing the graduationson the centrifugetube. The supernatevolume

was calculatedby subtractingthe solids volume from the total samplevolume.

The volume percent centrifugedsolidswas the solids volume dividedby

the total sample volume multipliedby 100%. The volume percent centrifuged

supernatewas 100% minus the volume percent centrifugedsolids.

To determinethe weight percentcentrifugedsolids,the centrifuged

supernatewas decanted or transferredusing a pipet into a preweighedgradu-

ated cylinder. The mass of the solids remainingin the centrifugetube was

determined,and the mass of the decantedsupernatewas determined. The weight

percentcentrifugedsolidswas the mass of the centrifugedsolids dividedby

the total sample mass multipliedby 100%. The weight percentcentrifuged

supernatewas the mass of the decanted supernatedivided by the total sample

mass multipliedby 100%.

The volume and weight percentcentrifugedsolids for each formulation

are reported in Table B.39 and B.40. Table B.39 lists the physical properties

of the raw formulations(day 0), and Table B.40 lists the physicalproperties

of the formulationsafter heating at 60°C for 66 days. All the measurements

were performedat ambienttemperature(~24°C). The volume and weight percent

solids in each formulationafter heatingis larger than in the raw formula-

tion. This is expecteddue to water losses during the heatingprocess,but

the increasein the weight percentcentrifugedsolids for the referenceand

high aluminateformulationsis much greaterthan can be describedby water

losses (seeTable B.33-B.37). lt appearsthat at ambienttemperaturethe

solubilityof aluminateis higher in the unheatedformulations.

5.4.5 Weiqht PercentTotal Solids_DissolvedSolids and Total Oxides

The sample of syntheticwaste was placed into either a preweighed

crucibleor vial. The cruciblewas used for the weight percentmeasurements

of total oxides. The mass of samplewas determined. The sample was allowed

to air-dryovernightto remove any free liquid and thus prevent splatteringof

5.24



the sample in the oven. After the free liquidwas evaporated,the samplewas

transferredto a drying oven or furnaceat 105 + 5°C, where it was dried for

24 hours. The dried sampleswere then removedfrom the oven and placed in a

desiccatorto cool to room temperature. The weight of the dried solids was

determine_. The weight percenttotal solidswas the dried solidsweight

divided by the initialsampleweight multipliedby 100%.

The weight percentdissolveds_lidswas determinedfor supernatesamples

and for the interstitialsolutionor centrifugedsupernatefrom slurry or

sludge samples. The samplesof the supernateand the interstitialsolution

were dried using the same procedureas the weight percenttotal solids meas-

urement. For solutlons,the weight percentdissolvedsolids was the dried

weight of materialdividedby the initialsamplemass multiplied by 100%. For

slurriesor sludges,the weight percentdissolvedsolidswas the weight per-

cent dissolvedsolids in the supernateor interstitialsolutionmultipliedby

the weight percentcentrifugedsupernatein the slurryor sludge ,dividedby

100.

The weight percenttotal oxides was measuredusing the dried solids from

the weight percenttotal solids measurement. The dried solidswere placed in

a furnace at 1025+ 25:C for 30 minutes,which convertedthe chemicals in the

sample to their stable oxide form. The samplewas then allowedto cool to

about 150°C and then transferredto a desiccatorand cooled to room tempera--

ture. After it had cooled,the samplewas weighed. The weight percent total

oxide was the final mass of the sample dividedby the initialsample mass

prior to dryingmultipliedby 100%. During the weight percent total oxide

measurement,volatileelements in the samplemay have been lost.

The wt% solids and oxides for each of the raw formulations(,day0 prior

to heating)and their centrifugedsolids are given in Table B.39. As is

expected,the weight percentsolids of the raw formulationsincreasesas the

amount of organicplus aluminateincreases. Based on previousmeasurements,

the lower wt% solids value (71.6%)reportedfor the high aluminate/loworganic

formulationappearsto be in error; therefore,the wt% solids for this formu-

lation appearsto be approximately80%. The wt% oxides for the uncentrifuged

formulationsincreaseswith increasingaluminateconcentration,and additional
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organicappears to have minimaleffect as can be seen in Figure 27. For the

centrifugedsolids,the wt% oxides are essentiallyconstantfor each formula-

tion except for the low organic/highaluminate (Figure28). lt appearsthat

the presenceof the organictends to increasethe solubilityof the aluminate

in _he supernate,causing a lower wt% oxides in the centrifugedsolids of the

high aluminate/highorganicformulation. The wt% oxides in the other formula-

tions are limitedby the solubilityof the aluminatein the supernate.

The wt% solids and oxides for the crust, supernate,solids,and the cen-

trifugedsolids of the compositefor each formulationafter 66 days of heating

at 60°C are shown in Table B.40. The data indicatethat the wt% solids and

oxides increaseswith increasingaluminate. The organicconcentrationsin the

formulationdid not significantlyaffect the wt% solidsand oxides except for

the bottom solids in the high organic/highaluminateformulation. The high

organicdecreasedthe wt% solids and oxides in the bottomsolids as was

observed in the centrifugedsolids of the raw formulation(day 0).
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5.4.6 p_H

Standard laboratory procedures were used to measure the pH of solutions

and slurries. Before it was used, the pH electrode was calibrated by a two-

standard method that takes into account the temperatures of the standards and

samples. The pH for the raw formulations was >14 (see Table B.3g). After

heating the formulations for 66 days, the pH lowered slightly to -13.8 for

each of the formulations except the reference, whose pH remained >14 (see

Table B.40).

5.4.7 RheoloqicalProperties

Shear StressVersus Shear Rate

The data regardingshear stress versus shear rate are used to evaluate

the viscosityof a fluid. The data were generatedin the form of a rheogram

or flow curve, which is a plot of shear stress as a functionof shear rate.

The rheogramswere obtained using a Haake RV 100® viscometerequippedwith an

M5 measuring-drivehead and the MVI sensor system. The measurementof vis-

cositywith this instrumentrequiresthat the sample be placed in the gap

betweentwo coaxialcylinders.

About 40 mL of samplewas thoroughlyagitatedand transferredinto the

cylinders. When the systemwas set in motion, a viscosity-relatedtorque,

caused by the sample'sresistanceto shearing,acted on the innercylinder.

This torque deflecteda calibratedmeasuringspring placed betweenthe motor

and the inner cylinder. The magnitudeof the spring deflectioncorrelated

linearlywith the torque. This torque is a measure of the shear stressof the

material. The spring deflectionwas transformedinto an electricalsignal,

and the spring deflectionand tachometersignalswere recordedas shear stress

and shear rate, respectively.

The apparentviscosityof the samplewas then calculatedby dividingthe

stress at a given shear rate by that shear rate. The viscosityof the sample

can then be plottedas a functionof shear rate. In Appendix D, the viscosity

of a compositeof each of the formulationsis plotted as a functionof shear

rate. These compositesare non-Newtonianfluidsand exhibita yield stress.
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A slurrywith a yield stress will "clamp"the rotor to the cup until the

appliedtorque exceedsthe yield stress. While the rotor is still "clamped"

and remainsmotionless,the motor rotationwill cause some springdeflection

and consequentlya torque signal which is recordedon the ordinate.

The measuredyield stresses for each of the formulationsare given in

Table B.42. The yield stress for all the formulationsexcept the high

aluminate/highorganicare -10 Pa. The yield stress for the high aluminate/

high organic is about double the yield stress of the other formulations

(21 ± 5 Pa). The viscosityat high shear rates (-480 s-I)ranged from 100 to

250 cP with the low aluminate/loworganicexhibitingthe lowest viscosity

(100 cP) and the high aluminate/highorganicexhibitingthe highestviscosity

(250 cP). The viscosityappearsto increasewith increasingaluminateconcen-

tration. The addition of organic also tended to increasethe viscosityof the

sample.

Shear Strenqth

Shear strengthis a semiquantitative,primarilyqualitative,measure of

the force that is requiredto move the material. The Haake RV 100 viscometer

with the M5 measuring-drivehead and a shear vane were used for this measure-

ment. The shear vane was 0.80 cm in diameter and 1.588 cm in height.

Shear strength is dependenton sample history. Exhibitedduring transi-

ent "start-up"shear, it marks the transitionfrom a solid to a viscous

slurry. The value of the shear strengthwas determinedby using a shear vane

to generate a plot of torque versus time at a constantshear rate. A shear

vane rotationalspeed of 50 rpm was used during this evaluation. The plot

will show a peak at the beginning;then it will level off and finallydrop

off. The shear strengthwas calculatedfrom the peak torque. The shear

strengthsfor the crust, bottom solids,and compositeare reportedin

Table B.41. The shear strength for the crust and bottom solids are generally

>25,000dyne/cm2, and the shear strengthfor the compositeis generally

<25,000dyne/cm2 except for the high aluminate/highorganicformulationwhich

has a shear strengthof -40,000dyne/cm2.
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PenetrationResistance

The measurementof the penetrationresistanceof the sludge was used as

a qualitativeindicatorof a sludge'scohesiveor dilatantbehavior. Knowl-

edge of the cohesive or dilatantpropertiesof a sludge is useful for

I) interpretingshear strengthdata, 2) applyingpilot-scalesludge mobiliza-

tion equations,and 3) determiningfull-scalemixer-pumpperformancefor

sludgeretrieval. A dilatantsludgewill tend to be eroded by the mixer pump,

whereas a cohesivesludge will be broken down into large chunks of sludge by

the mixer pump. Retrievalof a sludge by erosion actionwould require a

smallermixer pump than the retrievalof a sludge that breaks into large

chunks.

The differencebetweenthe penetrationresistanceof a dilatantmaterial

and a cohesivematerial is large (a factor of 10), making the penetration

resistancea good indicatorof this sludge property. A low penetrationresis-

tance (0 to 10 psi) indicatesthat a sludge is cohesive. A high penetration

resistance(100 psi or greater)suggeststhat a sludge is dilatant,but it

must be known whether the sludge is composedof finelydividedmaterial and

not some other type of materialsuch as a solid crystalmass. The penetration

for all the sampleswas >10 psi; therefore,the solidsare classifiedas dia-

latent (seeTables B.39 and B.40).

The CT-421Apenetrometersuppliedby Soil Test, Inc., was used for these

measurements. The measurementwas made in the center of the sample and to a

depth of 1.0 in.

5.4.8 X-ray Diffraction

X-ray diffraction(XRD) analysisof each solid phase of each formulation

was performedon day 66 samples. The relative intensitiesfor identified

crystallinephases presentfor each solid phase in each formulationare pre-

sented in Table B.43. The relative intensitiesof the identifiedcrystalline

phases in the crust and the three distinct bottom solidsphases for the refer-

ence formulationare listed in Table B.43. The originalXRD data is compiled

in Appendix E.
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The XRD data in Tables B.43 and B.44 indicatethat sodiumnitrate and

sodium nitriteare the two most abundant crystallinephases present in the

crust and solid phases of all the formulations(thehigh reading for sodium

butyrate is not believableas discussedbelow), lt is worth noting that

, decompositionproducts of EDTA and HEDTA, such as sodium hydrogenoxalate,

sodium acetate,glycine, and valine,were identifiedin all the formulations.

Sodium butyratewas also identified,but its presenceis suspectbecauseof

the unlikelyevent that a four-carbonchain would form. The identificationof

the acid form of glycine acid as well as NaHCO3 is also suspect in these mix-

tures even though they are plausiblebreakdownproductsof EDTA and HEDTA.

The high pH of these mixtureswould most likely precludethe formationof a

significantamount of a crystallinephase of these acids.

The XRD results for each solid stratafor the referenceformulationindi-

cate the lower bottom solid layer has been enriched in sodium nitrate relative

to the bulk concentration. This is consistentwith the IC resultsreported

earlier, lt is also worth noting that only in the referenceand high alumi-

nates formulationswere crystallinephasesof NaAlO2 observedby XRD

(TablesB.43 and B.44). This is consistentwith the expected solubility

behaviorfor NaAlO2 in these mixtures (see Figure 7 and accompanyingtext),

which predictsthat NaAlO2 is below its solubilitylimit in the low aluminate

formulationsbut exceeds this limit in the referenceand high aluminate

formulations.
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6.0 GASGENERATIONSTUDIES

6.1 EXPERIMENTALMETHODS

For each of the five formulations, approximately 500 mL was placed

inside a separate borosilicate glass gas generation and gas collection

apparatus. Glass dissolution was observed for these vessels but was not a

problem during these experiments. A photo of the reaction assembly is shown

in Figure 29. The temperature of the reaction vessel was maintained at

approximately 90oC throughout the experiment by temperature controllers

connected to heating mantles around the round bottom flask containing the
synthetic waste.

Periodically during the course of the reaction, gas samples were taken

from the vapor space of the apparatus and analyzed using mass spectroscopy

(MS). The MS data for each formulation versus time is presented in Table

B.45. Total moles of each gas found in the vapor space of each formulation

are given in Table B.46. This represents moles of gas in the system corrected

for samples taken for MS analysis. This also includes the initial gas within

the system at time O. No attempt was made to subtract the initial moles of

gas in the system from each subsequent analysis.

6.2 RATEAND STOICHIOMETRYOF GAS PRODUCTION

Figure 30 summarizes the gas generation data for gases produced for all

the formulations. The relative amounts of the gases produced were observed to

be in the order N2 > N20 > H2. lt was also observed that formulations con-

taining high organic concentrations generated more of each gas than formula-

tions containing moderate or low organic concentrations, lt was also apparent

the high aluminate formulations were better at producing gases than their low

aluminate counterpart. Figures 31 through 35 contain the data from Table

B.46, which lists the contributions of each gas measured in the reaction

vessel for each formulation, lt is possible to calculate the rate of gas

generation for each of these reaction mixtures expressed in terms of change in

the moles of nitrogen gas with respect to time. Using the slope of the ini-

tial portion of each of the plots for nitrogen, the rate data contained in
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FIGURE 29. Gas GenerationExperimentalApparatus

Figure 36 was obtained. These data (expressedas d(molesN2)/dtversus

relativeorganicconcentration)show a generaltrend that the more total

organic available,the faster the reaction.
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The slope of the moles of N20 produced versus time is essentially zero

for most of the reaction period for these reactions. This can be rationalized

by at least two possibilities, lt is possible that the production of the N20

gas establishes a steady state concentration with the rate of loss of this gas

through transport through the water used as a hydrostatic head. A second pos-

sibility may be the rate of N20 formation is balanced by the rate of the

decomposition of this gas to produce N2 as well as other products.
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This data shows that N2, H2, and N20 are generatedby reactionsof an

unknownmechanism. To betterunderstandthe reaction pathwayof the reactions

involved,studiesare being performedby personnelat Georgia Instituteof

Technologyon simpler systems. Such studiescan provide informationon how to

treat the waste to eliminatethe gas productionproblem.

6.3 COMPARISONOF GASGENERATIONTO TANK I01-SY

As in the actual tank, the predominant gases produced by synthetic

wastes are nitrogen, nitrous oxide, and hydrogen. However, the relative

abundance of these gases in synthetic waste studies does not agree par-

ticularly well with observations from the actual waste tank. Gases vented

from the actual tank are nearly equimolar with respect to nitrogen, nitrous

oxide, and hydrogen (Barker et al. 1991). In the present study, nitrous oxide

production exceeded that of hydrogen by a factor of five for the reference

waste composition. Larger excesses of nitrous oxide were found for certain of

the variant waste compositions.
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The quantity of hydrogengeneratedby thermallydriven chemicaldegrada-

tion reactionsaccountsfor perhapsone-thirdof that generatedby the actual

tank. In this study, the referencewaste compositionat 90:C yielded

1.3 millimoles of hydrogengas over a 500-hourperiod for a 500-mLwaste

volume (see Figure30). This correspondsto 500 moles of hydrogen per day per

million gallons of waste. The activationenergy for gas generationhas been

determined in previous studiesto be 25 kcal/mole(Delegard1980; Siemers, in

Strachan 1991),which can be used to estimategas productionrates at other

temperatures. At 60:C, which is approximatelythe actual tank temperature,a

rate of 20 moles of hydrogenper day per milliongallonsof waste is calcu-

lated from syntheticwaste studies. Hydrogengenerationrates for Tank I01-SY

are estimatedto be 64 moles per day per milliongallonsof waste (Strachan

1991), approximatelythree times the value based on syntheticwaste results.

The hydrogengenerationrate for the actual tank given above assumesthat

gases are generatedthroughoutthe tank but are retainedonly in the noncon-

vectinglayer (Strachan1991).

A similar treatmentof nitrousoxide productiondata from reference

syntheticwaste compositionsleads to an estimateof 100 moles nitrousoxide

per dey per milliongallonsof waste. This quantity is approximatelytwice

that estimatedto be producedin the actual tank, again assumingthat gases

are producedthroughoutthe tank but are retainedonly in the nonconvecting

layer (Strachan1991).

The reasons for the apparentlack of agreementbetweenquantitiesof

gases produced using syntheticwastes and those estimatedto be produced by

the actual tank are not well understood. Of course, in the presenttests

using syntheticwastes, radiolyticprocesses,which will produce additional

hydrogen,were excluded (Meiselet al. 1991). Obviously,the absenceof

radiolysisdoes not explainthe apparentlytoo high values for nitrous oxide

obtained using syntheticwastes, as nitrousoxide also is a radiolyticpro-

duct. Nitrousoxide is considerablymore soluble in water than either nitro-

gen or hydrogen,so that componentmay be selectivelyretained in the actual
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wastes. Solubilities of these gases in solutions of high ionic strength, such

as the waste in Tank IOI-SY, have not been measured, however, nor are they

easily calculated.

Perhaps the most important factor in determining quantities of gaseous

products may be the choice of organic waste components. A mixture of HEDTA

and EDTAwas used in the present tests. However, based on results obtained

from Tank I07-AN, a much more complex mixture is expected to be present in the

actual waste tank (Strachan 1991). These chelators constitute only a small

fraction of the total organic carbon in that tank. Thus, a number of factors

may contribute to differences in the quantities of product gases observed in

synthetic waste tests compared to actual tank estimates, but the choice of

organic components in synthetic wastes is likely to be the most important.
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7.0 MECHANISMOF GASRETENTIONAND CRUSTFORMATION

7.1 WETTINGBEHAVIORAND FLOTATION

Flotation of solid particles with densities greater than the liquid

phase in which they were originally immersed has been widely used by the min-

ing industry. Solid particle buoyancy is gained by attachment of the parti-

cles to air bubbles. The tendency for particles to attach to air bubbles is

largely controlled by the surface energy of the solid. The principles under-

lying mineral flotation technology provide some insight into the mechanism of

crust formation in Tank I01-SY.

A solid particle immersed in a liquid will tend to become attached to an

air bubble if the equilibrium contact angle between the solid and the liquid

is greater than zero (or, at equilibrium, the solid is incompletely wetted by

the liquid). The Young-Dupre' equation, Equation I (Huh and Mason 1974),

describes expected trends in wetting behavior as a function of the interfacial

tensions between the solid, liquid, and gas phases:

cose= [Osv-%L]/O v (I)

The contact angle, e, is measured between the solid and liquid phases. A

value of e=O° is indicative of completely wetted solids and no tendency for

gas bubble retention, while a value of e = 180° is indicative of the absence

of wetting and a great tendency for gas bubble retention. The terms Osv, ast,

and okV refer to interfacial tensions at the solid/vapor, solid/liquid, and

liquid/vapor interfaces, respectively.

The contact angle between a gas, solid, and liquid interface is demon-

strated in Figure 37 for a surface that resists wetting (Figure 37, part A)

and a surface that favors wetting (Figure 37, part B). To minimize the sur-

face energy of the system, a solid will seek a position at a liquid-gas inter-

face so that the equilibrium contact angle e is achieved. Or, for any value

of e > O, a stable position for a solid particle is at the liquid-gas

interface.
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FIGURE37. Adsorptionof OrganicWaste ComponentsLowers the Wettabilityof
Solids,and EnhancesGas Bubble-ParticleAdhesion. (A) A large
contactangle is the resultof reduced solidswettabilitywith
organicspresent. (B) Nearly completewettingwith organics
absent results in a small equilibriumcontact angle.

Criticalconditionsfor the flotationof solid particlesin a less dense

liquid phase have been calculatedby Huh and Mason (1974). Flotationis

favoredby a high value of the equilibriumcontactangle e,,or an increasing

degree of solid surfacehydrophobicity. Flotationis diminishedby high

solid/liquiddensityratios,large particlesizes, and decreasesin the sur-

face tensionof the liquid phase.

7.2 FLOTATIONOF PMMA BEADS

Flotationof solid particlesthat are more dense than the liquid phase

in which they are immersedis demonstratedquite simply in Figures38 and 39.

Polymethylmethacrylate(PMMA)cylinders[typicallyO.2-cm-diameter,O.4-cm-

length,density = 1.2 g(cm)-3]were submergedin deionizedwater, as shown in

Figure 38. Althoughthe equilibriumcontactangle was not measured, it was

clear that o was greaterthan zero becauseof the tendency of water droplets

to form "_:__ds"on the PMMA surfaces. The liquid was then spargedwith
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FIGURE38. Polymethylmethacrylate(PMMA)Beads Submergedin Deionized
Water Before Spargingwith Gas

FIGURE 39. Flotationof Polymethylmethacrylate(PMMA)Beads by Attachment
of Gas Bubbles from Nitrogen Sparge,
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nitrogenthrough a glass frit. As shown in Figure 39, gas bubblesbecame

attachedto the surfacesof the PMMA beads, causingthe solidsto rise to the

surface of the liquid.

Those PMMA beads that reachedthe surfacewere indefinitelystable in

that positionfollowingthe cessationof nitrogen sparging. However,those

beads attachedto nitrogen bubblesthat were unable to reach the liquid-air

interfacewere not indefinitelystable. Eventually,the nitrogenbubbles coa-

lesced and were released to the atmosphere,and the PMMA beads, no longer

buoyant,sank to the bottom of the beaker.

7.3 CRUST FLOTATIONIN SYNTHETICWASTE

Flotationof precipitatedsolids by nitrogen spargingof Tank I01-SY

syntheticwastes was also demonstrated,as shown in Figures40 and 41. Table

B.11 containsthe details of the componentsand concentrationsused in this

FIGURE 40. SyntheticWaste FormulationsBefore Spargingwith Nitrogen Gas
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FIGURE 41. SyntheticWaste Formulations30 MinutesAfter Sparging
with NitrogenGas

formulation. This referenceformulationwas originallyproposed by D. Herting

of WHC. One solution,labeledthe control in Figures40 and 41, contained

only the inorganiccomponents. Three other solutionscontainedeither EDTA,

citric acid, or HEDTA, so that the final solutionwas 3.0 M in total organic
-bon.

As is shown in Figure 40, the apparentvolume of solids prior to nitro-

gen spargingwas greatest for the sample containingHEDTA and least for the

control (containingno organic carbon). The controlgave a relativelyhard

monolithicsoiid that could be broken up only with difficulty. The other

three solutionsyielded solids that were easilydispersedby stirring.

The four solutionswere then spargedwith nitrogengas through a glass

frit and allowedto stand at room temperaturefor 30 minutes. A considerable

quantityof precipitatedsolids remained in suspensionin the syntheticwaste

containingEDTA and HEDTA, as is shown in Figure 41. Both of these samples
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also produced a stablecrust composedof solid particlesand adheringgas

bubbles. Neitherthe controlnor the samplecontainingcitric acid yielded a

floatingcrust. The phenomenaof bubble attachmentto solids is shown dramat-

ically in Figure42, which shows severalbubblesattachedto a single particle

in the organic-containingsyntheticwaste.

The believedrole of organicconstituentsin the waste is to adsorb into

the solid surfaces,renderingthem more hydrophobicthan the clean surfaces.

This surfacealterationenhancesthe tendency for gas bubblesto adhere to the

FIGURE 42. Light Micrographof SyntiieticWaste Showingthe Attachment
of Gas Bubblesto Solid Particles
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solid particles,and may cause the solid particlesto rise to the surfaceof

the liquid. The exact nature of the solid-adsorbatebonds in stronglyalka-

line solutionsis not known but probably involveslinkagethroughcarboxylate

and/or alcoholgroups for EDTA and HEDTA. The situationis, of course,com-

plicatedby the decompositionof organicchelatorsinto other fragmentsin the

actual waste.

lt is somewhatsurprisingto us that citric acid was ineffectivein pro-

moting crust growth in syntheticwaste, given the presenceof carboxylateand

alcoholgroups that should form surfaceadsorbatebonds, lt was noted, how-

ever, that NOX was evolvedwhen syntheticwastes containingcitric acid were

concentratedby heating. When citric acid was added as a solid to a solution

containingonly the inorganiccomponentsat 80 - 100°C, NOx was evolvedvigor-

ously, indicatingextensiveoxidationof the organicmolecules. Thus, the

findingthat citric acid did not promotecrust growth may be more a result of

extensivedecompositionunder conditionsof these experimentsthan the ability

of the cit.lc acid to increasethe hydrophobicityof solid particlesthrough

adsorption.
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Introduction

Generation of potentially explosive gases within high-level radioactive waste tanks at the Hanford reservation
has recently become a major safety and health concern. Because the tanks contain considerable amounts of
organic matter, and because the gases being produced are common microbial metabolites, this report
addresses the possibility that that gas production in these waste tanks, specifically tank 101-SY, is mediated
by microorganisms. We briefly review what is known about the environmental conditions within tank 101-
SY, then discuss the ability of microorganisms to tolerate such conditions, especially the current knowledge
of microbial resistance to radiation doses. Assuming that the production of various gases in the waste tanks
represents a metabolic signature, we discuss which types of organisms which might be expected to produce
them, and finally suggest some experiments which should confirm or reject microorganisms as a cause of gas
generation in the high-level waste.

Conclusions and recommendations

Although many of the tank 101-SY wastes are attractive substrates for microorganisms, conditions within the
tank appear to present a severe challenge to the tenacity of life. An extended adaptation period is usually
required before microbial proliferation in such an extreme habitat. The quick onset of gas production, as
well as it's occurrence above 100"C, in simulated waste mixtures, appears to rule out any need to invoke
bacterial fermentation as a cause.

However, until samples of actual waste can be examined for the presence of microorganisms, it is not
possible to completely rule out the possibility of active microbial fermentation. Three logical postulates must
be full'died to prove that microorganisms are responsible for a given activity: microorganisms must always be
present when the activity occurs, the activity must not occur in the absence of microorganisms, and transfer
of microorganisms from active to inactive samples must produce activity in the previously inactive sample. If
any of these postulates is not fulfilled, the activity cannot be attributed to microorganisms. Simple
experiments to test these postulates in the double-shelled tank wastes are briefly outlined below. If the first
test is positive, the remaining experiments should be done, otherwise microorganisms can be discounted as a
cause of chemical reactions in the high-level waste tanks.

I. Microscopic examination of waste samples. If microorganisms do exist in the double shell waste
tanks, it is likely to be in zones where they might be protected from extreme conditions. Such zones
might be expected where the waste has separated into phases, such as in the upper crust, bottom
sediments, or any less saline layers which may have resulted from water injection. Films along the
walls of the tanks could also be potential refugia for microorganisms. Samples obtained from such
zones in tank 101-SY, or similar tanks, should be examined by high-power phase-contrast and
epifluorescence microscopy. Phase contrast microscopy is simple, and allows observation of living
cells, but in the presence of many bacteria-sized particles, interpretation can be difficult.
Epifluorescent microscopy allows the use of various fluorescent reagents that bind specifically to
living cells.

II. Sterilization of active waste samples. If microorganisms are responsible for some component of gas
production in active waste subsamples, the gas production rate or its composition should change
after sterilizing treatments. An example of such a treatment would be autoclaving three times, on
three successive days, with incubation at ambient temperature in between, however other methods
are possible. Sterilized and non-sterilized samples should be analyzed for differences in gas com-
position and production.
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III. Transfer of activity by inoculation. If some microbially-mediated reaction is eliminated by the
sterilization treatment, it should be possible to transfer this activity from active samples to sterile,
inactive waste samples of similar composition. Inactive samples could be obtained from experiment
number 2, described above, or from preparation of sterilized "synthetic waste." A small volume (e.g.
5%) of the active sample should be transfered into the inactive sample. After a suitable incubation
period, any microbiological activity present in the first sample, should be observed in the second
sample. The rate of gas production and the gas composition of inoculated and uninoculated samples
should be compared over time.

Environmental conditions within tank 101-SY

Information on conditions within tank 101-SY are limited, and we have based our analysis on information
provided by the members of the Tank Waste Science Panel. Major waste constituents are listed in Table 1.
The high organic content is composed primarily of the chelating agents citrate, HEDTA, EDTA, NTA, and
breakdown products of these compounds. Significant quantities of various carboxylic acids, alkanes, and
phthalates have also been detected. The temperature distribution within the tank is unclear, but average
temperatures are probably near 55°C. The major obstacles to life in this slurry appear to be the extreme
high pH, extreme osmotic pressure, heavy metal concentrations, and high radioactivity levels. We currently
have little information on the absorptive radiation dose expected at various locations within the tank.

Gases produced in tank 101-SY include N20 and H2 and, based on analysis from similar tanks, presumeably
CO, N2, CO2, CH4, and NH 3 as weil, although an exact analysis of the relative quantities is not available.
This gas production began shortly after the initial addition of waste to the tank, and has continued to the
present. Oxygen is consumed by the reactions in the waste slurry. Waste in the tank does not appear to be
homogeneous, but the exact location of gas generation is not known.

A 1980 study using non-radioactive simulated waste mixtures demonstrated non-biological chemical evolution
of N2, N20 , and H2 due to oxidative degradation of HEDTA and reduction of NO 3 and NO 2. The reaction
depended on high concentrations of NaAIO2 and NaOH. Although these experiments appear to explain gas
production in the waste mixture, the reaction rates and stoichiometry predicted by this model do not conform
well to the observed phenomena in tank 101-SY.

Suitability of waste components as microbiological substrates

Components of the waste in tank 101-SY include many compounds which, under milder conditions, would
unquestionably be metabolized by microorganisms. Citrate is a central metabolite in one of the most com-
mon metabolic pathways on Earth; it is an excellent substrate for most modes of life. The chelating agents
EDTA and NTA are readily metabolized in aerobic environments, and their metabolism has also been
demonstrated under anaerobic conditions, although it was less rapid. Long-chain carboxylic acids, alkanes,
and phthalates are ali potential microbial substrates. Nitrate, nitrite, ferric iron, sulfate, and bicarbonate ali
serve as metabolic electron acceptors under anoxic conditions, where they serve as alternatives to molecular
oxygen. There is no question that, in the absence of inhibitory conditions noted above, this mixture would
result in profuse fermentation resulting in large quantities of CO2, N2, N20 , NH3, H2, H2S, and CH4.
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Table 1. Principle Components of Tank 101-SY Samples

Total Organic Carbon 11 - 25 g/l

NaAIO 2 2.1 M
CI" 0.35 M

PO 4 0.2 M
NO 2 3.1 M
NO 3 3.1 M
CO3 = 0.4 M
F 0.1 M

Na + 14 M

Cr (III) 1.5 mM
Cu (II) 0.2 mM
Fe (III) 2.0 mM
Ni (II) 3.1 mM
OH 2.7 M

Microbial resistance to extremes of temperature, pH, and osmotic pressure

Microorganisms have adapted to almost ali the extremes of environmental conditions found on Earth,
although the diversity of physiological types is usually restricted under extreme conditions. Even
microorganisms which are restricted to milder conditions can often colonize extreme habitats by formation of
biofilms. In a biofilm, microorganisms are embedded in a polysaccharide layer (produced by one or more of

the organisms) which generally becomes acidic and anoxic by the action of microbial metabolism. As long as
the metabolic reactions are faster than diffusion from the bulk phase, the biof'dm provides a refuge from the
outer environment. In a similar manner, soils, sediments, and sludges contain microenvironments which vary
widely from overall ambient conditions.

Bacteria have been observed to grow over a wide temperature range, from - 10" to well over 100*C,
however growth at the extremes of this range appears to require high pressures, such as are found on the
ocean floor. At atmospheric pressure, growth of thermophillic microorganisms can occur up to 90° - 95* C.
Because of the changing conformation of enzymes with temperature changes, these thermophiles usually do
not grow below 40* - 50° C, while most common "mesophillic" bacteria do not grow above 40*C.

The pH range of microorganisms is also quite wide. Some acidophiles can grow at pH as low as 1 - 2, while

alkaliphillic bacteria can grow above pH 11. These organisms use metabolic energy to drive ion pumps
which keep the cytoplasmic pH relatively neutral to outside conditions. Many orgapisms growing above pH
10 are restricted to high pH environments. Because many naturally existing high-pH environments are also
hypersaline, many alkaliphillic bacteria are also extremely salt-tolerant (halophiUic). Aerobic and anaerobic
microorganisms have been observed growing in saturated salt solutions.

Relevance to Hanford waste tanks: The temperatures within tank 101-SY appear to be well within the
range of microbial growth. The high concentrations of bases and salts are outside the range found in nature,
and it is doubtful that microorganisms can grow in them, however heterogeneities within the waste and
colonization via biofilms are mechanisms which might provide refugia where microorganisms could survive
and function.
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Microbial resistance to radioactivity

Nature of previous studies: Although considerable literature exists on microbial resistance to ionizing
radiation, it is mostly concerned with food steriliTation applications. These studies have largely consisted of
treating a bacterial culture with a short, hlgh-level radiation treatment (usually from a 6°Co source), then
measuring recovery of the culture under subsequent radiation f-ce growth conditions. In addition, these
studies have focused on pathogenic and food-borne organisms, and were often conducted in culture media
and other artificial suspensions. Thus, although previous studies document considerable information on bac-
terial responses to radiation exposure, the full range of microbial responses and the effects of soil/sediment
matrices on radiation dose remain unknown. Little or nothing is known about the ability of bacteria to grow
during exposure to radiation, or the possibility that such conditions might select for increased radiation
resistance in subsequent generations.

Range of microbial resistance: Radiation resistance of bacteria is typically measured by the D10 value,
which is the dose required to reduce the viable population by 90%. The ability of different bacterial strains
to withstand radiation exposure varies widely, even within a single genus. Many common gram-negative
bacteria have D10 values as low as 20 Gy, in solution at room temperature, while some gram-positive
bacteria can withstand several thousand Gy. Food products are irradiated at a dose of 1.5 - 3.0 kGy, which
has been determined to kill most potential food-borne pathogens, without eliminating the normal bacterial
flora of the food. In general, gram-positive bacteria are more resistant than gram-negative bacteria, but not
as resistant as yeasts and molds (D10 - 3 - 10 kGy). Bacterial spores exhibit the highest radiation resistance
(D10 = 9 - 20 kGy) under normal conditions.

Effect of environmental parameters on resistance: A number of factors appear to affect radiation-
resistance in bacteria. Actively growing cultures are more resistant in some genera, while static cultures are
more resistant in others. Denser cultures are more resistant than dilute cultures. Lower temperatures lead
to greater resistance. In frozen foods, for example, at -80° C, Deinococcus sp. have a D10 of 24 kGy, while
even enteric bacteria have a D10 of 3 - 6 kGy. Higher oxygen levels lead to increased sensitivity, while cells
cultivated under a nitrogen atmosphere have D10 values 2 .-3 times lower. Water content also affects
radiation resistance in different ways; aerobic cells are more resistant at higher water contents, while
anaerobic cells are less resistant. Obviously association of bacterial cells with solid matter will change the
effect of radiation, most likely by providing shielding, however the extent of this protection for different
matrices, such as soil or sludge, is largely unknown.

Mechanism of radiation damage to microorganisms: The main lethal effect of ionizing radiation on bac-
teria appears to be DNA damage. Experimental evidence indicates that DNA damage is directly propor-
tional to the radiation dose between 0.5 and 7 kGy. Calculations show that, under standard atmospheric con-
ditions, single-strand DNA breakage occurs with an efficiency of 1 break per krad in 4 x 108daltons, and
double-strand breakage occurs at about 1 break per krad in 5 x 109 daltons. Thus survival of a targeted cell
largely depends upon the size and number of copies of its genome, and the efficiency of its DNA repair
mechanisms. Other cellular components, such as cell walls, structural proteins, and vital enzymes can be
damaged by ionizing radiation, but since these structures can be replenished using information stored in the
DNA, their loss probably does not become critical until after fatal DNA damage has already occurred.

Characteristics of radiation-resistant bacteria: The bacteria known to be most resistant to ionizing radia-
tion have been classified in the gram-positive genus Deinococcus ("strange berry"), and have D10 values on
the order of 5 kGy. A number of studies have examined the unique features of these organisms that may be
responsible for their hardiness. The members of this genus produce a number of bright red carotenoid pig-
ments, once thought to be involved in possible energy-transfer mechanisms, however nonpigmented mutants
have been obtained with the same D10 as the parent strain. High levels of sulfhydryl compounds are pro-
duced by some strains, which may be involved in radical-trapping mechanisms. These organisms also have
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complex, multi-layered cell walls and unusual lipid composition. Interestingly, some gram-negative bacteria
which exhibit high radiation resistance have similar cell-wall structures and lipid,,;. Deinococcus species
posses a number of DNA repair mechanisms, however they do not possess the error-prone "SOS"system
described in many common bacteria. There is evidence that they contain many copies of their chromosome,
thus reducing the potential damage per radiation hit, and that the chromosomes are bound to the cell
membrane by many points, thereby holding the two ends of any double-stranded 3NA breaks close together
to ease repair. One might expect that other organisms which share these traits might also be resistant to
ionizing radiation.

gignitieance to Hanford waste tanks: lt is clear that some bacteria can tolerate very high one-time doses of
radiation, however nothing is known about how microorganisms might respond to prolonged incubation with
lower doses. The absence of dosimetry data for tank 101-SY makes conelusious difficult. Little is known
about what sorts of matrix effects could be expected from the waste slurry, although some degree of shield-
ing is likely.

Microbial generation of hydrogen

Role of hydrogen in microbial metabolism: Hydrogen, as an electron sink, plays a central role in microbial
metabolism. Obviously the total mass of substrates, including ali atoms and electrons, absorbed by bacteria
must equal the total mass converted to cell material plus the mass excreted. The excess electrons generated
by oxidation of substrates must be excreted by reducingsome electron-accepting compound. Generally pro-
tons (H +) are added to ,some electron acceptor characteristic of the particular bacterium (e.g. 02, NO3, SO4,
CO2, Fe(III)) in such a way that metabolic energy is generated. The availabilit3,of these electron acceptors
largely determines which bacterial groups are active in a particular environment. Some bacteria, under
appropriate conditions, can reduce these excess protons and excrete them as molecular hydrogen (Hz).

Hydrogen production by heterotrophs: A number of fermentative bacteria produce hydrogen gas as a pro-
duct of organic matter fermentations under anaerobic conditions. In fermentation processes, a single sub-
strate serves as both the carbon and electron donor and the electron acceptor. Evolution of hydrogen gas
allows a more complete oxidation of the substrate, and thus more energy is deriLved.Compounds such as
carbohydrates, amino acids, organic acids, and alcohols are fermented with subsequent prodaction of H2.
Some recently discovered extreme thermophiles can ferment complex organic compounds completely to CO2
and H2 at 98*C. In most natural systems, if appropriate electron acceptors are present, other bacteria
usually consume this hydrogen gas to gain additional energy. For some substra'tes,thermodynamic consider-
ations prohibit production of large concentrations of hydrogen. In these cases the fermenting organism must
be associated with a hydrogen consuming organism, which allows the fermentation to proceed and prevents
the buildup of hydrogen. These hydrogen consuming organisms are usually methanogens, which comU_ne
acetate or CO2 with H2 to form methane gas. If sulfate is pi esent, sulfate reducing bacteria are the domi-
nant hydrogen sink, combining hydrogen and sulfate to produce sulfide.

Hydrogen production by phototrophs: Hydrogen gas can also be produced by phototrophic microorganisms;
those which gain energy from light. Bacterial photosystems absorb light in the near-infra red range, however
they possess numerous carotenoid pigments that can transduce energy from other wavelength ranges. Con-
siderable study has been made of the potential of these organisms for commercial hydrogen production.
Phototrophic microorganisms produce protons from water, hydrogen sulfide, o:rorganic acids using light
energy, however these reducing equivalents are usually used to fLxCO 2 to org_aaiccompounds with no release
of H2 gas. Many phototrophic microorgatrLsms however, also are able to fLXatmospheric N2 using photo-
produced protons. When this nitrogena- _ystemis induced in the absence of mo:ecular N2, the protons are
excreted as H2 gas. The greatest amotmts of hydrogen production have been ,observed with the pl_oto-
heterotrophic bacterium Rhodospirillum grow/ng on organic acids such as acetate or lactate with amino acids
as the sole nitrogen source. Phototrophic bacteria are able to grow in numerous extreme enviror,ments. In
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fact, the most productive biological systems on earth are strongly alkaline brines populated by dense mats of
phototrophic and other bacteria. Hydrogen production by cyanobacteria using only water as the electron
donor has also been demonstrated, however at much lower levels than those observed with the photohetero-
trophic bacteria.

Relevance to Hanford waste tanks: If bacteria can grow enough to produce anaerobic zones in the tanks,

hydrogen production from fermentation of the organic waste is likely. Generally, higher methane and sulfide
concentrations would be expected, but if methanogens and sulfate reducers are especially sensitive to con-
ditions within the waste, it is conceivable that hydrogen-producing fermenters could dominate. Photo-

production of hydrogen is unlikely within closed tanks, unless light is produced by radioactive decay or
radioactivity-induced fluorescence.

Microbial generation of N20, NH4, and N 2 gases

Biological denitrification, the reduction of NO 3- and NO2- , is the second most common mode of respiration
on Earth, yielding the most metabolic energy of any common electron acceptor except oxygen. Depending
on the organism, the products are N 2 gas, N20, or NH 4. Complete dissimilatory nitrate reduction proceeds
as:

NO 3" fl NO 2" tt N20 fl N 2

with various enzyme-bound intermediates not shown. Numerous organisms lack one or more enzymes of this
system, and consequently excrete N20 or NO 2- as the major product. Because only minimal energy is avail-
able from such a reaction, N20 generation is usually considered to be a NO 2"detoxification mechanism,
rather than an energy yielding reaction. Denitrification is an anaerobic process, but denitrifying micro-
organi._ms are facultative aerobes, and the denitrifying enzymes are strongly regulated by both the presence
of the appropriate substrate and the absence of oxygen. The three major steps of denitrification have differ-
ent oxygen repression thresholds. Generally, increasing oxygen leads to nitrite accumulation, and an increase
in the N20/N 2 ratio.

In contrast to this system, assimilatory nitrate reduction incorporates the nitrogen into cell organic matter
rather than producing energy. Nitrogen must enter metabolic systems at ,the oxidation level of NH4 +, and
assimilatory nitrate reduction usually produces glutamate.

Significant denitrification can readily be observed even in well-aerated environments such as top soils and
streams, because oxygen consumption by other organisms leads to anoxic microsites within soil particles, or
bioftlms on surfaces. Oxygen gradients have been observed that are steep enough that air-saturated fluids
are separated from denitrifying zones by 1mm or less.

Relevance to Hanford Waste tanks: Ali of the nitrogenous gases produced in tank 101-SY could be pro-

duced by microorganisms in well-characterized reactions. A high N20/N 2 ratio could be explained by
several mechanisms. Extreme nitrite concentrations could drive N20 production solely as a detoxification
mechanism. The limited microbial diversity to be expected under extreme conditions could restrict the

denitrifier population to a group of organisms which lack the terminal enzymes of denitrification. The
extreme conditions inhibit microbial metabolism in general, leading to higher than normal oxygen concentra-
tions (due to reduced oxygen consumption) which boosts the NzO/N 2 ratio. Finally, some component of the
waste may be an inhibitor of the final NxO reducing enzyme, leading to NzO accumulation.
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TABLE B.I. Tanks with Potentialfor Hydrogenor FlammableGas Generation(a)

Maximum
Tank Tempera- Probe
Number ture (°F) Position Date

I01-A 158 TC 06/04/90
I01-AX 145 TC 01/01/90
I03-AX 117 TC 06/09/90
I02-S 104 TC 06/04/90
111-S I00 TC 02/05/88
112-S 93 TC 02/05/88
I01-SX 137 TC 06/04/90
I02-SX 147 TC 06/04/90
I03-SX 164 TC 06/04/90
I04-SX 161 TC 06/04,/90
I05-SX 173 TC 06/04,/90

I06-SX( 98 TC 06/04/90
I09-SXb) 150 TC 06/07'/90
110-T 64 TC 07/03/89
I03-U 87 TC 07/01/89
I05-U 89 TC 07/01/89
I08-U 87 TC 07/01/89
I09-U 85 TC 07/01/89
I03-AN(c) 111 TC 06/25/90
I04-AN(c) 112 TC 06/25/90
I05-AN(c) 109 TC 06/25/90
I01-SY(c) 137 TC 06/07/90
103-SY(c) 107 TC 06/26/90
23 Tanks

(a) From Hanlon 1990.
(b) On list becauseother tanks on list vent throughit.
(c) Double-shelltanks.
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TABLE B.2. Tank I01-SY Fill Record(a)

Fill Type Date Inches Added

Double Shell Slurry April 25, 1977 100.1

EvaporatorRun From November I, 1977 132.75
I02-SY,Complexant
Concentrate

Transfer From I06-SX June 25, 1978 48.4

Transfer From 111-U August 14, 1978 21.6

Double Shell Slurr.y October 29, 1980 84.0

Total inches 386.85
Maximum Height 414.5 (March 1981)
(inches)
Maximum Growth 27.65 (7.1%)
(inches)

(a) From Simpson 1984.
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TABLE B.3. Tank 101-SYTotal InitialComposition(a)

Component Concentration,M

NaOH 3.22

NaAlO2 1.90

NaNO2 3.28

NaNO3 4.23

Na2CO3 0.62

Na2SO4 O.12

Na3PO4 0.19

TOC 2.19

Pu 713 (g)

Sr 2.187 x 1111 (/_Ci)

Cs 3.102 x 1012(/_Ci)

H20 594,600 (gal)

(a) From Simpson 1984.
Note: The concentrationsare based

on an averagetank volume of
408 inches in 1984.
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TABLE B.4. Analysesof Tank I01-SY Samples(a)

Middle Bottom
Top Sample Sample Sample
Molarity Molarity Molarity

NO3 1.46 3.09 3.07

NOi 1.34 3.06 2.96
OH- 1.17 2.66 2.33

Al 0.71 2.09 2.24

Na 7.35 14.30 16.16

CO_- 0.45 0.39 0.90

SO_- 0.03 <0.07 <0.13

P034- O.06 O.17 O.13
F- <0.08 <0.16 <0.16
CI- 0.15 0.34 0.34

K 0.0565 0.14 0.13

NH3 NA(b) NA NA
TOC 0.93 1.59 2.11

HEDTA O.0176 O.0230 <0.0162

EDTA <0.00905 <0.0181 O.043

137Cs (/ICi/L) 2.88 x 105 1.20 x 106 6.66 x I0s

9°Sr (/_Ci/L) 6.05 x 103 7.20 X 103 1.35 x 104

SpG 1.33 1.29 1.69
B 0.00334 0.0081 0.00755

Ca O.00314 O.00515 O.00711

Cr 0.00189 0.000925 0.00066

Fe NA(b) NA NA

La NA NA NA

Mg NA NA NA
Mn NA NA NA

Mo NA NA NA

Ni O.00257 O.00235 O.000654

Si NA NA NA

Zn NA NA NA

Zr NA NA NA

(a) From Mauss 1986.
(b) NA = not analyzed.
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TABLE B.5. Tank I03-SYTotal InitialComposition(a)

Component Concentration,M

NaOH 2.78

NaAlO2 2.65

NaNO2 4.22

NaNO3 4.22

Na2CO3 0.283
TOC 2.46

H20 266,130gal

(a) From Simpson 1984.
Note: The concentrationsare based

on a 1984 averagetank depth
of 109 inches.
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TABLE B.6. Analyses of Tank I03-SY Samples(a)

Component #2 {M)(b) #7 (M)(C) #12 (_M)(d)

NOi 2.45 2.48 7.10

NOi 2.76 2.65 2.80
OH- 2.I0 2.06 I.55
Al 2.51 2.37 3.11

Na 14.3 13.9 22.7

CO_" 0.415 0.693 0.716

SO_- O.038 O.074 O.0704_

P034- 0.050 0.062 0.078
F- <0.12 <0.12 <0.10

Cl- 0.313 0.295 0.263

K 0.148 0.134 0.117

NH3 NA(e) NA NA
TOC NA NA NA
HEDTA NA NA NA

EDTA NA NA NA

137Cs(#Ci/L) 7.52 x 105 7.36 x 105 6.09 x 105

9°Sr(#Ci/L) NR(f) NR NR

p, (g/ml) 1.52 1.54 1.76 + 0.16
B 0.021 0.017 0.014
Ca 0.0076 0.010 0.0070

Cr 0.088 0.175 0.196

Fe 0.026 0.044 0.063

La 0.0002 0.0005 0.0002

Mg O.0006 O.O019 O.0007
Mn 0.0064 0.013 0.016

Mo 0.0021 0.00!9 0.0016

: Ni 0.002 0.003 0.004

Si 0.0087 0.019 0.038

Zn ND(g) O.0009 O.011

Zr 0.0003 0.0005 0.0004

(a) From Fow et al. 1984.
(b) #2 is upper (190-209inch) sample.
(c) #7 is middle (95-114inch) sample.
(d) #12 is a bottom (0-19 inch sample.
(e) NA = not analyzed.
(f) NR = not reported.
(g) ND = not detectable.
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TABLE B.7. Analysis of InterstitialLiquid in Tank I03-SYCompositeSlurry(a)

Component Molarity

234
NOi 3.27
OH- 2,26

Al 2.30

Na 11.3

CO_- 0.235

SO_- <0.0145

PO_- 0.0221
F- 0.20O

Cl- 0.503

TOC 1.31

Cr 0.0143

Fe <I.19 x 10-3

p (g/mL) 1.54

(a) From Prignano (1988). This is
a compositeof core samples
from the 19 to 95 inch level.

B.7



TABLE B.8. Analysis of Tank I03-AN CompositeSlurry(a)

Component Molarity

NO_ 1.84

NO_ 2.54
OH- 5.6

Al 2.61

Na 16.1

CO_- 0.145
SO!- 0.029

q

PO_- O.0148
F- 0.0172

Cl- 0.236

K 0.36

NH3 0.020
TOC 0.42

HEDTA NA

EDTA NA

137Cs(/_Ci/L) 7.55 x I0s

eOsr(/_Ci/L) 2.44 x 104

p (g/ml) 1.56
B NA(b)

Ca 0.0037

Cr 0.018

Fe 0.0022

La NA

Mg 0.0016
Mn O.00070

Mo O.00081

Ni O.00053

Si 0.0162

Zn 0.0012

Zr 0.00034

Cu 0.00012

V 0.0031

(a) From Tos+e 1987.
(b) NA = not analyzed.
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TABLE B.9. Analysis of Tank I05-ANCompositeSlurry(a)

Component Molarity

NOi 2.17

NOi 1.36

OH- 2.22

Al 0.94

Na 7.85

CO_- O.453

so - (b)
PO_- O.015

F- (a)

Cl- 0.018

K 0.093

NH3 O.0I0

TOC 3.36(c)

HEDTA 0.002

EDTA 0.003

137Cs(pCi/L) 3.60 x 105

9°Sr(_Ci/L) 2.24 x 103

Sp. Grav. I.434

% H20 54.7

(a) From Mauss 1984.
(b) Below detectionlimit.
(c) See text.
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TABLE B.IO. ReportedTotal Organic Carbon in Single Shell Tanks on the
HydrogenWatch List

Waste

Tank Waste TOC Based on MTNC_CbNumber Type_a) Waste Phaselsl(b) _ )

101-A DSSF liquid I.12

101-AX DSSF Iiquid 1.03

I03-AX CPLX Iiquid 0.90

111-S NCPLX solid and liquid 0.35

I01-SX CPLX liquid 0.033

I02-SX DSSF liquid 1.06

I04-SX DSSF liquid 0.42

I03-U NCPLX solid 0.8

I05-U NCPLX solid 3.71

(a) From Hanlon (199Oa,b). DSSF : Double-Shell
Slurry Feed, CPLX = ComplexedWaste, NCPLX =
Non-Complexed Waste.

(b) From Klem (1990).
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TABLE B.11. Compositionsof SyntheticWaste Formulations

Reference
Formulation WHC Formulation

Component M Wt% M Wt%

NaAlO2 2.1 10.7 2.2 16.5

Na4EDTA 0.17 4.0 0.3 (a) 7.6

Na3HEDTA 0.35 8.3 ....
NaCl 0.35 i.3 ....

Na3PO4 0.20 3.3 ....

NaNO2 3.1 13.3 3.2 14.5

NaNO3 3.1 16.4 3.7 20.7

Na2CO3 0.4 2.6 0.6 4.2
NaF 0.1 0.26 ....

NaOH 2.9 7.2 2.3 6.1

1.5xi0-3 0.04 ....Cr(N03)3
2.1xi0-4 0.00 ....Cu(N03)2
2.0xi0-3 0.05 ....Fe(N03)3
3.ixi0-3 0.06 ....Ni(NO3)2

(a) Total HEDTA and EDTA concentrationis O.3M.
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TABLE B.13. ThermodynamicCalculationsof ReactionsBetween EDTA and HEDTA
with Nitrite and Nitrate

CIoHI6N208= EDTA

CIoHIBN207= HEDTA

CzoHI6N20B + 8 HNO3 > 10 CO2 + 5 N2 + 12 H20

AHrxn = -1540 Kcal/mole EDTA

C1oH18N207 + 8.8 HNO3 > 10 CO2 + 5.4 N2 + 13.4 H20

AHrxn = -1613 Kcal/moleHEDTA

C1oH16N208+ 13.33 HNO2 -> 10 CO2 + 7.66 N2 + 14.66 H20

aHrxn = -1738 Kcal/moleEDTA

C1oH18N207 + 14.66 HNO2 -> 10 CO2 + 8.33 N2 + 16.33 H20

aHrxn = -1830 Kcal/moleHEDTA

For "High Organic" compositionsfrom Table I, the total heat releasedper
liter of solution is calculatedto be 957 Kcal. This takes into accountthat
the nitrate and nitrite are the limitingreagentsand are based on the heats
of reactionwithin the Table.

For the "ReferenceRecipe"from Table I, the total heat released per liter of
solutionis calculatedto be 872 Kcal. The HEDTA and the EDTA are the
limiting reagents.

For the "Low Organics"compositionsfrom Table I, the total heat generatedper
liter of solution is 459 Kcal. The EDTA and HEDTA are the limiting reagents
in this case.
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TABLE B.14. Analyzed Concentration of Anions in Sample, Day 0

Relative
Concentration in

Initial Formulation Fluoride, Chloride, Nitrite, Nitrate, Phosphate,
NaAIO2 Organic Wt% Wt% Wt% Wt% Wt%

Supernate

0.5 0.5 0.1 1.2 10.8 9.6 0.5
0.5 1.5 0.1 1.2 9.2 8.9 0.9
I i 0.1 I 9.3 8.4 0.5
1.5 0.5 0.1 1.2 9.2 8.5 0.7
1.5 1.5 0.1 I 9.6 8.6 0.6

Solids

0.5 0.5 0.2 I 10.6 9.6 1.7
0.5 1.5 0.3 0.8 11.2 17 2
I I 0.I 0.7 9.4 16.5 0.6
1.5 0.5 0.3 I 8.9 8.3 2.3
1.5 1.5 0.1 0.7 15.5 13 i
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TABLEB.15. Analyzed Concentration of Anions in Sample, Day 16

Relative
Concentration in

Initial Formulation Fluoride, Chloride, Nitrite, Nitrate, Phosphate,
NaAIO2 Organic Wt% Wt% Wt% Wt% Wt%

Crust

0.5 0.5 0.2 0.7 8.2 30.5 1.2
0.5 0.5 0.2 0.7 8.8 32 1.6
0.5 1.5 0.3 1.4 8.8 11.3 0.9
0.5 1.5 0.I 1.4 9 13.1 0.9
I I 0.1 3 6.8 4.8 0.9
1.5 0.5 0.1 I 8.2 7.9 3.4
1.5 0.5 0.1 I 8.4 8.5 0.9
1.5 1.5 0.I 1.7 9.7 11.1 1.9
1.5 1.5 0.1 1.2 9.4 12 1.5

Supernate

0.5 0.5 0.1 I 11.4 15.3 1.1
0.5 0.5 0.1 I 11.2 14.7 I.I
i I 0.1 I.I 9.4 8.2 0.8
I I 0.I 0.9 11.2 10.1 0.9
1.5 0.5 0.1 1.2 10.4 10 1.3
1.5 0.5 0.1 1.2 10.2 9.8 1.3
1.5 1.5 0.I i 10.9 12.2 0.6
1.5 1.5 0.I I 11.6 13.2 0.7

Solids

0.5 0.5 0.4 0.9 10.5 13.6 2.3
0.5 0.5 0.4 I 10.8 14.2 2.2
0.5 1.5 0.1 0.9 10 13 1.3
0.5 1.5 0.1 I 9.7 12.5 1.7
I I 0.5 0.6 6.9 6.1 4.8
I i 0.5 0.8 9.1 7.4 4.4
1.5 0.5 0.3 0.7 13.5 27 1.7
1.5 0.5 0.3 0.9 9.1 9.3 2.6
1.5 1.5 0.I 0.9 8.9 10.8 1.2
1.5 1.5 0.2 0.9 9.1 11.4 1.4
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TABLE B.16. Analyzed Concentrationof Anions in Sample, Day 41

Relative
Concentrationin

InitialFormulation Fluoride, Chloride, Nitrite, Nitrate, Phosphate,
NaAl0z Organic Wt% Wt% Wt% Wt% Wt%

Crust

0.5 0.5 0.1 0.6 7.9 34 1.5
0.5 0.5 0.1 0.8 8.6 32 2.7
0.5 1.5 0.1 1.5 9 14.5 8.5
0.5 1.5 0.15 1.6 9 12 0.5
I 1 0.05 3 6.5 4.2 0.5
I I 0.05 0.95 20°5 9 0.3
1.5 0.5 0.1 1.1 8 7.5 1.2
1.5 0.5 0.1 2.9 8.6 8.5 3
1.5 1.5 0.05 0.95 11.5 26 0.3
1.5 1.5 0.05 0.6 11 30.5 0.3

Supernate

0.5 0.5 0.1 I 11.7 15 1.1
0.5 0.5 0.1 I 11.3 14.5 1.1
I I 0.05 0.9 12 9 0.3
I I 0.05 0.85 12 10.5 0.6
1.5 0.5 0.I 1.1 11.5 10.8 ND
1.5 0.5 0.1 0.9 12.1 11.3 ND
1.5 1.5 0.05 0.9 13.5 11.5 0.3
1.5 1.5 0.05 0.95 13.5 11 0.4

Solids

0.5 0.5 0.4 0.9 10.9 12.7 2.2
0.5 0.5 0.4 0.9 11.3 13 2.3
0.5 1.5 0.1 0.95 10 11 1.1
0.5 1.5 0.1 0.8 9.3 12.3 1.5
I i 0.35 0.95 8 6.6 3.6
I I 0.25 0.85 10.5 9 2.5
1.5 0.5 0.5 0.7 8.4 8.4':_ 2.8
1.5 0.5 0.1 0.9 10.1 10.1 2
1.5 1.5 0.1 0.75 7 18 1.1
1.5 1.5 0.1 0.8 8 11.5 1.3
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TABLE B.17. Analyzed Concentrationof Anions in Sample, Day 66

Relative
Concentrationin

InitialFormulation Fluoride, Chloride, Nitrite, Nitrate, Phosphate,
NaAlO2 Organic Wt% Wt% Wt% Wt% Wt%

Crust

0.5 0.5 0.3 0.9 10 14 3
0.5 0.5 0.3 I 11.5 16 2
0.5 1.5 0.1 I 17 19 0.6
0.5 1.5 0.1 0.8 8 9 I
I I_ 0.1 2.5 9.1 8.1 I
I I 0.1 I 15.1 13.7 0.6
1.5 0.5 0.1 1.3 11.8 '13.9 0.7
1.5 0.5 0.1 1.9 14.9 12.8 0.7
1.5 1.5 0.1 1.2 15 21 0.4
1.5 1.5 0.1 0.9 15 21 0.8

Supernate

0.5 0.5 0.1 1.3 8.2 7.7 0.6
0.5 0.5 0.! 1.4 8.7 8 0.4
i i 0.1 0.8 5.9 5.6 0.5
i I 0 ! 0.8 7.4 6.9 0.5
1.5 0.5 0.! 0.9 6.7 6.6 0.4
1.5 0.5 0.1 0.9 6.8 6.4 0.5

Solids

0.5 0.5 0.2 0.5 9.9 36 1.1
0.5 0.5 0.2 0.6 11.5 25 3.3
0.5 1.5 0.1 0.9 9.2 11 1.2
0.5 1.5 0.1 1.4 22 26 1.1
I i 0.5 1.1 10.1 9.2 5.5
I I 0.4 0.8 9.2 8.9 4.2
1.5 0.5 0.1 0.8 9.2 13 2.8
1.5 0.5 0.6 0.5 7.5 17 3.7
1.5 1.5 0.1 0.9 9.! 10 1.2
1.5 1.5 0.1 0.9 9.3 10 1.3
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TABLE B.18. Analyzed Concentrationof Anions in Facies of Reference
Formulation,Day 66

Relative
Concentrationin

InitialFormulation Fluoride, Chloride, Nitrite, Nitrate, Phosphate,

NaAlO2 Organic Wt% Wt% Wt% Wt% Wt%

Crust

I I 0.1 I 12.4 12.7 ND
I I 0.1 0.9 11 8.7 0.5

Supernate

I I 0.1 0.7 11.9 11.4 0.5
I i 0.1 0.7 12 11.3 0.5

Upper Solids

I 1 0.1 1.2 14.5 12.5 I
i I 0.1 1.3 12.7 12.7 0.9

Mid Solids

I I 0.5 0.5 8.8 8.2 5.2
I I 0.5 0.7 8.4 7.5 5.3

Lower Solids

I I 0.1 0.2 20.8 35 0.8
I I 0.1 0.3 25.1 30 0.7
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TABLE B.24. Total Carbon,Total Organic Carbon, and Total InorganicCarbon,
Day O--UnheatedCentrifugedSolids

Relative
Concentration

NaAlO: Organic TC, Wt% TOC, Wt% TIC, Wt%

0.5 0.5 2.48 0.099 2.39
0.5 0.5 3.11 0.41 2.7

0.5 1.5 5.5 2.11 3.39
0.5 1.5 5.22 1.52 4.7

I I 2.86 I.5 I.36
I I 5.08 1.32 3.76

1.5 0.5 2.34 0.382 1.96
1.5 0.5 2.42 0.486 1.93

1.5 1.5 4.96 2.45 2.51
1.5 1.5 5.33 2.93 2.4
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TABLE B.25. Total Carbon, Total Organic Carbon, and Total Inorganic
Carbon, Day 16

Relative
Concentration

NaAIO2 Organic TC, Wt% TOC, Wt% TIC, Wt%

Crust Samples

0.5 0.5 2.73 0.51 2.22
0.5 0.5 2.47 0.85 1.62

0.5 1.5 9.16 4.55 4.61
0.5 1.5 6.67 5.19 1.48

i I 17.2 15.2 2

1.5 0.5 2.82 0.86 1.96
1.5 0.5 3.36 1.04 2.32

1.5 1.5 10.1 5.1 5
1.5 1.5 7.05 4.11 2.94

Below Crust Solid Samples

0.5 0.5 2.66 0.305 2.36
0.5 0.5 2.75 0.538 2.21

0.5 1.5 6.14 1.88 4.26
0.5 1.5 6.74 2.38 4.36

I I 7.06 3.01 4.05
I I 4.1 0.9 3.2

1.5 0.5 2.34 0.171 2.17
1.5 0.5 2.76 0.33 2.43

1.5 1.5 5.82 2.82 3
1.5 1.5 5.31 1.48 3.83
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TABLE B.26. Total Carbon,Total Organic Carbon, and Total Inorganic
Carbon, Day 41

Relative
Concentration

NaAlO_ Organic TC, Wt% TOC, Wt% TIC, Wt%

Crust Samples_

0.5 0.5 2.43 1.19 1.24
0.5 0.5 2.58 1.06 1.52

0.5 1.5 12.5 5.76 6.74
0.5 1.5 9.72 4.6 5.12

i I 6.09 3 3.09
I I 3.97 1.78 2.19

1.5 0.5 2.44 0.55 1.89
1.5 0.5 2.59 1.03 1.56

1.5 1.5 4.09 1.63 2.46
1.5 1.5 3.31 0.92 2.39

Below Crust Solid Samples

0.5 0.5 2.86 0.83 2.03
0.5 0.5 3.05 1.29 1.76

0.5 1.5 6.72 2.8 3.92
0.5 1.5 5.97 2.62 3.35

I I 3.22 1.78 1.44
I I 3.09 1.35 1.74

1.5 0.5 2.04 0.91 1.13
1.5 0.5 1.7 0.52 1.18

1.5 1.5 6.28 2.33 3.95
1.5 1.5 6.14 2.56 3.58
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TABLE B.27. Total Carbon,Total OrganicCarbon, and Total Inorganic
Carbon,Day 66

Relative
Concentration

NaAlO_ Organic TC, Wt% TOC, Wt% TIC, Wt%

Crust Samples

0.5 0.5 3.28 0.58 2.7
0.5 0.5 3.12 0.46 2.66

0.5 1.5 4.52 2.17 2.35
0.5 1.5 6.87 2.88 3.99

I I 2.85 2.24 0.61
I I 3.19 1.32 1.87
I I 2.32 0.3 2.02
I I 3.97 1.27 2.7

1.5 0.5 2.93 0.55 2.38
1.5 0.5 3.6 0.9 2.7

1.5 1.5 4.19 1.42 2.77
1.5 1.5 3.62 2.17 1.45

Below Crust Solid Samples

0.5 0.5 2.18 0.33 1.85
0.5 0.5 2.3 1.2 1.1

0.5 1.5 5.84 2 3.84
0.5 1.5 6.49 3.23 3.26

i I 6.26 3.76 2.5
I I 6.48 1.55 4.93

1.5 0.5 2.26 0.23 2.03
1.5 0.5 2.08 0.34 1.64

1.5 1.5 6.47 2.41 4.06
1.5 1.5 5.72 2.85 2.87
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TABLE B.28. Total Carbon,Total Organic Carbon,and Total InorganicCarbon,
Various Layersof the ReferenceFormulation,Day 66

Relative
Concentration

NaAlO2 Organic TC, Wt% TOC, Wt% TIC, Wt%

Crust

I I 2.32 0.3 2.02
I I 3.97 1.27 2.7

Middle Waste

I I 4.36 1.07 3.29
I I 3.7 1.45 2.25

Upper Bottom

I I 3.87 0.79 3.08
I I 6.24 1.07 5.17

Lower Bottom

I i 1.17 1.34 NC(a)
I I 1.04 0.82 0.22

(a) NC = not calculated.
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TABLEB.29. Differential Scanning Calorimetry Analysis, Day 66

Relative
Concentration in

Initial Formulation Endotherm Exotherm
NaAIO2 Organic Sample Type J/g J/g

0.5 0.5 Crust 742 -772
0.5 0.5 Crust 863 -611

0.5 0.5 Bottom 529 -554
0.5 0.5 Bottom 520 -842

0.5 1.5 Crust 667 -1049
0.5 1.5 Crust 424 -687

0.5 1.5 Bottom 876 -1343
0.5 1.5 Bottom 822 -1760

I I Crust 772 -488
I I Crust 747 -827

i i Bottom 624 -2296
I I Bottom 865 -1170

1.5 0.5 Crust 716 -813
1.5 0.5 Crust 638 -1273

1.5 0.5 Bottom 647 -742
1.5 0.5 Bottom 647 -951

1.5 1.5 Crust 632 -1139
1.5 1.5 Crust 534 -1514

1.5 1.5 Bottom 774 -1303
1.5 1.5 Bottom 712 -1662
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TABLE B.30. Differential Scanning Calorimetry Analysis for the Solid Phase
of the Reference Formulation, Day 66

Relative
Concentration in

Initial Formulation Endotherm Exotherm

NaAIO_ Organic Sample Type J/g J/g

I i Crust 793 -974
I I Crust 690 -916

I I Upper Solid 442 -1763
I I Upper Solid 654 -1127

I I Middle Solid 593 -1515
I I Middle Solid 565 -3417

I I Lower Solid 301 -444
I I Lower Solid 256 -289

B.30



TABLE B.31. ScanningThermal GravimetryAnalysis,Day 66

RelativeConcen- Temperature
tration in Initial Between

Formulation Endotherm Exotherm Endothermand

NaAlO_... Organic Sample Type Wt% Loss Wt% Loss Exotherm,oC

0.5 0.5 Crust 26 8 200
0.5 0.5 Crust 28 7 206

0.5 0.5 Bottom 17 3 206
0.5 0.5 Bottom 19 5 205

0.5 1.5 Crust 20 13 190
0.5 1.5 Crust 16 6 200

0.5 1.5 Bottom 29 15 200
0.5 1.5 Bottom 28 19 185

i I Crust 26 4 215
I I Crust 24 2 225

I I Bottom 19 9 200
I I Bottom 28 8 210

1.5 0.5 Crust 23 8 200
1.5 0.5 Crust 26 9 210

1.5 0.5 Bottom 14 10 165
1.5 0.5 Bottom 17 9 184

1.5 1.5 Crust 22 11 210
1.5 1.5 Crust 23 16 190

1.5 1.5 Bottom 30 14 205
1.5 1.5 Bottom 25 19 200
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TABLE B.32. Scanning Thermal Gravimetry Analysis of the Solid Phases of the
Reference Formulation, Day 66

Relative

Concentrat i on Temperature
in Initial Between
Formulation Endotherm Exotherm Endotherm and

NaAIO_ Organic Sample Type Wt% Loss Wt% Loss Exotherm, °C

I I Crust 28 7 205
I I Crust 26 12 210

I I Upper Sol id 19 8 200
I I Upper Sol id 20 13 200

I I Middle Solid 29 9 200
I I Middle Solid 32 6 185

I I Lower Bottom 9 I. 5 235
I I Lower Bottom i0 I 230
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TABLE B.33. Phase Volume Data" Low Aluminate, Low Organic Formulation

Time NormalizedVolumes {mL} Wt% Total
{days} Crust Agueous Solids Remainin_ Lansity

0 0 88 911 100.00 1.39
0 0 79 852 100.00 1.42
0 0 94 905 100.00 1.42
0 0 100 900 100.00 1.42

I 0 200 744 99.76 1.47
I 0 204 704 99.70 1.46
I 0 176 823 99.64 1.41
1 0 187 937 99.65 1.42

2 0 277 700 99.75 1.42
2 0 261 647 99.61 1.45
2 0 294 705 99.48 1.41
2 0 250 750 99.49 1.42

5 0 366 600 99.33 1.43
5 0 363 545 99.35 1.45
5 0 352 611 98.93 1.45
5 0 375 625 99.10 1.41

7 0 422 555 99.24 1.41
7 0 397 511 99.12 1.45
7 0 364 600 98.73 1.45
7 0 412 587 98.86 1.41

9 0 422 533 99.15 1.44
9 0 431 454 98.90 1.48
9 0 411 529 98.59 1.48
9 0 437 562 98.65 1.40

12 0 444 533 98.79 1.40
12 0 431 477 98.48 1.44
12 0 411 588 98.42 1.39
12 0 437 562 98.30 1.40

14 0 444 533 98.53 1.40
14 0 454 431 98.05 1.46
14 0 447 552 98.10 1.39
14 0 437 537 98.02 1.43

16 0 447 517 97.98 1.43
16 0 437 562 97.85 1.39

22 0 470 494 97.75 1.43
22 0 437 562 97.28 1.38
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TABLEB,33. (contd)

Time Normalized Volumes ImLI Wt% Total
(days) Crust Aqueous Solids Remainin_ Density

26 0 470 494 97.60 1.43
26 0 437 525 96.91 1.43

33 0 470 494 97.22 1.42
33 0 437 537 96.47 1.40

36 0 470 494 96.92 1.42
36 0 437 5C0 96.23 1.45

42 0 470 447 96.37 1.48
42 0 437 525 95.75 1.41

47 0 470 447 95.83 1.47
47 0 437 525 95.39 1.40

50 0 470 470 95.60 1.43
50 0 437 500 95.17 1.44

54 0 470 470 95.34 1.43
54 0 437 500 94.87 1.43

57 0 470 470 95.12 1.42
57 0 437 500 94.62 1.43

61 0 470 470 94.58 1.41
61 0 437 500 94.40 1.42

65 0 441 470 94.34 1.46
65 0 406 562 94.16 1.37
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TABLE B.34. Phase _olume Data: Low Aluminate-HighOrganic Formulation

Time NormalizedVolumes (mLl Wt% Total
(days) Crust Aqueous Solids Remaining Density

0 0 0 1000 100.00 1.54
0 0 0 1000 100.00 1.56
0 0 0 1000 100.00 1.51
0 0 0 1000 100.00 1.48

I 0 0 1000 99.72 1.54
1 0 0 I000 99.78 1.55
I 0 0 1000 99.76 1.51
I 0 0 987 99.70 1.50

2 0 0 1000 99.80 1.54
2 0 0 1012 99.75 1.53
2 0 0 1000 99.74 1.51
2 0 0 987 99.79 1.50

5 0 0 1000 99.45 1.53
5 0 0 1012 99.44 1.53
5 0 0 1000 99.28 1.50
5 0 0 987 99.71 1.50

7 0 0 1000 99.31 1.53
7 0 0 1000 99.35 1.54
7 0 0 1000 99.12 1.50
7 0 0 987 99.67 1.50

9 0 0 1000 99.23 1.53
9 0 0 975 99.26 1.58
9 0 0 1000 98.95 1.49
g 0 0 1000 99.62 1.48

12 0 0 1000 99.11 1.53
12 0 0 975 99.08 1.58
12 0 0 975 98.68 1.53
12 0 0 987 99.54 1.49

14 0 0 1025 99.04 1.49
14 0 0 1000 98.76 1.53
14 0 0 1000 98.52 1.49
14 0 0 987 99.50 1.49

16 6 0 993 98.31 1.48
16 0 0 987 99.44 1.49

22 12 0 975 97.81 1.49
22 0 0 987 99.29 1.49
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TABLE B.34. (contd)

Time NormalizedVolumes (mLl Wt% Total
(days) Crust Aqueous Solids Remaining Density

26 0 0 975 97.49 1.51
26 0 0 987 99.19 1.49

33 37 0 _62 97.02 1.46
33 37 0 949 99.02 1.49

36 0 0 975 96.86 1.50
36 0 0 987 98.95 1.48

42 0 0 975 96.55 1.49
42 0 0 949 98.82 1.54

47 0 0 975 96.27 1.48
47 0 0 987 98.70 1.48

50 0 0 975 96.13 1.48
50 0 0 987 98.63 1.48

54 12 0 975 95.97 1.46
54 0 0 987 98.54 1.48

57 12 0 975 95.86 1.46
57 0 0 987 98.46 1.48

61 12 0 975 95.71 1.46
61 0 0 987 98.37 1,47

65 12 0 975 95.49 1.45
65 0 0 987 98.28 1.47
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TABLE B.35. Phase Volume Data: ReferenceFormulation

Time NormalizedVolumes ImLl Wt% Total
(days) Crust Aqueous Solids Remaining Density

0 0 561 438 100.00 1.56
0 0 512 487 100.00 1.62
0 0 543 456 100.00 1.59
0 0 511 488 100.00 1.56

I 0 629 359 98.92 1.56
I 0 548 426 97.97 1.62
I 0 565 413 99.06 1.61
I 0 556 409 99.04 1.59

2 0 629 359 98.88 1.56
2 0 548 426 97.56 1.61
2 0 543 402 96.56 1.62
2 0 568 397 99.04 1.59

5 0 651 337 98.47 1.55
5 0 609 365 97.12 1.60
5 10 565 380 95.32 1.58
5 0 568 375 98.35 1.62

7 0 617 337 98.13 1.60
7 12 524 426 96.36 1.61
7 10 543 380 95.11 1.61
7 0 568 375 97.05 1.60

9 0 617 337 97.90 1.59
9 24 512 426 95.99 1.60
9 21 380 489 94.01 1.67
9 0 545 363 96.71 1.65

12 11 606 337 97.64 1.59
12 12 536 426 95.68 1.58
12 10 423 489 93.51 1.60
12 11 511 375 94.89 1.64

14 11 629 337 97.52 1.55
14 12 512 426 94.90 1.60
14 21 456 413 93.30 1.66
14 22 545 306 94.53 1.67

16 10 402 489 92.77 1.63
16 11 500 375 94.08 1.64

22 10 380 489 92.52 1.66
22 22 511 375 93.71 1.59
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TABLE B.35. (contd)

Time Normalized Volumes (mL1 Wt% Total
(days) Crust Aqueous Solids Remainin_ Density

26 0 326 543 91.86 1.67
26 0 431 454 93.40 1.63

33 21 326 543 90.80 1.61
33 22 397 488 92.54 1.57

36 0 271 597 90.62 1.64
36 0 431 454 92.29 1.61

42 21 250 597 90.21 1.64
42 22 340 511 91.79 1.62

47 10 260 597 90.05 1.63
47 22 375 477 91.27 1.61

50 10 271 597 89.98 1.61
50 11 397 477 90.99 1.58

54 10 239 630 89.66 1.60
54 11 397 477 90.68 1.58

57 10 250 619 89.72 1.61
57 11 363 511 90.21 1.57

61 10 217 652 89.30 1.60
61 11 306 568 89.68 1.56

65 10 195 673 88.61 1.58
65 22 227 625 89.22 1.57
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TABLE B.36. Phase Volume Data: High Aluminate, Low Organic Formulation

Time Normal ized Volumes (mL) Wt% Total

(days) Crust Aqueous Solids Remaining Density

0 56 488 454 100.00 1.57
0 22 533 444 100.00 1.61
0 36 518 445 100.00 1.62
0 24 512 463 100.00 1.60

1 56 568 375 99.30 1.56
1 22 377 388 99.30 1.78
1 36 602 361 99.23 1.61
1 12 609 365 99.34 1.61

2 34 602 340 99.21 1.59
2 22 644 333 99.28 1.60
2 24 626 337 99.11 1.63
2 24 646 329 99.32 1.59

5 11 613 318 98.61 1.64
5 11 666 322 98.94 1.59
5 12 638 325 98.68 1.64
5 12 646 329 99.08 1.60

7 22 602 318 98.21 1.63
7 22 666 311 98.71 1.59
7 24 638 325 98.48 1.62
7 12 646 329 98.94 1.60

9 11 613 318 97.72 1.62
9 11 666 311 98.48 1.60
9 12 662 301 98.23 1.63
9 12 658 304 98.70 1.61

12 34 602 306 96.88 1.61
12 33 633 311 97.65 1.61
12 24 662 301 98.00 1.61
12 24 646 304 98.30 1.61

14 11 568 329 96.40 1.66
14 33 633 311 97.22 1.60
14 24 662 301 97.82 1.60
14 24 646 304 98.16 1.61

16 24 650 301 97.58 1.62
16 24 646 304 97.95 1.60

22 24 626 301 96.90 1.65
22 24 634 304 97.55 1.61
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TABLE B.36. (contd)

Time NormalizedVolumes {mL1 Wt% Total
(days) Crust Aqueous Solids Remaining Density

26 60 626 301 96.38 1.58
26 60 609 304 97.35 1.59

33 60 602 301 95.40 1.60
33 60 548 304 96.26 1.57

36 60 602 301 94.82 1.59
36 36 609 304 95.70 1.60

42 12 530 361 93.64 1.67
42 24 609 304 94.85 1.58

47 24 481 421 91.99 1.60
47 24 609 304 94.33 1.60

50 24 481 421 91.25 1.58
50 12 609 329 94.17 1.57

54 24 421 481 90.96 1.58
54 24 548 365 93.46 1.58

57 24 421 481 90.55 1.57
57 24 548 365 93.07 1.57

61 24 421 481 90.24 1.56
61 24 548 365 92.86 1.57

65 24 421 481 89.95 1.56
65 24 548 365 92.60 1.56
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TABLE B.37. Phase Volume Data: High Aluminate,High Organic Formulation

Time NormalizedVolumes {mLl Wt% Total
(days) Crust Aqueous Solids Remaining Density

0 47 305 647 100.00 1.63
0 67 314 617 100.00 1.58
0 56 340 602 100.00 1.57
0 34 375 590 100.00 1.57

I 47 352 611 99.50 1.61
1 56 337 595 99.81 1.59
1 68 363 568 99.84 1.57
1 22 397 568 99.76 1.58

2 35 376 588 99.44 1.62
2 33 359 561 99.74 1.65
2 22 363 568 99.66 1.64
2 11 397 568 99.74 1.60

5 0 352 647 99.18 1.62
5 11 280 640 99.07 1.67
5 22 306 625 98.95 1.62
5 22 318 590 99.29 1.67

7 11 341 647 98.95 1.61
7 33 292 640 98.65 1.61
7 56 284 625 98.66 1.60
7 56 284 625 99.05 1.60

9 23 352 647 98.69 1.57
9 33 258 674 98.28 1.60
9 34 250 659 98.37 1.63
9 22 261 647 98.79 1.66

12 23 317 682 98.36 1.57
12 44 247 674 97.89 1.59
12 34 272 659 98.13 1.59
12 34 272 659 98.40 1.59

14 23 317 682 98.27 1.57
14 22 258 674 97.48 1.61
14 22 227 681 97.97 1.65
14 22 272 681 98.12 1.57

16 22 227 681 97.64 1.64
16 34 261 681 97.87 1.56

22 284 681 97.25 1.54
22
22 22 284 681 97.41 1.54
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TABLE B.37. (contd)

Time NormalizedVolumes ImL1 Wt% Total
Idays) Crust Aqueous Solids Remaining Density

26 45 227 681 96.76 1.58
26 22 284 681 96.85 1.53

33 56 170 738 95.74 1.55
33 56 170 738 96.02 1.55

36 34 250 681 95.48 1.54
36 34 227 704 95.72 1.54

42 34 227 704 94.58 1.53
42 34 159 772 95.28 1.54

47 56 113 795 94.19 1.52
47 56 113 795 94.36 1.52

50 56 170 681 93.75 1.61
50 56 113 738 93.91 1.61

54 284 0 681 93.44 1.51
54 284 0 681 93.34 1.50

57 227 0 738 93.32 1.50
57 227 0 738 92.93 1.49

61 227 0 738 93.15 1.50
61 227 0 738 92.68 I_49

65 227 0 738 92.90 1.50
65 227 0 738 92.38 1.48
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TABLE B.38. Phase Volume Data: ReferenceFormulationin GraduatedCylinder

Time NormalizedVolumes ImL),
Crust Aqueous So,lids

0 10 543 445
0 11 534 453

I 10 543 413
I 11 558 418

2 0 543 402
2 0 546 418

5 21 434 456
5 0 534 418

7 21 434 489
7 11 465 465

9 21 326 532
9 11 453 465

12 32 304 554
12 23 441 476

14 21 326 554
14 11 441 476

16 21 315 554
16 23 441 476

22 43 315 554
22 34 430 476

26 21 315 554
26 23 430 488

33 32 304 532
33 46 418 500

36 32 293 565
36 34 418 488

42 32 315 543
42 46 406 $11

47 32 304 554
47 23 418 511
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TABLE B.38. (contd)

Time NormalizedVolumes (mL)
(days) Crust Aqueous Solids

50 32 282 576
50 23 418 511

54 65 293 565
54 46 267 674

57 65 347 565
57 46 406 511

61 54 304 565
61 46 406 511

65 54 304 565
65 46 395 511
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TABLE B.41. PhysicalAnalysis Data (Day66)

Relative

Concentration Crust Bottom Composite
in Initial Data Data Data

Formulation T(dyne/ T(dyne/ T(dyne/
NaAlO2 Organic cm:) cm:) cm_)

0.5 0.5 38500 12700 1360
0.5 0.5 26300 4530 680
0.5 0.5 NM 21800 NM
0.5 0.5 NM 10200 NM
0.5 0.5 46200 13800 816
0.5 0.5 29000 9520 272
0._ 0.5 NM 15400 NM
0.5 0.5 NM 13600 NM

0.5 1.5 258000 98400 18100
0.5 1.5 145000 66600 23600
0.5 1.5 NM 86100 NM
0.5 1.5 NM 65700 NM
0.5 1.5 63500 29500 20900
0.5 1.5 50300 19000 28100
0.5 1.5 NM 42600 NM
0.5 1.5 NM 20900 NM

I I 185000 295000 19900
I I 223000 NM 12200
1 I NM 444000 NM
I I NM NM NM
i I 210000 444000 16300
I I 79800 471000 16800
I I NM 444000 NM

1.5 0.5 25800 159000 32600
1.5 0.5 6800 218000 6800
1.5 0.5 NM 367000 907
1.5 0.5 NM 263000 408
1.5 0.5 NM NM 1360

1.5 1.5 444000 187000 39000
1.5 1.5 440000 254000 30400
1.5 1.5 372000 235000 NM
1.5 1.5 NM 222000 NM
1.5 1.5 480000 267000 41700
1.5 1.5 426000 235000 46200
1.5 1.5 NM 273000 NM
1.5 1.5 NM 232000 NM

NM indicates no measurement was taken.
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TABLE B.42. Yield Stress Data

Relative
Concentration
in Initial

Formulation Temperature

NaAlO2 Organic T(Pa = N/m2) Average (°C)

0.5 0.5 4.8 60
0.5 0.5 11.6 60

0.5 0.5 8.7 8 + 3.2 60
0.5 0.5 3.5 60
0.5 0.5 10.6 60
0.5 0.5 7.7 60

0.5 1.5 12.6 60
0.5 1.5 15.5 60
0.5 1.5 13.5 60
0.5 1.5 3.8 10 + 5 60
0.5 1.5 4.8 60
0.5 1.5 7.7 60

I I 16.1 60
I I 9.7 6012+ 3.6
I i 8.7 60
I I 14.5 60

1.5 0.5 1.2 60
1.5 0.5 10.6 60

1.5 0.5 9.7 9 + 4.8 60
1.5 0.5 5.8 60
1.5 0.5 15.5 60
1.5 0.5 9.7 60

1.5 1.5 17.7 60
1.5 1.5 20.9 60
1.5 1.5 24.2 21 + 4.6 60
1.5 1.5 27.4 60
1.5 1.5 16.1 60
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RAW UATA FOR X-RAY DIFFRACTIONANALYSES





_m ...................

C/}Lr}
_0 o oo o o o o o o oo

_" r_ 10 Lr) __LL_L--I_.I_-I.I !_ !
<:::C . --

H_l
(.13: ...-
gl

,_ -

o ";-
0

O

a. t
mlillr -- _i m

1111- I_ ..,
HU') ,4-- -W

:::) ..
I'- - E4

:::)
0 ,-q P:

III0 rj
I--E)

i IIi ,

<:O o_ _ co

,, _ In ,--iUI-

I- ..-., , ".... ,,,_ ;:L _
Z
>- 111 :::I-

'qf ._uC

mm o

OJO " o
,r-i_"I _ - -J

o,l _ •

rTill' - lO
H _" .=_

I_- _lD
0

., _J

H _--t ' _ -

Z(JI --

_' _ -

E)cr) ._, .lO
xT
_.. I" I- i' I- i-'7--I'-'I .... I -
_LLI
•.I-- 0 _ Ig _ W 0 _r CD_I U) 0
Z<: m m o r_m m o (_m r,o
LLn II} 01W t_ _ ll_ _' _1N _B.

E.2





LUU'I o o o o o o o o o o o
._O o m I_ r,. lD u'l _1- irl _ ,_

_U3 I I I I I I I I I

I--_

H1 '_
U_
U')

,_.

O
0J
O ------"

O
• 0

Q.

I11k-- m
HM _ _m
[] _-- _I"
;3 "__

ffl - - 1:::1

LLIO _ m
I-UD

_O m -

C_l- m
UI--
H_ - co

III ' -- _ --

I "_

Z '"

_-- N -

_lD U'J_ m- N
m_

c

[3 LI.J -
H_" O

_ il
H m o
I-- m -'

I::
H'_ - :_
ZUI '_

_ 0,I
U'J\ I',,

[J_ ,_
RJ., I I I I I I -l--r--l--

..!-" O lIB 10 _" RI O I_ 18 xr RI o
Z'<I_ 0J _ _ _ ,_ ,_ O O O O O

o I/'I o _ o I/I o IN o I/I
LLr'3 I_ !_ _ I]1:1_r _ l,,, _' o r,, irl

o !

E.4



<:frn
mLrl
Z)O o o o O o O O o O o OO 0; _ I',, _ I11 _t R N ,-t

COLI') 1 I I I I I I I !

_' so 'ql --
H_.I
U_
OJ

lD
' ..._

0

0

U]IJJ Ix ,.I-
LLIF- m

D .. _;

i- - __
U) ... r_

o -
mo _
I--lD -
ffl " i_=
_o m

_r

-. I11 r-I
[.)l-
Hl].

Z -
_.. _ -
U] '; ._ue.

O
.l::

(11 .__
_-t_-4 - 2::
mlb tQ

OIIJ -
HIE .__
H _ - E

<
_ C

-- .J

_'4'_ -
ZO1

°_ _
mN

ffl_ i,,

I'_ _ ,
_4,. I I I I I I' ! I !
-'_ILl
..I-- 0 _I _) Ot aJ El _ _ _r h 0

I",, O_ N _ lD _ _ IT1 Irl I',,
LLr'I _ r,, N _ _1 e) (r; 01 _r 01 _

n 'qf _r (9 F1N N ,-_ _
L_ .....



_ 0 0 o o o 0 0 0 0 0 o

Iii

,__ _UI

_ _
_o. _





_LD 0 0 0 0 0 0 0 0 0 0 0

e3u3 i i i i I [ I i i
<_ .

Z 6 •

H._l
C.I_
UI

,_.
ID

O in
0J
O "

i

° I
e o --

_JW I_ -"_-
EdF- m
H_ . _e
[] _-- ,_
Z) ""
l--
LrJ c_-

CD
LLIO i

co.
"_O m H

e ,

HI1. m
F- 4 _
ELI --_- _
I _... _
I- _- _-1
Z _
>- _u - :_

m t_
_OJ
OI.. - .u

o, t ,,

DLLI - _"
H_"

H #1

i_-- ,_lD

E
_m

H_ _
ZtO o

,_ ,_ ii

ffl\ b. _
_I"t'rl _ ....... - _I_

"_ --T--I I I I -F-I---I--T--
_--I ° ,

_LLI
..I-- 0 I_ 0 _ 0 _ 0 U'I 0 I_ O
Z<_ ID O_ 0 r'-ID P,I0 I'-_1 _ 0

DJ O ID ID I_ _ I_ 18 _T BJ
LLF'I U'J _ O I',, I_ m _ _ I_ '_" nj

.... U j

E.8



E.9



.d'm

m_I _ oo o oooooo oo

'_l'J _ I I I I I I I I IC91D,

L)_:I -

I 'q' --
, I0

,__ --U)
OI
COl -
OI

OI

//! -
LLll-- m

0
-

WO _

{/1 •
_0 m -

• * l"J

L}I-
Nn -
F- m

T ---'._ -
_--

Z -_
>- _
U] _I" ,.

UDLO

, ,, i i 'q

OLU

H Irl
I-- Ul

I-'t '_-t -
Zm

_ _ ._-

_.. I I I I I -I I I I
_LLI
• ,, I"" *

0. I_ IIII_ I_ I_I_ Irl OJ _ ......
.....

E.IO



</(71

DO o o o o o o o o o o o

OLO I I I I I I I, I I
<[ ,

Z • , 4

H_J
[3_K
In

LD

O ] m
0J

o i-
0 .,

ff/_ ------I-

LULU _. =-
H I-

LO u_

o
mo N

ul , H

UI-- o
-- M

III _--

,, -_ m

z . __- _ - m

O_
m.. =q-

v_vH -- 11)

_W _ -

H Irl -

_- _ ___

,,

H %-d --=

Z0]I
'%% -.I_

3:nj _ _ ______. _

©0J _;_ _ _u_
_ I 1 I 1 I I -I--T--I---

I'II!l 0 II) U3 _ OJ O CO _] _ III O

, , ,

0J _ Iri Ix 0_ ,w 0J _ 11] II) O

OI ID _ _D _q ID _; 07 _" [D _I"

.... U _ _ _

E.II



E.].2



E.13



.d'm
U'J_ _ o o o o o o o o o o 0
:::30, o m _ I_ w ul _r _ _ _
\_1",
_lr)! ] ! ! ! ! L_J, ! !

<[ .! ._-H.J
U_: _-

ID

0 _- ._ In
_J
o

=..

0

n
U'JW r, - -
WF" al
HU'J • _u_

U3

o
WO u

ffl .

UP- _
Nn

W _

b- m
Z ,
>. _1 -

LO_ IU ._u=
!-

_,._ _-
• • • i

QW q- -'
H_" ®

I--.I Iq '=I-

=_ _= E

._m
H_--I ., -
Z_

Ujm

LO",, I', j __m

•. "-7 i i-I- I :i--F-FT--
_W
..p. o Irl lD OI _ If1 I_ ',_ '_' I",.o_
Z< _ _ ,_ m = _ o m m m o

ILLO 171_ _ _ _ _ _ _ _ _ _
U

E.14
=





E.16
_



<frn

Ullni _ o o o o o o o o o o o
:301 o OI lO I% I1) IN _ (rl Itl _-,
\_'1
_IL'Jl I I I I I I I I I
<_ '1
I--_1
Z,,i -..q-
H-JI
U3::I
O3

_1'
U)

oi ";- -")in
(ljl
01

_ m,.

OI
,m

ni
U)Wl h
WF- 01
MU) ,;_ -eO

I- - [-4u)
_ :::)

O
LLIO U
_-LD
03 •
_o In
3: --_ _U)

., F) r-Ie •

1:31- ,4

wQ. _b-

21 --- _i i

H _1 -

-'401 "_-e.
Q
L._

ee e o

nLU _ oJ=
H _" ._

I-t II) - 2:
i-- I1"1 --

I1_ _lD Iii
.c_

- E

mN
3="4 _ -
ffl\ t,.
rum 4- -_
_.. , I I I I I ! I I I

_LU o gl o _ O Irl o I_ o g'l o
eoJ ''i • • • a_ • • • •

z< _ _ _ o _ _, G _r_,_o
_ lD II1 _ _ II1 til OI lD I_1

LLn g] I_1 lD _1"O Irl _ h N W _r

E.i7



0 0 0 0 0 0 0 0 0 0 0_Ol o m ® r,,_ _ ,_m _u,-,

_I m m I i i i t m I

Z..I --,-
H_JI
U3:I -
m

_ -
lD

OI
NI ._,-
OI

. , _

.o. _
n:

IJ.l_" m

_.

o , m
mo _
j._m _
_ .

DI-- _

H t_l

m _- _

[_°" U

_e 0_

DW _ o_e.
H 3[ .__

I-- III .= _-

.__

Z01 .c.__

_OJ .,
_ _ ..._-

_.. I I I ] i I I i I

0 0 0 0 0 0 0 0 0 0
ILr7 _ 0 _ _ _ • _ _ • • _

E, 18



(/]LO
O O O O O O O O O O O

C.'2U3 I I I I I I I I I

I--"wl
Z.. "-'_--
H1 ..,,,
U_:
t0

_LD
0 "-'- _
0.11

0 ""

O_ =i
4

---4-
LLII-_ m
HU'J! i _m

09 _ N
0 m

LLIO ._ M

m _- H
"_O ,_
3= -- _lD

.. _-- - _ ITI
O1-- _ oo
LdO_ "_- Ln

-_-
-J __

mm
Lr].. ,I-

.... _l e"

OLd "!- m
H m _i--

113- _

--II-- I_
lO
.__

ZO3 - .m
•.\ _

.c:

U3"_ r',,

LO
•_ I--T-I _ _ _ _ i _ I--

_W
..I-- 0 0 0 0 O 0 0 0 0 0 0• , • . . , .

Z<_ o m m m _ o m m m _ o
ILL-] m _ Ln m _J o m m L_ m _

o

E.19



_m
DDID o o o o o o o o o o o
Z]O o O) _ I',,. _ tl") '_" m 0,1 ',_
\,q"
_Lrl I i i I ! I _1___

Z e • _ --

a ._]

m

,, ___J-

O0

0 '
mo

0 •

tj]LLI r,,
WF-

D

ul
WO _
_ "_-, ,,,. _

_0 m -._..- H

z .. __ ' _-m
oF--
Hl]. ----.--- ot_

W -- ,-4
T --d

Z _ m
>-

N
OCU
I'-,., II -
_--ix-I

_ --.w]
, 0 ,,,, ..,..W

n w -_- "_c
H_" _

L._

H In 0

a _ - ._
z0} -- E

_ - --

_.. I I I I I -l---T I I

0 0 0 0 0 0 0 0 0 0 0

Z<_ o Irl 18 O10J lD lD -"_ _" r-. o
I'. _I" _ Ill LD Irl 0 III I£) OJ

hF"] i/] l_l _ 0 III I", _ lD {q _ _
f.J

E.20



E.21



E,22

....................................._"-_"_-_=_"'_"_"_=_m_i_=_"_=i"=_'_'_=_m_m_"_Mi_"_wM"mpmmm_iumH_!i_m_m_u_I_I_@_mm_mI"_"mwmmm_im_B1_"_n_!_im_!Ill_I_|_|_II|Ill!m_I||_|_|_m_H_m_!_||11|11|!i_l_|_m_n_|_|_|_mm_|_



E.23



E.24



E°25



___[n
fJJU')

0 0 0 0 0 0 0 0 0 0 0

LOLO I I I I I I I_I I
,,_ , _ -

Z , o _ --

H.J
(..)_:
03

• "I --U)

o _ m_ _
o .t
S
[1 :

W_- m
Hf./) • J --e
1"7 _-

m ---4- a- M
0 "-_ m

mo _

ffl .
_r

.. _i- ----___- _(..)b-
Nrl _

p- _ - _
Z _ _
)-

LO m-- ,,__m

_Od --, u

rTW ---, -
H_"

H _
111

.]
mo _
m\ t,.

03.. ---r I I.....I I--1--l--1-
_LLi
..t-- 0 _ I_ OJ W 0 _ _ OJ tO 0

kLf-'l IJ1 ,,_ 0 011_1 b.. LO _" _ ('d ',_

f.J

E.26



DO o o o o o o o o o o oo O) lD I-, {D In xi _ N ,4
\xT
E01.l"1 ' I I ! I I I I I L_.

i-,-t
Z ii •

H1 ----"--

-
_t -
U)

_--I-- -LI)
0 In
_ _
o

i

0

EL
U]LL! _, -4-
WI-- m
HU'J _ ----m

k-
03 --
(3

WO
i-U] -

<0 m -
_ H-lD

., (1,1-- , ffl
Ui--
HR - o

LLI _

!-- _-
Z --_ i...4

P.i
>- I'l.I

-I1) _
('O m--

OlD

('qO e
_-_ - u

l-
• _ o a

rTLU I;

H 11"I
k- m

IN--

H_-I
Z01

O3O
_C_ cu

Om
_4

• . ---]-'--!---1--'i I "1 I Jl i
_LLI

..i-- 0 _ I_ _" _ 0 I_ 18 _ 0.I 0 ]

z<_: _ m m _um m _ m m m o
ITIgl I_ I_II:111DITII:/II_ ITI

LI_C] 01 I_ I_ l_l_ _ _ ,-_o o o
o ID ID _ _ o • • _ _

E.27



o-m
ill/! It

0 0 0 0 0 0 0 0 0 0 0

DO o O_ m r, to LO _ m _ ,_
_'_ " I I I I i I I 1 I

-- ,_--'1

__J
j:_

,q.
to

If)

g _
0

o _

0 '
• o

o
-Imw r.

Wf- m __•
D -
b-

- M
0 m

WO -
I--1.13 _I
,j) . _

0_ "-'H<0 ,_

• I

Ub-
Hn - r-

I IJ
T

Z " _
>-

-_ _to
03 In 1%1

P OJ

ITIO] ®
I,,11

,v-I r-I C
II
i_i i I i

mW - ,_
H_ ne

H Irl -
p- m

__ _U)

H'e't --

ZO1

[no

LO\
I",,07 _m

IT}., I I ! I I i I I I

i ,H • • • • " " " ' " "

Z_ N m ,_ m ,_ _ o _ o N o

LLC I_ i111DiIII_I_ (%1w IrlI'-ID

_

E.28
=



PNL-8169
UC-721

DISTRIBUTION

No. of No. of
Copies Copies

J

OFFSITE G. Woodall

U.S. Departmentof Energy,
12 DOE/Officeof Scientificand MS-1139

TechnicalInformation 785 DOE Place
Idaho Falls, ID 83402

J. Antizzo

U.S. Departmentof Energy C. Abrams
EM-351 1987 Virginia
Trevion II Idaho Falls, ID 83404
Washington,DC 20585-0002

E. C. Ashby
C. Terrell 225 North Avenue

U.S. Departmentof Energy, Boggs ChemistryBuilding
Bldg. 704-S Georgia Instituteof

P.O. Box A Technology
Aiken, SC 29801 Atlanta,GA 30332

J. Tseng K. Bandyopadhyay
U.S. Departmentof Energy Building 129.
EM-35 BrookhavenNational Laboratory
Trevion II Upton, NY 11973
Washington,DC 20585-0002

N. E. Bibler
H. Walter WestinghouseSavannahRiver
U.S. Departmentof Energy Bldg. 773A, Room 108
EM-343 Aiken, SC 29802
Trevion II

Washington,DC 20585-0002 J. Bunting
SAIC

M. Walter 20030 Century Blvd.
U.S. Departmentof Energy Suite 201
EM-35 Germantown,MD 20878
Trevion II

Washington,DC 20845-0002 D. Campbell
Oak Ridge National Laboratory

D. Wiffen P.O. Box 2008, MS 6268
U.S. Departmentof Energy Oak Ridge,TN 37831-6268
EM-35
Trevion II F. Carlson
Washington,DC 20585-0002 6965 North, 5th West

Idaho Falls, ID 83401

Distr.1

, i,i rlr r ,



PNL-8169
UC-721

No. of No. of
Copies Copies

P. d'Entremont C. Jonah
WestinghouseSavannahRiver ArgonneNational Laboratory
P.O. Box 616, Bldg. 703-H 9700 South Cass Avenue
Aiken, SC 29802 Argonne, IL 60439

R. Daniels M. Kazimi
SAIC Room 24-102
20030 Century Blvd. 77 MassachusettsAvenue
Suite 201 Cambridge,MA 02139
Germantown,MD 20878

P. Kiang
M. First BDM, Trevion I, Suite 300
295 Upland Avenue 12850MiddlebrookRoad
Newton Highlands,MA 02161 Germantown,MD 20874

C. Forsberg T. Kress
Room 24-109 P.O. Box 2009
77 MassachusettsAvenue MS 8088, Building9108
Cambridge,MA 02139 Oak Ridge,TN 37381

E. J. Hart T. Larson
2115 Hart Road Los Alamos National
Port Angeles, WA 98362 Laboratory,M-1

MS C-920, P.O. Box 1663

P. Hogroian Los Alamos,NM 87545
SAIC
20030 Century Blvd., Suite 201 D. Meisel
Germantown,MD 20874 ArgonneNational Laboratory

9700 South Cass Avenue
E. P. Horwitz Argonne, IL 60439
ChemistryDivision
ArgonneNational Laboratory D. Oakley
Argonne, IL 60439 Los Alamos National

Laboratory
A. Hoskins Universityof California,
WINCO, MS-5217 Suite 310
P.O. Box 4000 409 12th Street,SW
Idaho Falls, ID 83403-4000 Washington,DC 20024-2188

B. Hudson D. Ploetz
LawrenceLivermoreNational West Valley Nuclear
Laboratory,L-221 ServicesCo.

P.O. Box 808 P.O. Box 191, MS 305
Livermore,CA 94550 West Valley,NY 14171-0191

Distr.2



PNL-8169
UC-721

No. of No. of
Copies Copies

M. Reich W.J. Thomson
Building 129 Department of Chemical
Brookhaven National Laboratory Engineering
Upton, NY 11973 Washington State University

Pullman, WA99164
G. A. Russell
Department of Chemistry A.S. Veletsos
lowa State University 5211 Paisley
Ames, lowa 50011-3111 Houston, TX 77096

J. Saveland G.B. Wallis
20030 Century Blvd., Suite 201 Thayer School of Engineering
Germantown, MD 20874 Dartmouth College

Hanover, NH 03755
G. Schmauch
Air Products & Chemicals, Inc. 6 Waste Manaqement External
7201 Hamilton Blvd. Advisory Committee Members
Allentown, PA 18195-1501

Dr. Greg R. Choppin
W. W. Schulz Professor of Chemistry
727 Sweetleaf Drive Florida State University
Wilmington, DE 19808 Department of Chemistry, B-164

Tallahassee, FL 32306
B. Schutte
EG&GIdaho, Inc. Dr. Chester Grelecki
P.O. Box 1625 President, Chief Scientist
Idaho Falls, ID 83415-3940 Hazards Research Corporation

200 Valley Road
D. D. Siemer Mt. Arlington, NJ 07856
WINCO
IRC, MS 2207 Dr. Bruce R. Kowalski
Idaho Falls, ID 83403 Professor of Chemistry,

Co-director of Center for
S. Slezak Process
Sandia National Laboratories, Analytical Chemistry

Division 6463 University of Washington
P.O. Box 5800 Chemistry Department, Bldg. 10
Albuquerque, NM 87185 Seattle, WA 98195z

H. Sullivan Dr. Frank L. Parker
Los Alamos National Professor of Environmental and

Laboratory, N-6, MS-KS57 Water ResourcesEngineering
P.Oo Box 1664 Vanderbilt University
Los Alamos, NM 87545 P.O. Box 1596, Station B

: Nashville,TN 37235

- Distr.3



PNL-8169
UC-721

No. of No. of
Copies Copies

Dr. Gary Powers D.L. Herting, T6-50
President J.D. Hopkins, R2-08
Design Science,°Inc. G.D. Johnson, R2-78 (5)
163 Witherow Road N.W. Kirch, R2-11
Sewickley, PA 15143 W.L. Knecht, H0-34

W. D. Leggett, T6-07 (5)
Dr. Alfred Schneider J.W. Lentsch, R2-78
MIT Department of Nuclear R.M. Marusich, H5-32

Engineering L.D. Muhlestein, NI-28
Room24-I098 D.A. Reynolds, R2-11 (5)
77 Massachusetts Avenue W.G. Ruff, R3-50
Cambridge, MA 02139 M.H. Shannon, H5-30

D. D. Stepnewski, H5-32
ONSlTE D.D. Wodrich, L6-27

6 DOERichland Field Office 35 Pacific Northwest Laboratory

R. F. Christensen, A4-02 R.T. Allemann, K7-15
R. E. Gerton, A4-02 R.M. Bean, P8-08
N. G. McDuffie, R2-78 S.A. Bryan, P7-25 (5)
G. Rosenwald, A4-02 J.A. Campbell, P8-08
B. Jo Tucker, B2-42 J.B. Colson, K5-10
Reading Room, AI-65 T.H. Dunning, K2-18

M. S. Hanson, KI-51
40 Westinqhouse Hanford Company B.M. Johnson, Jr., KI-78

M. R. Kreiter, K7-90
H. Babad, R2-08 D.K. Lemon, K7-02
D. G. Baide, G6-16 G.B. Mellinger, KI-78
D. B. Bechtold, T6-50 L.G. Morgan, P7-35
M. L. Bell, T6-16 L.R. Pederson, K2-44 (5)
R. M. Black, RI-19 J.T.A. Roberts, KI-73
R. J. Bliss, B3-04 R.D. Scheele, P7-25
W. F. Brehm, H5-67 G.F. Schiefelbein, P8-38
T. M. Burke, H0-34 J.C. Spanner, K2-05
R. J. Cash, R2-32 D.M. Strachan, K2-38
J. L. Deichman, G6-02 R.W. Stromatt, P7-22
G. L. Dunford, RI-51 D.S. Trent, K7-15
K. A. Gasper, R2-08 H.H. Van Tuyl, P7-22
H. D. Harmon, R2-52 Publishing Coordination
W. H. Hamilton, N3-I0 Technical Report Files (5)

Distr.4






	DE93005120_PNL8169
	DE93005120_PNL8169-002
	DE93005120_PNL8169-003
	DE93005120_PNL8169-004
	DE93005120_PNL8169-005
	DE93005120_PNL8169-006
	DE93005120_PNL8169-007
	DE93005120_PNL8169-008
	DE93005120_PNL8169-009
	DE93005120_PNL8169-010
	DE93005120_PNL8169-011
	DE93005120_PNL8169-012
	DE93005120_PNL8169-013
	DE93005120_PNL8169-014
	DE93005120_PNL8169-015
	DE93005120_PNL8169-016
	DE93005120_PNL8169-017
	DE93005120_PNL8169-018
	DE93005120_PNL8169-019
	DE93005120_PNL8169-020
	DE93005120_PNL8169-021
	DE93005120_PNL8169-022
	DE93005120_PNL8169-023
	DE93005120_PNL8169-024
	DE93005120_PNL8169-025
	DE93005120_PNL8169-026
	DE93005120_PNL8169-027
	DE93005120_PNL8169-028
	DE93005120_PNL8169-029
	DE93005120_PNL8169-030
	DE93005120_PNL8169-031
	DE93005120_PNL8169-032
	DE93005120_PNL8169-033
	DE93005120_PNL8169-034
	DE93005120_PNL8169-035
	DE93005120_PNL8169-036
	DE93005120_PNL8169-037
	DE93005120_PNL8169-038
	DE93005120_PNL8169-039
	DE93005120_PNL8169-040
	DE93005120_PNL8169-041
	DE93005120_PNL8169-042
	DE93005120_PNL8169-043
	DE93005120_PNL8169-044
	DE93005120_PNL8169-045
	DE93005120_PNL8169-046
	DE93005120_PNL8169-047
	DE93005120_PNL8169-048
	DE93005120_PNL8169-049
	DE93005120_PNL8169-050
	DE93005120_PNL8169-051
	DE93005120_PNL8169-052
	DE93005120_PNL8169-053
	DE93005120_PNL8169-054
	DE93005120_PNL8169-055
	DE93005120_PNL8169-056
	DE93005120_PNL8169-057
	DE93005120_PNL8169-058
	DE93005120_PNL8169-059
	DE93005120_PNL8169-060
	DE93005120_PNL8169-061
	DE93005120_PNL8169-062
	DE93005120_PNL8169-063
	DE93005120_PNL8169-064
	DE93005120_PNL8169-065
	DE93005120_PNL8169-066
	DE93005120_PNL8169-067
	DE93005120_PNL8169-068
	DE93005120_PNL8169-069
	DE93005120_PNL8169-070
	DE93005120_PNL8169-071
	DE93005120_PNL8169-072
	DE93005120_PNL8169-073
	DE93005120_PNL8169-074
	DE93005120_PNL8169-075
	DE93005120_PNL8169-076
	DE93005120_PNL8169-077
	DE93005120_PNL8169-078
	DE93005120_PNL8169-079
	DE93005120_PNL8169-080
	DE93005120_PNL8169-081
	DE93005120_PNL8169-082
	DE93005120_PNL8169-083
	DE93005120_PNL8169-084
	DE93005120_PNL8169-085
	DE93005120_PNL8169-086
	DE93005120_PNL8169-087
	DE93005120_PNL8169-088
	DE93005120_PNL8169-089
	DE93005120_PNL8169-090
	DE93005120_PNL8169-091
	DE93005120_PNL8169-092
	DE93005120_PNL8169-093
	DE93005120_PNL8169-094
	DE93005120_PNL8169-095
	DE93005120_PNL8169-096
	DE93005120_PNL8169-097
	DE93005120_PNL8169-098
	DE93005120_PNL8169-099
	DE93005120_PNL8169-100
	DE93005120_PNL8169-101
	DE93005120_PNL8169-102
	DE93005120_PNL8169-103
	DE93005120_PNL8169-104
	DE93005120_PNL8169-105
	DE93005120_PNL8169-106
	DE93005120_PNL8169-107
	DE93005120_PNL8169-108
	DE93005120_PNL8169-109
	DE93005120_PNL8169-110
	DE93005120_PNL8169-111
	DE93005120_PNL8169-112
	DE93005120_PNL8169-113
	DE93005120_PNL8169-114
	DE93005120_PNL8169-115
	DE93005120_PNL8169-116
	DE93005120_PNL8169-117
	DE93005120_PNL8169-118
	DE93005120_PNL8169-119
	DE93005120_PNL8169-120
	DE93005120_PNL8169-121
	DE93005120_PNL8169-122
	DE93005120_PNL8169-123
	DE93005120_PNL8169-124
	DE93005120_PNL8169-125
	DE93005120_PNL8169-126
	DE93005120_PNL8169-127
	DE93005120_PNL8169-128
	DE93005120_PNL8169-129
	DE93005120_PNL8169-130
	DE93005120_PNL8169-131
	DE93005120_PNL8169-132
	DE93005120_PNL8169-133
	DE93005120_PNL8169-134
	DE93005120_PNL8169-135
	DE93005120_PNL8169-136
	DE93005120_PNL8169-137
	DE93005120_PNL8169-138
	DE93005120_PNL8169-139
	DE93005120_PNL8169-140
	DE93005120_PNL8169-141
	DE93005120_PNL8169-142
	DE93005120_PNL8169-143
	DE93005120_PNL8169-144
	DE93005120_PNL8169-145
	DE93005120_PNL8169-146
	DE93005120_PNL8169-147
	DE93005120_PNL8169-148
	DE93005120_PNL8169-149
	DE93005120_PNL8169-150
	DE93005120_PNL8169-151
	DE93005120_PNL8169-152
	DE93005120_PNL8169-153
	DE93005120_PNL8169-154
	DE93005120_PNL8169-155
	DE93005120_PNL8169-156
	DE93005120_PNL8169-157
	DE93005120_PNL8169-158
	DE93005120_PNL8169-159
	DE93005120_PNL8169-160
	DE93005120_PNL8169-161
	DE93005120_PNL8169-162
	DE93005120_PNL8169-163
	DE93005120_PNL8169-164
	DE93005120_PNL8169-165
	DE93005120_PNL8169-166
	DE93005120_PNL8169-167
	DE93005120_PNL8169-168
	DE93005120_PNL8169-169
	DE93005120_PNL8169-170
	DE93005120_PNL8169-171
	DE93005120_PNL8169-172
	DE93005120_PNL8169-173
	DE93005120_PNL8169-174
	DE93005120_PNL8169-175
	DE93005120_PNL8169-176
	DE93005120_PNL8169-177
	DE93005120_PNL8169-178
	DE93005120_PNL8169-179
	DE93005120_PNL8169-180
	DE93005120_PNL8169-181
	DE93005120_PNL8169-182
	DE93005120_PNL8169-183
	DE93005120_PNL8169-184
	DE93005120_PNL8169-185
	DE93005120_PNL8169-186
	DE93005120_PNL8169-187
	DE93005120_PNL8169-188
	DE93005120_PNL8169-189
	DE93005120_PNL8169-190
	DE93005120_PNL8169-191
	DE93005120_PNL8169-192
	DE93005120_PNL8169-193
	DE93005120_PNL8169-194
	DE93005120_PNL8169-195
	DE93005120_PNL8169-196
	DE93005120_PNL8169-197
	DE93005120_PNL8169-198
	DE93005120_PNL8169-199
	DE93005120_PNL8169-200
	DE93005120_PNL8169-201
	DE93005120_PNL8169-202
	DE93005120_PNL8169-203
	DE93005120_PNL8169-204
	DE93005120_PNL8169-205
	DE93005120_PNL8169-206
	DE93005120_PNL8169-207
	DE93005120_PNL8169-208
	DE93005120_PNL8169-209
	DE93005120_PNL8169-210
	DE93005120_PNL8169-211
	DE93005120_PNL8169-212
	DE93005120_PNL8169-213
	DE93005120_PNL8169-214
	DE93005120_PNL8169-215
	DE93005120_PNL8169-216
	DE93005120_PNL8169-217
	DE93005120_PNL8169-218
	DE93005120_PNL8169-219
	DE93005120_PNL8169-220
	DE93005120_PNL8169-221
	DE93005120_PNL8169-222
	DE93005120_PNL8169-223
	DE93005120_PNL8169-224
	DE93005120_PNL8169-225
	DE93005120_PNL8169-226
	DE93005120_PNL8169-227
	DE93005120_PNL8169-228
	DE93005120_PNL8169-229
	DE93005120_PNL8169-230
	DE93005120_PNL8169-231
	DE93005120_PNL8169-232
	DE93005120_PNL8169-233
	DE93005120_PNL8169-234
	DE93005120_PNL8169-235
	DE93005120_PNL8169-236
	DE93005120_PNL8169-237
	DE93005120_PNL8169-238
	DE93005120_PNL8169-239
	DE93005120_PNL8169-240
	DE93005120_PNL8169-241
	DE93005120_PNL8169-242
	DE93005120_PNL8169-243
	DE93005120_PNL8169-244
	DE93005120_PNL8169-245
	DE93005120_PNL8169-246
	DE93005120_PNL8169-247
	DE93005120_PNL8169-248
	DE93005120_PNL8169-249
	DE93005120_PNL8169-250
	DE93005120_PNL8169-251
	DE93005120_PNL8169-252
	DE93005120_PNL8169-253
	DE93005120_PNL8169-254
	DE93005120_PNL8169-255
	DE93005120_PNL8169-256
	DE93005120_PNL8169-257
	DE93005120_PNL8169-258
	DE93005120_PNL8169-259
	DE93005120_PNL8169-260
	DE93005120_PNL8169-261
	DE93005120_PNL8169-262
	DE93005120_PNL8169-263
	DE93005120_PNL8169-264
	DE93005120_PNL8169-265
	DE93005120_PNL8169-266
	DE93005120_PNL8169-267


