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BarryB. Spencer
Roboticsand Process Systems Division

Oak RidgeNationalLaboratory
Oak Ridge,Tennessee 37831-6306

B. Z. Egan, E. C. Beahm,C. W. Chase,and T. A. Dillow
Chemical Technology Division
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ABSTRACT
Experiments wereconducted to evaluateaciddissolutionof actualhigh-level radioactive

waste sludge and to evaluate the transuranium extraction(TRUEX) process for partitioning
actinides fromthedissolved sludge solution. Alltestswere performed at a temperatureof 24"C.

Samples of sludge fromMeltonValleyStorageTankW-25 wererinsed with mild caustic
(O.2MN aOR)to reduce theconcentrations of nitratesand fissionproducts associatedwith the
interstitial liquid.. In onecampaign, the rinsedsludgewas leachedin nitric acid and about 50%
of the dry 'mass of the sludge was dissolved. The resulting solution contained total metal
concentrations of-: 1.8M with a nitric acidconcentration of 2.9M The solutionbegan gelling
immediately, and a visible gel layer was observedafter 8 days. In the other campaign, the
sludge wasneutralized withnitric acid to destroythe carbonatesand was subsequentlyleached
with 2.6MNaOH for -6 h before rinsingwith the mildcaustic. The-sludge was then leached
innitric acid, and about 80% of the sludgedissolved. The resultingsolutioncontaineda total
cationconcentration (excluding H+) of .... 0.6M and a nitric acid concentration of 1.7M This
solution becamehazy in ...- 8 days, indicating gel formation, but did not display separated, gel
layers after.agingfor 20 days.

Batch liquid-liquid equilibrium tests of the extraction and the stripping operationswere
conducted. Chemical analyses of both phaseswereused to evaluate the process. Evaluation
wasbasedontwometrics: thefraction ofTRUelements removed from the dissolvedsludge, and
comparison of theresults withpredictions madewith the Generic TRUEXModel (GTM). The
fractions ofEu, Pu,Cm,Th,andU removed from aqueous solutionin onlyone extraction stage
were >95%andwerecloseto the valuespredictedby the GTM. Mercurywas also found to be
stronglyextracted,with a one-stageremoval of >92%. In one test, vanadiumappearedto be
moderately extracted.

1021
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INTRODUCTION

SPENCER ET AL.

Production operations at many Department of Energy (DOE) sites throughout the United

States have resulted in large inventoriesof stored radioactive and hazardous wastes. High-level

radioactive waste (HLW) sludges, such as those stored in the Melton Valley Storage Tanks

(MVSTs) at ORNL, were fanned when acidic waste streams were concentrated by evaporation

of water, neutralized with caustic to precipitate many of the metals from solution, and further

concentrated by additional evaporation of the water. These processes resulted in stored wastes

comprised of two distinct phases: a high-pli, nitrate-bearing supernatant; and a precipitated,

actinides-bearing sludge (or, in some cases, saltcake). Sludges contain most of the transuranium

(TRU) elements, along withother radionuclides such as those of the rare earths, cobalt, cesium,

and strontium. The radioactive components represent only a small fraction of the sludge.

However, wastes containing TRU components that contribute ionizing radiation of more than

100 nCi/g must be considered TRU waste, requ~ring expensive disposal methods (typically

immobilization in deep geologic repositories'), If these radioactive components could be

removedandconcentrated, thenthe bulk of the waste would become non-TRU material suitable

fornear-surface disposal. Large reductions in the amount of high level waste could greatly

decrease the cost of ultimate disposal of the stored wastes.

The focus of this experimental program was to evaluate the transuranium extraction

(TRUEX) process for partitioning actinides from actual dissolved HLW sludge. A large sludge

sample that was removed from MVST W-25 has been well-characterized by Collins et a1. 2
,3

Portions of this sludge were dissolved for use in the evaluation tests. Batch liquid-liquid

equilibriumtests ofboth the extraction and the stripping operations were conducted. Chemical

and radiochemical analyses ofboth the aqueous and organic phases were used to evaluate the

distribution of selected components. Additional information on the dissolution ofMVS T sludge

and on the gelation of the resulting solutions was obtained as part of the preparation for the

extraction tests.

LITERATURE REVIEW

TRUEX Process

The TRUEX process is a solvent extraction process for recovering actinides from acidic

nuclear waste streams." TRUEX solvent is a mixture of octyl{phenyl)-N,N-
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.H~W}S§J:JI)GE AND THE TRUEX PROCESS 1023

'.,diis,()QHD4~~bamoylmethylphosphine oxide (CMPO) and tri-n-butylphosphate (TBP) in an

Qrg~,¢.~·!~ll:ie~t. Whenthediluent is a normal paraffin hydrocarbon (NPH),such as n-dodecane,

~~e'¢9J)q~!1trations of CMPO and TBP are typically 0.2 and 1.4 M, respectively. CMPO,is

c~papt~;Q;f~~xtracting trivalent, as well as tetravalent and hexavalent, species". Even though

TBPisanextractant fortetravalent andhexavalent actinides, it is not as powerfulan extractant

as CMPO. Because it ameliorates the formation of a second, heavy organic phase, TBP is

considered a phase modifierin this system.

Dissolutionof tank-storedwastes in nitric acid producesa solution similar to those for

which TRUEXwas developed. Differences occurbecausesome storedwasteswereproduced

by pr~5e~ses other than the plutoniwn-uranium extraction (PUREX) process and because

various materials were added to precipitate the waste components. Although the sludges

'dissolvein acid, Collinset al.3 have shownthat the solutionsmay gel. This is potentially a

serious, problemfor any liquid-liquid extractionprocess. Recenttests of the TRUEXprocess

to demonstrate removal of actinides from PUREXraffmate streams have been reported by

Ozawa et al.," Mathuret al.,' andKomaet aI.8 In these studiesthe distributionratios of selected

waste components were measuredto demonstrate the effectiveness of the TRUEX process.

Lumettaetal.9•
10 testedtheaciddissolution of, and the removal of actinides from, Hanford tank

sludge. Their studies showedthat TRUEXcould be used to separate the actinides from the

waste,and that uraniumcouldbe separatedfrom the transuranics. Gelationof the dissolved

sludge wasnotedwhen thesolution wasallowed to stand for more than two weeks. Law et a1. 11

tested TRUEX for partitioning the actinides from Idaho Chemical Processing Plant waste

sludges. No process difficulties wereobserved and an overall actinideremovalefficiency of

99.90/0 was measuredacrosseightextraction stages.

Generic:TRUEX Model

T4e Generic TRUEX Model (GTM) was developed at Argonne National Laboratory

(ANL) as a design toolto develop TRUEXflowsheets'v". It is a thermodynamic modelbased

on mass action equations that describethe equilibrium betweenionic species in the aqueous

phase.and neutral complexed species in the organicphase. The thermodynamic equilibrium

constants for the mass actionequationsare based on equilibrium distributionmeasurements

made onpure-component systems. The multicomponent aqueousphase is quitenonideal,and

the activity of each species in solution is modeled by the ion interaction approach of
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1024 SPENCER ET AL.

Bromley.v-" The GTM,which is implemented as a computerprogram written in the macto

language of MicrosoftExcelf?',performsseveraltypes of calculations that can be selectedby

the user. It is·a computingtool to aid in the development of chemical process flowsheetsand

in theestimation of thesizeandcost of a processingfacility. In this work it was used to model

a series of ideal equilibrium batch contacts.

Data on MVST W-25 Sludge Used in These Tests

Detailed analyticaldata on MVST W-25 sludgesolids and supernatant are availablein

reports by Collinset al.2,3 Overallpropertiesof the sludgeandentrainedsupernatant include

(1) air-driedsolids contentof centrifuged wet solids,0.590 gig; (2) air-driedsolids contentof

supernatant liquid,0.285 gig; (3) densityof centrifuged wet solids, 1.53 g/ml.; (4) densityof

supernatant, 1.206 g/ml.; (5) volwne ratio of decanted supernatant to wet solids, 1:1; and

(6)pH of supernatant, 13. Available dataalsoinclude the concentrations of the primary cations

andanions(except 0 2- and OH-) in both the supernatantand sludgephases. From these data

andmassbalances, it is easyto estimate that 1 kg of centrifuged wet solids contains 475 mL of

interstitial supernatantand that water comprises 408 g of that liquid.

Selection of a dissolution procedure to prepareMVST W-25 sludgefor the TRUEX tests

was based on four differentleachingand dissolution tests reportedby Collinset al.3 The tests

were conductedat temperatures rangingfrom ambient(~22 °C) to 95°C. Two of these tests

included leachingthe sludgewith causticsolutionprior to dissolutionwith strong nitric acid

(---6.0M), onetreatment wasperformed withstrongnitricacid (6.0M) alone, and one treatment

wasdonewithstrongnitricacid (5.8M) mixedwithhydrofluoric acid (1.0M). The amountof

solids dissolved in eachcasewas 70 ± 10%, by mass. Additionally, almost all the americium

andcurium andabouthalftheplutonium weredissolved. In one test ~90% of the uraniumwas

dissolved with 3.0Mnitric acid. 'Pretreatment with causticor additionof hydrofluoricacid to

thenitricaciddissolution primarilyincreased the cumulative amountsof cesiumremovedfrom

the sludge.

Theamount ofnitric acidrequired to dissolve thesolids dependson the equivalentsof base

stored in the solids, the base in the interstitialsupernatant, and the final acid concentration

desired. Using two independentmethods,Spencer et al." estimated the equivalents of base

stored in the sludge from experimental data reported by Collins et al.3 First, from overall

dissolution data and with the assumption that the hydroxide content of the interstitial
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}lLW:i'SHtJ])GEAND THE TRUEX PROCESS -1025

supemataru,:wasinsignificant (reasonable sincethe pH is 13), the number of equivalents for air­

Qrioo,solids;wascomputed to be 5.98mollkg. Second,under the assumption that the difference

inchargeHbalance between the measured anions and cations in the sludge solids was madeup

bythe'umneasuredhydroxide ion, the hydroxidecontent of the air-dried sludge was estimated

8t5.5molJkg~, These numbers, which are quite close, may be used in estimates of the amount

ofacid' required to dissolve the sludge.

Description of Experiments

'Reagents

Reagent-grade nitricacid,sodiumhydroxide, sodiumnitrate, sodium carbonate, and oxalic

acid werepurchased from VWR ScientificProducts Corporation (Oak Ridge, Tennessee) and

'wereusedasreceived. Washing, leaching, stripping, and other aqueous solutions were prepared

bydilution with deionizedwater and were titrated as required to verify concentration. CMPO

was'purchased from ATOCHEM North America (Philadelphia, Pa.) and was purified as

previouslyreported by Spenceret at.17 TRUEX solvent was prepared by dissolving weighed

quantitiesof'Clvll'O and TBP (purchased from Eastman Kodak, Company, Rochester, New

York} in anhydrous n-dodecane (purchased from Aldrich Chemical Company, Milwaukee,

"Wisconsin) to produce a solution ofO.2MCMPO and 1.4MTBP. The solvent was washed

twice with 0.25 M NaC03 solution using an organic:aqueous phase ratio of 2: 1, each time

discarding the aqueous phase. Then,usingthesameprocedure, the TRUEX solvent was washed

twice with 0.1 M RND3, followed by two washes with deionizedwater (measured resistance

~ 17.7MQ/cm).

Procedures

In previously reported workby Collins et al.,' approximately 5 L ofsludgeIsupematant was

retrievedfrom MVST W-25 and stored until neededin a stainless steel mixing tank. Sludge

aliquots weredispensed from the tank and were centrifugedat 4140 xg (whereg is equal to the

gravitational acceleration at the surface of theearth)for 20 min to separate the sludge solids and

thesupernatant. Thesupernatant phasewasthendecanted andsaved, and the sludge solids were

weighed. Thismechanical separation andallsubsequent chemical processing that followed were

performed at a temperature of ... 24°C. Because the supernatant contains a high nitrate

concentration and a significantfraction of the radioactivecesium, the sludge was washed with
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1026 SPENCER ET At

a volume ofmildcausticsolution:(0.20MNaOH) equal to or exceeding the estimatedinterstitiat

supernatant volume, remaining with the solids to remove thesecomponents withoutdissolvingl

the"actinides. At this point, the dissolution procedure for the two test campaignsvaried.

- Inthe first campaign 179.1 g of sludgewas washedwith 104 mL of mild caustic, th~,

mixture centrifuged, andthe liquid decanted. Thiswashing step was repeatedtwice. -The sludge

wasthendissolved using362mL of 5.44M HN03' Immediately after dissolution, the solution

was filteredin preparationfor the TRUEXtests.

In the secondcampaign,30-.8 gof sludgewas "neutralized"by adding20 mL of 5.44M

HN03 to destroy hydroxides and carbonates. To this mixture was added 25 mL of 6.27 M

NaOH,resulting in an ---2.6MNaOH leaching solution, whichwas mixed.for6 h.. The mixture

was centrifuged and the strong caustic solutiondecanted. The sludgewas washedtwicewith

50 mLofmild caustic.. Finally,the sludgewas dissolved using 215 mL of2.7 MHN03 and

allowed to age for about 1weekprior to furtherprocessing.

In each campaign, theundissolved solidsweredried at room temperatureand weighed.

Aliquotsofthesolutioncontaining the dissolved sludgewerethen takenfor chemical analysis.

Following thewashing anddissolution operations, the radiationemittedby the sample was less

intense, permittingitto be movedfrom the hot cell to a chemicalhood to simplifyhandling.

Dissolvedsludgesolutionwasfiltered.with O.45-flm-porosity syringefilters; however,in the

first testthesyringe filterplugged.almost immediately, presumably due toa rapidlyforminggel.

Solutions thatcouldnotbefiltered withthesyringe filter weresuccessfully filteredwithNo. 588

coarse, fluted filter paper. In each of the two test campaigns, four separate equivolume

equilibrations wereperformed to simulatefour stagesof a batch, cross-flowTRUEXprocess.

Thetemperature wasmaintained at 24°e. Filtered solution was contactedwith TRUEX solvent

in separatory flasks andshaken byhandfor at least 60.s. The aqueousand organicphases were

thenallowed to separate bygravity for 15min. Eachphasewas sampledforchemical analysis.

Similar procedures were used for any subsequent extractionsteps and for aqueousstrippingof

the loaded organic phase. In the secondextraction stageof the first test, a third phase formed.

However, the addition of fresh solvent to increase the organic:aqueous phase ratio to 2.5:1

e~~~ed thethirdph~.~. Figures 1 and 2 illustrat~th: contactingpatterns and reagentsused

at eachequilibrium stage.

Analyses of Samples

Generally, the analytical procedures used for the aqueous and organic sampleswere the

same; however analyses of metals in theorganic medium firstrequireddestructionof the organic
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<lA M TBP (1.4 M TBP (dlssolved
0.2 M CMPO) 0,2 M CMPO) sludge, 2.9 M

r-----¥.--I,,-H-,NO3)

Aqstrip

(0.01 M HN03
0.50 M NaN03)
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Aqstrip

(0.01 M HND3
0.50 M H2C204)

extrg.ction extraction
(sit'()?geD (stage 2)

10----;

D/A=,- 1.0 01 A == 2.5

strip
(stage 3)

O/A = 1.0

strip
(stage 4)

OIA =- 1.0

FIGURE 1. Material flowpaths for first TRUEXtest campaign.

Aqfeed
(dissolved

sludge, 1.6 M

_~-----,,--H.....,N03)

extraction Org1
(sta.ge D

O/A = 1.0

strip
(stage 2)

O/A = 1.0

strip
(sta.ge 3)

O/A =- 1.0

strip
(sta.ge 4)

O/A = 1.0

FIGURE 2. Material flowpaths for secondTRUEXtest campaign.

matrix witha microwave aciddigestionusinga combination of sulfuricand nitric acids to place

theanalytes in aqueous solution. Detailsof the analytical methodsthat wereused are found in

a reportbyKeller et aI. 18 Acid concentration was measuredusingpotentiometric titration with

0.100 MNaOH solution. Metals were analyzed with inductively coupled plasma-atomic

emission spectroscopy. Ion chromatography was used to measurethe concentrations of the

.common ions (e.g.,F-, Cl, sr ,N03- , P01- , and SOl-). Alpha spectroscopy was used to

measure the amounts of the transuranium elements 239pU, 241Am, and 244 Cm in a sample.

Gamma-emitting nuclides, such as 137CS and 154Eu, weremeasuredwithgammaspectroscopy.

Strontium wasisolatedby extractionto reduceinterferences prior to radiocouriting. Turbidity

in aqueous sludge leachates and extraction raffmates was measured.with a Hach 2100 AN

turbidimeter as describedpreviously by Beahmet a1. 19
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RESULTSAND DISCUSSION

SPENCER ET AL.

Dissolutiori·ofMVSTSlfidge

Diss()l~ti()llof the sludge in the first campaign resulted in a solution having a cation

concentdltlbn.(ribiincltidingH+) of ~ 1.8M and an RN03 concentration of2.9 M On the basis

ofair-driedsludge and residue, only 54.4% of the sludge dissolved. Because the objective was

totest the TRUEX process, the residue was not analyzed. However, the dissolved sludge

solution was well characterized. A calculation was made based on the sludge characterization

data of Collins et al.'to estimate the concentration of each species in dissolved sludge under the

assumptions that all the sludge dissolved and the volume of the acid solution did not change

during dissolution. The calculated concentrations are compared with those actually measured

in the solution in Table 1. The ratio of the calculated concentration. to the measured

concentration simplifies comparison of the data .. Values of the ratio near unity indicate those

species that dissolved completely. Small variations around unity (say, ±O.20) are attributed to

the assumptions on which the calculations were made. The larger values are taken to indicate

those species that dissolved sparingly. From these results the undissolved solids are inferred

to contain large fractions of the initial Cs, Pu, Na, Si, Sr, TI, PO/-, and 504
2

- . Most of the

other metals, including the rare earths and actinides, dissolved almost completely.

In the second campaign, the dissolution procedure resulted in a solution having a cation

concentration'(not including H'jof ~O.6Mand a RN03 concentration of 1.7 M On the basis

of air-dried solids, 79.3% of the sludgedissolved even though weaker nitric acid was used. The

improved dissolution is thought to be the result of a combination of preleaching the solids with

2.6Mcaustic and using a larger liquid-to-solids ratio. The effect ofneutralizing the sludge with

nitric acid to destroy the .carbonates may have improved the effectiveness of the caustic

preleach. Again, a calculation was made to estimate the concentration of each species in the

solution'by assumingthat the sludge completelydissolved in the nitric acid. No credit was taken

in the calculation for species that may have been removed by the caustic leaching. The

calculatedand actual concentrations in the dissolved sludge solution, as well as the ratio of the

two, areshown in Table 2. The.ratios are significantly greater than unity for those species that

were either removedby the caustic preleaching or undissolved. Species fitting this description

include Cs, Pu, Sr, PO/-, and SO/-. In the second test, the concentrations of species that

originate from the sludge should be, assuming that all the sludge dissolved ·in the nitric acid,

about one-thirdof those obtained in the first test. A comparison of the measured concentration
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,1t~LE 1. COMPARISON OF CALCULATEDa AND MEASURED
":CONCENTRATIONS OF SELECfED SPECIES IN DISSOLVED

SLUDGE SOLUTION FOR THE FIRST TEST

1029

Calculated Measured Ratio,
concentration" concentration calculated to measured

Radionuclides (Bq/L) (Bq/L)

;60CO 4.01 x 107 3.00 X 107 1.34
90/8 11Sr 4.50 x 109 3.70 x 109 1.22

137CS 2.90 x 108 3.95 x 107 7.34b

154Eu 3.31 x 107 2.90 x 1~07 1.14
"239,240pU 5.67 x 106 3.85 X 106 1.47b

244Crrl 7.56 x 107 9.85 x 107 0.768

Other Metals (mgIL) (mg/L)

H+ 2,960. 2,850. 1.04

AI 6,020. 6,490. 0.928

Ca 22,700. 31,600. 0.718

Fe 2,030. 1,680. 1.21

Mg 3,190. 3,740. 0.853

Mn 189. 212. 0.892

Na 11,400. 2,090. 5.46 b

Si 3,620. 149. 24.3 b

Sr 1,320. 495. 2.67 b

Th 13,600. 15,600. 0.870

II 189. <14.3 >13.2b

U 6,520. 7,750. 0.842

Anions (mg/L) (mg/L)
CI- 228. 160. 1.43
N0

3
- 275,000. 316,000. 0.869

PO/- 6,970. 451. 15.5b

,S042
- 1,250. 346. 3.60 b

"

"ldealsolutions and total solids dissolution were asswned.
"Components were inferred to dissolve incompletely.
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1030 SPENCER ET AL.

TABLE 2. COMPARISON OF CALCULATEDH AND MEASURED
CONCENTRATIONS OF SELECfED SPECIES IN DISSOLVED

SLUDGE SOLUTION FOR THE SECOND TEST

Calculated Measured Ratio,
concentration" concentration calculated to measured

Radionuclides (Bq/L) (BqlL)
6OCo 1.34 x 107 8.80 X 106 1.53
90/allSr 1.50 x 109 , 9.80 X 108 1.54
137C8 9.59 x 107 1.50 x 107 6.40b

154Eu 1.11 x 107 8.45 X 106 1.31
239.240pU 1.90 x 106 4.59 x 105 4.14b

241Am 2.06 x 106 1.95 x 106 1.06

Other Metals (mgIL) (mgIL)

H+ 2080. 1,660.

Al 2,020. 1,660.

Ca 7,610. 7,290.

Fe 682. 501.

Mg 1,070. 923.

Mn 63.4 51.9

Na 4,470. 4,290.

Si 1,210. 742.

Sr 444. 43.7

Th 4,550. 3,970.

TI 63.4 <50.0

U 2,190. 1,990.

Anions (mg/L) (mg/L)

Cl- 68.6 67.

N03- 134,000. 130,000.

PO/- 2,340. 63.

80/- 412. 114.

1.25
1.22

1.04

1.36

1.16

1.22

1.04

1.63

10.2b

1.15

>1.27

1.10

1.02

1.03

37.1 b

3.62b

"Ideal solutionsandtotal solidsdissolution wereassumed.
bComponents wereinferred to dissolve incompletely or removed by caustic leaching.
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llbWOSLUDGEPiND THE TRUEX PROCESS 1011

of siliconandPllosphate betweenTables I and 2 indicates that siliconwas made much more

soluble in 'thesecond dissolution procedure and that phosphate was likely removed by the

caustic preleach. Similarly, strontiumwas removed by the pretreatment. Previouswork' has

shown thatcaustic·leaching doesnotsignificantly remove strontium, so the results may indicate

an effect of the initial acidification. The caustic in the preleachwas not strong enough to

solubilize plutonium,so the data indicate that muchof it remainswith the undissolvedresidue.

Gelation of Dissolved Sludge

After thesludge had dissolved, the solutionwas filtered. Dissolved-sludge solution from

thefirstcampaign could notbe filtered with O.45-J,[m-porosity syringefilters becausethe filters

plugged almostirrnnediately. The solutionwas filteredwith No. 588 coarsefilter paper, and a

small amountoafgel-like residue could be observed on the filter. Followingfiltration, the

solution washazy. Turbidity measurements weremadeover a periodof severaldays (see data

inFigure 3). In 8 days a visible layerof gel formed, and after 20 days the samplewas almost

completely gelled, as shown in Figure4. Beahmet al." theorizethat gels occur in acidified

sludge becauseof the formation of silicicacid.

Solution from the second campaign was successfully filtered with the syringe filters,

although somedifficulty was encountered. The samplewas initiallyclear,but becamehazy in

8 days. Gelation did-not occur after 20 days. Measuredvalues of turbidity are shown in

Figure'S to peFlliit directcomparison withthe resultsfrom the first campaign. The difference

isquite marked Table3swnmarizes thedissolution and gelformation characteristics observed

inthe two campaigns.

Aqueous raffinatesamplesfrom the dissolved sludgefeedstage of each campaignwere

alsoset aside for-observation. Both visual observations and measuredturbidityfollowed the

samepattern as was observedfor the dissolved sludgesolution.

TRUEX Partitioning of Dissolved Sludge

ThegenericTRUEXmodel(GrM) was used to simulatethe batch shake-outtests, and

model predictions werecompared withmeasured results. Becausethe test temperatureof 24°C

wasclose to 25°C (thetemperatureat whichthe GTMdata base is morecomplete), that value

wasusedfor allsimulations. Measured dissolved sludgecompositions wereusedto describethe

aqueous feed stream. Because the GTM does not include all species found in the sludge,

speciesfrom the same periodicgroup wereassumedto behavesimilarlyand were lumped as

follows: (1) TIwithAl, (2) Co andNi withFe, (3) KwithNa, (4) Be with Mg, (5) Mn with Tc,

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1032 SPENCER ET AL.

60 .----------------------------,

50

40
5'
......z
""-"'"

~ 30
=0
:c
'­
:::J

...... 20

mostly gelled

10 ~faintlY hazy . 0 ... 0

.. -0" -00000-· -0- -· .. ·0 .. - - - -0 -" Q- - --

--e- first test
- -0 _.. second test

5040302010
O"--~~~~'---'--I"---I---I-----'----L----L___r..__'_____L.____'____L.___L.___L.___L.___L.___L.___L.___L.___'

o

Time (d)

FIGURE 3. Comparison of turbidities of dissolved sludge solutions in the two tests.

FIGURE 4. Sample of gelled dissolved sludge from first test campaign.
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HLW SLUDGE AND THE TRUEX PROCESS

TABLE 3. SUMMARY OF DISSOLUTION RESULTS AND EFFECT ON
GEL FORMATION CHARACTERISTICS IN THE TWO CAMPAIGNS

First test Second test

Acid neutralization No Yes

Caustic preleach No 2.6M

Acid dissolution

Final RNG3 2.9M 1.7M

Final metal 1.8M 0.6M

Solid residue 46.5% 20.7%

Main undissolved species

Actinides Pu Pu

Fission products Cs, Sf, TI Cs, Sr

Process chemicals Na, Si, P04
3

- PO 3-
4

Gel formation

Rate Rapid Slow

Condition at several minutes Hazy Clear

Condition at 8 days Gel layer Hazy

Condition at 20 days Rigid gel Hazy

1033

(6) Zn and Hg with Cd, and (7) Br and CI with F. This allowed the model to estimate the

appropriate total anion concentrations. The elements Pb, Si, and V were not as easily

generalized; however, because the concentrations were small and they should not extract

appreciably, they were ignored. Carbonate was assumed to be evolved from the solutions as

CO 2 during the dissolution and was set to zero in the simulations. All of the plutonium was

asswned to be in the quadrivalent state. The fractions ofeach phase entrained in the other phase

were set to zero, and fractional efficiencies for each stage were set to unity. The GTM uses the

composition and volume of each of the aqueous and organic feed solutions to calculate the

distribution ratios and equilibrium concentrations of the various species in both phases. When

the effluent from one stage becomes the feed to another stage, the computed concentrations are

passed on as input to the subsequent calculation.

First Campaign. As illustrated in Figure 1, the first TRUEX campaign consisted of two

extraction and two strip steps. Experimental values of the percentage of each component

extracted from the dissolved sludge solution were calculated from the aqueous concentrations
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1034 SPENCER ET Al';~

measured before and after extraction. Results of the GTM simulation were converted to

predicted values by combining the calculateddistributionratios with the organic-ta-aqueous

phase ratio. That is,

(

(Vorgl V aq) Di ]
r= xlOO

i i ext: (V IV ) D. +1
org aq ~

( 1)

where rio ext is thepercentage of species i removed by the secondextraction (feed) stage, D; is the

distributionratio for species i, Vorg is the organic-phase volume, and Vaq is the aqueous-phase

volume. The predicted and measuredvalues for the secondextraction stageare comparedin

Table4 for selected components. Theextentof extractionwas 97% for Ell, 99°A, for Th, 99+%

for U, 99% for Pu, and 96% for Crn. Concentrations of americium were below the reliable

reporting limit. The Fe, Ca, Sr, and Cs essentiallydid not extract. Model predictions are

consistent withtheseresults. Althoughcadmiumwas not expectedto extract, the data indicate

that a smallquantity wasextracted. Thedata also indicatethat mercurywas stronglyextracted,

with93% removal. Similar reductions in the aqueous-phase concentrations of the actinidesin

the first extraction stage could not be verified experimentally because (1) the remaining

concentrations wereso lowas to makediscrimination in the analysesdifficult, and (2) it is likely

thatthernicroscopic gelation-sites were instrumental in immobilizing some of the constituents

in the aqueous phase.therebypreventing their extraction.

Theloadedorganicfromthe second extractionstagewas subjected to two sequential

aqueous strips. Stripping withmild nitric acid (0.01 M RNO) and sodium nitrate (0.5 M

NaN03) removed someof thenitricacid from the organicphase, butonly very small quantities

of the actinides or europiumwere recovered. The GTM accuratelypredicted this result. The

second. strip was done, with an aqueous solution of mild nitric acid and oxalic acid (0:5 M

H2C20 4) . A white precipitate was observed to form in the aqueous phase. Analysis of the

filtered organic samples indicatedthat stripping from the organic occurred as follows: Eu,

>99%; Am,96%~ Th,,98%;Hg, 50%;andU, only20%. Thelowstripping and recoveryfactors

for uranium indicatethateithermorestrippingstages oramore effectivestripping agentwould

be .required. They also make separation of uranium from the other actinides feasible, as

expected of thestandard TRUEX process. The iterativenumericalmethods of the GTM would

not converge at the secondstripping stage wherethe precipitateformed.
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HLW SLUDGE AND THE TRUEX PROCESS 1035

TABLE 4. FRACTION OF SELECfED SPECIES REMOVED FROM DISSOLVED
SLUDGE BY SECOND EXTRACfION STAGE OF THE FIRST TEST, AND

COMPARISON OF GTM PREDICfIONS WITH MEASURED VALVES

Metal

GTM prediction

Distribution ratio Percentremoved

Measured value,
percent removed

Ca

Cr

Fe
Sr

Cd

Cs

Hg
Eu

Th

U

Pu
Am

em

0.001

0.001

0.001

0.001

0.003

0.001

NotinGTM

36.97

4,302.

1,349.

1,415.

50.65

37.48

0.25

0.25

0.25
0.25

0.30

0.25

98.9

99.9+

99.9+

99.9+

99.2

98.9

7.6

3.7

1.8
.... o.a
17.8

.... O.b

92.7

>97.2c

98.9

99.9+

98.9d

e
95.5

"Basedon 90Sr.
bBased on 137CSt
t;Based on 152Eu and 154Eu.
dAverage of values for 238pU, 239pU, and 242PU.

'Insufficient data.

SecQnd Campaign. The second TRUEX campaign included one extraction and three

consecutive stripsteps(seeFigure 2). Aqueous-phase samples were taken from each of the four

individual contacts. Organic- phasesamples were taken from the extraction stage (stage 1) and

the last strip stage(stage 4). Theorganic phases from stages 2 and 3 were not sampled because

stripping with mild nitric acid (0.01 M) would not effectively recover a large fraction of the

actinides unless the organic-phase acid concentration was first reduced. No precipitates formed

in any of the stages, and gelationwas not as evidentas in the first campaign.

Theexperimentally measured percentages of selected speciesextracted from the aqueous

dissolved sludge solution are comparedwith values predicted by the GIM in Table 5. One

stageof extraction removed 93%of theEll, >99%of theTh, >99% of the U, 99% of the Pu, and

>77% of the Am. The ea, Sr, Cs, Cr, and Fe were not extracted - a positive result since
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1036 SPENCER ET AL.

TABLE 5. FRActION 'OF SELEcT'ED SPECIES REMOVED FROM DISSOLVED
SLlIDGEB1:'EXTRACTIONSTAGEOFTHE SECOND TEST,AND

COl\1PWSON"()FGTM:·PREDICfIONS WITH MEASURED VALDES

Metal

GTMprediction

Distribution ratio Percent removed

Measured value,
percent removed

Ca

V

Cr

Fe

Sr
Cd

Cs

Hg

Eu

Th

U
Pu

Am

Cm

0.001

Not in GTM

0.001

0.001

0.001

0.004

0.001

NotinGTM

18.66

5,916.

679.7

1,457.

25.56

0.10

0.10

0.10

0.10

0.43

0.10

94.9

99.9+

99.9

99:9+

96.2

0.0

42.4

.... 0.

2.0

2.00

~O.

~O.b

95.1

93.2C

99.9

99.7

99.4d

>77.4

e
"Based on 9OSr.
bBased on 137CS.
'Based on 152Eu and 154Eu.
dAverage of values for 239pU and 242pU.

'Insufficient data.

TRUEX does not target these metals. The model indicates that Cd is not extracted, and the data

corroborate this; however, 950/0 of the Hg and 42% of the V were extracted.

- Based on measured aqueous-phase concentrations, stripping with mild nitric acid

recovered 93%ofthe Eu and 99% of the Am in three stages. Both Eu and Am were primarily

recovered in thefrrst twostripping stages, 81%and 800/0, respectively; indicating that they were

easily stripped. Plutonium was more difficult to strip, with little being recovered until the third

stripping stage where 50% was recovered. Thorium and uranium also began to transfer from

the organic at the third stripping stage. The concentrations of Hg and V, being at or below the

detectable limit in the aqueous strip solution, did not permit definitive conc1usionsregarding

their stripping behavior.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1037

illhespredicted concentration profiles of Eu, U, Pu and Am are compared with the

experirllel1taldata in Figures 5 through 8. Error bars aroundthe experimentaldata points are

basedOn"tlie variance between two replicate analyses. Large error bars occur where the

measured concentration is at or below the detectablelimit, and the modelmay be expected to

yfU'Y from-the data at these points. In many instances,the error bars do not extend beyond the

datamarkers. Concentrations ofEu and Am werehigher in the second strip (third stage) than

til the"tliirdstrip (fourth stage), indicating the relative ease of recovery as described above.

Uranium and plutonium are more difficult to strip, as indicated by the high concentrations

remaining in theorganic phase after the third strip. The predictedplutoniumconcentrationsin

theaqueous phaseareuniformly lowerthan the experimental data. There are five reasons why

this might occur: (1) the measured plutoniumconcentration in the starting dissolved sludge

solution (used as an input parameter to the model) could be too low, which would cascade

through the calculations to subsequent stages; (2) at the low concentrations of the test, the

analysis method overestimatesthe plutoniumconcentration; (3) the modeloverestimates the

distribution ratio; (4) microscopic gel particles may trap a fraction of the plutonium, thus

preventing extraction; or (5) a small fractionof organicphase may be entrained in the aqueous

phase. Thelast two explanationsseem the most likely. In general, the agreementbetweenthe

model anddata is quite good.

SUMMARY

On' a dry-weight basis, about half of the sludge from MVST Tank W-25 dissolved in

5.5 M nitric acid. Silicon,phosphate, and cesiumwere the primary constituents that do not

dissolve. Abouthalfof theplutonium dissolved, but the other actinidesdissolvedmore readily.

Neutralizingthe sludge with nitric acid (whichdestroyshydroxides and carbonates) followed

byleaching with 2.6 M causticprior to final acid treatmentresulted in dissolutionof ~ 80% of

thesludge. Thesecond dissolution, wherethe sludgewas preleachedwith caustic and the total

cation and acid concentrations were lower(0.6M vs 1.8M and 1.7M vs 2.9M, respectively),

resulted in large decreases in the rate of gel formation and the quantities of gel formed.

Additional work needs to be performedto ascertainthe causalmechanism.

Most of the actinides are readily extracted from dissolved sludge solutions with the

TRUEX process, evenat lowacidity (~0.6M). However, the formationof gels appears to raise

thelower limits of concentration thatcanbe achieved in the aqueousphase. In spite of difficult
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FIGURE 5. Comparison of measured and calculated stagewise concentration profiles for
europium (2nd campaign).
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FIGURE 6. Comparison of measured and calculated stagewise concentration profiles for
uranium (2nd campaign).
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Q .
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FIGURE·7. Comparison of measured and calculated stagewise concentration profiles for
plutonium(2nd campaign).
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FIGURE 8. Comparison of measured and calculated stagewise concentration profiles for
americium (2nd campaign).
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1040 SPENCER ET AL.

process conditions (e.g., gels), the GTM can accurately predict the removal and recoveryof the

actinides.

Causticleaching priorto acidic dissolutionshould be investigatedfurther to (1) ascertain

and quantify theeffects ongelformation and (2) evaluatethe reductionsuch a two-step process

achieves in the ultimate quantitiesof HLW requiringvitrification. Cation concentrationsmay

also affect gel formation. The quantities of mercury and vanadium in the waste should be

evaluated to ascertain whether theextraction characteristics of these metals should be quantified

andaddedto theGTM. Additives, suchas fluoride, to inhibitgel formation should be evaluated

with respect to both gel formationand the effecton the TRUEXprocess.
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