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pURIFICATION OF THORIUM FROM URANIUM-233 PROCESS RESIDUE

O. F. Webb, R. A. Boll,A. 1. Lucero,and D. W. DePaoli
Oak RidgeNationalLaboratory*

P.O. Box 2008, MS-6046
Oak Ridge,TN 37831-6046

ABSTRACT

Thorium-229can be used to produce213Bi. Researchers in phase I humantrials are
'in¥estigatingthe use of antibodieslabeled with 213Bi for selectively destroyingleukemia
'cells. Othertypes of cancermaypotentiallybe treatedusing similar approaches. Crude 229Th
wasliberatedfrom Rachigrings by sonication in 7.5M HN03followed by filtration.
l<;1ontaminants, includedsignificantlevelsof uranium,a numberof other metals, and
radiolytic by-productsof di-(2-butyl)phosphoricacidextractant (whichwas used in the
originalseparationof 233U from thorium). Thoriumwas selectively retainedon ReillexHPQ
anion-exchange resin from 7.5MHN03 at 65°C,whereD(VI),Ac(III),Fe(III),AI(III);
Ra(II), and Pb(II)were eluted. Thoriumand uraniumisothermson ReillexHPQ are reported.
Thethoriumwas then easilyelutedfrom the bed with 0.1 MHN03.To overcome mass
:tF,at1sfer Iimitations of the resin, the separationwas conductedat 65°C. The resin stood up
wellto use over severalcampaigns. Other researchers have reportedthat HPQ has excellent
radiological and chemical stability. The elutedthoriumwas furtherpurifiedby hydroxide
precipitation from the organiccontaminants. This processyielded65 mCi of 229Th.

INTRODUCTION

Alpha particle emittersare of considerable interest for radioimmunotherapy

applications. Due to their short range in tissue (a few cell diameters) and high linear-energy

*Managed by Lockheed Martin Energy Research Corp. for the u.s. Department of Energy under
contract DE-ACOS-960R22464.
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976 WEBB ET AL.

transfer, alpha particlesmay be especially,suited for targetingmicrometatases and single

tumor cells such as leukemia, AIDS, and other bloodbomediseases.i" Candidate

radioisotopes include212Bi, 225Ac, 211At, 213Bi, 256Fm, 223Ra, and 149Tb. Amongthe list of

potential radionuclides for these applications are alpha-emitting 212Bi and 213Bi.

Bismuth-212occurs in the natural decayseriesof 232Th. Themajor drawbackof using 212Bi

is the emissionof a relatively intenseand veryhigh energygammaray (2.6 MeV, 38%).

However, 213Bi, a decaydaughterof 229Th, emits a 1.5-MeVgammaray with an intensityof

only 2%. Thus, 213Bi, rather than 212Bi, maybe preferredfor therapy. Bismuth-ZlS is

currentlybeingused as a substitute for 212Bi in clinicalstudiesconducted at M~morial Sloan­

KetteringCancerCenter. Scheinberg (1997)4 reportedveryhigh selectivity of 213Bi-HuM195

in myeloidleukemia patients. He reporteda target-to-background ratio of greater than

10,000 to 1.

Thorium-229 is the.sourceradioisotope for both 213Bi and 225Ac. The isotopes 225Ac

and 213Bihave half-lives on the order of days and minutes,respectively, whereasthe half-life

of 229This 7340 y. Thus, 229Thcan be used to produce225Acand 213Bi for long periods of

time. Th()rium~229,isadecaydaughter of 7
33U"but mayalso be producedby irradiationof

226Ra~~,?wever,the 229Th' product from irradiationof 226Ra wouldbe very difficult to handle

due tothe radiatiori'fieldproduccdfromlarge quantitiesof 228Th contaminantand its decay

daughters.

This paper de'scribestheseparatian'andpurificationofthoriumfrom a Raschigring

residue. We. describe isotherm,andmass .transfer propertiesofthe ,anion-exchange resin,

ReillexHPQ, that was used to purifythe thorium. The resin performedwell over several

campaigns and was contactedwith overa hundredmillicuries of 229Th and associateddecay

products. This process is a pilot for separating229Th from 233U materials stored at the

NationalRepository for 233U at Oak RidgeNationalLaboratory(ORNL). Futurework will

focus on the directseparationof 229Th from 233U. Essentially, the entiresupply of 229Th in the

WesternHemisphere exists in 233U stored at ORNL. Dueto a numberof factors, extraction

of 229Th from 233U presentlyappearsto be the most expeditious route availablefor producing

researchand medicinal quantities of 213Bi and 225Ac.
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THORIUM AND URANIUM-233 PROCESS RESIDUE

METHOD AND MATERIALS
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HPQ resin (30'-60 mesh)was received from the manufacturer and extensively

washed withdistilledwater in conicalseparatorsto remove fines. The resin was then stored

111 a dilutesodiumchloridesolutionfor at least 1 monthwith periodicwashesto allowfull

hydration. Prior to use, the resin was converted to the nitrate formby washingwith ION

nitric aciduntilchloride couldnot be detected in the effluentusing silvernitrate solution.

Dry weight~were.measured by dryingin an ovenfor 24 h at 65°C followed by evacuation

overDrier!te(EM Science, Gibbstown, NJ) until a constantweightwas obtained.

Elements in the thoriumresidueweremeasured using inductively coupledplasma

massspectroscopy (FisonsPlasmaquad 2, Beverly, MA).A surrogate for the thorium

residual used in initial tests consistedof Al (393· ug/ml.), Ca (33 ug/ml.), Na (740 ug/ml.),

Fe (364 ug/ml.), Zn (45 ug/ml.), 232Th (2580 ug/ml.), and 238U (180 ug/ml.) in 7.5M

RN03.

Distributioncoefficients for the resin weremeasured by contacting the resin with

thorium or uraniumsolutionfor 24 h in a temperature-controlled shakerbath. Mass transfer

experiments weremeasuredby contactingthe resin with solutionon a reciprocating,

temperature-controlled shaker (AquaTherm, NewBrunswick Scientific, NewBrunswick,

NJ).

Thoriumwas purifiedfromthe residuematerialsusing anionexchange in 7.5M

HN03 .at65°C.An HPQcolumn(5QO-mL bed volume) was initially washedwiththree

column volumes of 7.5MHN03. After loadingthe thoriumresiduesolutiononto the

column, uraniumandothermaterialswereremoved with 8 columnvolumes of7.5 MHN03.

Passing0.1MHN03 solutionthroughthe columnthen elutedthe thorium. Thoriumand

uranium weremeasuredusing inductively coupledplasma atomicemissionspectroscopy

(Perkin-Elmer Corp., ICP400,Norwalk, CT) or gammacountedusing an EG&G Ortec

gammaspectrometer.

The conditions chosenfor the thoriumseparationwere7.5MHN03, 65°C,and half­

loading of the resin bed. A 2-cm-diameter glass column(500-mLbed volume) was filled

withHPQ resin (30-60 mesh). This resin was converted to nitric acidandplacedina glove

box. The load,wash, and elutionsolutions werepumpedto the top of the columnafterbeing
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978 WEBB ET AL.

warmedto 65°C. Thecolumnsequence consistedof 5 L of load (10 columnvolumes),4 Lof

8 MHN03 wash (8 columnvolumes), and 1 L of 0.1MHN03 (2 columnvolumes) for

elutionof thorium.

RESULTS ANDDISCUSSION

Strong-acid anionexchange was selected becauseof its potentialhigh selectivity for

loweractinideelements." In nitric acid,thoriumforms a strong,negatively chargedcomplex.

Uraniumforms a complexthat is muchweakerthan that of thorium. In the present case,

thoriumwas.presentat high concentration relativeto that of uranium(Table 1).Buchanan

and Faris reportedthat Th4
+, Np4+, and Pu4

+ bind stronglyto Dowex-l anion-exchange resin

at high nitric acidconcentration althoughU02
2
+ and Bi3+ hind less tightly." Dowex-l and

other quaternaryamineresins havedemonstrated instabilityin strongnitric acidunder

conditions that include elevatedtemperature, column diameters exceeding 10 em, and

pressures above atmospheric. Incidentshaveresultedin accidents and fatalities.' Reillex

HPQ [poly-4-vinylpyridine ~ethylchloride quaternary salt, (C3HlONCl)n] was selectedas the

anion-exchange resin for this workdue to its safety"andresistanceto radiolysis as notedby

Marsh.who reperted that ReillexHPQ was morechemically stable than traditional

quaternaryamineresins.8

Figure I" depictsdistribution coefficients of thoriumand uraniumat different

concentrationsof nitric acidon the HPQresin. Thepotentialfor separationof these metals is

apparent,especially as the nitric acidconcentration approaches 8 M. The nitric acid

concentrations werevariedandprocessedin duplicate. Samples wereplaced in a

shaker/water bath'for24-48h. Distribution coefficients"werecalculated using the following

equation:

V
kd -«; -Cf ) mC

f
'

where

Cf = jinalliquid concentration (mg / mL),

C; = initial liquid concentration (mg / mL),

m = dry weight ofresin (g),

V = volume ofliquid (mL).
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11liQIMtTM AN:D'URANIUM-233 PROCESS RESIDUE 979

ReillexHPQ _---'J!!!_ 30·q, 5 ppm Th

SS-C,5ppm

10 12

__+- ~S~,5ppm

100.0

ti
~ 10.0 L.--------H------------------------;

~

1.0 -I------r--+----....-----r-----..,...-----,----.,.---------t

0;1

Nitric Acid Concentration (M)

FIGURE 1. Distributioncoefficients for thoriumanduraniumon ReillexHPQ resin as a
function of nitric acidconcentration.

kihis informationprovides insightinto the complexformationofthe Th4+ ion with the nitrate

ion,whichgenerally proceedsin successive steps:.Th(No3i+, Th(N03)22+,Th(N0 3)3+,

Th(N03)4, Th(N03)s:,ThCN03)ic-. Whenthe speciesis complexed suchthat it forms a

negative ion, the complexwill be retainedon the anionresin. Equilibrium valuesfor the

::,complexation of Th4+or U02
2+withnitric ions indicateweakcomplex formation. Only a few

"of the successiveequilibrium values (B) are published: Th(N03)3+log 61 = 0.45, Th(N03)22+

log62= 0.15,9 Th(N03i+ log B1 = 0.78, Th(N03)22+ log lh = 1.89, Th(N03)3+ log 63= 2.89,

andTh(N03)41ogI34 = 3.63.10 Fromthe K, valuesshownin Figure1, it appearsthat the

ThCN03)S- and/orTh(N03)62-complexes form in 6 M HN03or higherconcentrations due to

the retention ofthe thoriumon the resin. Ifit is assumedthat the Th(N0 3)5- formsin 6 M

RN03 suchthat the [Th4+]
= [Th(N03)S-], thelog keq = -3.9 roughlyagrees with the

published data.
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980 WEBB ET AL.

A numberofmechanisms wereimportantfor thoriumpurificationand included

temperature, particle size, and affmities of the resins for uraniumand thoriwn solutes. The

resin had a much strongeraffmityfor thoriumthan for uranium, and the affmitiesfor both

soluteswere not significantly affectedby changingthe temperature from 30 to 65°C

(Figure2). Figure 3 illustratesthat mass transfer is an importantmechanismin thorium

purificationalthoughthe ion-exchange systemapproaches equilibrium muchfaster at 65

than at 30°C. The importance of mass transfer in this processis not unexpecteddue to the

large sizeof the resin particles(300 to150 urn). For this range,resin diametergreatly affects

mass transfer and results in less separationefficiency as the resin diameterincreases. 11 The

diffusioncoefficient for the thoriumnitrate complexis expectedto be <1.0 x 10-5 cm/s. For

molecules with high water-diffusion coefficients (typically 1.0 to 5.0 x 10-5 cm/s for small

molecules), intemalmass transfer is very importantfor particlesin this diameter.range, A

lowerdiffusioncoefficient couldgreatlyincrease the importance of mass transfer. Under

someconditions, a large particlesize is advantageous if a high flowrate is desired. Based on

these experiments, columntests wereconducted at 65°C.

The surrogatesolutiondescribed previously was passed through a 10-mLcolumnto

determine breakthrough. Figure4 depictsexit/feedconcentration as a functionof bed

volume. Completebreakthrough occurred at 20 bed volumes. Figure4 indicatesthat at 10

bed volumes(half-loading), the most effective separationof the uraniumand thoriumcan be

accomplishedAdditionalexperiments revealedno significanteffectof flowrate in the range

ofO.7t03.0 L/min.Figure 5 illustrates a loading/wash/elution cycleresultingfrom half­

loadingthe. columnwith lObed volumes of the surrogatesample. The concentration of

uraniumcontaminant in the thoriumproducthas beensignificantly reduced.

To obtain smallquantities of22~Th for biological studiesat ORNL, a residuefrom

past 233U processingwas examined for purification. On examination, a mixtureof 229Th and

natural thoriumwas present, adsorbed ontoborosilicate Raschigrings (employed for

criticality ,s,af~ty during2 33U operations)..The residuewas removed fromthe Raschigrings as

a solution.l'' whichcontained anumber of othermetals as wellas significantquantitiesof

thorium andur~ium. (SeeTable 1.) Figure6 indicates that thoriumwas retainedon the

resin until elutionwithG.l MHN03.A small amountof breakthrough occurredas the resin
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"100

0.6 0.8 1 1.2 1.4

Liquid-Phase Concentration (mg/mL)

1.6 1.8 2

0.7

I 0.6..
i 0.5::l .
co

i 0.4
La.

0.3

0.2

0.1

FIGURE 2. Uranium and thorium isotherms in 8MRN03.

HP03(fC HP03Q'C HPQ65~ HP065'C

Resin &temperauue

FIGURE 3. Effect of temperature on mass transfer of thorium into HPQ resin in 8 M HN0 3-

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



982 WEBBET AL.
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FIGURE4. Loadingof thoriumanduraniumsurrogatesolutiononto lO-Lcolumn.
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FIGURE5. Separationof surrogate solutionfromhalf-loading the column.
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THORIUM AND URANIUM-233 PROCESS RESIDUE 983

Table 1. Analysis results of the waste material rinsed from the Raschig rings prior to
anion exchange and analysis results of the purified thorium sample

Ring washes Th product
Element ug/ml, (±) ug/ml, (±)

Th-229 11.4 (0.1) 160 (10)
Th 2580 (2) 35300 (1530)
U· 160 (2) <0.02
Na 740 (2)
Al 393 (10)
Fe 364 (3)
Zn 45 (0.2)
Ca 33 (0.3)
K 18 (0.6)
Cr 4 (0.02) <0.02
Mn 3 (0.02)
Ni 3 (0.08) 0.14 (0.02)
Cu 2 (0.04) 0.03 (0.02)
V 0.32 (0.02) <0.02
Ag 0.28 (0.06) <0.02
Be 0.08 <0.02
Ba <0.014 <0.02
Cd <0.22 <0.02
Co <0.144 <0.02
Mg <0.197
Sb <2.2 <0.02
Pb 0.158 (0.01)
La-Lu <0.02

waswashed. This small fraction was recoveredin subsequentpurificationefforts. A [mal

analysis of the purified 229Th solution is shownin Table 1.Approximately15 mCi (about

15g) of 229Th (present at 0.4% in natural thorium) loadedsuccessfullyonto the 500-mL bed­

volumecolumnduring each cycle. After each use, the HPQ resin was washedwith distilled

water and stored as nitrate form with water on the resin. There wereno indicationsof resin

instabilityor capacitylosses after 10 batches of thoriumwereprocessed. Table 1 indicates

that after purificationmost metals werepresent at belowdetectionlimits, except for lead,

whichis the stable decaydaughter 0[ 233U and 229Th.

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



984 WEBB ET AL.

10.-r------------;-----------t------------,

Loading Wash Elution

25201510
o~-.....----...--+---<II~-...--4--+-- .........-====~+---+------lf---------l

o
Bed Volumes

FIGURE 6. Loading, washing, and elution of 229Th from waste solution on HPQ resin.

CONCLUSIONS AND FUTURE WORK

Thorium and uranium isotherms on Reillex HPQ are reported. Thorium-229 was

successfully separated from 233U process residuals using strong-acid ion exchange. Mass

transferlimitations were overcome by increasing the temperature of the process to 65°C.

There were no indications of resin instability, and the capacity remained constant after 10

separations. The results of this work indicate that strong-acid ion exchange with HPQ resin

is a viable method for separating thorium from uranium. Use of HPQ, moderate

teniperatures, and gravity feed in a small column aided safe operation. Future experiments

will focus on separating 229Th from the stored 233U, although the higher relative

concentrations of uranium may challenge the present process. Ongoing investigations are

also focused on separating 225Ac and 213Bi from thorium.
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