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ABSTRACT

This paper summarizes progress at three collaborating U.S. national laboratories on the
extraction of the fission products 99Tc and 137CSfrom alkaline high-level wastes (HLW).
Efllcient, economical processes for Tc and Cs extraction (SRTALK and alkaline-side
CSEX, respectively) have been developed, and testing has progressed through batch tests
on actual wastes and continuous countercurrent centrifugal -contactor tests on simulants.

[INTRODUCTION

The need has arisen at several U.S. Department of Energy sites for separating the key
fission products 99Tc,~Sr, and IJTCSfrom alkaline defense wastes. 1 At the Hanford site,
wastes stored in underground tanks will be retrieved and subjected to separations mainly
aimed at concentrating actinides, Tc, Sr, and Cs in a high-activity fraction that will be
vitrified and stored in a geologic repository. lb Similar goals are being pursued at the
Savannah River Site for the removal of actinides, Sr, and Cs. lc Aqueous wastes that must
be treated include tank supematant liquids, dissolved salt cake, and sludge-wash solutions.

Significant progress has been made toward solvent-extraction methodology for removal of
IJTCS, %r, and 99Tc either individual] y or simultaneous y from nitrate wastes. In
particular, crown-type extractants,z-j including the novel class of calix[4]arenemono- and
his-crown compounds,4~5 make possible new technologies featuring high selectivity, good
stability, and compatibility with process conditions. These technologies offer the major
advantage of stripping with water or dilute acid, in principle yielding a stream concentrated
in the target fission products but containing little else. This translates to potential]y large
cost savings by reducing the need for further downstream processing and reducing the
volume of the final HLW form. Efforts have focused largely on the acid side, but recent
resultss~~e~jhave extended applicability to alkaline-side separations as wel1,obviating the
need for re-acidification. Indeed, processes have been optimized so that little or no
adjustment of the wastes (which tend to Iie in the range 5-8 M Na) is required at all.3’5



For appropriate y sized neutral crown extractants in low-polarity media, the extraction
behavior may often be rationalized in terms of simple I: I metal:ligand complexes:6:1

M@ (aq) + qX- (aq) + L (erg) ~ ~Xq (erg) (1)

where M@ is a metal ion of charge q = +1 or +2, X- is the co-anion extracted into the

organic phase, and L is a Iipophilic crown extractant. In principle, any anion in the aqueous
phase can function as the extracted co-anion. Highly abundant anions in the U.S. tank
wastes include nitrate, nitrite, hydroxide, chloride, aluminate, and carbonate. Among these
anions, the most easily transferred to the solvent phase is nitrate.6b As an approxi mation,
the equilibria are thus most readily envisaged as extractions of the cesium and strontium
nitrate salts. Owing to the high nitrate concentration in the waste, the equilibrium in eq. 1
is driven to the right. On stripping with water or dilute salt or acid solutions, eq. 1 is
driven to the left, decomposing the complexes and releasing the metal ions and co-anions.

Although technetium in its common pertechnetate form TcO~- does not complex directly
with crown ethers, pertechnetate extraction may be facilitated by crown ethers as the co-
anion X for M+ = Na+ and K+ in eq. 1. In this case, it is the high concentration of sodium
and potassium in the waste that drives eq. 1 to the right. Since pertechnetate is at trace
levels (of the magnitude IOA M on average) in the waste, selectivity over the highly
abundant anions, especially nitrate, becomes a critical extraction property. Depending on
the solvent environment pertechnetate anion may be more than a thousand-fold more
extractable than the smaller nitrate anion in ion-pair extraction processes.6 The origin of
selectivity in the ion-pair extraction for pertechnetate in eq. 1 in fact arises effectively from
the same solvation principles goveminganion exchange.G Whereas quatemary ammonium
extractants and resins are difficult to strip, however, the cationic crown ether complex is
readily decomposed on contact with water. It is this easy regenerability that represents the
major advantage of crown ethers vs. anion exchange in pertechnetate removal from waste.

RESULTS AND DISCUSS1ON

SRTALK Process for Tc Extraction. The crown ether (Fig. 1) used in the SRTALK
process tiords a good balance of properties, but a modifier is additionally required for
adequate extraction and stripping when the diluent is an aiiphatic hydrocarbon.3 Using a

~~fi >,=0

0

DtBuCH18C6 -W
Dl+butylcyclohexano)-18-crown-6 Tributyl phosphate

(Mixture of isomers)

Figure 1. Crown ether and modifier used in SRTALK process



solvent consisting of 0.04 M DtBuCHl 8C6 in 1:1 V:VTBP:Isopa@ M, Tc distribution
ratios of 9.3 on extraction of actual Hanford Double-Shell Slurry Feed (DSSF) and 0.3 on
stripping with distilled water were obtained in batch tests. These results were similar to
those of pertechnetate extraction and stripping in tests with waste simulants.

As shown in Fig. 2, a 12-stage SRTALK flowsheet has been developed using a solvent
consisting of 0.04 M DtBuCH18C6 (CE_Sr in Fig. 2) and 1.8 M TBP in Isopa@ L (1:1 V:V
T13P:Isopa@ L).3C The flowsheet was designed for a test of SRTALK on a simplified
Hanford DSSF simulant using 2-cm centrifugal contractors. The scrub section employ ed,O.5
M NaOH to reduce the sodium and potassium nitrate loading of the solvent and to improve
the performance of the stripping with 0.01 M HN03. The SRTALK centrifugal-contactor
test performed as designed, demonstrating the clean separation of Tc from the bulk waste
constituents, especially sodium. While Tc was concentrated by a factor of 9.9 with a DF
of 10.7, the sodium concentration was reduced by a factor of 5800 to 0.0010 M in the strip
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Figure 2. Twelve-Stage SRTALK flowsheet for 2-cm centrifugal contactor test at ANL.



solution. Potassium and aluminum were rejected to an even greater degree. Assuming that
the entire Hanford tank inventory could be treated with comparable performance by the
SRTALK process, the additional amount of sodium that would have to be vitrified would
be only 1400 kg. Based upon the test results, a plant-scale process utilizing 24 stages of
30-cm contractors would treat waste at 100 L/rein and require a solvent inventory of
approximately 3000 L, costing $1.7 M. Thus, the high efficiency of centrifugal contractors
allows the expensive crown ether to be used at acceptable cost.

Alkaline-Side CSEX Process for Cs. The recent advent4 of calix[4]arene-crown-6
compounds having CdINa selectivities exceeding 104 constitutes a breakthrough in the
search for Cs-selective extractants. Attributed to significant pi-interactions of the aromatic
rings with the guest Cs+ cation,M this unprecedented selectivity makes it practical to
employ a crown compound in a solvent-extraction process for Cs removal from alkaline
nitrate wastes.5 A calix[4]arene his-crown-6 compound with enhanced volubility is shown
in Fig. 3. It may be seen that either of two identical cavities, each formed by facing
aromatic rings and the crown ether, may host the Cs+ cation.

BoBCalIxC6 C*3
Callx[4]arene-bia( &cmtyibenzo-crown-6) 1-(1,1 ,2,2-tetrafiuoroethoxy),

-3-[4-(@ctyl)phenoxy]-2-propanol

Figure 3. Extractant and modifier recently employed in the alkaline-side CSEX process.

Analogousto SRTALK, use of BoBCalixC6 in an aliphatic diluent requires the addition of
a polar modifier, both to increase volubility and to raise the Cs distribution ratios (Des) on

extraction to a useful range at affordable concentrations (< 0.02 M) of the expensive
@ L Iipophilic alcohols proved to becalixarene. In tests of various modifiers in Isopar

particularly effective, whereas non hydrogen-bond donat~ng compounds such as TBP were
weak, as expected if anion solvation by the modifier is important.6 Experiments on
alcohols having the economical alkylphenoxy group showed that phase disengagement and
Dcs depend markedly on the modifier structure. Of the modifiers synthesized and

evaluated thus far, the mdlfier “CS-3” (Fig. 3), afforded the best overall combination of
desirable attributes. These attributes include a strong synergistic effect with the calixarene,
excellent phase disengagemen~ and negligible distribution to the aqueous phase. This
modifier has also been the most carefully studied in process flowsheet development
experiments. During these experiments, it was discovered that the CS-3 modifier possesses
good chemical stability in continuous contact with alkaline waste simulant for one month at
25 “C, but that more than half decomposes at 53 “C.jb A new modifier has since been
prepared that appears to be stable to alkaline solutions at elevated temperatures.
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As shown by the batch results in Table 1, Cs was extracted from two Hanford supematant
tank wastes and stripped with 10 mM nitric acid. The DSSF waste represents a worst
case, since it contains approximate y 1 M K+, which competes significantly with Cs+

extraction 5a By comparison, excellent extraction from the CC waste, which contains low
levels of K+ ion but a high concentration of organic complexants, were obtained.

Table 1. Cesium extraction and stripping fmm Hanford tank waste by ORNL extractant.a

Tank Dc, Dc, Total % Dc, Dc~ Total %

Extract #1 Extract #2 Extracted strip #l strip //2 Stripped

DSSF blendb 1.8 2.0 89’?40 0.7 0.3 90V0

CC waste 18 20 99.7’XO 0.8 0.6 85’?40

a Two extractions each with fresh solvent (0.0.2M 130BCalixC6 + 0.25 M CS-3 in Isopar@
L) followed by two strips each with fresh 10 mM HN03; 5-rein contacts at O:A = 1:1 by
vortexing. b Blend of supematant liquids from three, tanks: 70°A AW-101 (DSSF), 20°A
AP-106, and 10VOAP-102. c Undiluted complexant concentrate from tank SY-101.

Excellent results were achieved in more extensive process development toward adapting
alkaline-side CSEX to the HLW at the Savannah River Site (SRS).5b In this waste, the
competing K+ concentration is only 0.02 M, making low calixarene concentrations
effective. It was found that good overall performance could be obtained with a solvent
containing 0.01 M BoBCalixC6, 0.2 M CS-3, and i X IOA M trioctylamine (TOA) in
Isopar@ L (Table 2). Two scrub stages employing 0.05 M HN03 sufllced to remove

practically all other salts from the solvent to near analytical detection limits. Stripping
may be effected by dilute HN03 at 0.005 M or lower. Having negligible effect on

extraction, the TOA promotes stripping to low organic-phase Cs concentrations and to
counteract potential deleterious effects of Iipophilic anion impurities that may accumulate
in the solvent. The fact that even low concentrations (e.g., 5 x 10-5M) of Iipophilic anions,
such as the common surfactant dodecylsulfonate present in many detergents, interfere with
effective stripping may be a general vulnerability of crown compounds as applied to waste
treatment. Fortunately, the use of TOA corrects this problem. The TOA may be omitted
if a stripping solution containing 5 X 10~ M HN03 and 1 X 10A M CSN03 is employed,

but we encountered somewhat weaker stripping and difficulties with anionic impurities.jb

Table 2. Cesium distribution ratios in batch tests using SRS waste simulant.a

Extract #l Extract #2 Scrub #1 Scrub #2 strip #l strip +/2 strip #3

10.4 8.8 0.58 0.64 0.092 0.057 0.043

a Two extractions at O:A = 0.5 each with fresh simulant; two scrubs at O:A = 5 each with

fresh 0.01 M HN03; and three strips at O:A = 3 with fresh 0.002 M HN03. Phases were

contacted for 5 minutes at 25 ‘C by vortexing. Key simulant constituents: 7.1 X 10+ M

Cs+, 7 M Na+, 0.02 M K+, 0.4 M Al(III), 0.015 M Cr(VI), 1.9 M free OH-, 2.7 M N03-,

1 M N02-, 0.2 M C032-, 0.22 M S042-, 0.1 M Cl-, and 0.05 M F-.
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