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Summary

The U.S. Department of Energy has established the Tank Waste Remediation System (TWRS) to
manage and dispose of radioactive wastes stored at the Hartford Site. Within this program are evalua-
tions of pretreatment system alternatives through literature reviews. The information in this report was
collected as part of this project at Pacific Northwest Laboratory. _'_

A preliminary survey of literature on separations recently entered into the Hanford electronic data-
bases (1992-1993) that have the potential for pretreatment of Hanford tank waste was conducted.
Separation processes that can assist in the removal of actinides (uranium, plutonium, americium),
lanthanides, barium, 137Cs,9°Sr, 129I,63Ni, and 99Tcwere evaluated. Separation processes of interest

were identified through literature searches, journal reviews, and participation in separation technology
conferences. This report contains brief descriptions of the potential separation processes, the extent
and/or selectivity of the separation, the experimental conditions, and observations. Information was
collected on both national and international separation studies to provide a global perspective on recent
research efforts.

Separation processes are listed in groups of unit operations under each constituent(s) to be sepa-
rated. The separations processes described in this text are listed below in Table S. 1 with the author(s)
and publication year. All these processes are deemed to have potential applicability to the treatment of
tank waste.

The processes that are recomme_.ded for further study are listed in Table S.2 with some of their
positive attributes. These separations processes were selected on the basis that they have recently
received attention for application in radioactive environments. The processes of interest include
extraction, emulsion-liquid membranes, ion exchange, and ion flotation. These processes offer the
potential for good separations, are relatively simple, and do not generate large amounts of secondary
waste. The performance of these processes with actual tank waste can only be speculated since a
limited amount of information is currently available.

Information compiled in this study has enabled PNL to identify a broad spectrum of recent research
efforts that may have potential applications for the pretreatment of Hanford tank waste. However, it

was anticipated that many applicable articles would be omitted on a topic as broad as separations.
Thus, it was the intent of this report to provide a representative cross-section of recent separations

studies. The scope of this study does not provide an exhaustive survey but provides recent information
on a broad scale. In part, it is the intent of this review to provide articles from which a more detailed
search specific to each technology or constituent can be based. This study builds upon three detailed
constituent reviews on cesium, strontium, and transuranic wastes completed during FY93.

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle
Memorial Institute under contract DE-AC06-76RLO 1830.
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Table S.l. Listing of Separation Processes

Process Author(s) Year

2.1 ACTINIDE SEPARATIONS

2.1.1 Adsorption - PAA Grossi, Pietrelli, and Troiuni 1992
2.1.2 Extraction - HEDPA and Sodium Carbonate Lumetta and Swanson Ic 13
2.1.3 Extraction - CMPO + TBP Mathur et al. 1992
2.1.4 Extraction - CMP + TBP Mathur, Murali, and Natarajan 1991

2.1.5 Extraction- BESO Shukla and Kedari 1992
2.1.6 Extraction - Picolinamides Musikas, Cuillerdier, and Coutin 1992

2.1.7 Extraction - Pentaalkylpropanediamide Cuillerdier, Musikas and Nigond 1992
2.1.8 Extraction - LIX 622 Mohanty et al. 1991

_" 2. 1.9 Extraction - Crown Ether and HTI'A Shehata, Khalifa, and Aly 1992
2.1.10 Extraction - HPBI Manchanda and Mohapatra 1992
2.1.11 Oxidation/Extraction - PMBP and CAAF Karalova, Lavrinovich and Myasoedov 1992

2.1.12 Oxidation/Extraction - CsSO4F and Ag(1) Appelman et al. 1992
2. I. !3 Extraction - Alamine-336 Burcik and Mikulaj 1991
2. l. !4 Extraction - Microemulsions (AOT/Hexane/CMPO) Chaiko 1992

2. I. 15 Extraction - Aqueous Biphasic (Arsenazo Ill) Chaiko et al., Rogers, Bond and Bauer 1993
2.1.16 Emulsion Liquid Membrane - Crown Ether Shukla et al. 1992
2. I. 17 Extraction Chromatography - DAAP (UFFEVA=Spec) Resin Horwitz et al. 1992
2.1.18 Extraction Chromatography - TRUeSpec and U/TEVAeSpec Barney and Cowan 1992
2.1.19 Extraction Chromatography - DHDECMP Schreiber, Dunn, and Yarbro 1992
2.1.20 Extraction - Polyurethane Foams Loaded with HDEHP Aziz 1992
2.1.21 Extraction - Polyurethane Foam Huang et al. 1992
2.1.22 Ion Exchange - AG-ix4 Resin Araujo et al. 1992
2.1.23 Ion Flotation- LPA and PO Mezhov, Samatov, and Troyanovskiy 1992

2.1.24 Volatilization - Oxygen Flourides and Krypton Diflouride Kim and Blum 1991



Table S.I. (contd)

Process Author(s) Year "

2.2 LANTHANIDE SEPARATIONS

2.2.1 Extraction - Adogen-464SCN Borkowski and Siekierski 1992
2.2.2 Extraction - TBP Ocampo, Gonzales, and Reyes 1991
2.2.3 Extract ion - H DEH P EI-Kot 1991
2.2.4 Extraction - Pdmene JM-T Jain, Singh, and Tandon 1991

2.2.5 Emulsion Liquid Mebrane - P507 Ho and Li 1992
2.2.6 Ion Exchange - Phosphorous Based Resin (Diphonix) Alexandratos et al. 1992

2.3 BARIUM SEPARATIONS

2.3.1 Extraction Chromatography - Crown Ether Mohite, Jadage, and Pratap 1990
2.3.2 Ion Exchange- Dowex 50W-X8 Exchanger Husain, Marageh, and Khanchi 1992

2.3.3 Ion Exchange - SuperLig Camaioni, Colton, and Bruening 1992

2.4 CESIUM SEPARATIONS
2.4.1 Extraction - Crown Ether + HDDNS McDowell et al. 1992

< 2.4.2 Extraction - Crown Ether Yakshin, Vilkova, and Laskorin 1992
2.4.3 Extraction - Crown Ether Vibhute and Khopkar 1991
2.4.4 Extraction - Lowinox 22M46 Gulis and Mikulaj 1991

2.4.5 Ion Exchange - Copper Hexacyanoferrate Exchangers Singh and Ramaswamy 1991
2.4.6 Precipitation - Potassium-Cobalt Hexacyanoferrates Kent et ai. 1993
2.4.7 Precipitation - PTA or NaTPB Grossi, Pietrelli, and Troiuni 1992

2.4.8 Precipitation - Zinc Hexacyanocobaltate Mekhail and Benyamin 1991
2.4.9 Recirculating Liquid Membranes - D2EHPA Blake and Ritchie 1992

2.5 IODINE SEPARATIONS

2.5.1 Adsorption/Ion Chromatography - Platinum Coated Copper Lamb et al. 1992
2.5.2 Extraction/Isotope Exchange - TBP and Nal Carrier _ Palagyi 1991
2.5.3 Heat Treatment/Air Sparging Boukis and Henrich 1991

2.6 NICKEL SEPARATIONS

2.6.1 Extraction - Aliphatic Oxime Redden and Groves 1993
2.6.2 Flotation- Dissolved Air Lazaridis et al. 1992

2.6.3 Flotation - Adsorbing Colloid Sanciolo, Harding, and Mainwaring 1992

2.6.4 Precipitation - Oxalate Brooks 1993



Table S.1. (contd)

Process Author(s) Year

2.7 STRONTIUM SEPARATIONS

2.7.1 Adsorption - Polyantimonic Acid Grossi, Pietrelli, and Troiuni 1992
2.7.2 Extraction - Crown Ether Horwitz and Dietz 1992

2.7.3 Ion Exchange - Phenolic Exchangers Samanta, Ramaswamy, and Misra 1992
2.7.4 Emulsion Liquid Membrane - Crown Ether Mikulaj and Vasekova 199 I

2.7.5 Supported Liquid Membrane - Crown Ether Dozol, Garcia, and Sastre 1991

2.8 TECH NETIU M SEPARATIONS
2.8.1 Extraction - Crown Ether Florwitz and Dietz 1992
2.8.2 Extraction - APDC/NaDDC Chiu, Chu and Weng 1992
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Table S.2. Attributes of Promising Separation Processes

Extraction - Pentaalkylpropanediamide
Easy to synthesize
Completely ineinerable (does not contain phosphorous)
Potential to separate all actinides
Extraction from both chloride and nitric acid solutions

Molecules can be optimized for selectivity

Extraction - Microemulsion (AOT/l-lexane/CMPO)

Able to extract polymeric Pu(IV) (difficult to extract)

Good Dpu(iV)
Quantitative bulk phase recovery
Easy to strip
Silica powder can produce chemically bonded ceramics for waste -_

disposal (good strength and low water permeability)

Extraction - Aqueous Biphasic
No organic diluent needed
Preferential partitioning of colloidal particles and complexed

radionuclides to polymer rich phase
Able to extract polymeric Pu(IV)
Inexpensive, nontoxic, and biodegradable water soluble polymers
Able to recycle both water soluble polymer and aqueous phase

Good plutonium separation factors from graphite and SiO2 mixtures

Oxidation/Extraction

Separate americium from other trivalent actinides
Potential to separate americium from lanthanides
Ambient temperature and pressure process
Extraction from both acidic and alkaline environments

Can oxidize Pu(IV) (monomeric and polymeric) to Pu(VI)

Emulsion Liquid Membranes
Potential for removal of TRUs, rare-earth elements (REE), cesium, and strontium
Potential for fast kinetics (High interfaeial contact area and short contact times)
Extraction and stripping occur simultaneously
Simple eontaetor (i.e., tank)
In general good, separation factors

Ion Flotation
Potential for removal of actinides and lanthanides

Simple eontaetor
Simple process

Ion Exchange - Phenolic Exchangers
Good strontium selectivity
Good strontium distribution factors

Good exchange capacity
No deterioration after gamma irradiation
Initial fast uptake
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Acronyms

alpha (c_) separation factor
AOT bis(2-ethylhexyl)sulfosuccinate
BESO bis(2-ethylhexyl)sulfoxide
CAAF bis(2-oxy-4-alkylbenzoil)amine
CMP see DHDECMP

CMPO octyl (phenyl)-N, N-diisobutyicarbamoylmethylphosphine oxide
D distribution ratio
DA dodecanoic acid
DOX decanol oxime

DAAP diamyl amylphosphonate
DF Decontaminaton factor

DHDECMP dihexyi N, N-diethylcarbamoylmethylphosphorate
DOE Department of Energy
ELM emulsion liquid membrane
HAW high active waste
HDEHP bis(2-etc, or di(2ethylhexyl)phosphoric acid
HEDPA 1-hydroxyethane- I, 1-diphosphonic acid
HF hydrogen flouride
HLW high level waste
HPBI 3-phenyl-4-benzoyl-5-isoxazolone
HTTA thenoyltrifluoroacetone
LLLW liquid low level waste
LLW low level waste

LPA lauril phosphoric acid
MAW medium active waste

NaTPB sodium tetraphenylborate
NTIS National Technical Information Service
ODCB o-dichlorobenzene

PAA polyantimonic acid
PCC platinum-coated copper
PEO polyethylene oxide
PMBP l-phenyl-3-methyl-4-benzoylpyrazolone
PNL Pacific Northwest Laboratory
PO diphosphine dioxide
PU polyurethane
POLTOX Pollution and Toxicology
PPO phenyl diphosphine dioxide
PTA phosphotungstic acid
PUREX plutonium and uranium extraction
REE rare earth elements

RLM recirculating liquid membrane
SDS sodium dodecylsulfate
SLM supported liquid membrane
TBP tributyl phosphate

ix "



TOPO tri-n-octyl phosphineoxide

TPO tolyl diphosphine dioxide
TRU transuranic
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1.0 Introduction

1.1 Background

Past defense reprocessing and waste management operations at the U.S. Department of Energy's
(DOE's) Hanford Site have generated approximately 250,000 m3 of nuclear waste, which is currently
stored in 177 underground tanks. These tanks contain a mixture of sludge, salt cake, and supernatant
liquids. The insoluble sludge fraction of the waste consists of metal oxides and hydroxides and con-
tains many of the radionuclides such as the transuranic waste (TRU) components and 9°Sr. The salt
cake was generated by extensive evaporation of aqueous solutions and consists primarily of dry sodium
and potassium salts. The supernatant liquids consist of concentrated (5-15 M) aqueous solutions of
sodium and potassium sal_. The bulk of water soluble radionuclides such as 137Cs are contained in the
salt cake and supernate.

For economic and environmental reasons it is anticipated that the waste will be separated into two
fractions for disposal. A high-level waste (I-ILW)containing the bulk of the radionuclides will be vitri-
fied for final disposal and the low-level waste (LLW) disposed of in a glass form. The separation proc-
ess is generally termed pretreatment.

Several pretreatment strategies are being considered for pretreatment of the Hartfordtank wastes.
These strategies range from a minimum pretreatment strategy to an extensive separations strategy. The
minimum pretreatment strategy involves sludge washing to remove soluble components and treatment
of the supernatant liquids to remove selected radionuclides. The extensive separations strategy involves
aggressive dissolution of the sludge followed by separation and concentration of the radionuclides.
Radionuclides such as cesium, strontium, technetium, and iodine would also be removed from the
supernate.

1.2 Purpose and Scope

The objective of this task was to survey recently published literature on separations that have the
potential for pretreatment of Hanford tank waste. Separation processes that can assist in the removal,
recovery, and/or destruction of waste constituents of concern were identified. More specifically, proc-
esses that could potentially reduce the overall HLW volume by treating waste components that are con-
cerns from a regulatory standpoint and/or for glass and grout disposal.

Separation processes of interest were identified through literature searches, journal reviews, and
participation in separation technology conferences. Information was collected on both national and
international separation studies to provide a global perspective on recent research efforts. This report
contains a brief description of the potential separation processes, the extent and/or selectivity of the
separation, the experimental conditions, and observations. The review is not intended to be exhaustive,
but to provide a general overview of recent separation work reported in the literature.
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1.3 Approach

The selection of articles for review required that important waste components be identified for
separation from the Hartford tank wastes. Constituents were identified by being considered a concern
from either a regulatory standpoint and/or for glass and grout disposal. The constituents meeting these
criteria are well characterized by the "clean option" report (Straalsund et al. 1992) and a review of pre-
treatment technologies for retrieved single-shell tank waste at Hartford (Gerber 1992). Articles on
separation processes were selected by their potential to treat the identified constituents.

Articles of interest were identified through literature searches, journal reviews, and participation in
separation technology conferences. This search includes the literature entered into electronic databases
from January 1992 to July 1993. Both CD-ROM and online database searches were used. These data-
bases include Government Reports from the National Technical Information Service (NTIS), Enviro/
EnergyLine, Pollution and Toxicology (POLTOX), and Energy Science and Technology (formerly
Energy Database). Articles published before 1992 have been included in consideration of the time lag
between the publication date and entry into the databases.

Initially, a broad title search was conducted for separations and the wasteconstituents of interest
that were entered into the databases after 1991. Unrelated articles were eliminated, and the abstracts of
the remaining articles were obtained. Nearly 1000 abstracts were screened, and the number of poten-
tially applicable articles was reduced to nearly 160. Careful screening of the literature produced the
articles contained in this review.

This report contains a brief description of the separations process, the extent and/or selectivity of
the separation, the experimental conditions, and the general trends observed. It was the intent of this
task to provide a broad perspective on current research efforts that may have the potential to treat
Hanford tank waste. The complexity, variability, and limited information available on compositions
and concentrations within the tanks made a more detailed assessment difficult. In addition, only a very
limited amount of literature on processes using Hanford-like solutions is available. Evaluation of the
performance of the treatment processes on actual tank waste depends on many factors and often can
only be speculated. Therefore, caution must be exercised during extrapolation of limited data to
complex situations.

The separation processes are grouped according to the constituents that are the target of separation
and then by unit operation. Constituents under consideration include actinides (uranium (U),

1utonium (Pu), americium (Am)), lanthanides (chemically similar to actinides), 137Cs, 9°Sr, barium,
9I, 63Ni, and 99Tc. Under each constituent, the separations are listed with a heading that provides '

information regarding the general technology and process characteristics (i.e., Extraction -

octyiphenyl-N, N-disobutyl carbarmoglmethylphospbine oxide [CMPO] + tributy/phosphate [TBP]).
Article objectives and the extent of separation and/or the selectivity of the process are described.
Finally, the trends observed with respect to important parameters (concentration, other constituents,
pH, etc.) are reported because these factors influence the ability of the separation process to treat
specific constituents.
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The ability of the process to separatethe desired constituent from a waste stream are often reported
in terms of a decontamination factor (DF), distribution ratio (13)and separation factor (_). These
separation measurements are defined in terms of ratios of activities or concentrations. The DF is given
by:

DF = activity or concentration of material initially/activity or concentration of material after
treatment

D is given by:

D = activity or concentration of material in organic phase/activity or concentration in aqueous
phase.

Separation factors can be defined in terms of a ratio of distribution ratios as:

°tD1-D2 -----D of 1st constituent/D of 2nd constituent
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2.0 Overview of Separations Processes

In the following sections, potential processes for the separation of constituents from Hanford tank
waste are discussed. This report contains a brief description of the separation processes, including the
extent and/or selectivity of the separation, experimental conditions, and general observations. The
separation processes are grouped under the constituents they treat and then by unit operation. Constit-
uents of interest have been identified as actinides (uranium, plutonium, americium), lanthanides, 137Cs,
9°Sr, barium, 1291,63Ni, and 99Tc. Groups of unit operations include extraction, ion exchange, ion
floatation, adsorption, chromatography, volatilization, and membrane techniques.

2.1 Actinide Separations

In the Hanford tank waste the important actinides considered for removal are uranium, plutonium,
americium, and, possibly, neptunium. These components are primarily found in the sludge fraction of
the wastes. Separation of these components from the bulk of the sludge is desirable to reduce the vol-
ume of glass that would be produced.

Actinide separations encompass a large area of research emphasis compared to the other constitu-
ents under consideration. Recent articles were primarily directed at extraction processes, although ion
exchange, flotation, adsorption, volatilization, and membrane techniques were also used.

2.1.1 Adsorption - Polyantimonic Acid

Two flowsheets for the treatment of HLW were considered (Grossi et al. 1992), one based on
treatment of the acidic HLW and one based on alkaline HLW. In the acidic HLW flowsheet cesium

would be removed by cesium-phosphotungstate precipitation; strontium and plutonium would be
removed by polyantimonic acid (PAA) or CMPO sorbed on solid supports. In the alkaline flowsheet,
sodium hydroxide would be used to neutralize the HLW to pH > 13, cesium would be removed by
sodium tetraphenylborate or zeolite ion exchange, and the strontium and plutonium would be removed
with the sludge resulting from the neutralization process. In both flowsheets the separated radionucl-
ides would be vitrified and the LLW would be disposed of in cement. The authors recommended
implementation of the alkaline flowsheet using zeolite for cesium removal because good DFs were
obtained for all radionuclides; they viewed the process as relatively safe, simple, and reliable; chem-
icals are readily available for use at the plant scale; and the process has been proven in hot tests and at
the pilot scale. However, concerns with long-term performance of the zeolites at pH > 13 have not
been addressed. The acidic flowsheet was rejected largely because of the poor performance of the
polyantimonic acid (PAA) (i.e., slow kineties, low DFs, poor mechanical and chemical stability).

2.1'2 Extraction - HEDPA and Sodium Carbonate

Stripping Am(Ill) and Pu(IV) from TRUEX process solvent (0.2 M CMPO+ 1.4 M TBP in normal
paraffin hydrocarbon) was investigated using l-Hydroxyethane-l, l-Diphosphonic Acid (HEDPA), and
sodium carbonate (Lumetta and Swanson 1993). The solutions were spiked with Am(Ill) or Pu(IV)

tracers. DAmOII)= 2 and Dpu(iv) = 0.5 were obtained for a 0.01 M HEDPA concentration and 0.35
M HNO3 concentration. The Ds for both ions decrease with an increasing HEDPA concentration. The
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lower D for Pu(IV) indicatesthat this ion can be more readily stripped from TRUEX process solvent

with HEDPA than Am(Ill). In addition,a sodium carbonatestripgave DAmalr_= 0.001 and Dputlv)
= 0.009 suggesting thatthis would be an effective strippingagent. However, duringcontactof a
0.5 M sodium carbonate stripsolution with a TRUEX extractof actual neutralizedcladding removal
waste, a precipitaterich in lanthanum formed in the stripsolution. It was recommended thatcomplex-
ants such as HEDPA be addedto preventprecipitation. Experimentsthat used combined HEDPA/
sodiumcarbonateas stripping agents were effective and showed that the HEDPA concentrationcould
be reduced from currentTRUEX specifications. A sodium carbonatestripoffers advantages in that it
wouldeliminate the additionof phosphorusinto the HLW streamand thatthe neutralizationof process
acids before storage wouldnot be required.

2.1.3 Extraction- CMPO + TBP

The extractionand purificationof americium from plutoniumloadingeffluents in 7.5 M Hl_O3
solutions has been conductedusing 0.2 M CMPO + 1.2 M TBP in dodecane as the extractant (_lathur
et al. 1992). Over 97% of the americium (160 rag/L) andover 98% of the plutonium(1.2 mg/L_ are
extracted in three contacts of five minuteseach. Strippingwith 0.04 M HNO3 and 0.05 M NaNO2
recoveredapproximately90% of the americiumwith a plutoniumlevel of 13.2 _tg/L. Using an initial
extraction at a lower HNO3 concentrationof 4.2 M, one contact with 20% trilaurylaminein dodecane
resulted in 97.6% extractionof the plutoniumand 2.5% for americium. Following this initial contact
with a CMPO+ TBP extractionand strippingwith 0.04 M HNO3 + 0.05 M NaNO2 gave > 98%amer-
icium recoverywithout detectable amounts of plutonium.

In other related work, the extraction of actinides, lanthanides, and other fission productsfrom high
active aqueous rafflnatewaste (HAW)and HLW solutions generatedby the plutoniumuraniumextrac-
tion (PUREX) process was investigated (Mathur et al. 1992). The extractant studied was a mixtureof
0.2 M CMPO and 1.2 M TBP in dodecane. The goal of this work was to assess the extraction and
strippingbehaviorof the actinidesunderactualplant conditions. After four contacts with the extractant
the total alpha load in the HLW (3 M HNO3) was decreased by a factor of 103to about 4 nCi/ml. The
Ds were not significantly affectedby nitricacid concentrationsup to 6 M. Strippingwith oxalic acid
resulted in recoveringall the actinides as a group. Severalcontacts were requiredfor both the extrac-
tion and strippingprocesses. It was observed that the extractionof the trivalent actinides and plutoni-
um was hinderedby the presenceof uranium in the feed as it tends to saturate the CMPO in the organic
phase. Third phase formationwas observed at aqueous feed U(VI) concentrationshigher than 9.95 g/L
and also with neodymiumAm(Ill) concentrations higherthan 9.2 g/L.

2.1.4 Extraction- CMP + TBP

The extraction of Am(Ill) from nitric acid solutions (2 - 6 M) was studied using mixtures of
dihexyl N,N-diethyicarbamoylmethylphosphorate(CMP) and TBP in benzene (Mathuret al. 1991).
DAm(ill) of approximately7 was obtained for 0.4 M CMP + 0.8 M TBP from a 3.0 M HNO3 solution.
Nearly 99.8% of the Am(iIl) could be back-extractedby 0.01 M HNO3. Betterextractionwas
obtained nearambient temperaturesand betterback extractionat elevated temperatures. In similar
experimentsmixtures of CMP + TOPO in benzene were used to extractAm(ill); however, poor
back-extractionsignificantlylimited the recovery.
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l
2.1.5 Extraction- BESO

The extraction of Am(Ill) from aqueous nitrate media into n-dodecane by
bis(2-ethylhexyi)sulfoxide (BESO) was studied (Shukla and Kedari 1992). Sulfoxides are reported to
be promising extracting agents, especially for uranium and plutonium; however, the extraction of
Am(III) (10 -6 to 10.4 M) was found to be very poor in aqueous nitric acid solutions. A salting-out
agent (Ca(NO3)2) was required to increase the extraction efficiency. The organic phase consisted of
0.4 M BESO in dodecane and an aqueous phase of 0.03 M HNO 3+ (0 to 6 M) Ca(NO3)2. DAm(tlr)
ranged from <0.01 without a salting-out agent to 163 at a 6 M concentration of Ca(NO3)2. By
increasing the concentration of BESO in the organic phase or calcium nitrate in the aqueous phase the

\ extraction of Am(Ill) improved. Back extraction of BESO with 1-3 M HNO 3 solution resulted in
> 99 % removal of Am(ill). At higher HNO 3 concentrations this extraction process was not as efficient

and required a significant amount of salting-out agent.
_--_A2.1,6 Extraction- Picolinamides

The preliminary results of a search for extractants that are capable of extracting actinides (Ill),
(IV), and (VI) and while leaving the lanthanides (ill) behind are reported in (Musikas et al. 1992).

Picolinamides with the formula CsH4NCONRR' where R and R' are various substituents have been
studied. The highest DAmtalr_ was 29.8 for R=H and R'=CsHI7 in benzene and an aqueous solution
of 3 LiNO 3. Under similar conditions DEualr_= 3.8 and an ¢XAm.Euof 7.8 was obtained. In aqueous
thiocyanic media C_Am.Eu= 51.5. Separation factors between americium and praseodymium or
neodymium would be more useful as they are much closer to americium in ionic radius than europium.
The picolinamides are completely incinerable and were observed to be more selective for trivalent
actinides than trivalent lanthanides. Through further modification of the base picolinamides the authors
hope to improve selectivity and separation efficiency.

2.1.7 Extraction- Pentaalkylpropanediamide

Pentaalkylpropanediamides were used to complex Am(III) and Pu(IV) in nitric acid and chloride
solutions (Cuillerdier et al. 1992). The generic formula is (RR'NCO)2CHR" where R and R' are alkyl
substituents and R" an alkyl or oxyalkyl substituent. The two C=O groups act as chelating agents for

metallic cations. For the propanediamides diluted in tertiobutylbenzene, DAm01I)ranged from 1 to 20
for 2 M and 4 M HNO3 solutions, respectively. In comparison the maximum DAmOII)was 13.7 in a
0.5 M HC1/5.85 M CaCl2 solution. Dputqv) = 60 was obtained for a 3 M HC1/4.33 M CaCl2 solution.
The authors report that they are easy to synthesize and are completely incinerable (do not contain
phosphorous). In addition, these chelating agents are reported to be able to separate all actinides even
those that are typically difficult with conventional extractants.

In related work the extraction of actinides from chloride medium mixed with concentrated salts was

investigated using pentaalkylpropanediamides (Cuillerdier and Musikas 1991). The diamide used for
this study was 0.5 M (C4H9CH3NCO)2CHC_.2HaOC6H13. DAm up to 20 were observed for 3 M HC!
and 8 M LiCI in decaline diluent. In a 3 M HCI solution mixed with 10 M LiCI, DNp0V) = 224 and
Do(vl ) > 1000 were obtained. In comparison Dpu = 578 was obtained for a monamide extractant in a
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5 M HCI solution of several salts. O_Am(lll).Pu(IV) > 17000 were achieved. Further optimization of the
molecules for greater selectivity is under study.

In concentrated SCN., CI"(or Br') environments, problems can arise due to corrosion, high waste
salt production, and, in the case of SCN', poor chemical and radiation stability.

2.1.8 Extraction- LIX 622

The extraction of uraniumfrom nitrate media by 10% (v/v) LIX 622 (water insoluble dodecylsal-
icylaldoxime) in benzene was investigated (Mohanty et al. 1991). At pH 3 no uranium (initial concen-
tration UO2 = 5 x 10-3 M) extraction occurs, but the extraction increases almost linearly up to pH 6.
At pH 6 the extraction efficiency reached 100%. The extraction efficiency increases by increasing
LIX 622 concentration, and TBP may be used as a synergist up to 2 % by volume. The extraction
efficiency decreases with increasing anion concentrations (i.e., CI, SO4) and would also be expected to
decrease in the presence of sodium.

2.1.9 Extraction- Crown Ether and HTTA

Extraction of trivalent europium, gadolinium, and americium from aqueous perchlorate medium
has been studied using mixtures of thenoyltrifluoroacetone (HTTA) and 15-crown-5 (15C5) or
18-crown-6 (18C6) in chloroform (Shehata et al. 1992). Distribution ratio for (Eu(lll), Gd(lll), and
Am(lll) were approximately 100 for an organic phase of 0.15 M H'FI'Aand 0.15 M 15C5 in
chloroform and an aqueous phase of 0.1 M NaCIO4 at pH 3.45. By replacing 0.15 M 18C6 with
15C5, the Ds increased by an order of magnitude to nearly 1000. However, no increase in extraction
behavior was observed with the addition of 12C4 over HTTA alone. The highest distribution ratios
were obtained at lower hydrogen ion concentrations (10-4M). An increase in the crown ether
concentration or the HTTA concentration resulted in an increase of D.

2.1.10 Extraction- HPBI

The extraction of Pu(IV) and Am(Ill) from acidic mediumwas investigated using 3-phenyi-
4-benzoyl-5-isoxazolone (HPBI) in toluene (Manchanda and Mohapatra 1992). In the range of HPBI

concentrations investigated (7.9 x 10 .4 M to 2 x 10"3 M), Dpu_IV) ranged from 0.2 to 4. Darn011)
ranged from 1.8 to 15.8 for HPBI concentrations of 3.1 x 10"_M to 5 x 10-2 M, respectively. In sepa-
rate experiments, nearly 100% extraction of Pu(IV) was obtained from acidic solutions (I-ICI,HCIO4,
H2SO4, HNO3, H3PO4) ranging up to 3 N in acid concentration. In the best case, 100% extraction
was observed for HNO3 concentrations up to 5 N.

2.1.11 Oxidation/Extraction- PMBP and CAAF

Using a combination of electrochemical or chemical oxidation and extraction, the separation of
americium and curium in solutions of phosphates and sodium carbonate was investigated (Karalova
et al. 1992). Initially, Am(Ill) (10-3 M) was electrochemically oxidized to Am(VI) in a 0.1 M solutiot:,
of Na4P207 and Cm(llI) (10-5 M) at pH 10, with an applied potential of 15-19 V for 50 minutes.
Extraction of the Am(VI) with a solution of l-phenyl-3-methyl-4-benzoylpyrazolone (PMBP) in chloro-
form reduced the Am(VI) to AmfV), which remained in the aqueous phase while Cm(lll) was extracted
into the organic phase. The ¢XCm01I).AmfV) was approximately 1000. The yield of Cm after extraction
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was 98.4%. In Na2CO 3 solutions at pH 12.8, Cm(lll) will extract quantitatively with bis(2-oxy-4-
alkylbenzoil)amine (CAAF), while the Am(Ill) previously oxidized to Am(VI) remains in the aqueous
phase. It is expected this method could be used for separation of Am(Ill) from Cf(IlI), Bk(IlI) and
trivalent REE as they extract similarly to Cm(Ill) under these conditions.

2.1.12 Oxidation/Extraction- CsSO4F and Ag(I)

The separation of americium from curium was investigated using cesium flouroxysulfate (CsSO4F)
with Ag(I) catalyst to rapidly oxidize Am(Ill) to AmfVI) followed by ;xtraction (Appelman et al.
1991). Initial concentrations were 7.5 x 10-3 M Am(Ill) and 7.5 x 105 M Cm(ill). This process was
performed at ambient temperature in 0.4 to 1.0 M HNO 3 where fluoroxysulfate reacts with Ag(i) to
produce higher oxidation states of silver which in turn oxidizes the Am(ill) to AmfVI). After oxida-
tion, bis(2,6-dimethyl-4-heptyl) phosphoric acid diluted in dodecane is used to extract the Am(VI) from

the Curium(Ill). DFAm of 4000 and DFcm of 280 were obtained for the process. The oxidation of
Am(Ill) to Am(VI) becomes much slower once the solution reaches 2.6 M in HNO 3. The authors
report concerns with the build-up of HF as the oxidant decomposes, which could precipitate trivalent or
tetravalent actinide ions. Also the presence of silver catalyst creates additional waste disposal
concerns.

2.1.13 Extraction- Alamine-336

The separation of thorium, uranium, and plutonium was investigated using Alamine-336 and
tri-n-octyiphosphineoxide (TOPO) in xylene or cyciochexane (Burcik and Mikulaj 1991), This work
was directed at the development of an analytical method for the determination of thorium, uranium,

and plutonium. Using 20% Alamine-336 in xylene Dpu0v ) was as high as 300 in 1 M HNO 3 solutions.
A maximum Dofvl ) of 25 was obtained in a 3 M HC! solution. Higher Ds were obtained with TOPO
(Dpu(IV) = 500, Dofvb - 1000), but complete back extraction was much more difficult than with
Alamine-336. In the presence of Ca(iI), Fe(lll), and Mn(iI), the recovery efficiency for thorium,
uranium, and plutonium was significantly reduced. It w_ concluded that the method was only suitable
for analysis of samples with low concentrations of inte_ering ions.

2.1.14 Extraction- Microemulsions (AOT/Hexane/CMPO)

Extraction of colloidal Pu(IV) by microemulsion-based solvent extraction systems was investigated
using microemulsions that consist of the surfactant sodium bis(2-ethylhexyl)sulfosuccinate (AOT) in
hexane with either CMPO, or TBP as coextractant (Chaiko 1992). A Dpu value of 3000 was obtained
at 0.4 M HNO 3 in the aqueous phase and at 0.2 M CMPO and 0.15 M AOT in hexane for the organic
phase. The Dpu for the system using TBP/AOT in hexane were considerably lower. The extraction

kinetics of the CMPO/AOT system was considerably faster than the TBP/AOT system. The bulk phase
recovery of plutonium was 100% for both organic extractants. After partitioning of the plutonium,
back-extraction of plutonium was accomplished by encapsulation of the extracted metal species in col-
loidal silica particles that were produced by the acid-catalyzed hydrolysis and polymerization of
tetraethoxysilane within the aqueous microdroplets of the organic phase. The SiO2 capsules were pre-
cipitated from the organic phase by increasing the pH with hydrazine or ammonium hydroxide. The
water soluble polymers used for biphase formation are nontoxic, biodegradable, and relatively inexpensive.
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2.1.15 Extraction - Aqueous Biphasic (Arsenazo I_

An aqueous biphasicsystem is a heterogeneousliquid/liquidsystem thatspontaneouslyforms in
mixtures of two dissimilar water soluble polymers or of a water soluble polymer and an inorganic salt.
Colloidal-size particles and certain complexed radionuclideshave been shown to preferentially partition
to the polymer rich phase. The process can be considered similar to conventional solvent extraction
except that an organic diluent is not used. Contactors similar to mose currently in use for conventional
solvent extractioncan probably be used.

Initial experiments were conducted to determine the feasibility of using aqueous biphasic extraction
systems for separation and recovery of plutonium from aqueous waste streams or solids residues
(Chaiko et al. 1992, 1993). The initial target of these experiments was PuO2 contained in solid
residues (e.g., incineratorash, sand, slag, and crucibles; graphite). However, the authors used poly-
meric Pu(IV) as a stand-in for PuO2. PolymericPu(IV) was extracted using the sodium sulfate/
polyethylene glycol system and the phase transfer agent (PTA) arsenazo III. Single stage separation
factors of 104and 10_ were obtained for plutonium/graphite and Pu/SiO2 mixtures, respectively. The
authors speculate that the surface properties of plutoniumpolymer and PuO2 particles are similar (both
contain hydratedPu-OH sites) and are attempting to correlatethe partitioning behavior,

In a related study polyethylene glycol (PEG) was addedto (NH,,)2SO4 and K2CO 3 for use in
extracting Am(Ill), Pu(IV), UO2(II), and Th(IV) into the polymer rich phase from a salt rich phase
(Rogerset al. 1993). Complexing dyes were used to preferentiallypartition to the polymer rich phase.
Dyes used include arsenazo III, alizarin complexone, and xylenol orange. In SO42"media, at an
arsenazo IIIconcentration of 10.4 M, Ds greater than 10 for Th(IV), UO2(II), and PuHV) were
obtained. At higher arsenazo III concentrations (1.5 x 10.3 M), DAm > 10. However, in CO32"media
arsenazo III exhibitedpoor extraction capabilities. For the alizarin complexone dye, concentrations of
10.4 M to 10"5M were necessary to achieve Ds > 10 for plutonium and thorium in SO42"media. In
CO3 media the Ds were > 10 for an alizarin complexone concentration of 0.01 M. In comparison, for
xylenol orange concentrations between 10"s M and 0.05 M, Ds were > 10for thorium and americium
(as high as 1000 for DAm)in SO42"media. D_ was > 10 between 3 x 10.6 M and 0.05 M xylenol
orange concentration. In the CO32"media, only DAmwas > 10 at xylenoi orange concentrations > 3 x
10"3. The Ds in the absence of complexant were significantly less than 1 indicating that the complexant
is necessary for a viable process. The Ds indicate that stripping could be accomplished with 3 M
H2SO4 ; however, no strippingexperiments were carriedout. Other water soluble complexing agents
are being investigated as many complexing dyes are expensive and toxic. The partitioning behavior of
strontium was not investigated.

2.1.16 Emulsion Liquid Membrane- Crown Ether

Plutonium was removedfrom nitric acid streams by an emulsion liquid membrane (ELM) process
using dicyclohexanol 8-crown-6 (DC18C6) as the extractant diluted in toluene or paraffin (Shukla and
Kedari 1992 in Ho and Li 1992). The membranephase is interposed between the continuous external
phase and an encapsulated internal phase. The membranephase consisted of 0.2 M DC18C6, with
polyamine or SPAN-80 surfactants in toluene diluent. The internal phase was 0.5 M Na.2CO 3. More
than 90% of the plutonium (50 mg/l) was removed from a 3 M nitric acid/0.05 M sodium nitrate feed
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stream. It was suggested thathigher separationswouldbe achievable by determinationof appropriate
surfactants. Concerns with the stabilityof the ELM, especially in nitric acid environments,need to be
addressed.

2.1.17 Extraction Chromatography - DAAP (U/TEVA*Spec) Resin

A new extraction chromatographic resin consisting of diamyl amylphosphonate(DAAP) sorbed on
an inert polymeric support(AmberliteXAD-7) was investigatedfor the separationof uraniumfrom
nitricand hydrochloric acid solutions (Horwitzet al. 1992). This material is commercially availableas
U/TEVAeSpec (uraniumand tetravalentactinide specific). Based on the capacity factor, k' (numberof
free column volumes to peak maximum)the U/TEVAsSpec resin shows that the resin will effectively
sorb uraniumover a wide range of nitricacid concentrations(> 1 M - 10 M). At low acid concentra-
tions (0.02 M) the uraniumcan be easily stripped. Due to the differences in k' between uranium and
thorium, separation of the ions can be achieved through properselection of the strippingsolution acid
concentration. During tests on environmentalsamples (e.g., groundwaterand sediment) over 95%
recoveryof uraniumwas achieved. As only dilute acid is requiredfor elution, a reduction in reagent
consumptionandsecondarywaste generationis possible. However, for applicationto Hanfordtank
wastes a significant amount of reagentwould be requiredfor pH adjustment.

2.1.18 Extraction Chromatography - TRUsSpec and U/TEVA*Spec

Extractionchromatographicresins were evaluatedas an alternativeto using the TRUEX process
for separationof americium, plutonium,and uraniumfrom acidifiedHanford tank wastes (Barneyand
Cowan 1992). A laboratoryprepared resin (CMPO loadedon macroporoussupport of Amberlite
XAD-16), two commercially availableresins TRUeSpec (CMPO+TBP on macroporouspolymeric
support), and U/TEVAsSpec (Dipentyl Pentyiphosphonateon macroporouspolymeric support)were
used for the separations. DFAmas high as 42,000 (initial241Amactivity 0.089/tCi/ml) was observed
at lower acid concentrations,and DFU as high as 2600 (initial 232Uactivity0.02 _tCi/ml)were
obtained. DFpu = 67,000 (initial 238puactivity 0.017 _tCi/rnl)was measuredfor a 0.5 M HNO3
solution. Actinideextractionis decreased by the presenceof metal ions that compete for the CMPO
complexant. Nitrate ion increasesextractionof the actinidesdue to nitratecomplex formation, while
acid concentrationdecreases extractionbecauseof competitionfor the CMPO extractant. Extraction
with TRUsSpec resin is rapid, and elution is easily achieved with ammoniumcitrate. The laboratory
preparedresin showed promisingextractionpropertiessimilar to the TRU*Spec resin. It was con-
cluded that both of the materialscould be used to remove actinides from acidifiedHanford tankwastes.

2.1.19 Extraction Chromatography - DHDECMP

The resultsof a laboratoryandengineeringevaluationof technologies for a secondaryunit for
cleanupof effluentfrom a plutoniumanion exchange recoveryoperationare reportedin (Schreiber
et al. 1992). Initially, liquid/liquidextractionwas investigatedusing 30% by vol. DHDECMP in
diisopropylbenzeneas the extractant in modified York-Scheibelcolumns. Lean-residueanion-
exchange column effluentused for the feed was between 4 and 8 M in HNO3 and contained 100 mg/L
plutoniumand 10 mg/L americium. Over 95% of the plutoniumand americiumwas removed and
recovered. However, this process was rejectedbecause the authorsfelt that the process was difficult
to operateeffectively on a pilot scale and wouldrequireextensive processcontrol to operateon a
plantscale, To improvethe recovery, the extractantswere loaded on, or incorporatedin, a resin for
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extraction chromatography. Distribution coefficients for plutonium ranged from 11.8 to 140 and
for americium 0.7 to 49, depending on the swelling solvent (toluene, chloroform, and methylene
chloride), bead structure (styrene-divinylbenzene, polyacrylate), and extractant (CMPO,
DHDECMP). A reduction in activity by 99.999% was observed. However, breakthroughoccurred
after only 3 bed volumes of effluent contacted. Thus, the eff_tive loading was only 10 mg of acti-
nides per liter of resin. The authors report that the extractants are difficult to synthesize in high
purity, difficultto back extract, and would cause formation of phosphates and pyrophosphate in ash
during thermal disposal. These concerns led the authors to investigate malonamides for extraction Of
trivalent, tetravalent, and hexavalent actinides from nitric acid solutions. Initial studies have obtained
Dputhat range from 0.3 to 175 for 0.1 M to 7.0 M HNO3 concentrations, respectively, for nitrogen,
N-dimethyldibutylmalonamide in diisopropylbenzene and 10% octanol solution.

2.1.20 Extraction- HDEHP Loaded Polyurethane Foams

The use of polyurethane foams for immobilizingorganic extractants was investigated for the
enrichmentof metal ions from aqueous media. Solutions of di(2ethylhexyl)phosphoricacid (HDEHP) i
in o-dichlorobenzene(ODCB) immobilized in polyurethane foam were used to extract U(VI)
(2.5 x 10-3 M) from nitric acid solutions (Aziz et al. 1992). Concentrations of HDEHP in ODCB
were varied from 0.04 mmol to 0.05 mmol. A maximum DUof 11,500 was obtained for conditions
of 0.1 M HNO3 and 0.4 mmoi HDEHP in ODCB. At 3.5 M HNO3 and 0.05 mmol HDEHP in
ODCB, the Do droppedto 12. Nitric acid and HDEHP concentrations had a strong influence on Du.
Nitric acid concentrationshad to be kept below 3.5 M as higherconcentrations are destructive to the

J polyurethane foam. Large quantities of this material subject to poor heat transfer could lead to exo-
thermic and runaway reactions (i.e., explosions in a relatively closed experiment).

2.1.21 Extraction- Polyurethane Foam

The extraction of U(VI) from aqueous solution with polyether based polyurethane (PU) foam was
investigated Otuang et al. 1992). Experiments were carried out in nitratesolutions containing 0.06 M
HNO3 and 2.1 x 10.3 M U(VI). The polyurethane foam was unable to extract any uranium without a
nitrate salting-out agent. With the addition of 10 N Ca(NO3)2, a Ducvl)-- 1286 was obtained for the
polyurethane foam containing 12% polyethylene oxide (PEO). Lower PEO contents in the foam
always showed a decrease in Du6q). DU increases at lower temperaturesand lower nitric acid
concentrations.

2.1.22 Ion Exchange- AG-Ix4 Exchanger

Recoveryof trace levels of plutoniumfrom uranium solutions was investigated using an ion
exchange technique (Araujo et al. 1992). Plutonium nitrate solutions were passed through a chro-
matographiccolumn filled with AG-Ix4 anionic resin. The plutonium was eluted with 0.4 M HNO3.
The plutonium breakthroughpoint correspondedto 3.25 mg plutonium/ml resin. The presence of
uranium did not interfere with plutonium retention on the resin at low uranium/plutonium ratios. At
higher uranium/plutonium ratios (IO4) the uraniuminterfered with plutonium sorption. Unfortu-
nately, the authors do not report their results for plutonium breakthroughas a function of initial plu-
tonium or uranium/plutonium. A decrease in resin capacity would be expected with a decrease in
plutoniumconcentration. In addition, at highuraniumconcentrations the competition between ura-
nium and plutonium and lower absorption kinetics are expected to reduce the resin capacity.
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2.1.23 Ion Flotation- LPA and PO

The feasibility of ion fotation of europiumandamericiumfrom nitric acid solutions using lauril
phosphoricacid (LPA) or diphosphinedioxides (PO) was investigated(Mezhov et al. 1992). These
floto-reagentsform a barely soluble hydrophobicprecipitatefrom chemical interactionwith metal
ions. Passing air throughthe solution concentratesthe metal ion-flotoreagent in a thin layerof
unstablefoam thatcan be easily separatedfrom the bulk solution. Over 97 %europium (initialcon-
centration3.2 x l0"4M) removalwas achievedat low HNO3 concentrations(0.1-0.7 M) with
0.3 % LPA in 2 M NH4OH. For higher acid concentrationsphenyl diphosphinedioxides (PPO) and
tolyl diphosphinedioxides (TPO) were used as the floto-reagent. For 0.02 M PPOin ethanol, 38%
of the americium(initial concentration2.1 x l0 "7M) was removed at a 4.2 M HNO3 concentration
per one flotationoperation. Comparedto 0.02 M TPO in ethanol, the amountof americiumremoved
per operationvaried from 48 % at 4.2 M HNO3 up to a maximumof 76% at 3. l M HNO3, indicating
that TPO is a more effective agent. Undersimilar conditions better removale_ciencies were always
obtainedfor Pu(IV). In all instancesthe extentof metal removal increased with an increase in
floto-reagentexpenditure.

2.1.24 Volatilization - Oxygen Flourides and Krypton Dillouride

Oxygen flouridesandkryptondiflourideare used to volatilize plutoniumcompounds to PuF6,
which can be easily separated from the gaseous productstream(Kim andBlum 1991). The recovered
plutoniumhas a chemical purity that eliminates furtherpurificationsteps. Incineratorash from a
nuclear processing plant was contactedwith the flouridecompounds, reducing the plutoniumcontent
by 60%. The authorsexpect to improveon these preliminaryresults throughprocess optimization.
The authorsare workingto resolve the concern that oxygen flourideandkryptondiflouridearether-
mally unstable, which make productionandstorage of large quantitiesof the reagentsdifficult.

2.2 Lanthanide Separations

The lanthanidesmay warrant separationbecause they wouldcontributea significantmass to the
HLW volume if an extensive separationsstrategyis pursued. The chemical similaritieswith the TRU
components (especially americium) makeclean separationsdifficult. Reductionof the HLWvolume
would warrant some lanthanideseparations. Recentstudies involving lanthanideseparationprocesses
include extraction, ion exchange, and emulsion liquid membranes.

2.2.1 Extraction- Adogen-464SCN

The extraction of lanthanum, europium, lutetium, yttrium, americium, and californiumby
Adogen.464SCN from ammonium thiocyanate solutions was studied as a function of thiocyanate con-
centration (Borkowskiand Siekierski 1992). In the range of thiocyanate concentrations investigated
(0-4 M), the distributionratios initially increase rapidly up to 0.25 M followed by a slower increase
up to the 4 M ammoniumthiocyanate concentration. DLa = 0.8, DEu= 4.5, DLu -- 100, DAm ---
70, Dcf = 30, and Dy = 2.5 were obtained for 0.11 M Adogen-464SCN in xylene. The degree of
complex formation in the aqueous phase decreases across the lanthanide series and increases between
americium and californium, whereas in the organic phase it increasesfor both series.
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2.2.2 Extraction- TBP

The solvent extraction and chromatographic elution of cerium, praseodymium, neodymium,
samarium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium
were investigated (Sanchez-Ocampo et al. 1991). TBP was used to extract uranium (initial concentra-
tion 0.5 M) from the REE (initial concentrations 0.005 M) at various HCI concentrations. DU of
approximately 90 was obtained for 5-9 M HCI concentrations, while DREE of 0.006 was observed.
Only lutetium was appreciably extracted into the organic phase. This solution was sent to a column
containing Dowex 50W-x8 resin. Quantitative elution was obtained for uranium with 0.75 M H2SO4,
followed by elution of each of REE with 5,6, or 7 M HCI and cerium lone with 4 M HCI. The
separation coefficient for uranyl/REE was 15000.

2.2.3 Extraction- tH)EHP

Using bis (2-ethylhexyl) phosphoric acid (HDEHP) the extraction of Ce(Ill) from U(VI) and
Th0V) in hydrochloric and sulfuric acid solutions was studied (EI-Kot 1991). The addition of
water-miscible alcohols or acetone to the aqueous phase increased the separation efficiency. Separa-
tion factors for uranium from cesium were near 450 were obtained with 20% HDEHP in benzene for

2.5 M HCi in the presence of acetone. Under similar conditions OtTh.Cewere near 1000. In the case
of thorium even higher separation factors were obtained for mixed acid solutions of HCI and H2SO4.
The separation factor increases with increasing acid concentration, passes through a maximum, and
then decreases.

2.2.4 Extraction - Primene JM-T

In a development effort aimed at separatingianthanides from Ti(IV), Zr(IV), ThflV), and U(VI),
an amine, Primene JM-T was used to extract lanthanides and other associated elements from citric
acid medium (Jain et al. 1991). The citric acid concentration was varied from 1.0 x 10-3 M to

5.0 x 10-3 M while the organic phase consisted of 3% Primene JM-T in chloroform. Between 90%
and 100% extraction was obtained for Ti(IV), V(1V), Th(1V), and U(VI) (initial metal ion concentra-

tion 1.0 x 10-4 M), while greater than 95 % of the Ce(lll), Gd(lll), and Yb0ll) remained in the aque-
ous phase. Titanium, zirconium, and uranium could be recovered quantitatively from the organic

phase by washing with 6 M HCI and the thorium recovered with 3 M H2SO4. Increasing Primene
JM-T concentration resulted in a reduction of the extraction efficiency.

2.2.5 Emulsion Liquid Membrane - P507

Rare earth metals were extracted by ELMs from dilute solutions (Li and Xu, in Ho and Li
1992). Ca)The membrane phase consisted of mono(2-ethylhexyl) 2 -ethylhexyl-phosphonate(P507)
(3.5 vol. %), with the surfactant NI13A (4.5 vol. %) in kerosene (88 vol. %) and paraffin (4 vol.
%). The internal phase was 2 M HCi. Between 94% and 100% removal of La(IIl) (0.2-0.8 rag/L)
was obtained from a 0.1 M HOAc/0.1 M NaOAc feed. Other lanthanides such as Eu(lll) and Lu(lll)
have been removed with :>99% efficiency using ELMs.

(a) Li, Y.-T, and S.-S. Xu. 1991. "Lihua Jianyan". Huaxuc Fence, 27:270 (in Chinese).
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l2.2.6 Ion Exchange- Phosphorous-Based Exchanger

A relativelynew ionexchange resin with diphosphonicacid ligandsdisplaysmetal ion selectivity
andrapidrates of complexation over a wide solution pH range (Alexandratoset al. 1992). This
material is referredto as Diphonix, a commercially availableresin (from Eichrom IndustriesInc.)
that was able to complex 98.3 % of Eu(III)from 1 N HNO3 solutions after a 30 minute contact.
In the presence of sodium the Diphonix resin was still able to complex 96.5 % of the Eu(III)from a
1 N HNO3/0.4 N NaNO3 solution. Diphonix also showed borer selectivity than sulfonic acid and
iminodiaceticacid ligands for metals such as nickel, zinc, lead, and mercury. Unfortunately,the
authorsdo not provide informationregardingthe distributioncoefficient, which wouldenable a much
betterassessment of these resins.

2.3 Barium Separations

Chemical similarities between bariumand strontiummake their separationvery difficult. For
strontiumto be disposed of in the lowest volume of glass possible it may be necessaryto separate it
from barium. Recently, only a few efforts using ion exchange methods were directedtoward barium/
strontiumseparationsas most barium separationsare associated with the superconductorindustry.

2.3.1 Extraction Chromatography - Crown Ether

An extraction chromatographic separation of barium from a picric acid solution was conducted
using dibenzo-I 8-crown-6 coated on hydrophobic silica gel (IVlohiteet al. 1990). In a ternary mixture
containing barium (initial 0.25 rag), strontium (initial 7.0 rag), and a metal ion such as calcium
(initial 10 rag) with 0.01 M picric acid, the barium and strontium were coextracted while the other
elements passed through the column. In the binary mixture the strontium was first eluted with water
and the barium was stripped with 2 M HNO3. Quantitative recovery of all the elements was
observed. Barium was also removed from solutions containing alkali metals, uranium, and thorium.

2.3.2 Ion Exchange- Dowex 50W-X8 Exchanger

The separation of Ba(ll) from Sr(ll) was reported by using Dowex 50W-X8 resin and eluting with
a formic acid-methyl ethyl ketone-methanol solution (Husain et al. 1992). Using the differences in
distribution coefficients defined as

_tg of element/g of resin ]/_g of element/ml of solution

for barium (25) and strontium (< 1.0) in 0.1 M formic acid/3 M sodium formate/50% methanol
solutions 2.212 mg of strontium were separated from 3.46L _ngof barium. During elution with
0.1 M formic acid/3 M sodium formate/50% methanol, the strontium appears first and barium
appears in the later fractions. Additional information regarding D for 45 other elements were
determined at various formic acid/MEK/methanol solvent concentrations.
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2.3.3 Ion Exchange - SuperLig Exchanger

The selectivity of separationof metal ions from synthetic nonradioactivewaste was investigated
using the commercially availablesilica-bondedmacrocyclic ligand, SuperLig(Camaioniet al. 1992).
The PUREXraffinatesimulant feed contained approximately1.1 mmol Ba(II)and 0.8 mmol Sr(II).
Strontiumelution was carried out by adding0.1 M Na3citrate, andbarium was eluted with 0.03 M
Na4EDTA. In a columncontaining 10 g of SuperLig,between 90% and98% of the Ba(II)and 73%
to 86% of the Sr(ll) were separated from the test solution. Problems with prematurebreakthrough
were attributedto inefficientpackingof the column and channeling. Other separations investigated
with SuperLigincludedcesium and rubidium,palladium, and rutheniumand argentum.

2.4 Cesium Separations

Cesium-137 is a highly radioactivebeta emitter and a significant contributorto the overall activity
in the Hanford tank waste. The high activity makes it necessary to remove the 137Csto ensure that
the LLWmeet the lowest possible limits. Recent researchefforts on cesium separations include
precipitation, recirculatingliquid membranes, ion exchange, and extraction processes.

2.4.1 Extraction- Crown Ether + HDDNS

The extraction behavior of bis[4(6)-tert-butylbenzo]-2l-crown-7 (D(tBB)21C7) in a toluene solu-
tion with didodecylnaphthalenesulfonicacid (HDDNS) for the separationof cesium from nitric acid
solutions was investigated 0VlcDowellet al. 1992). Undernonloadingconditions for 0.25 M HDDNS
and 0.25 M (D(tBB)21C7) in toluene with an aqueous phase of 0.1 M in nitricacid, r3cs was 100 and
the C_cs.Na= 294. Under competitive extraction conditions, the Dcs= 5 and the otcs.Na= 192.
Increasingthe concentrationof D(tBB)21C7 and HDDNS or reducingthe acid concentration increases
Dcs.

2.4.2 Extraction- Crown Ether

Several crown ethers were studied for separatingcesium from picric acid solutions (Vibhute and
Khopkar 1991). DB-24-crown-8 in dichloromethaneshowed the best extraction capabilities at a picric
acid concentrationof 0.01 M and pH 3. Essentially 100% extractionof cesium (initial concentration
25 _g) was observed for crown ether concentrations above 3.0 x 10.2 M. Good extraction was
obtained with 18-crown-6, but extraction with 15-crown-5, B-15-crown-5, DB-18-crown-6, and
DC-18-crown-6was incomplete. Better extractionwas obtainedat picric acid concentrations above
7.0 x l0"3M. Quantitative strippingcould be obtained with 4-5 M HCI, 2-5 M HNO3, 5.0 M
H2SO4, and 2.5-5 M HCIO4. Higherconcentrationsof cesium couldbe extracted providedthe
crown ether concentration is proportionallyincreased. Using the selective extractioncapabilities of
several crown ethers, cesium was separatedfrom alkali and alkalineearth elements, zirconium,
hafnium, and thorium.

2.4.3 Extraction- Crown Ether

The effectiveness of crown ethers for separating cesium and strontium from nitric acid solutions
was investigated (Yakshin et al. 1992). Nitric acid solution concentrations ranged between 0.6 M and
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9.0 M, with the initialcesium andstrontiumconcentrationat 10 mg/L. Crown ethers used include
dibenzo-2l-crown-7 (DB21C7), its adductwith a phophmolybdicheteropolyacid(DB21C7.HPMo),
and the crown ether dicyclohexyl-18-crown-6isomer A (DCH18C6A). The crown ether concentra-
tion was 0.1 M in chloroformor nitrobenzene. The crown ethers DCH18C6A and DB21C7 extract
essentially no cesium, while DB21C7.HPMo extractscesium over a HNO3 range of 0.6 M to 3.0 M.
At 3.0 M HNO3 the Dcs is 134 with 99% extractionin a single stage. Comparedto strontium, only
DCH18C6A showed significantextractionwith over 98 % in a single stage. At higher HNO3
concentrationsthere is a decrease in Des.

2.4.4 Extraction- Lowinox 22M46

The extractionof cesium from intermediatelevel liquid radioactivewaste (NPP V1) was investi-
gatedusing 2,2'-Methylene-bis (4-methyl-6-ter-butylphenol)(Lowinox 22M46) in nitrobenzeneat
high pH (Gulls and Mikulaj1991). Dcs of 4.4 was obtainedfor 0.5 M Lowinox 22M46 in nitroben-
zene at pH 12.81 for a 5 minuteextractiontime. The use of other organic diluents resulted in a sig-
nificant decrease in extraction efficiencies. Increasing the Lowinox 22M46 concentration increases
D; however, at higher concentrationsthe aqueousand organic phases become nearly inseparable. A
slight increase in Dcs was observed in the presenceof lithium, sodium, and potassium ions.

2.4.5 Ion Exchange- Copper Hexacyanferrate Resins

The removalof cesium from liquid effluent was investigatedby passing the stream through a
column of copperhexacyanferrate(CuCF) loaded resins (Singh and Ramaswamy 1991). The CuCF
was loaded onto Indion-810andTulsion-A27MPbasic anion exchange resins Theirefficiency for
cesium removal was tested underboth staticanddynamicconditions. For fe_l solutions with 134Cs
(activity 10"3/zCi/ml)Ds of 6 x 103and 5.8 x 102 were obtained for the Indionand Tulsion resins,
respectively. In column tests, using 3 g of the resin at flow rates 10-30 bed volumes/hour,very little
breakthroughoccurred, even after 1000column volumes hadbeen passed. In general, Tulsion based
resins showed more tolerance towards acid and salts in the feed than the Indionbased resins. How-
ever, the CUCF based exchangers are not suitable to treat acidic wastes, as oxidation to hexacyano-
ferrate Am(llI) occurs for nitricacid concentrations > 0.1 M. The presenceof sodium and potassium
in the waste stream had the effect of decreasing De,, and the best results were obtained at pH 7-10.

2.4.6 Precipitation - Potassium-Cobalt Hexacyanoferrates

Several transition-metalhexacyanoferratecompoundshavebeen tested for removal of 137Csfrom
simulatedliquid low level radioactivewaste (LLLW)and contaminatedprocess waste water (Kent et
al. 1993). In this process several potassium-cobalthexacyanoferrate(KCFC) ion exchange particles
were prepared and obtained from differentsources. The ion exchange particles were mixed with the
solutions andallowed to settle. Decontaminationfactors as high as 35 were obtained for cesium
(initial concentration 5.94 x 106_Ci/m3) from the simulatedwaste and DFs of 12 for the process
wastewater. EachKCFC sample behaved in a differentmanner indicatingthat the method of pre-
paration significantly influencedthe cesium exchange properties. Cesium removal was influenced
more by pH 10.7-13 than the solution compositions (i.e., cations present and concentrations). In
addition, residualcyanide compoundswere detected in the effluent streamand would requireaddi-
tional treatment before discharge to the environment.
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2.4.7 Precipitation- PTA or NaTPB

The separationof cesium from the aqueousrafl_nateof reprocessed materialstesting reactor
(MTR) fuels has been investigated (Grossi et al. 1992). In one process cesium is directlyprecipitated
with phosphotungsticacid 0YI'A)from the acidic waste. In the second process the waste first under-
goes alkalinizationfollowed by cesium precipitationwith sodiumtetraphenylborate(NaTPB). The
acidic based process offers the advantage that less secondarywaste will be generated, as no pH adjust-
ment is required;however, the alkaline precipitationprocess is well known, and neutralizationof the
waste wouldbe requiredbefore storage, anyway. Shortdescriptionsof the cesium removal processes
are describedbelow.

Precipitationof cesium (initial concentration20 mg/L) using PTA from a 1.1 M HNO3 simulated
materialtest reactor waste solution was evaluated. Between 2 M and 5 M in acid concentrationthe

precipitationof Cs2HPTAis promoted. Above 5 M acid the CsH2PTAand Cs2HPTAreactions are
promoted. More than 12 hoursof contact time are requiredto achieve DFcs near 100. It was sug-
gested that to achievehigher DFs, additionalcontacting steps wouldbe required, and the addition of
KNO3 to the feed should improvethe recovery.

The second process involves alkalinizationof the acidic waste with NaOH to pH> 13. Strontium
and the actinides were co-precipitated in the alkaline waste leaving cesium. Using NaTPB
(> 200 mg/l) approximately99% of the cesium was precipitatedafter a 30 minute reaction time.

2.4.8 Precipitation- Zinc Hexacyanocobaltate(l]l)

Zinc hexacyanocobaltate(III)was used to separate cesium from aqueous and simulated medium
active waste (MAW)solutions by precipitation(Me_ail and Benyamin1991). The uptakeof cesium
is > 94 % in the pH range from 0 to 6. D_s of approximately7600 was obtained for simulated MAW
with an initial cesium concentrationof 10"°M. Undersimilar conditions Dcs of 3500 and 8900 were
observed for zinc hexacyanoferrate(II)andzinc hexacyanoferrate(III),respectively. These Ds are an
orderof magnitudelower than that obtained in an aqueoussolution, which suggests that species
present in MAW had a significant influenceon the separation.

2.4.9 Recirculating Liquid Membranes - D2EHPA

Cesium removalfrom liquid effluentswas investigatedusing recirculatingliquid membranes
(RLM) (Blake and Ritchie 1992). Three liquid streams, feed, extractant, and strip are circulated
through two membrane modules. The feed solution contacts the extractantstream at the membrane
surface in the first module. This extractant stream is passed to a second membrane modulewhere the
strip solution is contacted. The extractantused was di-2-ethylhexylphosphate(D2EHPA)20% by
volume in kerosene. For a 1000 mg/L cesium feed at pH 7, D > 10; and Dsr is on the order of
56,000. In solutions containing both cesium andstrontiumthe transferrate for cesium was 55% of
the single-ion rate. The RLMprocess is not currentlyviable on a large scale compared to alternative
processes andshouldbe limited to small volumes with only one dominant cation (Blake and Ritchie
1992).
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2.5 Iodine Separations

The 1291 is one of the contributors to long term risk as it has high solubility andmobility in
groundwater. The long term risk for 1291 is a concern even below Class A LLW limits. In addition,
the volatilityof iodineprecludesdisposal in a borosilicate glass form. A special waste form may be
requiredfor iodine disposal. The separationof iodine from aqueous systems was studied using ion
chromatography,extraction, isotope exchange, and combinationair sparging andheat treatment
processes.

2.5.1 Adsorption/Ion Chromatography

Preliminaryconcentrationandseparationof iodine is performed using a column filled with a
platinum-coatedcopper (PCC) bed that convertsall forms of iodine to iodide and selectively adsorbs
the iodide (Lambet al. 1992). The separation is completedby an anion chromatographicsystem.
Several simulated fuel reprocessingsolutions were prepared and spiked with 1271. After adsorption
on the PCC the iodide is strippedby 0.2 M NaOH. This stripsolution is passed through the chroma-
tographicseparator column and the iodide elutedwith 0.25 M HNO3 in 5 % methanol. Greater than
97% recovery was achieved for each of the simulated nuclearfuel reprocessingsolutions with sample
sizes rangingfrom _1to 500 ml quantities. A majorconcern is the destructionof the PCC bed in acid
solutions with high nitrateconcentrations. The authorsnegated this problemby reducingthe nitrate
ionconcentrationwiththe additionof metalliczinc.

2.5.2 Extraction and Isotope Exchange - TBP and Nal Carrier

Extractionand isotope exchange was investigatedfor the separationand preconcentrationof 1311
and 131103 from an aqueoussystem using TBP in toluene (Palagyi 1991). For the extractionexperi-
ments 1 M TBP in toluene was used and for the isotope exchange experiments0. I M 12 in 1 M TBP
in toluene was utilized. Greaterthan 95.5 % separationefficiency was achieved for the extractionof
1311 from an aqueousfeed for pH <5.5. At Nal carrierconcentrations< 10-3 M greaterthan 96%
separation efficiency was achieved for iodine. For iodate separations, the iodateremoval was very
slow unlesscatalyzedby iodide ions in an acid medium. Separationefliciencies > 97% were obtained
for 131103 at > 1 M HCIconcentrationswith 0.1 M 12in 1 M TBP in toluene. Other acids such as
HNO3 and H2SO4 showed similar trendsas observed for HCIsolutions. Based on the results, I, 12,
and IO3 can be separatedby isotope exchange from waterat pH <0, while at pH 2 to # only I and 12
can be separated. The I and 12can be separated from each other by extractionwith TBP in toluene at
pH 1-3. In mixtures of importantfission products (i.e., strontium-yttrium,strontium-niobium,
ruthenium-rhodium,cesium-barium, barium-lanthanumandcerium-praseodymium)only zirconium
andrhodiumwere found to interferewith the isotopicexchange. This interferencewas suppressedby
the additionof their carriers(e.g., 5 g/L as nitrates).

2,5.3 Heat Treatment and Air Sparging

Removal of residual iodine from nuclearfuel solutions was conductedusing heat treatmentand air
sparging(Boukis and Henrich 1991). The process involved adding 10"4M carrieriodine as KIO3
followed by heat treatmentfor approximately15 hours at 105°C. Subsequentsparging with air
resultedin more than 99.9% of the 1-129removed from the fuel solution. A DF of 21 was achieved
for the process. Variation of the carrierconcentrationbetween 10-3 and 10-5 did not significantly
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influencethe removal, while much better removalwas obtainedat temperaturesabove 100°C.
Nitrous acid and nitrousoxides must be removed from the solution to prevent reducing the iodate
carrier to volatile 12.

2.6 Nickel Separations

Variability of compositionswithin the Hanford tank wastes may necessitate the removal of 63Ni to
ensure that the LLWform does not exceed the class A limit. Recent researchefforts involving nickel
separations areprimarily directed at the clean-up of industrialwaste water streams. Nickel separa-
tions described below includeprecipitation,flotation, and extractionprocesses.

2.6.1 Extraction - Aliphatic Oxime

The extractionof nickel from a simulatedmanganese circuit raffinatewas investigatedusing
aliphaticoximes, in particular decanol oxime (DOX) (Reddenand Groves 1993). DOX was diluted
with an aromatic naphthato 1 M and contacted in a stirred reactorwith a feed containing nickel
(12 g/L), chromium(84 g/L), and chloride (200 g/L) at a H + concentrationof 0.4 M. The initial
loadingratewas relatively fast with 90% of the equilibriumnickel loadingoccurringin the first
5 minutes; however, over 60 minuteswas requiredto reach the equilibriumloadingof 12.4 g/L.
Strippingwas conducted using a 7.5 g/L HCIsolution. Approximately50% of the equilibrium
Ioat:ingwas achieved in 5 minutes,but 240 minuteswas requiredto reach the equilibriumnickel
loadingof 0.6 g/L. The decyl oxime degraded 12% per loadingandstrippingcycle, butwas
effectively regeneratedby contactingthe solvent phase with a neutralizedhydroxylamine-
hydrochloridesolution. The stability of DOX was improvedby addingdecyl aldehydeto the solvent,
which eliminated the regenerationstage.

2.6.2 Flotation- Dissolved-Air

Metal ions were separated from dilute aqueoussolution by dissolved-air flotation (Lazaridis et al.
1992). Ion flotation using xanthates such as potassiumoethyl-dithiocarbonate(KEX) was investi-
gated. Removalof over 90% of the nickel (50 mg/L) was obtained at pH > 4. At pH 8 nearly 100%
removal of nickel was observed. In a copper-nickelmixture, copper was selectively removed through
ion flotation,while the nickel remainedin solution. In a iron-nickelmixturethe nickel could be
floatedonly at pH > 7 where its hydroxideprecipitateforms. Increasing the KEX concentration
resulted in an increase of the nickel recovery.

2.6.3 Flotation- Adsorbing Colloid

The removal of Ni(ll) from chromiumstreamelectroplatingwastewaterwas investigatedusing
adsorbingcolloid flotation(Sanciolo et al. 1992). This processconsists of strippingthe contaminants
by adsorptionor coprecipitationonto colloidal material followed by column flotation. The colloid
was prepared in situ by the hydrolysisof added Fe(IIl) metal ions. Flotation was achievedby adding
a dual surfactantsystem that consisted of sodiumdodecylsulfate(SDS) anddodecanoic acid (DA).
At a concentrationof 200 ppm SDS and 100 ppm DA and pH_7.5, more than 99% of the nickel was
floated. The dual surfactantsystem exhibited a synergisticeffect in relationto the nickel removal.
Increasingthe pH or surfactantconcentrationeffectively increases the nickel removal.
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2,6.4 Precipitation - Oxalate

Oxalate precipitationwas used to recover nickel from metal finishing industrywaste acids and
hydroxidesludges (Brooks 1993). Oxalic acid was added at 1.5 times the stoichiometric requirement
for the nickel present. Recoveries between 92.5 % and99.9% were achieved for varioustypes of
nickel wastes (i.e., electrochemical machiningsludges, spent catalysts, platingwastes, waste mineral
acids) and initial nickel concentrations(0.29% to 25.0% by wt.). However, the removal of other
metals from the waste was requiredbefore the nickel couldbe removed. The whole process consisted
of several extraction,precipitationandion-exchangesteps to remove the other contaminantmetals.
Using a combinationof oxalate precipitationand ion exchange recoveriesof 99.9% were obtained
from all of the nickel wastes with the exception of platingwastes.

2.7 Strontium Separations

Strontium-90 is a majorcontributorto radioactivityin the SST waste and also a concern as a
significant source of heatgenerationin the final waste forms. As a result of the high activity, 9°Sr
should be separated from the waste to ensurethat the LLW form meets class A limits, and it mustbe
separated from the bulk of the sludgecomponentsto minimize the volume of HLW that must be
vitrified. Recent strontiumseparationsincludeseveral membraneprocesses as well as adsorptionand
extractionmethods.

2.7.1 Adsorption - Polyantimonic Acid

Adsorption of strontiumon polyantimonicacid (PAA) from a 1.1 M HNO3 simulated material
test reactor waste solution was investigated(Grossi et al. 1992). A Dsr of 118 was obtained, though
the PAA exchange rate was very low. The PAA exchange capacity was 2.7 mg/g, and breakthrough
did not occur until 400 column bed volumes had been passed. However, the authorsreported that the
commercial PAA product had poor mechanical or chemical stability.

2.7.2 Extraction - Crown Ether

Macrocyclicpolyethers (crown ethers) soluble in a water insoluble organic compound were used
to remove strontium from aqueous nitric acid waste solutions (Horwitz and Dietz 1992). The pre-
ferred organic phase is 0.2 M Dt-BuCHI8C6 in l-octonal with the organic extractant and aqueous
acid feed ratio at 1:3. Contact times are about 30 seconds, and stripping may be accomplished by
contacting the extractant with water. Depending on extractant, diluent, and acid concentrations, Dsr
ranged from near 0 to 80 in the examples presented. In general, the recovery improveswith increas-
ing nitric acid concentration up to 6 M.

2.7.3 Ion Exchange- Phenolic Resin

The selective uptake of strontium from solutions containing various amounts of sodium was
investigated using phenolic resins synthesized from catechol, gallic acid, and beta-resorcylicacid
(Samanta et al. 1992). Distribution ratiofor strontium were as high as 6580 for the catechol-
resorcinol-formaldehydepolymer in 1 M NaNO3 + 0.1 M NaOH solutions. The ion exchange
capacity of the dry resin was 8.53 meq/g. For the gallic acid-resorcinol-formaldehydepolymer,
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Dsr = 4920 was obtained. Increasing the concentrationof alkali (up to 0.5 M) resulted in the
enhanceduptakeof strontium. The rateof strontiumuptakewas initially fast, followed by a rapid
decrease, with theequilibriumratereachedafter 100 minutes. These polymers have reasonablyhigh
affinitiesfor strontiumin alkaline waste solutions, even in the presenceof sodium salts. Gallic
acid-formaldehyderesin was more effective in removing strontiumat the higher sodium concentra-
tions, with the catechol-based resin betterat lower sodium (< 0.05 M) concentrations.

2.7.4 Emulsion Liquid Membrane- Crown Ether

The separationof strontiumandcalcium was investigatedusing emulsion liquid membranesstabi-
lized with polyaminetenside, using 18-crown-6and picric acid as carriers(Mikulajand Vasekova
1991). For the membranephase, 1,1,2,2 tetrachloroethaneand 1,2,4,-trichlorobenzenewere used,
and polyaminetensideECA 4360 was used to stabilizethe membrane. With ECA 4360 the emulsion
was stabilized for over 3 hourscomparedto 20 minutesobtained with SPAN 80. The outer solution
consisted of SrCI2 (10-5 M), CaCI2 (10-5 M), picric acid (5 x 10.3 M), and 18-crown-6(5 x 10-4 M).
The membranephasecontainedECA 4360 (4 % by wt.) in trichlorobenzene, tetrachloroethane,or
toluene with an innersolutionof HCI (0.5 M). Best results with respect to strontiumyield and
strontium/calciumseparationfactor were obtained by the trichlorobenzenemembrane with a C_Sr.Ca
of 1500.

2.7.5 Supported Liquid Membrane - Crown Ether

The removalof strontiumandcesium from actualreprocessingwastes was investigated using sup-
portedliquid membranes(SLMs) constitutedwithcrown ethers (Dozol, Garcia, and Sastre 1991).
Strontiumwas extractedfrom reprocessingwaste with an SLM constitutedwith DC-18-Crown-6
(0.5 M) in decanol (0.7 M) diluted in hexylbenzene. Initially, a fast transferof 9°Sr throughthe
membranewas observed, then the ratedecreased, and after 100 hoursthe strontiumtransportstopped.
Approximately80% of the strontiumwas extracted from the reprocessingwaste. Good selectivity for
strontiumwas observed, compared to the actinides. In addition,experimentsfor simultaneous
removalof strontiumandcesium from simulantwaste with SLMs were conducted. The highestdis-
tributionratioswere obtainedfor a mixture of DC-I 8-Crown-6 (0.5 M) + tBuB-21-Crown-7(0.5 M)
+ decanol (0.8 M) in hexylbenzene. Dsr -- 32 andDes - 1.54 correspondsto 80% of the strontium
extractedand 33% of the cesium removed.

i

2.8 Technetium Separations

Technetium-99 is a contributorto the long term risk as a resultof high solubility and mobility in
groundwater. Consequently,technetiumremoval is requiredto minimizethe long term risk associ-
ated with the LLWform. Recent research effortson technetiumseparationsare described below.

2.8.1 Extraction- Crown Ether

Macrocyclicpolyethers soluble in a water insolubleorganic compoundwere used to removetech-
netiumfrom aqueous nitricacid waste solutions (Horwitzand Dietz 1992). Several crown ethers and
extractantswere evaluated. The preferredcrown ether was 0.2 M Dt-BuCH18C6 in l-octonal with
the organic extractantand aqueous acid feed ratio at 1:3. Contacttimes are about30 seconds, and
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stripping may be accomplished by contactingthe extractantwith water. For HNO3 concentrations
between 0.01 M and 3 M, Dro rangedfrom 0.1:2to 1.85, respectively. At concentrations> 3 M
HNO3, Dro remainedessentially constant. In general, 1_ improvedwith an increase in nitric acid
concentrationup to 6 M.

2.8.2 Extraction- APDC/NaDDC Chelation

Technetiumwas removed from LLW by chelation with sodium diethyl dithiocaramateCNaDDC)
in a 3 N HCIsolution andselective extractioninto chloroform (Chiuet al. 1991). Radioactivecon-
taminantswere removed by carrierhydroxideprecipitationandchelatingextractionat pH 4. Using
the NaDDC/CHCI3 system at variousHCIconcentrations,enables separationand concentrationof
technetiumfrom low level radioactivewastes. An averagerecovery of 90% of 99mTctracerwas
achieved for radioactivesludge, environmentalsoil samples, andnuclear installationeffluent. The
best extractionefflciencies (>98%) were obtainedfrom the aqueouseffluent. DFs > 105were
obtainedfor eOCo,II°mAg, 54Mn, and65Zn.

In more recentwork, ammoniumtetramethylene dithiocarbamate(APDC) was used as the
chelatingagent for technetiumremoval from LLW (Chiuet al. 1992). For HCI concentrations
>0.01 M, 99% of the technetiumactivity can be extracted into the organic phase. Backextraction
emciencies were >98.7% for a stripsolutionof I M NaOH and 3.5% H202. Greaterthan 91%
recovery of 9_Tcwas obtainedfrom water, sludge, concentrate,and mixed-bed resins wastes.
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