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Summary
A literature survey has been conducted to identify and evaluate methods for the separation of strontium from acidic and alkaline media as applied to Hanford tank waste. The most promising methods of
solvent extraction, precipitation, and ion exchange are listed in Table S. 1.
The following criteria were used for evaluating the separation methods:
Appreciable strontium removal must be demonstrated (i.e., strontium decontamination factors
on the order of 5 x lo4 for acid-side processing, and 2 x ld for alkaline-side processing).
Strontium selectivity over bulk components must be demonstrated.
The method must show promise for evolving into a practical and fairly simple process.
The process should be safe to operate.
The method must be robust (i.e., capable of separating strontium from various waste types).
Secondary waste generation must be minimized.
The method must show resistance to radiation damage.
The methods listed in Table S. 1 did not necessarily satisfy all of the above criteria; thus, key areas
requiring further development are also given for each method. Less promising solvent extraction,
precipitation, and ion exchange methods were also identified; areas for potential development are
included in this report.
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Table S.1. Promising Strontium Separation Methods as Applied to Hanford Waste
Separation Method

Attributes Based on Available Data

Required Further Development

Solvent ExtrPction (acidaide strontium removal)
Crown ether (e.g., SREX)

Good strontium separation.

Shows potential for evolving into a practical
process.
Resistance to radiation damage has been
indicated.

Test on simulated and actual waste to better
deteniine process robustness as related to
Sr separation and selectivity.

Look into the possibility of using this
system for alkaline-side strontium removal.

Has undergone a fair amount of development
(e.g., tested as continuous bench system,
tested on actual waste).
Cobalt dicubolide and
chlorinated-cobalt
dicarbolide

Good sh-ontium separation.

Shows potential for evolving into a practical
process.
Has undergone a fair amount of development
(e.g., tested on actual waste).

Due to safety concerns regarding current
diluents, identify and test alternative
diluenys).
Test on simulated and actual waste to better
determine process robustness as related to
Sr separation and selectivity.

Look into the possibility of using this
system for alkaline-side strontium removal.
Recipitation (akahe&de
Sodium titanate

strontium removal)
Good strontium separation.

Shows potential for evolving into a practical
process.

Conduct tests for precipitations conducted in
series to i n c w Sr separation.
Determine effects of complexants on
Btrontium separation.

Safe process to operate.
Resistance to radiation damage has been
indicated.
Has undergone a fair amount of development
(e.g., used on large scale).

Look into ultrafiltration as a means of solid
liquid separation.
Waste minimization: determine the impact
the precipitate will have on low-level and
high-level wastes.
Test on simulated and actual waste to better
determine process robustness as related to
Sr separation and selectivity.

Table S.1. (contd)
Separation Method

Attributes Based on Available Data

I

Required Further Development

Precipitation ( a h h e - s i d e strontium removal) (wntd)
Ferric hydroxide

Good strontium separation.

Shows potential for evolving into a practical
process.
Has undergone a fair amount of development
(e.g., tested on pilot scale, tested on actual
waste).

Determine impact that precipitotions conducted in series have on Sr separation.
D e n n i n e effects of complexants on
strontium separation.

Determine the impact the precipitate will
have on low-level and high-level wastes.
Test on simulated and actual waste to better
determine process robustness as related to
Sr separation and selectivity.

Titanium hydroxide,
calcium carbonate,
manganese dioxide

Good strontium separation.

Limited data are available.

Shows potential for evolving into a practical
process.

Determine impact that precipitations
conducted in series have on Sr separation.
Determine effects of wmplexants on
strontium separation.
Determine the impact the precipitate will
have on law-level and high-level wastes.
Test on simulated and actual waste to better
determine process robustness as related to
Sr separation and selectivity.

Ion Exchange (acid-side strontium removal)
St-Spec

Good strontium separation.

Test resistance to radiation damage.

Shows potential for evolving into a practical
process.

Conduct lab-scale flaw-through tests.

Test on simulated and actual waste to better
Has undergone a fair amount of development
(e.g., tested in column operation, tests
conducted on simulated Hanford waste).

determine process robustness as related to
Sr separation and selectivity.

Table S.1. (contd)
Separation Method

I

Attributes Based on Available Data

Required Further Development

Ion Exchange (afkaline-side strontium removal)
Sodium titanate

Good strontium separation.

Conduct lab-scale flaw-through tests.

Shaws potential for evolving into a practical
process.

Deterinine effects of complexants on
strontium separation.

Resistant to radiation damage.

Has undergone a fair amount of development

Mechanical stabiity (e.g., alternate support
systems) of the sodium titanate in column
must be further investigated.

(e.g., tested in column operation, tests
conducted on actual wastes).

Test on simulated and actual waste to better
determine process robustness as related to
Sr separation and selectivity.

Silico-titanates ,
IE-96,
TIE-96,
titanium phosphate,
manganese dioxide,
hydrous titanium oxide,
Na4Mg6A14Si402g4mica

Potential for good strontium separation.

Limited or no published data in some cases.
Determine effects of complexants on
strontium separation.
Conduct laboratory batch and flaw-through
tests.

Test on simulated and actual waste to better
determine process robustness as related to
Sr s e p d o n and selectivity.

Nomenclature
CMPO
CC
DF
D,
D,

Dzr
EDTA
HDDNS
HDNNS
HDEHP

HLW
HWVP
Kd
Kdsr
LLW
NaDEHP
Na5DTPA
Na4EDTA
NCRW
PAW
PEG-400
PNL
PUREX
SNAP
SREX
SRP
TBP
TRU
TRUEX
1AW-MTR

N,Ndiisobutylcarbamoylmethylphosphine oxide
Complexant concentrate
Decontamination factor
Barium solvent extraction distribution coefficient
Cobalt solvent extraction distribution coefficient
Cesium solvent extraction distribution coefficient
Potassium solvent extraction distribution coefficient
Strontium solvent extraction distribution coefficient
Zirconium solvent extraction distribution coefficient
Ethylenediamine-tetra-acetic acid
Didodecyl-naphthalene sulfonic acid
Dinonyl-naphthalene sulfonic acid
Di-(2ethylhexyl) phosphoric acid
High-level waste
Hanford Waste Vitrification Plant
Ion exchange distribution coefficient
Strontium ion exchange distribution coefficient
Low-level waste
Sodium-(2-ethylhexyl) phosphate
Pentasodium diethylene-tri-nitrilo-penta-acetate
Tetrasodium ethylenediamine-tetra-acetate
Neutralized cladding removal waste
Process denitrated acid waste
Polyethylene glycol compound
Pacific Northwest Laboratory
Plutonium/uranium extraction process
Systems for Nuclear Auxiliary Power
Strontium extraction process
Savannah River Plant
Tributyl phosphate
Transuranic elements
Transuranic element extraction process
Material Testing Reactor aqueous raffinate
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1.0 Introduction
Several pretreatment options are currently being considered for Hanford tank waste to separate the
waste into high-level and low-level streams for final disposal. One approach would be to dissolve the
,
solid waste (e.g., sludge) in nitric acid and separate the transuranic (TRU)components, 1 3 7 ~ sand
" ~ rfrom the bulk components in the dissolved sludge. The bulk components would then be disposed
of as low-level waste (LLW), and the TRUs, 1 3 7 ~ sand
, 9 0 ~vitrified.
r
This approach requires the use
of separation technologies that are effective for TRU components, 1 3 7 ~ sand
, 'OS~ in acidified as well
as alkaline waste streams.

1.1 Purpose
This study was conducted by Pacific Northwest Laboratory (PNL)(') for Westinghouse Hanford
Company as part of the Tank Waste Remediation System. The purpose of this report is to identify and
evaluate strontium removal processes that are potentially applicable to acidified and alkaline Hanford
waste streams. Cesium and TRU removal are the subjects of separate reports. Promising technologies
were identified through literature searches, journal reviews, and reviews of technical society conference proceedings. Requirements for further development of the promising technologies were also
identified.

1.2 Scope
The technologies evaluated for strontium removal included solvent extraction, precipitation, and
ion exchange. Several characteristics of the waste and waste treatment were taken into account during
the review and assessment of these technologies. In most cases, it is anticipated that at least 1 M
HN03 will be used to dissolve the sludge, although significant dissolution may occur at pH < 2.0.
Thus, for this investigation, acidified waste was defined as having a pH C 2.0. Alkaline waste was
defined as having a pH > 10.0.
Although required decontamination factor @F) values for strontium are not known for each Hanford waste tank, average values are available. In a recent report (Straalsund et al. 1992) it was noted
that, based on an overall average composition of the single-shell tank waste and 5 M sodium to LLW,a
minimum strontium DF of 2.5 x ld would be required so that the bulk components could be disposed
of as low-level Class A waste (10 CFR 61). It should be noted that these reported strontium DFs were
for the total waste (supernatant + solids) prior to acid dissolution. Compiled tank waste data indicate
that as much as 96% of the total strontium is present in the solids. Taking this into account, and by

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract
DE-AC06-76RLO 1830.

assuming that equal amounts of strontium are to be left in the treated solid and liquid portions,
minimum DFs of 5 x ld for acid-side (solids) processing and 200 for alkaline-side (supernatant)
processing would be required. Due to the sum-of-fractions-rule and variations in waste composition, it
is recommended that target DFs be approximately tenfold higher than the minimum DF values. Thus,
strontium DFs of approximately 5 x lo4 for acid-side processing, and 2 x ld for alkaline-side
processing of single-shell tanks can be calculated. These calculated DFs were used as guidelines to
assess the various strontium separation technologies presented in this report.
Much of the strontium present in the supernatant could be complexed with chelating agents such as
EDTA. This could have significant effects on processing and required DFs for alkaline-side processing. Chelated-strontium complexes may be more difficult to separate than noncomplexed strontium.
Thus, the impact of complexants for given alkaline-side strontium separation methods must be
evaluated. In cases where the presence of complexants is detrimental to strontium separation,
pretreatment steps could be included to destroy the organic chelating agent(s). When the chelating
agent is destroyed, additional strontium may precipitate from solution. Thus, destruction of the
chelating agent, in itself, may be a potential method for separating strontium from alkaline waste.
The presence of bulk components such as sodium, iron, zirconium, zinc, and bismuth was considered when reviewing the literature and evaluating the technologies for the separation of strontium.
Safety and health issues, process simplicity, as well as the impact of the product streams on the vitrification plant and waste form, were also considered in evaluating the technologies.

1.3 Report Contents
Sections 2.0 through 4.0 discuss separation of strontium by solvent extraction, precipitation, and
ion exchange, respectively. For each separation technology, the discussion includes the pertinent
literature relating to specific potentially viable systems. Furthermore, the advantages and limitations of
each system are explored. Further development issues are then put forth.
Section 5.0provides the overall conclusions drawn from this study. The appendix tabulates the
results of the literature survey, and provides the experimental conditions used for the separation
methods that were evaluated.
Information sources for this review included Energy Research Abstracts, Nuclear Science
Abstracts, and Chemical Abstracts, as well as consultation with experts in the field. Recent review
articles have also addressed some of the studies that are discussed below (Schulz and Bray 1987;
Reilley, Mason, and Smith 1990;Kolarik 1991;Gerber 1992).

2.0 Solvent Extraction
A review of the literature has revealed that two solvent extraction systems currently show promise

in separating strontium from waste streams. In one case, crown ethers are used as the primary
extractants, while in the other case cobalt dicarbolides are the primary extractants. Both of these systems operate in acidic media. In the past, di-(2ethylhexyl) phosphoric acid (HDEHP) also has been
used to separate strontium from waste; however, the addition of complexants in this process makes it
less attractive than the other two solvent extraction systems. The studies discussed below are
summarized in Tables A. 1 through A.3 in the appendix.

2.1 Crown Ethers
The studies on crown ethers described here have focused on using various solvents, additives, and
crown ethers to increase the extraction of strontium from mainly acidified waste streams. The early
studies (Gerow and Davis 1979; Gerow, Smith, and Davis 1981) focused on the use of organic soluble
anions + crown ethers to promote the extraction of strontium into the organic phase. In both investigations, kerosene + tributyl phosphate (TBP) was also present in the organic phase. Gerow and Davis
(1979) used HDEHP as the organic ion exchanger, and very high Dsr (strontium distribution coefficient) values were obtained. The highest pH tested in these studies was 5.5; however, the extraction of
strontium remained high and constant from pH=3.5 to 5.5, indicating that at higher pHs the extraction
of strontium may also be high. Shakeout tests at higher pHs should be conducted to determine whether
this is the case. It was observed that the presence of HDEHP in solution significantly enhanced the
extraction of strontium. Efficient stripping of strontium was observed at pH <0.2 for this system.
Gerow, Smith, and Davis (1981) used didodecyl-naphthalene sulfonic acid (HDDNS) as the organic
ion exchanger. They evaluated numerous crown ethers and observed that, of those crown ethers tested,
strontium was extracted to approximately the same extent. They also observed that the presence of
crown ether had little effect on the extraction of strontium. The presence of HDDNS was the most
important factor for the extraction of strontium. The strontium was efficiently stripped from the
organic phase by 1 M HN03.
These two early studies showed that the presence of an organic ion exchanger was essential for
extracting strontium into a crown ether-kerosene-TBP system. Also, although in both studies the
highest pH investigated was 5.5, the trend in the data indicated that high Dsr values may be achieved at
higher pHs. Finally, the presence of crown ethers may not even be required in this system to achieve
adequate extraction of strontium. No data were presented in these studies on the coextraction of other
metals (e.g., zirconium, iron, etc.).
In another study (Shuler et al. 1985) in which a crown etherdinonyl-naphthalene sulfonic acid
(HDNNS)-TBP-kerosene extraction system was used, coextraction of other metals such as zirconium
and barium was observed. The extraction of zirconium was attributed to the presence of TBP. These

studies were conducted at 3 M HN03. The authors observed that the crown ether concentration had a
significant impact on the extraction of strontium at this high acid concentration. A Ds, of 6.4 was
achieved at 0.1 M crown ether concentration; however a third phase formed, even though the solubility
limit had not been exceeded.
Other studies have focused on using alternative diluents to enhance the extraction of strontium by
crown ethers. Blausius, Klein, and Schon (1985) tested various diluents and found that crown ether
dissolved in 1,1,2 tetrachloroethane gave promising strontium extraction results. Similar results were
obtained by Myasoedova et al. (1987) when crown ether was dissolved in tetrachloroethane. In that
study, extraction from 3 M HN03 was tested; in the 1985 study, extraction from 1 M HN03 was
tested. In both studies, chlorinated hydrocarbons were used as the diluent. The use of these types of
diluents is not desirable due to their toxicities and due to the generation of corrosive hydrochloric acid
upon radiolytic degradation. If these diluents were to be considered, comprehensive radiolytic degradation studies would be required to determine whether toxicity and/or corrosion would be a concern
when processing the actual waste.
McDowell et al. (1986) tested crown ethers in HDDNS + toluene. Nitric acid concentrations
between 0.1 and 0.5 M were tested. Very favorable strontium extraction was achieved. However,
toluene is not a practical diluent because it has a low flash point (i.e., 4.4OC).
More recently, a variety of alcohols, ketones, and carboxylic acids were investigated as potential
diluents for crown ether extraction systems (Horwitz, Dietz, and Fisher 1990a). In this study, alcohols
and ketones were found to be most effective as diluents. It was also observed that as the number of
carbons decreased, the extraction of strontium increased. However, from a practical standpoint, there
is a lower limit on the size of an alcohol or ketone (i.e., due to flashpoint, aqueous phase solubility,
etc.).
In a follow-up study, Horwitz, Dietz, and Fisher (1990b) tested a variety of diluents and concluded
that octanol was the preferred diluent when considering such characteristics as the ability to extract
strontium, the flash point, and the density. Also, various crown ethers were investigated, and
4,4'(5')di-tertiary-butyldicyclohexyl-18- showed the most promise when considering strontium
extraction and the solubility in the aqueous phase. It was found that good strontium extraction could be
achieved in 3 M HN03, while the strontium could be efficiently stripped in 0.05 M HN03.
In another study (Horwitz, Dietz, and Fisher 1991a), tests were conducted using the octanolcrown
ether system to extract strontium from synthetic waste. The synthetic waste was formulated to
duplicate the expected composition resulting from the dissolution of Hanford waste sludges. In
addition to strontium, only barium had a distribution coefficient greater than 1.0 in 3 M HN03.
Strontium selectivity over other metals increased with increasing HN03 concentration; the only exception was that the selectivity of strontium over calcium remained constant over the HN03 concentrations
investigated. The system showed good hydrolytic stability, and only showed adverse effects when
exposed to dose rates much higher than those anticipated in treating the waste. A 3-stage extraction,
6-stage scrub, and 5-stage strip countercurrent flowsheet was tested in the laboratory. Approximately

99.7% of the strontium that entered in the feed was removed in this test (i.e., strontium decontamination factor, DFSr=333). The strontium extraction varied appreciably from one lot of the same crown
ether to the next in this study. The authors suggested this variation may be caused, in part, by the variation in the different crown ether isomers from one lot to the next.
Lumetta et al . (199 1) tested the octanol-4,4'(5')di-tertiary-butyldicyclohexyl- 18-C-6 system for the
removal of strontium from acidified synthetic Hanford complexant concentrate (CC) waste. In this
study, three consecutive contacts, having organic/aqueous ratios of 0.33, were made in 1.1 M HN03.
An overall strontium DF of 40 was achieved. Higher acid concentrations and organic/aqueous ratios
would increase the extraction of strontium.
Horwitz (1991) proposed combining processes for transuranic element extraction (TRUEX) and
strontium extraction (SREX). The combined solvent extraction system consisted of N,Ndiisobutylcarbamoylmethylphosphine oxide (CMPO) to extract TRUs, and 4,4'(5')di-tertiary-butyldicyclohexyl-18-C-6 to extract strontium and TBP in Isopar-L. The extraction of strontium was
unaffected by the presence of CMPO, and the extraction of TRUs was unaffected by the presence of
the crown ether. In both cases, favorable distribution coefficients were obtained, although the
strontium distribution factor was not as high as that obtained in the crown ether-octanol extraction system (Horwitz, Dietz, and Fisher 1990b, 1991a).
Filipov et al. (1992) reported that 97.5% of the strontium from high-level radioactive waste was
extracted and recovered in pilot studies. Dicyclohexyl-l8crown-6 in a proprietary diluent was used in
this study. The solvent extraction system consisted of 9 extraction, 2 scrub, and 6 strip stages. It was
noted that the crown ether concentration in the raffinate reached 300 mg/L.

2.2 Cobalt Dicarbolides
Investigations into the use of cobalt dicarbolide as an extractant for the separation of strontium as
well as cesium have been primarily conducted by Czech and Russian scientists. In the studies, very
favorable Dsr values were obtained for HN03 concentrations ranging from 0 M to 1.0 M. However,
to achieve these high strontium extraction values, nitrobenzene had to be used as the solvent. The high
degree of cobalt dicarbolide solubility in nitrobenzene is a major reason nitrobenzene serves as such a
good solvent (Rais et al. 1976). One interesting item was that the solubility of cobalt dicarbolide in
TBP was comparable to that in nitrobenzene. However, there was only limited cesium and no
strontium distribution data. The limited cesium distribution data indicated that cesium did noi extract
as well into the TBP system. It may be useful to conduct additional tests, using TBP as the solvent.
For the most part, the successful extraction of strontium has been achieved by using a chlorinated
derivative of cobalt dicarbolide or adding a polyethylene glycol (PEG) to the cobalt dicarbolide system
(Reilly, Mason, and Smith 1990; Kolarik 1991). It has also been noted in the literature that cesium
extraction is essentially the same for cobalt dicarbolide or the chlorinated cobalt dicarbolide derivative

(Koprda and Scasnar 1979; Scasnar and Koprda 1980). Thus, if a chlorinated cobalt dicarbolide
derivative were used, simultaneous extraction of cesium and strontium may be possible.
Rais et al. (1976) found that the addition of 0.2 M of PEG compound (PEG400) increased the
extraction of strontium by 1000X. Also, for the experimental conditions studied, 0.2 M PEG-400 gave
the best strontium extraction. Higher molecular weight PEGS were also tested. The strontium extraction decreased as the molecular weight of the PEG increased. With respect to selectivity, ~ a was
~ the
+
only alkaline earth metal that had a higher DF than strontium. In a later study conducted by Koprda,
Scasnar, and Galan (1983), comparable strontium DFs were obtained under similar experimental
conditions.
Another study, which focused on the analytical determination of strontium, used a complexing
agent along with PEG400 (Selucky et al. 1979). The complexing agent, pentasodium di-ethylene-trinitrilo-penta-acetate (Na5DTPA), was used to inhibit strontium, zirconium, and lanthanides extraction
at pH > 8.5, and to inhibit zirconium and lanthanides extraction at pH < 4.0. At pH > 8.5, cesium was
extracted, and, when the pH was adjusted to 4.0, strontium was extracted.
The extraction of strontium in the absence of a PEG compound was reported in an article that was
mainly concerned with the extraction of cesium by cobalt dicarbolide (Scasnar and Koprda 1980). In
this study it was observed that strontium was effectively extracted when no HN03 was present. In the
absence of HNO,, cesium and strontium distribution coefficients were comparable to one another, followed by potassium that had a distribution coefficient of 24. Sodium and cobalt were other metals that
had distribution coefficients greater than 1.O. At a 0.01 M HNQ concentration, Dsr decreased to
8.95, and at a 0.1 M HN03 concentration, Ds,=0.085. For comparison, Koprda and Scasnar (1983)
conducted a later study under similar experimental conditions (i.e., 0.1 M HNO,) except that 0.1 wt%
PEG was added. In that study, a Dsr of 600 was obtained.
A recent review article (Reilly, Mason, and Smith 1991) mentioned that p-nonyl-phenyl-nonaethylene-glycol (Slovafol 909) has been used in the place of PEG, because Slovafol 909 is less soluble
in the aqueous phase. This same review article presented strontium extraction data using a chlorinated
cobalt dicarbolide derivative for the extraction of strontium. It was noted that > 95 36 strontium was
extracted; however, the exact test conditions were not given. In another study (Esimantovskii et al.
1992), the use of the chlorinated cobalt dicarbolide was tested, and it appeared that approximately 98%
of the strontium was extracted. However, the exact conditions of the test were not presented.

2.3 HDEHP
An HDEHP extraction process was first investigated by Homer et al. (1963) for strontium removal
from waste streams. The process was then modified and used at Hanford B-plant for several years to
r
acidified process sludge from the plutoniumluranium extraction (PUREX) plant. In
purify 9 0 ~from
the HDEHP process, various complexants were used to prevent the coextraction of iron, aluminum,
and other bulk components. These reagents also complexed with americium and plutonium. These

reagents, along with the complexed species, exited the solvent extraction circuit in the raffinate stream.
Throughout the processing time, approximately 4 million gallons of waste containing these complexing
agents were generated. This waste is currently stored in tanks and will require treatment to remove the
transuranic species and to destroy the organic complexants.
A three-cycle HDEHP extraction flowsheet was proposed and tested in the laboratory for the
extraction of strontium from evaporationconcentrated rafinate from the PUREX process. In the first
cycle, strontium and lanthanides were coextracted and costripped; in the second cycle the pH was
adjusted such that only lanthanides were extracted; and in the third cycle, the strontium was concentrated and further separated from sodium and radioactive contaminants. In the feed to the first cycle,
NaOH was added to increase the pH to 4.5-6, and sodium tartrate was added to prevent iron from
precipitating. The lanthanides and strontium were stripped in all cycles by adding 1.5-2 _M H N 4 .
The lanthanides were preferentially extracted away from strontium in the second cycle by adjusting the
feed to a pH of 2. The feed to the third cycle was adjusted to a pH of 4.5-6 by adding NaOH, and
again sodium tartrate was added to prevent iron from precipitating. The strontium product contained
an approximately equivalent amount of nickel; however, the addition of a small amount of
ethylenediamine-tetra-acetic acid (EDTA) to the third cycle feed prevented the extraction of nickel.
Overall, approximately 99.7% of the strontium entering the extraction circuit was recovered in the
product stream. Related development work has been described elsewhere (Wischow and Homer 1962).
Schulz, Mendel, and Richardson (1963) described some laboratory work that was done to form a
basis for the chemical flowsheets used in the Hanford Hot Semiworks plant. This process was used to
produce approximately 1 megacurie of purified " ~ rfor the fabrication of thermoelectric power generators as part of the Systems for Nuclear Auxiliary Power (SNAP) program. The feed to the process was
r
solution. In the process, the feed pH was maintained at
Hanford PUREX plant crude 9 0 ~concentrate
4.7. Sodium hydroxide was added to the feed to increase the pH, and acetic acid and sodium acetate
were used as buffering agents to maintain the pH at 4.7. Tetrasodium ethylenediamine-tetra-acetate
(Na4EDTA) or Na5DTPA was added to the feed to suppress the extraction of iron, lead, and some
fission products. A citrate solution was used to scrub the extracted sodium from the organic phase.
The strontium was then stripped by using 1 M citric acid. This also provided for partial decontamination from coextracted calcium and lanthanide fission products. In countercurrent runs, using mixersettlers, 95 % of the strontium was recovered in the product with calcium being the major contaminant.
The countercurrent system consisted of 7 extraction, 5 scrub, and 5 strip stages. The Dsr is for one
batch contact under extraction section conditions. The actual hot processing of strontium in the Hot
Semiworks pilot plant at Hanford was initiated in May 1961 and was completed in October 1961.
These production runs, along with aspects of the process development, have been summarized by Hill
(1963).
Schulz (1964) and Richardson (1964) conducted laboratory and pilot-scale tests, respectively, for
the separation of strontium and lanthanides from PUREX process denitrated acid waste (PAW) solution. The main features of the process were that the feed to the extraction column was adjusted to a pH
of 4 to 5 by adding NaOH. Citric acid was also added to the feed to prevent the extraction of inert and
radioactive constituents with the exception of sodium and calcium. Dilute citric acid (Schulz 1964) or

formic acid (Richardson 1964) was then used in the scrub section to remove extracted sodium from the
organic phase. Strontium was stripped from the organic by contacting the organic with dilute HN03
(i.e., pH= 1.5-2). The lanthanides were then stripped by contacting the organic with 0.5-2 M H N q .
The organic phase was washed at elevated temperature with an alkaline solution to remove iron, aluminum, chromium, zirconium, yttrium, etc. In the laboratory studies, batch as well as countercurrent
continuous tests were made using mixer-settlers. In the pilot runs, 3-in. pulsed columns were used.
The extraction was conducted at 50°C so that cerium could be more efficiently extracted. Over 99% of
the strontium and 90% of the lanthanides were recovered in the product streams from this process.

2.4 Suggested Future Development
Overall, the crown ether systems, particularly the one described by Horwitz, Dietz, and Fisher
(1990a,b; 1991a), appear to be the most viable at this time. The need to use complexants in the
HDEHP process to suppress the extraction of other bulk elements makes it less desirable than either the
crown ether or cobalt dicarbolide systems. In general, the strontium distribution coefficients obtained
in the cobalt dicarbolide system were larger than those obtained in the crown ether system. However,
the use of nitrobenzene as a diluent is not attractive.
The following recommendations are given in a stepwise order that leads from one stage of development to the next.
Identify alternative practical diluents for the cobalt dicarbolide system.
The
to making the process practical is to identify diluents that can be safely used in the extraction processes while maintaining the high strontium extraction and selectivity.
In one article, it was suggested that the solubility of the cobalt dicarbolide in the solvent is an
important factor in achieving good metal extraction (Rais, Selucky, and Kyrs 1976). In this same
article, it was noted that the solubility of cobalt dicarbolide in TBP was comparable to that in
nitrobenzene. As suggested previously, it may be useful to conduct additional tests using TBP as the
solvent. Also, the addition of HDDNS or HDNNS may have an impact in this type of a system, as in
the crown ether system.
Look into the coextraction of cesium and strontium in the chlorinated cobalt dicarbolide
system.
Investigate the degree of strontium extraction from alkaline feed streams for the cobalt
dicarbolide and crown ether solvent extraction systems.
Most of the extraction data to date have focused on acidic streams; however, some data have
indicated that extraction from alkaline solutions may also be possible.

investigate the degree of extraction of other elements for the cobalt dicarbolide and crown ether
solvent extraction systems.
While the capability to extract strontium is important, equally important is the separation of
strontium from the bulk components of the waste. Thus, additional laboratory data on the extraction of
such elements as sodium, iron, zirconium, zinc, calcium, bismuth, strontium should be obtained under
various conditions (e.g., pH). This will aid in determining the number of scrub stages required and the
required scrub solutions.
Investigate the stripping capabilities of the cobalt dicarbolide and the crown ether systems.
Most of the studies thus far have keyed in on the extraction aspects of the strontium, and have not
dealt in detail with the ability to strip strontium from the organic phase once it is loaded.
Investigate the degree of chemical and radiolytic degradation for the cobalt dicarbolide (especially the chlorinated dicarbolide) and crown ether systems.
It has been suggested in the literature that both the crown ether and dicarbolide systems are attractive due to the resistance to radiolytic degradation; however, limited data are available. Radiolytic or
chemical breakdown of the chlorinated cobalt dicarbolide complex could lead to increased corrosion
due to the chloride. Also, chemical degradation due to the extraction and inability to strip certain
components may cause problems in the overall process.
Develop a flowsheet using batch testing of actual waste for the cobalt dicarbolide and crown
ether systems.
To date, most of the tests have been conducted using simulated wastes prepared in the laboratory.
Thus, batch laboratory tests will be required to evaluate the extraction performance for actual waste.
This should be done to develop a solvent extraction flowsheet for each waste type of interest.
Conduct countercurrent contacting tests using simulated and actual wastes.
Bench-scale countercurrent testing will be required to confirm and further develop the process
chemistry flowsheets for use on pilot- and large-scale systems.

3.0 Precipitation
Several precipitation methods have potential for separating strontium from alkaline waste streams.
Lead sulfate was the only acid-side strontium precipitation method identified. Several limitations
prevent this method from being viable. The studies discussed below are summarized in Tables A.4
through A.6 in the appendix.

3.1 Sodium Titanate
Lee and Kilpatrick (1982) studied the use of a precipitation/adsorption process to remove cesium,
strontium, and plutonium from Savannah River alkaline waste. In their study, a slurry of tetraphenylborate and sodium titanate was added to the waste. The tetraphenylborate precipitated the
cesium from solution (cesium DF= 1 6 to lo6), and the strontium and plutonium were adsorbed onto
the solid sodium titanate (i.e., strontium DF=200 to 300, plutonium DF= 100 to 400). The resulting
solids were removed from solution via cross-flow filtration. Using sodium titanate as a precipitant
rather than in an ion exchange column is preferable in this case because it can be combined with the
sodium tetraphenylborate to remove cesium, strontium, and plutonium in one step.
Following the study, over 500,000 gal of actual Savannah River alkaline supernatant waste were
processed in a demonstration test, using sodium tetraphenylborate to precipitate cesium and sodium
titanate to remove strontium and plutonium (Martin et al. 1984). Again, a cross-flow filter was used to
separate the supernatant from the precipitate. A minimum 2day contact time was required to maximize the amount of strontium that was precipitated. An overall strontium DF of at least 200 was
achieved in the demonstration test.
Bray et al. (1984) investigated the use of sodium titanate for the precipitation of strontium and
plutonium from West Valley alkaline supernatant. The effects of parameters such as mole ratio of
sodium titanate/strontium, pH, contact time, and temperature were evaluated. It was also observed that
a minimum contact time of 2 days was required. Temperature had little or no effect on strontium
removal (i.e., precipitations at 2S°C and 50°C were conducted). The recovery of strontium decreased
by a factor of 10 when the solution pH was decreased from 13.7 to 10.4.

3.2 Ferric Hydroxide
The use of ferric hydroxide precipitation to remove strontium and plutonium has been investigated
as an option in treating aged liquid wastes produced at Saluggia (Pietrelli, Grossi, and Troiani 1988;
Pietrelli and Troiani 1990; Grossi et al. 1992a,b). Three alternative processes for removing cesium,
strontium, and plutonium have been considered. Two of the processes involved using sodium hydroxide to raise the pH of the waste to > 13, and coprecipitating the strontium and plutonium with the iron
hydroxide, then using either ion exchange or precipitation to remove the cesium. The iron was

originally present in the acidic waste, and thus did'not have to be added. The other process, which
appears to have been dropped from consideration, was an acid-side process in which cesium was
removed by precipitation with phosphotungstic acid, and strontium and plutonium were removed by
adsorption of polyantimonic acid.
It has been reported that the ferric hydroxide removal process takes place rapidly, and that increasing the contact time from 30 min to 2 hr had no measurable impact on strontium or plutonium removal
(Pietrelli, Grossi, and Troiani 1988; Pietrelli and Troiani 1990). For tests in which the strontium-ironprecipitant remained in solution for 13 days, insignificant amounts of strontium redissolved in solution
(Pietrelli and Troiani 1990).
The results of cold pilot runs using the two alkaline processes described above were reported
recently by Grossi et al. (1992a,b). They concluded that either of the alkaline routes gave adequate
separation of strontium (i.e., DFs,> 100) as well as cesium and plutonium to reach their goals.
It is unclear from these reported results whether the pH adjustment from 10 to 13 is actually
causing the strontium to precipitate from solution or whether the ferric hydroxide precipitation is
allowing strontium to precipitate. It is likely, however, that the pH adjustment allows strontium to
precipitate, and the precipitated ferric hydroxide acts to "carry" the precipitated strontium out of
solution, providing a bulkier precipitate for better solidlliquid separation.

3.3 Other Precipitation Methods
The use of lead sulfate for the precipitation of strontium at the Hanford Site has been documented
(Bray and Van Tuyl 1961; Richardson 1965). These studies were conducted to develop a method for
precipitating strontium from PUREX waste. The method, followed by ion exchange using DOWEX-50
(Bray et al. 1961), was later implemented for the recovery of approximately a megacurie of purified
" ~ r . In the laboratory studies (Bray and Van Tuyl 1961) and pilot studies (Richardson 1965) it was
noted that over 95% of the strontium was recovered by precipitation at 80°C and at pH values between
0.4 and 4.0.' The sulfate concentrations ranged from 0.67 to 3 M,and 0.02 M lead carrier was added.
Metathesis of the precipitate with carbonate-hydroxide mixtures removed the lead and converted the
precipitate to an acid soluble form while minimizing strontium losses. The strontium was separated
from the lanthanides by dissolution in nitric acid, followed by oxalate precipitation.
The general procedures described above were used on a large scale to recover strontium from
PUREX waste as a strontium crude product which was further processed by ion exchange
@OWEX-50) (Bray et al. 1961). In these runs, an overall strontium yield of approximately 55% was
achieved. These relatively low strontium yields, along with the numerous chemical addition steps and
the toxicity of lead, preclude this method from consideration for the decontamination of strontium from
tank wastes.

Other methods have been used in different studies. Studies were conducted using titanium
hydroxide to precipitate strontium from pond waters (Gutrnan et al. 1986). The use of ultrafiltration,
with the addition of titanium hydroxide, was fairly successful in achieving high strontium DFs. As
compared with settling or centrifugal techniques for separating the precipitated solids, ultrafiltration
was shown to be far superior. For example, to achieve a strontium DF > 100 in the pond water treatment, 4 ppm titanium hydroxide were required when ultrafiltration was used, as compared with
600 ppm titanium hydroxide when settling or centrifugal separation was used.
The same study evaluated the use of a calcium phosphate precipitation method to remove strontium
from contaminated pond water. Compared with the titanium hydroxide precipitation method, the addition of much more calcium phosphate was required to achieve a similar strontium DF. In addition, the
calcium phosphate method was very sensitive to pH, for example at pH=9.5, under otherwise the same
conditions. A strontium DF of <2 was obtained. Again, ultrafiltration showed improvement over
gravity or centrifugal separation in achieving high strontium DFs. It was noted elsewhere that
strontium DFs > 100 could be achieved by using calcium (or iron) phosphate at pH= 11 (CarleyMacauly et al. 1981). Carley-Macauly et al. (1981) also noted that calcium carbonate, barium sulfate,
and manganese dioxide were effective precipitation methods for removing strontium from alkaline
waste streams.

3.4 Suggested Future Development
Only lead sulfate was identified as a potential precipitation method for removing strontium from
acid waste. However, the effectiveness of this method is limited by relatively low strontium yields,
numerous chemical additions, and the toxicity of lead.
Several precipitation methods showed promise for removing strontium from alkaline waste:
sodium titanate, ferric hydroxide, titanium hydroxide, calcium carbonate, manganese dioxide, and
barium sulfate. The keys are how much of each is required to obtain sufficient strontium DFs and how
specific they are to strontium. Barium sulfate is probably not desirable due to the sulfate limit that is
placed on the feed to the Hanford Waste Vitrification Plant (HWVP). Also the use of ultrafiltration
appears to be instrumental in decreasing the amount of carrier precipitate that is required.
The following future development is suggested to effectively evaluate the precipitation processes
for the removal of strontium from alkaline waste.
Conduct laboratory testing on strontium-containing solutions.
This should be done to determine and compare DF values for strontium by the different precipitation methods. Precipitant volume and the effects of pH, temperature, mixing time, precipitate particle
size, and precipitate settling and filterability should be investigated.

Conduct laboratory studies comparing ultrafiltration, centrifugal separation, and gravity
separation.
It was demonstrated that ultrafiltration can lead to the use of smaller amounts of carrier precipitates
(especially for fine precipitates) to achieve given strontium DFs. This leads to less waste generation.
Conduct laboratory studies on strontium-containing solutions, using precipitations conducted in
series .
Successive precipitations may increase the strontium DF dramatically. In this testing, the
supernatant from the first precipitation would be treated with the carrier precipitant, again in a second
precipitation step.
For alkaline-side processing, conduct studies to determine the effects that complexants (e.g.,
EDTA) have on strontium separation.
The precipitation of other elements (e.g., sodium, iron, zinc, zirconium, calcium, bismuth)
from the waste should be evaluated, so that separation factors can be determined.
Conduct laboratory studies using simulated waste.
Evaluate the impact that the generated precipitate product will have on the glass plant, and
evaluate the impact that the resulting supernatant product will have on the LLW.
Investigate the degree of chemical and radiolytic degradation for the precipitation process(es).
Develop flowsheets using laboratory test results as applied to actual waste for the precipitation
process(es).
Conduct larger-scale filtering tests for the precipitation process(es).

4.0 Ion Exchange
Several ion exchange materials may be suitable to separate strontium from acidified and alkaline
waste streams. The studies discussed below are summarized in Tables A.7 through A. 10 in the
appendix.

4.1 Polyantimonic Acid
Baetsle et al. (1965) conducted studies for the separation of 'OS~ from an acidic medium, using
polyantimonic acid as the ion exchange material. They found that relatively large strontium DFs could
be attained, but the kinetics were extremely slow. The addition of such compounds as N%Si03
increased the kinetics somewhat, but not enough to make the ion exchange process practical. In a later
study (Baetsle, Huys, and Speeckaert 1973), polyantimonic acid was again investigated for the separation of strontium from fission product waste. Again, 'the kinetics were found to be slow. Elution was
possible with AgN03 or Pb(NO&; however, after this treatment, all adsorption capacity for strontium
was lost. As an alternative, volatilization of the inert ion exchange material from the strontium product
was attempted. The vast differences in the volatilities between SbCIS and SrClz were taken into
account to accomplish this separation. It was found, however, that the more stable SbC13 complex was
formed in many instances, making this separation more difficult (i.e., higher temperatures were
required to volatilize the SbC13).
The use of polyantimonic acid to recover strontium from HLW was investigated at Hanford (Davis,
Partridge, and Koski 1977). In this study, precipitation, solvent extraction, and ion exchange processes
were reviewed, and process concepts were prepared for the recovery of strontium from 1 M HN03
waste. Other processes such as lead sulfate precipitation, HDEHP solvent extraction, and
DOWEX-SOW, X-12 were also considered for recovery of strontium. Mainly due to the generation of
excess waste, these processes were dropped from consideration in this study. Polyantimonic acid was
determined to be the preferred technology for the recovery of strontium from 1 M HN03 waste
streams. However, the slow kinetics and the difficulties involved in eluting the strontium from the
exchanger were noted as being severe limitations. In the study it was noted that "additional work in
the area of strontium recovery from acid solution is needed to find an adsorbent with better kinetics."
McKee et al. (1983) conducted column testing of polyantimonic acid for the removal of strontium
from simulated HLW. In these studies it was observed that strontium breakthrough was extremely
sensitive to flow rate through the column, indicating again that kinetics plays a role in the effectiveness
of this system for removing strontium from solution.
Pietrelli et al. (1986) investigated the use of polyantimonic acid for the removal of strontium from
1AW-MTR (Material Testing Reactor aqueous raffinate) wastes (i.e., 1.1 M HN03). Two flowsheets
were proposed: the first used polyantimonic acid to remove strontium and actinides, and, in the second, the waste stream was adjusted to a pH of > 13 by the addition of NaOH, and the strontium and

actinides were removed by coprecipitation with ferric hydroxide. Preliminary batch tests revealed that
fairly good distribution coefficients and exchange capacities for polyantimonic acid were obtained.
Batch tests using zirconium phosphate, ammonium phosphomolybdate, and a mixture of ammonium
phosphotungstate and zirconium phosphate were also conducted. These ion exchangers showed varying
degrees of affinity for cesium, but no affinity for strontium was observed. In a later publication
(Grossi et al. 1992) it was noted that the alkaline-side process appeared to be the best "reference process" because, with respect to both cesium and strontium separation, large DFs were obtained; the
process was simple; process chemicals were readily available; and the processing steps (e.g., ferric
hydroxide coprecipitation of strontium) had proven satisfactory in hot tests at the engineering scale for
other types of waste.
Min and Zhaoxiang (1992) reported on studies that were conducted with 1AW-MTR waste solution. The effects of acid strength, temperature, flow rate, and cycling on the loading capacity of
polyantimonic acid were investigated. From 0.5-4 M HN03, no real effect on strontium loading was
observed. Temperature (13°C-630C), flow rate (0.5-4 column volumes/hour), and cycling had great
effects on loading. The highest loadings, 0.22 rnmollg, were observed at 0.5 column volumes/hour
and 63OC (i.e., reported at 1% strontium breakthrough). Elution was possible with 8 M HN03 and
0.5 M AgN03.

4.2 Sodium Titanate
The use of sodium titanate to remove strontium from alkaline Hanford waste solutions has been
investigated in the past (Strachan and Schulz 1980; Schulz 1980). In one of the studies conducted by
Strachan and Schulz (1980), actual waste was used. The waste solution, adjusted to 1 M NaOH, was
passed through three columns loaded with sodium titanate. The strontium DFs were greater than 100.
No strontium breakthrough was observed in these tests after 1478 column volumes of feed had passed
through the columns.
The study reported by Schulz (1980) was conducted on actual salt cake from eight different waste
tanks. The conceptual process was termed the Hanford Radionuclide Removal Process. It involved
ozonation to destroy organic complexants, precipitation of inert strontium phosphate to remove * ~ r
and other multivalent cations, removal of cesium by ARC-359 ion exchange, and sodium titanate ion
exchange to remove residual strontium. In this study, both sodium titanate powder (40-140 mesh) and
titanate-loaded macroreticular anion exchange beads were used. The hydrodynamic stability of the
loaded beads was superior to the powder; however, due to the decreased amount of sodium titanate on
the beads, the strontium removallwt resin was greater for the sodium titanate powder.
Lehto and Miettinen (1984) conducted studies using sodium titanate to remove strontium from high
salt (215 gIL) waste solutions. Decontamination factors of 170 were reported. The kinetics of the
sorption of strontium were also reported to be very favorable (i.e., tin= 1.2 min, 0.001 M strontium in
feed). The ion exchange material showed no change in structure or in its ability to adsorb strontium
when exposed to an irradiation dose of lo7 Gy. The presence of EDTA severely limited the sorption

of strontium on the ion exchange column, while the presence of 0.005-0.05 M citrate had little or no
effect on strontium sorption. Boric acid concentrations of 1 M and sodium concentrations of 4 M
decreased the strontium distribution coefficient (Kd) by lox, while lower concentrations had much less
of an effect. It was noted that the spent sodium titanate ion exchange material could be 1) hot pressed
or 2) mixed with clay and fired at 1000°C to form a viable solid waste.
In a similar study, the effectiveness of sodium titanate for removing strontium from LLW streams
was evaluated (Ying, Meiqiong, and Xiannua 1984). In this study, the effects of calcium, sodium, and
iron on the strontium distribution coefficient were investigated. The results indicated that the strontium
distribution coefficient was not affected by sodium concentrations up to 4 M,while iron and calcium
concentrations greater than l o 3 M severely decreased the strontium distribution coefficient. The
presence of various organic complexing agents (e.g., EDTA) led to a significant decrease in strontium
adsorption on sodium titanate. Irradiation tests were also conducted, and it was determined that the
strontium distribution ratio did not change for the conditions tested. It was suggested that the spent
sodium titanate ion exchanger could be sintered at 1000°C to produce a translucent glass-like ceramic
waste form.
Recently, a new class of materials that can selectively extract cesium and strontium from solutions
has been developed by Robert G. Dosch and Rayford G. Anthony at Sandia National Laboratory
(Baum 1992). The materials, silico-titanates or crystalline titanates were developed from work that was
conducted in the 1970s. Also, the hydrous titanate ion exchangers developed at Savannah River and
currently being used on a large scale (precipitation) at Savannah River grew out of this early work.
Yet-to-be-published experimental results indicate that the silico-titanates show promise for separating
cesium, strontium, and plutonium from alkaline, high sodium salt solutions.

4.3 Macrocyclic Ligands
Horwitz, Dietz, and Fisher (1991b) first investigated the use of macrocyclic polyethers (i.e., crown
ethers) sorbed onto an inert substrate as an analytical technique for measuring strontium in a sample.
+ octanol loaded onto Amberlite
The resin consisted of 4,4'(5')-bis(tert-buty1cyclohexano)-18XAD-7, and has been given the trade name Sr-Spec (EIChroM Industries, Inc.). A strontium DF of
100 was obtained when 20 free column volumes (i-e., column void space volumes) of 3 _M H N q solution were introduced to a column containing Sr-Spec. In addition, over 98% of the loaded strontium
was eluted in 2.5 free column volumes of deionized water. The presence of up to 2X more calcium
than strontium in the feed had no effect on strontium loading or elution behavior. However, barium
and lead were also adsorbed onto the resin. The lead was bound strongly by the column material. The
strontium could be eluted by using deioinized water, while the lead was not. It was suggested that lead
could then be eluted by using 0.1 M sulfuric acid. The use of 2 M HN03 + 0.5 &JA1(N03)3rather
than 3 M HN03 to load strontium gave a strontium DF= 100 in the first 30 free column volumes of
feed, while > 99 % of the calcium passed through the column.

In a later publication, a systematic examination of the selectivity of Sr-Spec for strontium over
other alkali, alkaline earth, and other selected elements was conducted (Horwitz, Chiarizia, and Dietz
1992). Barium was the only alkaline earth element other than strontium that was retained by the resin;
lead was more strongly retained by the resin than was strontium at all H N 4 concentrations studied
M to 10 M). Also, tetravalent plutonium, neptunium, and polonium were retained to a sig(i.e.,
nificant extent on the resin over the acid concentrations studied.
In a related study, Chiariza, Horwitz, and Fisher (1992) investigated the acid dependency of the
extraction of selected metal ions by Sr-Spec. In this study, calculated acid dependencies and extraction
constants were compared with experimental values.
Horwitz, Fisher, and Chiarizia (1992) have conducted tests using Sr-Spec to separate strontium
from synthetic waste that simulates dissolved Hanford sludge waste. Decontamination factors (i.e.,
ratio of concentration of the test element in the feed to the concentration of the same element in the
strontium product fraction) ranged from 100 for aluminum to l d for calcium. It was noted that longterm stability tests of the resin had not yet been done, and future work in that laboratory would focus
more on process-scale treatment of strontium containing waste as opposed to isolation of strontium for
analytical purposes.
Superlig 601 (IBC Advanced Technologies) is composed of a macrocyclic compound (proprietary
compound) that is covalently attached to a silica gel support. Development work related to silica-gelbonded macrocycle systems is documented in the literature (Izatt et al. 1988; Bradshaw et al. 1988;
Bradshaw et al. 1989a,b; Bruening et al. 1991).
Tests at PNL used Superlig 601 (10 g) to separate strontium and barium from a synthetic waste that
simulated PUREX raffinate (Camaioni, Colton, and Bruening 1992). Nearly complete breakthrough
occurred after 30 bed volumes (450 mL) of feed had passed through the column. In the elution steps,
approximately 35 % of the strontium was eluted with a 1 M HN03 wash. Approximately 35 % of the
barium was eluted in the HNQ and Na3 citrate washes, and about 60% was removed in a subsequent
Na4EDTA wash. No flow rate was reported for these experiments. Visual evidence suggested that
channeling of the feed in the column may have occurred.
Experiments were conducted by IBC (results presented in Camaioni, Colton, and Bruening 1992),
using the same feed solution; however, in this case 20 g of Superlig 601 was used. A total of 450 mL
of solution passed through the column, and no strontium breakthrough was noted. One hundred
percent of the strontium was eluted using HN03 (16 M in this case) and Na3citrate wash, while only
10% of the barium was eluted. The remainder of the barium was eluted by washing with Na4EDTA.
A flow rate of approximately 30 mL/min was reported for these experiments.
The Superlig 601 data, presented above, data cannot be directly compared 1) because different
quantities of Superlig 601 were used in the two cases, 2) in the elution step different H N 4
concentrations were used, and 3) channeling may have occurred in one case.

Lumetta et al. (1993) evaluated both Superlig 601 and Sr-Spec for the removal of strontium from
actual Hanford neutralized cladding removal waste (NCRW). Different column dimensions and flow
rates were used in the studies for the two ion exchange materials; therefore, it is difficult to directly
compare the results. No strontium was detected in the effluent after 7 column volumes had passed
through a column containing Sr-Spec. Two flow rates, 0.1 rnL/min. and 1.5 mL/min, were used in
evaluating the strontium separation performance of Superlig 601. At the lower flow rate an overall
strontium DF of approximately 250 was obtained for 17 bed volumes. At the higher flow rate a
strontium DF of 20 for 17 column volumes was obtained, indicating that absorption kinetics at the
higher flow rate was a limiting factor. It was demonstrated that Na3citrate could selectively elute
strontium from the column, and then the barium would be eluted using EDTA.
One advantage that Sr-Spec currently has over Superlig 601 is that no complexants are required for
elution of strontium from Sr-Spec. It is difficult to evaluate the relative separation performances of the
two resins based on the data that have been presented. Experiments under identical conditions (i.e., the
same linear velocities, etc.) should be conducted to provide more information on the relative performance of these two ion exchange resins.

4.4 Other Ion Exchange Methods
DOWEX-SOW, X-12 was used at Hanford to produce 1 megacurie of 98% 9 0 ~for
r use as the
power source for five thermoelectric power units developed by the Martin company (Bray et al. 1960).
The fked to the ion exchange column was strontium crude product that was produced by a process
involving lead sulfate precipitation of the strontium, removal of the lead from the strontium, and
redissolution of the strontium (Bray and Van Tuyl 1961; Richardson 1965). In the ion exchange process, the feed was adjusted to a pH=4, and EDTA was added to prevent column adsorption of iron,
lead, and lanthanides. The column was then eluted by using a pH=8 solution that contained EDTA.
Bray et al. (1984) investigated the use of IRC-718, an organic macroporous cation exchanger, for
removing strontium from West Valley alkaline waste. In batch tests it was found that strontium was
much more effectively removed from solution at pH= 10 as compared with pH= 13. Flow tests were
also conducted, using this ion exchanger, and these tests confirmed that strontium separation performance was dependent on feed pH. The strontium was eluted with 2 M HCOOH.
Johnson (1985) compared the relative effectiveness of Duolite ES-286 (formerly C-26), Duolite
ES-278, DOWEX-SOW, X-8 (similar to DOWEX-SOW, X-12), and IRC-718 for removing strontium
from streams containing lanthanides and other metal ions, including magnesium and calcium. In batch
studies, it was found that Duolite ES-286 was superior to the other ion exchangers with respect to
strontium selectivity over the lanthanides and other alkaline earth metals. However, the addition of
EDTA in 20 % excess of the lanthanides and alkaline earth metals was necessary to achieve the separation of strontium from the other metals. Column testing of the Duolite ES-286 ion exchange material
was also conducted. At a flow rate of 1 bed volumeJhour, using simulated waste, 1% breakthrough

occurred after 3 bed volumes had passed through the column. The strontium that had been removed
from solution could be eluted with approximately 10 bed volumes of 2 to 3 M HN03 or aluminum
nitrate.
Pilot runs using CS-100 (an organic ion exchanger) to remove strontium and cesium from LLW
were conducted by Carley-Macauly et al. (1981). In these tests, interfering bulk cations, such as calcium, manganese, etc., were precipitated and removed from solution upstream of the ion exchange
process by adjusting the feed stream to pH= 11.8. The strontium and cesium were eluted from the
column by using 0.5 M HN03. Campbell, Lee, and Dillow (1990) also reported favorable results for
the removal of strontium from LLW using CS-100. They reported that the presence of sodium
decreased the removal of strontium from solution, while the presence of potassium had little effect on
strontium removal. Bray et al. (1984) reported that very little strontium was removed from solution
when CS-100 was tested in batch and column operation.
Bray et al. (1984) also tested the effectiveness of IE-95 (a zeolite-based ion exchanger) for removing strontium from simulated West Valley alkaline waste. They found that the strontium removal from
solution was lower at pH= 10 as compared with pH=13. Column flow-through tests indicated that
kinetic and equilibrium problems affected strontium sorption. The cesium and strontium were eluted
with 4 M HN03.
Modified versions of IE-95 are now available. IE-96 contains approximately 1% calcium compared with 4% calcium in IE-95. With the higher calcium in 1595, calcium carbonate precipitates
when contacted with wastes high in carbonate (i.e., typical of Hanford wastes). TIE-96 is basically
IE-96 that is "coatedwwith a titanate layer. The titanate acts to remove strontium and plutonium from
solution, while the cesium "passeswthrough the titanate layer and is removed from solution by the
zeolite portion of the exchanger (i.e., IE-96). Some strontiuh is also removed by the zeolite portion of
the exchanger as well. Results have been reported on the use of TIE-96 for the removal of cesium,
strontium, and plutonium from West Valley waste (Bray and Hara 1991). In the same study, cornrnercial production of TIE-96 was investigated, and the technology was transferred to a large-scale ion
exchange manufacturer.
The use of Chelex-100 has been investigated for removing strontium from alkaline solution (Blount
et al. 1973; Wiley 1976). In pilot-scale tests, performed on actual Savannah River Plant waste, relatively high strontium DFs were reported (Wiley 1976). It was also reported that calcium, iron, manganese, and zinc interfered with the removal of strontium.
Screening tests have involved various ion exchangers (Phillips et al. 1984; Hooper 1985). From
batch tests, titanium phosphate, manganese oxide, and titanium oxide showed promise for removing
strontium from alkaline solutions. The influence of kinetics and interfering ions was not evaluated in
these tests and would have to be addressed. Radiation exposure tests were conducted, and it was determined that these ion exchangers were resistant to radiation damage for the conditions studied.

Recently, Paulus, Komarneni, and Roy (1992) briefly described a method for synthesizing
Na4Mg,A14Si402d;, mica. Batch contact experiments were also conducted to determine the effectiveness of this ion exchanger for removing strontium from solution. Preliminary results indicated that
strontium could be removed from streams high in sodium. In addition, selectivity of strontium over
magnesium and calcium was indicated. The pH ranges of the experiments were not noted in this
article.

4.5 Suggested Future Development
On the acid side, polyantimonic acid, Superlig 601, and Sr-Spec showed affinities for strontium.
Polyantimonic showed promise in batch contacts; however, slow kinetics severely limits its use on a
large scale. Superlig 601 requires the use of complexants for elution. Based on current information, it
appears that Sr-Spec shows the most promise of the three for removing strontium from acidic solutions.
It has been reported, however, that lead and barium interfere with strontium removal from solution.
Tests should be conducted on the radiolytic and chemical stability of the macrocyclic resins in
particular.
Numerous ion exchange technologies have been tested for alkaline-side strontium removal.
Sodium titanate appears to be very effective for removing strontium from alkaline waste streams. It
was observed, however, that iron, calcium, and complexants interfere with strontium uptake by the ion
exchanger. Sodium titanate was resistant to radiation damage. It was also reported that silico-titanates
have a great affinity for cesium and strontium from alkaline wastes, but published results are not yet
available.
IRC-718 showed great affinity for strontium; however, relatively small changes in feed pH dramatically affect the removal of strontium from solution. The performance of CS-100 for the removal of
strontium was mixed. Also, being organic exchangers, CS-100 and IRC-718 may be prone to radiolytic degradation. ES-286 showed superior strontium separation from lanthanides and other alkaline
earth metals (at pH=8.0) when compared with Duolite ES-278, DOWEX-SOW, X-8, and IRC-718.
However, in.order to achieve this separation, the addition of EDTA to the feed solution was required.
Chelex-100 showed promise for removing strontium from solution; however, calcium, iron, manganese
and zinc were also removed by this exchanger.
IE-95 was also effective in removing strontium from alkaline solution in batch tests; however in
column tests, slow kinetics appeared to be a problem. Newer versions of IE-95 are now available, i.e.,
IE-96 and TIE-96. Both of these versions should be tested on a laboratory scale. TIE-96, in particular, is attractive because conceptually it should be capable of removing cesium, strontium, and
plutonium.
Several other ion exchangers, such as titanium phosphate, manganese oxide, and hydrous titanium
oxide, showed promise in batch tests for removing strontium from alkaline wastes. Kinetic evaluation

and species interferences are required to further evaluate the effectiveness of these ion exchangers for
removing strontium. Tests indicated that these ion exchangers were resistant to radiation damage.
Based on current information, it appears that sodium titanate is the preferred ion exchanger on the
alkaline side. There is concern over the hydrodynamic stability of the sodium titanate powder in the
column; therefore, alternative support systems for this ion exchange system should be investigated.
The silico-titanates, IE-96, TIE-96, titanium phosphate, manganese dioxide, and hydrous titanium
oxide, and Na4Mg6A14Si402#4 mica exchangers should be also be evaluated because either no
published data or little data are presently available for these exchangers.
Before any one of these exchangers can be chosen, the capacity, kinetics, stability, and selectivity
of the exchangers must be investigated. Also, cost and waste production, although not investigated
here, must still be addressed.
Other recommended future development steps are given below.
For alkaline-side processing, conduct studies to determine the effects of complexants
(e.g., EDTA) on strontium separation.
Conduct laboratory (batch and column) studies using simulated waste.
Investigate the degree of chemical and radiolytic degradation of the resin(s).
Develop flowsheets using laboratory test results as applied to actual wastes.

5.0 Conclusions
Several promising methods were identified for removal of strontium from alkaline and acidic
media. In all cases, however, additional development is required. In particular, testing with simulated
and actual Hanford waste is required prior to implementation. Furthermore, the effect of complexants
such as EDTA on the various alkaline-side separation methods must be evaluated.
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Appendix
Tabular Summary of Literature Survey

Table A.1. Solvent Extraction: Crown Ethers

Literature
Source
Gerow and Davis
(1979)

Experimental ~onditions(~)
25 % Kerosene,
25 % TBP,
50% HDEHP,
0.02 &J 4,4'(5')ditertiary-butylbenzo-24-C-8

DSP
200

0.001 M SrN03,
pH=3-5.5

Gerow, Smith and
Davis
(198 1)

68% Kerosene,
27% TBP,
5 % HDDNS,
0.02 M bis-(4,4'(5')-[l -hydroxyheptyl]-benzo)- 18-C-6

200

.001 &J SrN03,
< 0.01 M HN03

Blasius, Klein and
Schon
(1985)

Dicyclohexo-18-crown-6 in
1,1,2 Tetrochloroethane
2 ppm %NO3,
1.0 M HN03

12

Comments

Efficiently stripped at pH < 2;
The highest pH investigated was 5.5, there
was no indication that the Ds, decreased at
higher pHs.
No significant extraction without HDEHP.
In the absence of crown ether (e.g., HDEHP
only as extractant), a Ds, of 30 was
extrapolated from the data (25 46 TBP, 50 %
HDEHP in kerosene, pH=not given).
In the absence of HDDNS, very low Ds,
were observed with any crown ether.
Numerous crown ethers were tested with 1 %
HDDNS and pHz2.5, and all crown ethers
tested gave 4 < Ds, < 6. Increasing HDDNS
concentration, substantially increased Ds,.
The presence of crown ether had little effect
on Sr extraction, Ds, was affected most by
the presence of HDDNS.
Lead and sodium were also extracted under
these experimental conditions. Several other
diluents were tested, however 1,1,2,2tetrachloroethane gave the best results.
1,1,2,2-tetrachlorethane is not a desirable
diluent to use due to its toxicity and
generation of HCl (corrosive) on radiolysis.
L

Table A.1. (contd)

Literature
Source
Shuler et al.
(1985)

McDowell et al.
(1986)

Experimental conditions(*)

DS?

2
5 % HDNNS,
27% TBP,
68 % kerosene,
0.02 M bis 4,4'(5') (1-hydroxyheptyl)cyclohexo-18-C-6
0.003 M St,
3.0 M HNO,
0.1 M HDDNS,
0.05 M di-tertiary-butylbenzo18-C-6,
Toluene

350

Tracer level Sr,
0.2 M HNO,

Myasoedova et al.
(1987)

0.05 M dicyclohexyl-18-C-6 in
tetrachloroethane
0.025 M Sr(N03)2,
3.0 M HNO,

14

Comments
Higher Ds, values were reported for higher
crown ether concentrations, e.g., Ds, = 6.4
at 0.1 M CE, however, a third phase formed
even though the solubility limit had not been
exceeded.
Zirconium and barium were also extracted.
The presence of crown ether had a large
impact on Ds, when compared to HDDNS
alone (Ds, = 12).
Ds, = 50 at HN03=0.5 M.
Ds, = 1000 at HN03=0. 1 M but precipitate
formed.
D(tBC) 18-C-6 and DC 18-C-6 gave
Ds,> 1000 and 0.2 M<HN03<0.5 h4, but
precipitates formed.
Barium coextracted along with strontium.
At pH =8, 0.1 versatic acid (organic
carboxylic acid) + DC18-C-6 in toluene
gave Ds,= 100.
Toluene has low flash point.
Tetrachlorethane is not a desirable diluent to
use due to its toxicity and generation of HC1
(corrosive) on radiolysis.

-

Table A.1. (contd)

Literature
Source

Experimental ~onditions(~)

DS,'~'

Horwitz, Dietz and 0.1 M dicyclohexyl-18-C-6 in octanol
Fisher
1.0 M HNO,
(1990a)

0.5

Horwitz, Dietz and 0.4 M 4,4'(5')di-tertiary-butyldicyclohexyl- 18-C-6 in
octanol
Fisher
(1990b)
3 M HNO,

35

Comments
A variety of alcohols, ketones, carboxylic
acids, and esters were tested as diluents.
Ketones and alcohols gave the best results.
S-carbon through lo-carbon compounds were
tested. As the number of carbons decreased,
Ds, increased (e.g., for n-pentanol Ds,=3).
A variety of diluents were tested, n-octanol
was the best when comparing combinations
of extraction, flash point and density.
Dicyclohexano-18-C-6 and dimethyldicyclohexano-18-C-6 crown ethers were also
tested. Di-t-butyldicyclohexano-18-C-6 was
the best when comparing extraction and
solubility in aqueous phase.
Ds, decreased with decreasing HN03,
C0.05 &J HN03 provided for good
strontium stripping.
No data on possible interfering ions.
Ds, decreased when temperature was
increased to 50°C.

-

Table A.1. (contd)

Literature
Source

Experimental ~onditions(~)

Horwitz, Dietz and 0.2M 4,4'(5')ditertiary-butyl-dicyclohexyl- 18-C-6 in
octanol
Fisher
(1991a)
3 M HN03

"

DST(~)

22

Comments
Synthetic waste, formulated to duplicate the
expected composition resulting from
dissolution of Hanford waste sludges was
used.
The system showed good hydrolytic stability.
At dose rates far in excess of those
anticipated in the process, Dsr was adversely
affected.
The system showed good selectivity over
other metals.
Ds, varied significantly from one lot of
crown ether another.
At 0.4M crown ether, phase separation was
more difficult to attain.
Strontium selectivity increased or remained
the same with increasing acid from 1 M to 6
M HN03.
DBa> 1, all other metals < 1 at the acid
concentrations investigated.
A 3 stage extraction, 6 stage scrub, and 5
stage strip counter-current SX flowsheet
(SREX) was tested in the laboratory; 99.7%
Sr extracted.
U

Table A.1. (contd)

Experimental ~onditions(~)
Lumetta et al.

0.2 M di-tertiary-butyldicyclohexyl-18-C-6 in octanol

DS,'~'

7, 6, 6

1.1 M HN03

0.2 M di-tertiary-butyl-dicyclohexyl-18-C-6 + 1.2 M
tributyl phosphate in Isopar-L (paraffinic hydrocarbon
diluent)

(1991)

12

3.0 M HN03

@)

Acidified synthetic CC waste was used in this
study.
3 successive contacts were made with an
organiclaqueous phase ratio of 0.33.
An overall strontium decontamination factor
of 40 was achieved.
Crud formation was observed in all contacts.
When 0.2 M CMPO was added, no change
in strontium extraction behavior was noted.
No apparent change with changing
temperature from 2S°C to 50°C.
Possibility of combining TRUEX and SREX
processes into one.

Pilot run was conducted using high-level
radioactive wastes.
9 extraction, 2 scrub and 6 strip stages were
used.
The crown ether concentration in the
raffinate reached 300 mglliter.
The organics phase characteristics are given first, followed by the aqueous phase characteristics.
Ds,= strontium distribution coefficient: [Sr]organiC/[Sr]aqueous
at equilibrium for 1 batch contact.

Filipov et al.
(1992)

(a)

0.01 M dicyclohexyl-18crown-6 in a proprietary diluent 40

Comments

Table A.2. Solvent Extraction: Cobalt Dicarbolides
Literature
Source
Rais, Sebestova,
Selucky, and Kyrs.
(1976)

Experimental conditions(*)
1.1x10-~M cobalt dicarbolide +
0.2 M PEG400 in nitrobenzene

~,r(~)

Comments

60

Found that the presence of PEG-400 increased
the extraction of strontium by 1 0 0 0 ~ .
0.2 M PEG400 was optimum, higher and lower
concentrations gave less extraction.
Extraction of strontium decreased with
increasing PEG400 molecular weight.
+ , > s?+ >
De ree of extraction: ~ a ~ pb2+
C 9 + > cu2+, bIg2+> ~ i ~ + .

0.5 M HNO,.

Selucky, Vanura, Rais,
and Kyrs.
(1979)

0.02 M cobalt dicarbolide
400 in nitrobenzene

+ 0.5 96 PEG-

100

Found that the presence of NaSDTPA
suppressed the coextraction of other metals such
as zirconium.
Strontium also complexes with NaSDTPA at
higher pHs and therefore does not extract at
higher pHs.

Scasnar and Koprda.
(1980)

0.01 M cobalt dicarbolide in nitrobenzene

350

Found that as HNO, concentration increased,
the extraction of strontium decreased
significantly.
At O M HNO,, Dc,=250, DK=24, Dc,= 10.7,
DZr=0.32.

Koprda, Scasnar and
Galan.
(1983)

0.01 M NaSDTPA,
pH=4.0.

0.0 M HN.0,.

0.01 M cobalt dicarbolide
400 in nitrobenzene
0.5 M HNO,.

+ 0.25 56 PEG-

60

Table A.2. (contd)

Literature
Source
Koprda and Scasnar.
(1983)

Experimental ~onditions(~)

0.01 M cobalt dicarbolide +
0.1 % PEG-400in nitrobenzene

Comments

600

----

0.1 M HNO3.
Reilly, Mason and Smith
(199 1)

Chlorinated cobalt dicarbolide in
nitrobenzene.

---

>95 % Sr removed from tests with simulants,
> 98% Sr removed from tests with actual
wastes.
Exact experimental conditions were not given.

Esimantovskii et al.
(1992)

Chlorinated cobalt dicarbolide in
nitrobenzene.

---

> 98 % Sr removed from tests with actual

(a)

(b)

wastes .
Exact experimental conditions were not given.

The organics phase characteristics are given first, followed by the aqueous phase characteristics.
Ds,= strontium distribution coefficient: [Sr],rg~,/[Sr]q,,,,
at equilibrium for 1 batch contact.

Table A.3. Solvent Extraction: HDEHP

Literature
Source
Schulz, Mendel and
Richardson
(1963)

Experimental conditions(*)
0.4 M HDEHP +
0.2 M TBP in Shell Spray Base
pH=4.7

DS?)
15

Comments
Tests conducted on Crude sPO concentrate to
develop chemical flowsheets for the Hanford
Hot Semiworks plant.
Na4EDTA or N%DTPA added to feed to
suppress extraction of lead, iron and other
fission products.
Citrate solution added to scrub section to
remove extracted sodium.
Citric acid used to strip strontium from organic,
done at pH = 1.5 to 2.0 to separate strontium
from coextracted calcium.
Approximately 95% of the strontium present in
the feed was recovered with calcium being the
major contaminant.

Table A.3. (contd)

Literature
Source
Horner et al.
(1963)

Experimental conditions(*)
0.2 M HDEHP +
0.1 M NaDEHP +
0.15 M TBP in
Amsco 125-82

DS?)

Comments

9

Test conducted on PUREX simulated waste.
Tartrate added to feed to prevent precipitation of
iron.
Presence of NaDEHP provides for a buffered
solvent, allowing better control of aqueous pH.
Calcium, lanthanides and nickel are coextracted.
Scrubbing at pH =3-4, enhanced the separation
of sodium From strontium.
Strontium stripped, using 1.5 M HNO,.
Countercurrent demonstration tests on simulated
and actual PUREX waste were conducted with
strontium recovery of 99.7%.

20

Laboratory batch tests and continuous counter
current tests conducted with synthetic PAW.
Citrate used as a complexing agent.
TBP tended to decrease third phase formation.
Strontium stripped from organic with dilute
HNO,, pH = 1.5-2.0.
Solvent washed in alkaline solution to remove
mainly yttrium and cerium, iron.

pH =4.5-6

Schulz
(1964)

0.2 M HDEHP
0.2 M TBP in
Soltrol-170
pH=4-5

.-

+

"

Table A.3. (contd)

Literature
Source
Richardson
(1964)

Experimental condition~(~)
0.14 M HDEHP +
0.06 M NaDEHP +
0.2 M TBP in
Soltrol-170
pH =4.7,
50°C

(a)
(b)
c.

0

~sr@)

---

Comments
Pilot studies were conducted in 3" diameter
glass pulsed columns with PAW.
Over 99% of the strontium was extracted and
recovered in this pilot run.
The extraction was conducted a 50°C so that
cerium could be more efficiently extracted (i.e.,
this was a process that was designed to extract
both strontium and lanthanides.

The organic phase characteristics are given first, followed by the aqueous phase characteristics.
Ds, = strontium distribution coefficient: [Sr]organic/[Sr]aqueous
at equilibrium for 1 batch contact.

Table A.4. Precipitation: Sodium Titanate

Literature
Source

Experimental Conditions

Comments

200-300

Tests conducted on actual alkaline
supernatant waste.
Addition of sodium tetraphenylborate,
and sodium titanate as a slurry to
remove cesium, strontium, and
plutonium.
Solidslliquid separation made via crossflow filtration.

1.7x1V3 M (0.5gll) sodium titanate,
5x10-~M strontium,
a1kaline solution,
contact time=2 days

200

Demonstration test conducted on actual
alkaline Savannah River waste.
Combined cesium/strontium removal
process via precipitation.

7.8~1M
0 ~sodium
~
titanate,
l.2xl0-~M strontium,
pH= 13.7,
contact time=2 days,
2S°C

1100

Tests conducted on alkaline
supernatant.
Temperature had little effect on
strontium precipitation.
Strontium precipitation was enhanced
by increasing pH.
Strontium precipitation increase with
increasing sodium titanate
concentration.

Lee and Kilpatrick
(1982)

0.5 g1L sodium titanate,
5x10'~M strontium,
alkaline solution,
contact time=2 days

Martin et al.
(1984)

Bray et al.
(1984)

(a)

DF,,(B)

DF,, = Strontium decontamination factor.

Table A.S. Precipitation: Ferric Hydroxide
Literature
Source

Experimental Conditions

DF,,(B)
> 100

Comments
Tests conducted on actual 1AW-MTR
wastes.

Pietrelli, Grossi, and
Troiani
(1988)

0.54gll iron,
approx. 5x 10-~g/literstrontium

Pietrelli and Troiani
(1990)

0.54gll iron,
approx. 5xl0-~g/literstrontium

> 100

Tests conducted on actual 1AW-MTR
wastes.

Grossi et al.
(1992a,b)

0.54gll iron,
approx. 5x 10-~glliterstrontium

> 100

Tests conducted on a cold pilot scale.

(a)

DF,, = strontium decontamination factor.

Table A.6. Precipitation: Other Precipitation Methods

Literature
Source

DF~,(*)

Comments

Experimental Conditions

Lead Sulfate
Bray and Van Tuyl
(1961)

0.02 M lead nitrate,
sulfate=0.67-3 M,
80°C,
pH =0.4 and 4.0.

95 % Recovery

Laboratory scale tests.
Approximately 1 megacurie of
strontium was produced on a large
scale via this process, giving a
strontium yield of 55%.

Richardson
(1965)

0.02 M lead nitrate,
sulfate=0.67-3 M,
80°C,
pH=0.4 and 4.0.

95 % Recovery

Pilot plant scale tests.

Titanium Hydroxide
Gutman et al.
(1986)

4 ppm titanium hydroxide,
0.05 ppm strontium,
pH=11.5

>lo0

Studies conducted on contaminated
pond water.
Ultrafiltration showed improvement
over gravity or centrifugal separation.
Presence of calcium and magnesium
interferes with strontium removal.

Table A.6. (contd)

Literature
Source

DF$)

Experimental Conditions

Comments

Calcium Phosphate
Gutman et al.
(1986)

20 ppm ca2+, 32 ppm ~
0.05 ppm strontium,
pH=11.5

Carley-Macauly et al.
(1981)

Calcium phosphate (or iron phosphate)
pH>11

--------

Calcium carbonate
pH= 10.5

--------

Barium Sulfate
pH > 8.5

--------

Manganese dioxide
pH>11
(a)

DFs, = strontium decontamination factor.

0

~

~

-

120

> 100

Studies conducted on contaminated
pond water.
Very fine precipitate formed.
Ultrafiltration showed improvement
over gravity or centrifugal separation.
Very sensitive to pH.

Table A.7. Ion Exchange: Polyantimonic Acid

Literature
Source
Baetsle et al.
(1965)

Experimental Conditions
7g polyantimonic acid,
50-100 mesh,
column height= 10.4 cm,
column diameter = 1 cm,
62.5mglliter strontium,
0.2 mllmin.,
2 M HNO,,
6O0C.

Strontium
Separation
Performance
DFSr(a)= 1000

Comments
Kinetic studies showed that tlI2=2 to 3
hours.
Addition of Na2Si03 reduced tlI2 to
1.5 hours.
50% Sr leakage through the column
occurred at 450 bed volumes under
experimental conditions given.
J

Table A.7. (contd)

Literature
Source
Baetsle et al.
(1973)

Experimental Conditions
log polyantimonic acid,
50-100 mesh,
250mglliter strontium,
0.5 bed volumes/hour,
2 M HNO,,
60°C.

Strontium
Separation
Performance
DF,,=2000

Comments
Kinetics were extremely slow.
Presence of magnesium in solution had
a detrimental effect on the adsorption
of strontium.
Dilution of feed did not alleviate the
detrimental effect of magnesium.
Tests conducted at 7 M HN03 showed
that the adsorption capacity for
strontium was too low to be useful.
Lanthanides were shown to be of the
same concentration as strontium on the
ion exchange material.
Strontium fixation on this ion exchange
material is nearly irreversible.
Elution with AgN0, or Pb(N03)2 is
possible but all adsorptive capacity for
strontium is lost after treatment.
Volatilization of the ion exchange
material was attempted.

-

Table A.7. (contd)
-

Literature
Source
Davis, Partridge and
Koski
(1977)

Experimental Conditions

---

Strontium
Separation
Performance

---

Comments
Conceptual processes for the recovery
of strontium and cesium were
compared. Precipitation, solvent
extraction, inorganic ion exchange,
organic ion exchange processes were
evaluated.
Polyantimonic acid was determined to
be the preferred technology for
separating strontium, but required more
R&D .

McKee et al.
(1983)

2.0 &4 HN03
flow = 0.2 column volumeshour
50°C

---

Tests conducted with simulated high
level waste.
1 % strontium breakthrough after 23
column volumes.
50 % strontium breakthrough after 30
column volumes.
At 50% breakthrough, loading =
breakthrough 0.0 185 g Srlg sorber.
Strontium breakthrough was extremely
sensitive to flow rate through column,
e.g., in larger column tests, by
increasing the flowrate from 0.5
column volumeshr to 1 column
volumehr, strontium breakthrough
increased from approximately 0.3 % to
30%.
System exhibits slow kinetics.

-

Table A.7. (contd)

Literature
Source
Pietrelli et al.
(1986)

Min and Zhaoxiang
(1992)

(a)
(b)

Experimental Conditions
1.1 M HNO,

---

Strontium
Separation
Performance

Comments

~d,,@)=
100 mllg

Tests conducted with 1AW-MTR HLW
simulants.
Two process flowsheets were proposed,
one was acid side using polyantimonic
acid and the other was alkaline side
using coprecipitation with ferric
hydroxide to separate strontium.
In a preliminary batch test, the loading
capacity of strontium on polyantimonic
acid was 1.2 mglg.

---

Studies conducted with 1AW-MTR
waste solution.
The effects of acid strength,
temperature, flowrate, and cycling on
the loading capacity of polyantimonic
acid were investigated.
Maximum loading was approximately
0.22 mmollg at 0.5 BVhour and 63OC
(at 1% Sr breakthrough.

DF,, = strontium decontamination factor.
Kd,, = (Ci-CflI(C,*M); where Ci = initial strontium (e.g., activity, grams) in feed, C, = equilibrium strontium (e.g.,
activity, grams, etc.) after addition of exchanger, V = rnl feed solution, M = grams of exchanger.

Table A.8. Ion Exchange: Sodium Titanate

Literature
Source

t

Experimental Conditions

Strontium Separation
Performance
DF,?)

> 100

Comments

Strachan and Schulz
(1980)

3 .interconnected 18.7 ml (1.4 cm
diameter) beds of 50-100 mesh sodium
titanate loaded macroreticular @OWEX
AG-MP-1) anion exchange resin.
2 column volumes/hour,
2S°C,
I M NaOH

Schulz
(1980)

2 interconnected sodium titanate powder
beds (bed 1 =2.35 ml, bed 2=3.0ml),
(40- 140 mesh),
6 column volumes/hour
1 M NaOH

DFsr> 660

Tests were conducted, using salt
cake waste from 8 different tanks.

Lehto and Miettinen
(1984)

2g sodium titanate columns,
grain size=0.3 15-0.85mm,
450 rnl total flow,
lml/minute,
pH = 12.5

DFsr= 170

Test was conducted on actual waste,
having high boric acid, sodium and
potassium ion concentrations.
Other tests conducted on simulated
waste to test the effects of boric acid
concentration, sodium concentration,
EDTA concentration, and gamma
irradiation on performance.
Kd versus pH curves showed that
sodium titanate is effective at pH > 7
(Kd = 10').

Tests were conducted, using actual
Hanford B plant strontium solvent
extraction waste.
Sodium titanate showed excellent
affinity and capacity for sorbing
strontium-90.

.4

Table A.8. (contd)

Literature
Source

Experimental Conditions

Ying, Meiqiong and
Xiannua
(1984)

2g sodium titanate,
column=5.5mm diameter, 1 1.5cm tall,
4 bed volumes/hour,
pH=7

Baum
(1992)

---

(a)

DFsr = Strontium decontamination factor.

Strontium Separation
Performance

Comments

DFsr= lo4

Test was conducted on actual lowlevel wastes from waste storage
tanks at the Institute of Atomic
Energy.
The strontium DF was greater than
l d after 1180 bed volumes of feed
had passed through.
Effects of sodium, iron, calcium,
organic complexing agents, and
irradiation on strontium adsorption
were investigated.
Sodium titanate also adsorbed
cesium, americium and cobalt to a
great extent.

---

Silico titanates have been developed
for the separation of cesium and
strontium from alkaline solutions.

Table A.9. Ion Exchange: Macrocyclic Ligands

Literature
Source

Experimental Conditions

Horwitz, Dietz and
Fisher
(1991b)

1 M 4,4'(5*)-bis(tert-buty1cyclohexano)18crown-6 in l-octanol sorbed onto
Amberlite XAD-7,
100-125 micron diameter ion exchange
particle sizes,
column= 1.4mm diameter, 390mm length,
2ml/(cm2 min.),
3 M HNO,.

Horwitz, Chiarizia and
Fisher
(1992)

Chiarizia, Horwitz and
Fisher
(1 992)

Strontium
Separation
Performance

Comments

D F ~ > ) =100 (in
first 20 free
column volumes)

Over 98% of the strontium was eluted
in 2.5 free column volumes of
deionized water.
The presence calcium in the feed had
no affect on strontium loading or
elution behavior.
Using 2 M HNO, + 0.5 M A1(NO3),
to load strontium gave a DF= 100 in
first 30 free column volumes of feed,
while >99 % of the calcium passed.
Barium and lead are also sorbed onto
the column.

1 M 4,4'(5')-bis(tert-butylcyclohexano)18crown-6 in l-octanol sorbed onto
Amberlite XAD-7,
0.01 M HNO, to 10 M HNO,

---

Barium was retained on the resin.
No alkali metals were significantly
retained on the resin.
Lead was retained more strongly than
was strontium.
Tetravalent plutonium, neptunium and
polonium are retained by the resin.
Strontium retention increased with
increasing HNO,.

-

---

This study compared calculated versus
experimental acid dependencies and
extraction constants.

.

Table A.9. (contd)

Literature
Source

Experimental Conditions

Strontium
Separation
Performance

Comments

Horwitz, Fisher and
Chiarizia
(1992)

1 M 4,4'(5')-bis(tert-buty1cyclohexano)18crown-6 in l-octanol sorbed onto
Amberlite XAD-7,
3 M HN03.

Tests conducted on synthetic nuclear
Sr separation
from A1= 100,
waste that simulated the dissolved
Hanford sludge.
Sr separation
from ~ a = 1 6 .

Carnaioni, Colton and
Bruening
(1992)

log Superlig 601,
30 bed volumes,
5 M HN03

DFs,= 100 in
first 20 bed
volumes of feed

Tests conducted on synthetic waste that
simulated PUREX raffinate.
Nearly complete breakthrough occurred
after 30 bed volumes of feed.
Approximately 35 % of the strontium
and barium was eluted with a 1 M
HN03 wash followed by a Na3citrate
wash, the remainder was eluted with
Na4EDTA wash.

Lumetta et al.
(1993)

0.4948 Sr-Spec,
column diameter =5mm,
column height =73rnrn,
0.2 mltmin,
3.5 M HN03

No Sr detected in
effluent during
loading
(7 column
volumes)
--------Approx.
DFs,=20
in 17 column
volumes of feed

Tests conducted on actual Hanford
NCRW.
Sr-Spec and Superlig 601 were
evaluated for the separation of
strontium.

------------------

0.407g Superlig 60 1,
column diameter =7mm,
column height =24mm,
1.5 mltmin,
3.5 M HN03
(a)

DFs, = Strontium decontamination factor.

Table A.lO. Ion Exchange: Other Ion Exchangers

Literature
Source

Experimental Conditions

Strontium
Separation
Performance

Comments

DOWEX SOW, X12
Bray et a].
(1961)

DOWEX SOW, X12
(50- 100 mesh)

98% pure Sr
product

Organic exchanger, used on large scale
to produce a strontium product for use
as a power source.

IRC-7 18,
7 day contact time,
pH= 10

K ~ ~ , ( B )1500
=

Batch tests conducted on simulated
West Valley alkaline waste.
Organic macroporous cation exchanger.
At pH=13, ~ d = 1 7 7 ( ~ ) .
Flow tests showed that strontium
separation performance was dependent
on feed pH.
HCOOH.
Strontium eluted with 2 &j

IRC-7 18
Bray et al.
(1984)

Table A.lO. (contd)

Literature
Source

Experimental Conditions

Strontium
Separation
Performance

Comments

Duolite ES-286
Johnson
(1985)

Duolite ES-286
pH=8.0

1.4x10-~moles Sr
absorbedlgm resin

Batch comparison tests between
Duolite ES-286, Duolite ES-278,
DOWEX SOW, X-8, and Amberlite
IRC-718 conducted, using simulated
waste. Duolite ES-286 showed superior
Sr removal compared to other ion
exchangers.
Column eluted, using 2-3M
nitric acid or ammonium nitrate.
Chemicallylradiolytically stable.
Addition of EDTA is necessary to
separate Sr from lanthanides and other
alkaline earth metals.

CS-100
Carley-Macauly et a1.
(1981)

CS-100
pH=11.8

D F ~ , ( ~ ) = ~ O OPilot plant runs on LLW.
Interfering bulk cations are removed
from solution upstream of the ion
exchange process via precipitation by
adjusting the feed pH = 11.8.
Column eluted, using 0.5 M
nitric acid.

-

Table A.lO. (contd)

Literature
Source

Experimental Conditions

Bray et al.
(1984)

CS-100,
7 day contact time,
pH=lO

Campbell, Lee and
Dillow.
(1990)

CS-100,
pH=12.5

Strontium
Separation
Performance
Kdsr= 80

Kdsr=5000

Comments
Batch tests conducted on simulated
West Valley alkaline waste.
Organic ion exchanger.
At pH= 13, Kd< I(*).
Column tests at pH= 10.4 showed no
retention of strontium.
Batch tests conducted on simulated
LLW.
The presence of sodium decreased the
strontium Kd.
The presence of potassium had little
effect on strontium separation.
The Savannah River resorcinol resin
also showed some affinity for
strontium, although not as much as CS100.

Table A.lO. (contd)
-

Literature
Source

Experimental Conditions

Strontium
Separation
Performance

Comments

IE-95
Bray et al.
(1984)

IE-95,
7 day contact time,
pH=13

Kdsr= 1400

Batch tests conducted on simulated
West Valley alkaline waste.
Zeolite ion exchanger.
At pH= 10, ~d=386(*).
Column flow through tests indicated
that kinetic and equilibrium problems
not identified in the batch tests affected
strontium sorption.
Eluted with 4 M HN03.

Chelex- 100
Blount et al.
(1973)

Chelex-100,
pH=4

Wiley
(1976)

Chelex-100,
2 bed volumes/hour,
0.75 M NaOH

Percent
strontium
removed
approaches 100
1800< DFsr < 770

Tests conducted at l00X lab scale on
actual SRP waste.
Calcium, iron, manganese and zinc are
also removed from solution by the ion
exchanger.

Table A.10. (contd)

Literature
Source

Experimental Conditions

Strontium
Separation
Performance

Comments

Titanium Phosphate
Phillips et al.
(1984)

pH=2-10

DFs,> 100

Batch contact experiments.

Hooper
(1985)

pH=2-10

DFsr> 100

Batch contact experiments.
Resistant to radiation damage.

pH=8-10

DFsr > 100

Batch contact experiments.
Resistant to radiation damage.

pH=lO

DFs,> 100

Batch contact experiments.
Resistant to radiation damage.

Manganese Oxide
Hooper
(1985)
Hydrous Titanium Oxide
Hooper
(1985)
Na4Mg6A14Si4020F4mica
Paulus, Komarneni, and
ROY
(1992)
(a)
(b)

8 x 1 0 ~glml Na4Mg6A14Si4020F4mica
6 x 1 0 ~- 3.7x10-~N SrCI2

---

Batch contact experiments.
Results indicated that strontium could
be removed from high sodium streams.

Kdsr = (Ci-C3V/(Ce*M); where Ci = initial strontium (e.g., activity, grams, etc.) in feed, C, = equilibrium strontium
(e.g., activity, grams, etc.) after addition on exchanger, V = ml feed solution, M = grams of exchanger.
DFs, = strontium decontamination factor.
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