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Introduction
The radioactive isotopes of cesium (i.e. 137Cs (t1/2 = 30 years)) and strontium (i.e. 90Sr (t1/2 = 29 years)) are synthetic
radioisotopes that are not found in nature. However, they can be found in spent nuclear fuel (SNF), where they
are formed by nuclear fission of uranium-235 during nuclear power plant operation. Valorization or partitioning
of these isotopes can be achieved by treating irradiated fuel using solvent extraction techniques or separation
on ion exchange columns.
Radionuclides can be recovered from SNF assemblies by selectively extracting them. In general, a specifically
designed solvent is used to extract specific ions to an organic phase. In the best case, molecules that have an
affinity to only the ions of interest are used. In a second step, the ions are back-extracted (or stripped) to a fresh
aqueous phase. A well-known example is the recovery of uranium and plutonium (and neptunium), where liquidliquid extraction is used in the so-called plutonium uranium reduction extraction (PUREX) process. Here, SNF is
dissolved in a concentrated nitric acid solution. Next, tributyl phosphate (TBP) in kerosene is used as a solvent
to selectively extract uranium, in the form of UO 2(NO3)2(TBP)2. Meanwhile, plutonium is co-extracted as
Pu(NO3)4(TBP)2. In the next steps, the organic phase is treated with reducing agents to further separate U from
Pu and uranium is then stripped from the kerosene using 0.2 M nitric acid. The aqueous phase, the so-called
HAR (highly active raffinate), consists of a mixture of minor actinides (e.g. Np, Am, Cm,…), fission products,
corrosion products, protons and nitrate anions. Several solvent extraction systems have been developed earlier
to separate the heat-generating fission products, Cs and Sr.
Although the separation of 90Sr and 137Cs from High Level Liquid Wastes (HLLW) is one of the challenging
subjects in the management of used nuclear fuel, reports concerning useful solvent extraction, column
separation or precipitation methods for these fission products, especially from acidic HLLW which is typical for
advanced partitioning scenarios, are rather limited. An overview of the existing processes is given in Figure 1
and the literature is described further in this manuscript.
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Figure 1: Overview of the technology readiness levels (TRL - 2018) of the processes related to (Am), Cs and Sr partitioning.1
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PUREX raffinate composition
The composition of spent nuclear fuel was discussed in the ASOF deliverable D4.1. The elemental composition
of the normal PUREX HAR is given in the table below. Here, the fission products and actinides in 5000 L of PUREX
raffinate originating from the reprocessing of 1 tons of heavy metal (tHM) of spent UO 2 fuel, 4.2% 235U
enrichment and a burnup of 50 GWd tHM -1 is presented.
Element

Conc (mg L-1)

Element

Conc (mg L-1)

Element

Conc (mg L-1)

Ag
Am

2.35E+01
1.80E+02

In
La

4.64E-01
3.66E+02

Sb
Se

3.31E+00
1.61E+01

Ba
Br
Cd
Ce
Cm
Cs

5.49E+02
6.21E+00
3.13E+01
7.24E+02
1.57E+01
7.17E+02

Mo
Nd
Np
Pd
Pm
Pr

8.09E+02
1.22E+03
1.00E+00
3.59E+02
3.52E+00
3.33E+02

Sm
Sn
Sr
Tb
Tc
Te

2.45E+02
1.79E+01
2.25E+02
7.94E-01
1.06E+01
1.47E+02

Dy
Eu
Gd
I

3.86E-01
3.90E+01
4.86E+01
1.20E+00

Pu
Rb
Rh
Ru

1.00E+01
1.05E+02
6.80E+01
3.44E+02

U
Y
Zn
Zr

4.00E+01
1.34E+02
8.46E-04
1.03E+03
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The elements Cs and Sr, which are of interest for this manuscript, are highlighted in bold. When the major and
minor actinides are partitioned from the spent nuclear fuel waste stream, the majority of heat generation is due
to the 137Cs and 90Sr isotopes. Further partitioning of these isotopes is thus beneficial to decrease the gallery
length for deep geological disposal.
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Solvent extraction of Cs and Sr
The first studies on Cs and Sr extraction were performed at the end of the 1960’s by Czechoslovakian researchers
and made use of dipicrylaminate, tetraphenylborate or picrate as ligands. In addition to these ligands being very
unsafe to handle, there was no selectivity, causing all alkali metals to be co-extracted together. 2,3 The obtained
distiribution coefficient (D values) were reported to be close to 1. 2 In a later phase, a selective cesium extraction
system was developed by Rais et al. in 1975.3 Here, a “sandwich” polyhedral complex of cobalt was proposed as
Cs extractant. The structure of the anion [π-(3)-I,2-B9C2H11 ] 2Co- (also called cobalt dicarbollide - CD) had been
described earlier by Hawthorne.4 CD is well soluble in organic diluents. The best extraction results were found
when nitrobenzene was used as a diluent, and the extraction system was later optimized by varying the nitric
acid concentration. The highest DCs value of 102.6 was reported for 0.1 M HNO 3, with a ligand concentration of
0.01 M in nitrobenzene. In these conditions the DSr was very low: 0.041.3
A first modification of the CD was made by replacing some of the hydrogen atoms by chloride atoms: [π-(3)I,2-B9C2H8Cl3] 2Co- (chlorinated cobalt dicarbollide – CCD).5 Additionally EDTA and polyethylene glycol (PEG-400)
were added.5,6 Due to the addition of PEG, a selective extraction of Sr from Ca could be obtained. The DSr values
increased to 708.8 with a SFSr/Ca of approx. 3900.5 Furthermore, it was observed that the increase of Na +
concentrations decreases the DSr values, however, without affecting the SFSr/Ca. Also the presence of Li+ cations
affected the extraction system by increasing the DSr values. Therefore, an adjustment of the desired DSr values
could be obtained by varying the Li/Na ratio in the system.5
A collaboration between Czechoslovakian and Russian researchers of the Khlopin Radium Institute (KRI) led to
a process running at industrial scale in the Mayak UE-35 facility.7–9 CCD and PEG in fluorinated nitrobenzene (mnitro trifluoromethyl benzene) were used as organic phase. 10 Here, approx. 800 m3 of acidic high level waste
were processed and approx. 444 PBq (4.44 × 1017 Bq) of Cs and Sr isotopes were recovered. The results of these
CCD/PEG testing were used to formulate a flowsheet for extended testing in the INEEL centrifugal contactor
pilot plant. It was found that after extracting Cs and Sr from a simulated tank waste, 97.5% of the Cs and
>99.992% of the Sr isotopes could be recovered in the stripping solution. 9
At the end of the 1990s, a collaboration between Russian and American researchers reported the Universal
Extraction (UNEX) process. Here a solvent was composed to co-extract cesium, strontium and the actinides from
acidic radioactive waste.11 This solvent consists of a mixture of CCD, PEG, carbamoylmethyl phosphine oxide
(CMPO) and phenyltrifluoromethyl sulfone as a diluent. For recovery of all major radionuclides, the optimal ratio
of [CCD]:[CMPO]:[PEG] was found to be 5:1:1. In addition, the extraction properties, combined with high radiation
and chemical stability, explosion and fire-safety and minimal solubility in aqueous media makes the UNEX
technically suitable for processing highly radioactive waste. 11
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The UNEX process has been demonstrated on actual INEEL acidic tank waste. Here, the solvent contains 0.08 M
chlorinated cobalt dicarbollide, 0.5% polyethylene glycol-400 (PEG-400), and 0.02 M diphenyl-N,Ndibutylcarbamoyl phosphine oxide (Ph2Bu2CMPO) in a diluent consisting of phenyltrifluoromethyl sulfone.
Twenty-four stages of shielded 2 cm diameter centrifugal contactors were used in a countercurrent flow.
Removal efficiencies of 99.4%, 99.995%, and 99.96% were obtained for Cs-137, Sr-90, and alpha emitters,
respectively.12 The centrifugal contactors were operating at a calculated stage efficiency of 87%. Moreover, it
was also reported that the Cs, Sr isotopes, Ln and An could be effectively removed from the solvent using 0.05
M DTPA (diethylene triamine pentaacetic acid) in 1.0 M guanidine carbonate, 12 which is much simpler than the
existing process by eliminating a solvent wash section, and the secondary waste stream coming from this solvent
washing.13 It should be noted that the development of the UNEX process was mainly application driven, with
little understanding of the fundamental chemistry behind the process. 13
In parallel with the UNEX process, the fission products extraction (FPEX) process was developed. Here,
researchers from Argonne National Lab (ANL) created a mixture of a Cs extractant and a Sr extractant in the
same solvent. The respective individual extraction processes, named CSSX (cesium solvent extraction process or
also known as caustic-side solvent extraction process) and SREX (strontium extraction process), were developed
separately. The main difference between FPEX and UNEX processes is the use of different types of extractants.
In FPEX, crown ethers and calixarenes are used instead of dicarbollides as described earlier for UNEX. The basic
dicarbollides present drawbacks since they need to be diluted in a polar solvent such as nitrobenzene. Also, their
efficiency strongly decreases as the acidity of liquid waste increases. On the other hand, crown ethers and
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calixarenes enable cesium and strontium to be extracted if the concentration of sodium or the acidity of the
solutions are not too high. 14
Studies in the early 1990s report the use of several crown ethers for strontium extraction.15 Horwitz et al. studied
the extraction of strontium using dicyclohexano-18-crown-6 (DCH18C6) and 4′,4′(5″)-di(tert-butylcyclohexano)18-crown-6 (DtBuCH18C6) in different solvents –alcohols, carboxylic acids, ketones and esters,15 the latter being
more hydrophobic to reduce its solubility in the aqueous phase. 15,16 The values of DSr, obtained with 0.2 - 0.4 M
solutions of DtBuCH18C6 in n-octanol in the range of 3 to 6 M HNO 3 are approx. 10 to 50, which permits the
efficient extraction of strontium. Similar tests using DCH18C6 were performed in Russia, where fluorinated
alcohols were employed to increase the distribution coefficients. 17,18 Later, Wood et al.19 showed that n-octanol
could be effectively replaced by 1.2 M tributyl phosphate in Isopar L® when high concentrations of interfering
alkali metal ions (Na + and K+) were present. Despite the DSr values being one order of magnitude lower
compared to the n-octanol experiments, the authors believed to have found a suitable solvent to achieve
efficient decontamination of 90Sr in waste treatment processes.19 Also the coextraction of Pb2+ by this solvent
system was highly efficient, thus a simultaneous removal of these compounds from acidic high-level waste is
feasible.19 In addition to conventional solvents, mixtures with novel ionic liquids were studied. 20–22 The presence
of tri-n-octylphosphine oxide (TOPO) and dicyclohexano-18-crown-6 (DC18C6) showed a unique synergistic
effect in ion-pair extraction of Sr into cyclohexane using bis(trifluoromethanesulfonyl)imide (NTf2-).23 Wei et al.
studied the extraction behavior of Sr2+ using DCH18C6 as an extractant in CnmimNTf2 (with n = 2, 4 or 6) diluents.
It was observed that at a concentration of 15 mM DCH18C6, the DSr increased drastically for shorter carbon
chain lengths to a maximum of 1600 for C2mimNTf2.20 The influence of the carbon chain length was also
observed by Takahashi et al., who performed similar extraction studies using DtBuCH18C6 as a strontium
extractant.24 It was reported that the Sr2+ was extracted in the organic phase by the ion exchange with [C2mim] +.
A shorter carbon chain length leads to higher hydrophilicity of the compounds. 20 Radiolysis studies of these
extraction systems revealed a reduction in extraction ability of DCH18C6–[C4mim][NTf2] and DtBuCH18C6–
[C4mim][NTf2] systems revealed a reduction in extraction ability for Sr2+ by 14.4% and 18.2% at 500 kGy
respectively, which makes them promising systems for Sr2+ extraction in SNF reprocessing. 21 Strontium stripping
can be readily achieved using diluted nitric acid or deionized water. 15,25 However, despite being reasonable
extractants for Cs+ or Sr2+ cations, the main disadvantages of the crown ethers have been their chemical and
radiolytic instability. Moreover, the crown ethers also tend to form a third phase and are costly. 8,18
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In the CSSX process, the coordinating agents (e.g. crown ethers and calixarenes) have attracted great attention
to extract Cs from alkaline waste. 26 Despite being several reports available on Cs extraction by crown ethers, a
feasible process based on only crown ethers has not yet been successfully proved. 27,28 However, by appending
crown ethers to calixarenes, a much higher selectivity for cesium ions was shown. Moreover, the calixcrown ether
are stable in acidic media.28,29 However, despite being more performant, the calixcrown ether molecules are
currently quite expensive, and further work should be done to develop environmental friendlier diluents. 28
As mentioned before, the fission products extraction process (FPEX) combines aforementioned CSSX and SREX
processes. The extraction solvent consists of 4,4’,(5’)-di-(t-butyldicyclo-hexano)-18-crown-6 (DtBuCH18C6),
calix[4]arene-bis-(tert-octylbenzo-crown-6)
(BOBCalixC6),
1-(2,2,3,3-tetrafluoropropoxy)-3-(4-secbutylphenoxy)-2-propanol, and trioctylamine in a branched aliphatic kerosene (Isopar® L). 30,31 This combination
extracts Cs and Sr simultaneously from 1 M nitric acid solutions with a distribution ration of 7.7 and 8.8
respectively, at ambient temperature. The process was demonstrated at ANL with 2-cm centrifugal contactors
and at ORNL with mixer-settlers. More than 99.99% of Cs and 99.8% of Sr were recovered in ANL, whereas
99.94% of Cs and 99.99% of Sr were recovered at ORNL. Later, the Cs extractant was replaced by 1,3dioctyloxycalix[4]arene-crown-6 (CC6) in n-dodecane and isodecyl alcohol resulting in a DCs of 5.3 in 3.5 M
HNO3, with a high selectivity for cesium extraction.32 In the meantime, INL developed an optimized Cs extractant
to overcome the limited solubility of BOBCalixC6 in the FPEX solvent (< 0.007 M). In the FPEX II process, the
solvent consists of 0.020 M 1,3-Alternate-25,27-Di(2,7-dimethyl-1-octyl)calix[4]arenebenzocrown-6 (MaxCalix),
0.090 M di-tert-butyl-dicyclohexano-18-crown-6, and 1.5 M Exxal-8 dissolved in Isopar L. Proof-of-principle
experiments demonstrated an improved stability and increased solubility of the Cs extractant as compared to
the FPEX process.33
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Precipitation and column separations of Cs and Sr
Partitioning of cesium and strontium in nuclear chemistry can be achieved by column separation methods e.g.
the preparation of environmental assay and bioassay samples. Since the accident at the Fukushima Daiichi
nuclear power plant in 2011, removal of Sr and Cs from contaminated seawater has been another
implementation of these methods. Regardless of the application and scale (large-scale or analytical scale), these
column separation methods make generally use of an ion exchanger (inorganic or organic) or a Solid Phase
Extraction (SPE) material.
Because of the wide variety of 137Cs- and 90Sr-bearing radioactive waste solutions (e.g. acidic, alkaline, sludge)
and samples (e.g. sea water, digested soil), Cs and Sr separation is an extremely difficult task. A separation
method suitable for one kind of matrix could be completely inappropriate for another kind of matrix. This is the
reason why so many separation methods have been developed and tested. Particularly, elaborate research was
performed in the U.S. in the 1990s on the isolation of Cs from radioactive waste solutions by means of ion
exchange.34–37 However, the focus of that research was on the separation of Cs and Sr from highly alkaline
solutions. As a by-product of the nuclear weapons production, large volumes of highly alkaline HLLW had
accumulated in tanks, mainly at Hanford and Savannah River Site. The highly acidic waste solutions mainly
originating from the Bismuth Phosphate Process, the REDOX Process and the PUREX process, used to recover
and purify Pu from irradiated fuel, had to be neutralized with caustic soda (NaOH), and sodium nitrite had to be
added for corrosion control because they were stored in large underground carbon steel tanks. The separation
of Cs from these solutions is very challenging since the cesium is present at low concentrations while other
group I cations (mainly Na and K) are present in high concentrations as well as aluminate and oxalate salts. In
addition, the handling of these wastes is complicated because it is corrosive due to the high hydroxide
concentration and also oxidizing because of the high amounts of nitrate and nitrite. The aim was to develop
waste pretreatment processes associated with a lower cost of implementation compared to the cost savings
obtained by reducing the volume of HLLW that should be immobilized in borosilicate glass and disposed of in
a geologic repository. In the early 2000s, preference was given to solvent extraction processes for further
development.37 However, more recently, there has been a renewed interest in the development of ion exchange
methods.38–42
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Cesium precipitation and column separations
As cesium is an alkali metal, it is difficult to extract since it forms hardly any stable complexes due to its large
size and low charge. One exception is the formation of mixed metal complexes with hexacyanoferrate
compounds. Examples of hexacyanoferrate, also called ferrocyanide, compounds that have been studied for
cesium separation include copper ferrocyanide, [Cu IIFeII(CN)6] 2-, hexacyanocobalt(II)-ferrate(II), [CoFe(CN)6] 2-, or
Prussian blue (or Berlin blue), [FeIIIFeII(CN)6] -.43–45 To balance the net negative charge of the complex anion, the
centres of the face-centred cubic lattice are usually occupied by alkali metal ions, other metal ions or hydrogen
ions, or mixtures thereof.44 These cations that are not part of the complex anion are bound by relatively weaker
forces and thus can be exchanged by cesium cations, although cesium sorption is often occurring without a true
ion exchange.46 Usually these metal ferrocyanides are available as very fine powders. 44,46 Phase separation has
to be performed by filtration, however, due to the small size of the particles, this filtration is complicated. In
addition, the permeability of these powders is so low that they cannot be applied in flow through columns. In
order to improve the applicability of the hexacyanoferrates, granular forms have been prepared43,46 or they have
been immobilized on solid supports such as resins44 or magnetic nanoparticles.45 These adsorbents should work
for removal of Cs from alkaline, neutral and slightly acidic solutions, but in highly acidic wastes the Cs adsorption
is affected by the oxidation of the ferrocyanide to ferricyanide by nitric acid (nitrite). 44,46 Cobalt ferrocyanide and,
to a lesser extend, nickel ferrocyanide precipitation were done at Hanford in the late 1950s and 1960s to recover
cesium for the industry.34,47 Therefore, the focus was on purity of the cesium product rather than on
decontamination of the HLW solutions. The process was primarily used on alkaline tank waste. Nitrite scavenging
with urea can be applied in order to use ferrocyanides in PUREX raffinates that cannot be neutralized because
the acid needs to be recovered by evaporation. 48 Ferricyanides such as zinc ferricyanide [ZnFeIII(CN)6] - can be
applied for Cs removal from partially neutralized PUREX concentrates that contain large amounts of Fe, Ni and
Cr due to corrosion of the evaporator. 48 These corrosion products interfere heavily with ferrocyanide
precipitations, but not with zinc ferricyanide. However, they are less efficient because only one cation is available
for exchange, a large excess of reagent should be added, and thus the volume of precipitate will be much
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larger.46,48 Elution (reverse ion exchange) of ferrocyanides is often unsuccessful.44,46 The commercially available
granular all-inorganic cobalt hexacyanoferrate(II) ion exchange material CsTreat 49–52 was developed in Finland
and extensively studied. CsTreat is far more selective for cesium than zeolites, crystalline silicotitanate (CST) and
the phenol–formaldehyde and resorcinol-formaldehyde ion exchange resins that have enhanced cesium
selectivity compared to ordinary organic ion exchange resins. The high cesium selectivity is favorable for the
processing capacity. Very high decontamination factors can usually be obtained. CsTreat has been used on an
industrial scale in nuclear power plants to decontaminate a variety of waste solutions such as evaporator
concentrates containing high amounts of salts, dilute floor drain waters and Medium Active reprocessing
solutions high in sodium nitrate. It has also been employed to decontaminate reverse osmosis (used to remove
the salt from the sea water that was used for emergency cooling) concentrates of the circulating cooling water
of the damaged cores of the Fukushima Daiichi nuclear power plants. 52,53 The radiation resistance is very good.
The CsTreat material can be used in a pH range from 1 to 13. It is recommended to adjust the pH of very acidic
waste solutions by addition of sodium hydroxide. The presence of common alkali and alkaline earth metals in
the solution does not affect the performance of the resin. High concentrations of ammonium and potassium do
interfere with cesium sorption, however, the concentrations of these cations in nuclear waste solutions are
usually acceptable. After saturation of the CsTreat columns, the stainless steel columns containing the ion
exchanger (typically about 8-12 litres) can be disposed of in a special concrete container with holes.
In the 1960s, a process for the precipitation of cesium with phosphotungstic acid from Hanford current acid
PUREX waste was developed.34,47 Current acid waste is the acidic waste from the PUREX process that had been
partially denitrated with sugar.54 Cesium reacts with phosphotungstate to produce an insoluble precipitate in
solution containing 0.5-2.0 M of HNO3.55 Emphasis was on the purity of the cesium product and not on the
decontamination of the waste solutions because the primary goal was to recover Cs for industrial use. 34 The
phosphotungstic acid precipitation process was associated with excessive cesium losses. 54 In addition,
phosphotungstic acid is expensive and cannot be recycled. Therefore, research to find a better process was
started, however, because priorities were put on the processing of the very large volumes of stored alkaline
waste, the phosphotungstic acid precipitation process was applied on actual PUREX waste from 1968-1972 at
the B plant since it did not seriously interfere with the processing of the alkaline wastes by ion exchange. 47,54
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Centrifugation was used to remove the precipitate from the supernate. 34 After being washed with nitric acid to
remove other fission products, the cake was dissolved in sodium hydroxide. The resulting caustic solution was
subsequently processed by ion exchange to concentrate and purify the Cs. 47,55
In the late 1970s and early 1980s, a process was developed to remove Cs from alkaline Savannah River Side tank
waste by in-tank precipitation with sodium tetraphenylborate, Na[(C 6H5)4B].56–59 Cs, Na and Rb could be
selectively precipitated from alkaline waste, and even from the salt cake that resulted from the volume reduction
(by evaporation) of the alkaline waste. Very high decontamination factors (10 4-106) could be achieved by means
of a single batch contact. The process was economical compared to alternative processes such as ion exchange,
however the processing time was long (200 days processing and up to 2 years storage time per tank). The
sodium tetraphenylborate precipitate can be easily filtered. The precipitate was treated by copper catalyzed
formic acid hydrolysis.60 The benzene resulting from the hydrolysis process could be removed by evaporation
followed by incineration.58,59 The aqueous solution that was left after the formic acid hydrolysis contains mainly
Cs, K and B hydroxides and was vitrified. The decontaminated tank waste supernatant and salt solution could be
immobilized in grout to be disposed as Low Level Waste. The solubility of the sodium tetraphenylborate in the
supernatant was a concern for the leachability of the of the low level waste. 61 The process was demonstrated on
large-scale in an actual HLW tank, Tank 48, in 1983. 58 Significant amounts of flammable benzene were formed
due to decomposition of the sodium tetraphenylborate present in the alkaline solution, which was unexpected.
In addition, foaming, which can have adverse effects on the phase separation and cause interruption of the flow
through transfer lines, was observed. Initially, the decomposition of the tetraphenylborate was attributed to
radiolysis. Studies were conducted to understand the decomposition of the tetraphenylborate and to minimize
foaming.58,62 Transition metals such as Cu and Pd catalyzed the decomposition, and temperature and oxygen
influenced the decomposition rate, however, the exact decomposition mechanism remained unclear. In 1995, a
large-scale production operation was conducted to assess benzene vapor phase mixing, temperature and
oxygen concentration and to test filtration procedures. This tests were performed in Tank 48, which still
contained the solutions (and decomposition products) used in the 1983 demonstration. During slurry pumping
tests, high benzene vapour concentrations were observed repeatedly in the tank headspace. 58 Extensive analysis
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of the contents of Tank 48 were carried out. The high rates of benzene releases could not be explained.
Therefore, further studies on the tetraphenylborate decomposition and benzene generation were conducted.
The role of noble metal, Pd, and catalysis in the presence of reaction intermediates such as diphenyl mercury
became much clearer, and additional factors influencing the decomposition of tetraphenylborate were
identified, however, a detailed understanding of the Pd catalytic cycle was still lacking. The high rates of benzene
formation that occurred during the operations in Tank 48 could not be duplicated in any of the tests performed
on real tanks waste or simulated tank waste solutions, although the decomposition rates were smaller during
the tests with simulated wastes than with real waste solutions. Therefore, it seemed unlikely that a single
mechanism for the decomposition of tetraphenylborate could explain the benzene excursion from 1995 and it
was unclear if those other unidentified decomposition scenarios could also occur in a future processing
operation. The variability of tank waste composition raised additional concerns. Because of safety concerns, the
in-tank tetraphenylborate precipitation process was suspended in 1998. It was believed that by engineering,
design of a small dedicated tank, and further testing to improve the mechanistic understanding of the
decomposition, the development of a small tank tetraphenylborate precipitation process with significantly
reduced processing times would be possible. In order to reduce the decomposition, it was important to keep
the concentration of sodium tetraphenylborate in solution as low as possible.57 A major concern was that due
to decomposition, the concentration of the tetraphenylborate in solution would lower gradually during the
processing. Thus, the precipitated Cs tetraphenylborate would partially re-dissolve, and sufficient
decontamination would not be assured anymore. 58 Furthermore, regulatory issues (benzene release limits) were
identified.
Ammonium 12-molybdophosphate (AMP), (NH4)3PO4.12MoO3.4H2O, has attracted the interest of chemists for
nearly two hundred years since it was first prepared by J.J. Berzelius in 1826.63 12-Molybdophosphate,
[PMo12O40]3- was the first synthesized heteropolyoxometalate, a nanosized metal-oxygen cluster anion, that
can be isolated as a solid with an appropriate counter cation like NH4+ or an alkali metal.64 In acidic solutions,
AMP is a highly selective ion exchanger for monovalent cations such as Cs+. However, because of its very fine
microcrystalline form, column operation is almost impossible. A further disadvantage is that under many
conditions, the exchange is irreversible and selectivity loss is observed at higher pH values. At pH values close
to neutral, divalent and trivalent cations are also taken up. At higher pH values, a complete destruction of the
heteropolyanion complex is observed. AMP has been investigated at the Hanford Site for the removal of Cs from
acid dissolved sludge from a HLW tank.35 First the transuranium elements were removed from the aciddissolved sludge by means of TRUEX solvent extraction process, followed by a separation of Sr by solvent
extraction with a crown ether extractant. About 10 g/L AMP was added to the resulting solution with a nitric acid
concentration of 2 M. After three days, the solution was filtered and it was observed that about 98% of the Cs
had been removed by a single batch contact. A serious drawback is that the Cs-loaded AMP cannot be sent
directly to a vitrification plant since there is a relatively low limit for phosphorus in the HLW vitrification feed.
One possibility is to mix it with alkaline high-level waste, where dissolution of the AMP due to the sodium
hydroxide will take place. Subsequently the Cs should be removed from the alkaline waste solution by means of
an organic ion exchange resin. Furthermore, because of the fine powder morphology of the AMP ion exchanger,
it is difficult to employ it on an industrial scale. In order to make column operations possible, attempts have
been made to immobilize AMP in a matrix. As long ago as 1959, a mixture of AMP and asbestos was employed
as a column bed.65 However, poor Cs uptake capacity was observed. Recently, organic binding polymers have
been applied for the granulation of AMP. AMP-PAN, an inorganic-organic composite absorber with
polyacrylonitrile (PAN) binding polymer has been developed at the Czech Technical University in Prague.66–68
The Idaho National Engineering and Environmental Laboratory (INEEL) has investigated this material for the
treatment of their acidic high-level wastes resulting from nuclear fuel reprocessing.69,70 From these wastes the
Cs would be removed first by using a series of AMP-PAN beds, before Sr and actinides will be removed via
solvent extraction. AMP-PAN has the advantage over other inorganic ion exchangers that feed adjustment of
acidic reprocessing waste is not necessary. AMP-PAN resin is commercially available from Triskem.
In Japan, AMP has been immobilized in the porous matrix of an alginate gel polymer for the separation of Cs
from highly acidic radioactive waste solutions.71 A fast uptake of Cs event in the presence of high concentrations
of sodium nitrate has been observed.
Several inorganic ion exchangers, particularly aluminosilicates and crystalline silicotitanate (CST), have been used
for Cs removal form large volumes of nuclear waste solutions. In general, these materials are usually not
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Furthermore, the radiation stability of these materials is usually very good.
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Both natural and synthetic zeolites, i.e. microporous aluminosilicates, have been applied for cesium adsorption.
In general, aluminosilicates have only a moderate selectivity for Cs. Decalso, a synthetic permutite, which is an
amorphous aluminosilicate gel, was used at the Hanford tank farm in the 1960s for the isolation and
concentration of Cs from aged PUREX supernatant. 47,73 The goal of the cesium separation from those basic high
molarity sodium nitrate solutions was the production of 137Cs heat and radiation sources and not the
decontamination of the HLLW solutions. Loaded columns were washed with water and sent to Oak Ridge
National Laboratory for cesium elution and returned to Hanford for reloading with cesium. After evaluation of
several materials, Decalso was selected despite its lower selectivity for Cs over Na because of its fast sorption
and elution rate, its mechanical and chemical stability in basic and neutral solutions (but it decomposes at pH <
2.7) and, importantly, the cesium was recoverable in a small volume of eluent (5 M NH 4NO3 at 85 °C). After 12
load/shipment/elute cycles the Decalso columns still had 90% of its original Cs capacity and still showed the
same selectivity as in the first runs which was an illustration of its good radiation, temperature, chemical and
mechanical stability. While processing, column plugging due to Al 1 precipitation was often encountered.37 This
was attributed to local pH changes. Addition of NaOH and a slight dilution of the feed with water were need ed
to prevent Al precipitation.
From 1967 until 1984, cesium was recovered from alkaline PUREX HLLW, purified and encapsulated for utilization
as gamma sources at the Hanford B Plant facility.37,74 Recovery was performed until 1979, purification
continued until 1984. During the first period, the synthetic crystalline zeolite, Linde AW-500 (synthetic pelletized
chabazite with a binder; originally manufactured by the Linde Division of Union Carbide Corporation, now
manufactured by UOP Honeywell) was used. A threefold increase in Cs loading on Linde AW-500 columns
compared to Decalso columns could be achieved.75 Cesium sorption was marginally influenced by the pH,
furthermore, the decrease of the Cs sorption as a function of the Na concentration is not so strong as with
Decalso.76 Because a large amount of sodium was also sorbed on the column bed, the column had to be washed
with water and sodium had to be scrubbed with 0.2 M (NH4)2CO3/0.1 M NH4OH before Cs could be eluted
with 1.75-3.0 M (NH4)2CO3/0.8-2.0 M NH4OH.37,74 After about 18 months of operation, the material was
abandoned because of problems with the chemical stability of the exchanger in the caustic solutions and column
clogging due to Al precipitation. In addition, the cesium losses were quite large. It was presumed that gluconate
present in the feed solution was at least partially responsible for the Al precipitation problems. The gluconate in
the feed solution originated from washing metallic impurities from the cesium phosphotungstate cake that was
precipitated from PUREX current acid waste. The cesium phosphotungstate was dissolved in caustic solution and
blended with PUREX alkaline supernate before it was fed to the Linde AW-500 column. The Linde AW-500 ion
exchange medium was replaced by Norton Zeolon-900, a self-bonded synthetic mordenite.37,74 The cesium
soption was higher on Norton Zeolon 900 than on Linde AW-500. The influence of pH and Na and K
concentration on the sorption of Cs was similar to the Line AW-500.76 Norton Zeolon-900 was operated for
only one month (July 1970) to process REDOX supernate which was more alkaline than PUREX alkaline supernate
and contained relatively high amounts of Al and Na and relatively low amounts of Cs.37,74 Serious problems
with degradation of the material were encountered. Later investigations revealed that a 6 M NaOH solution was
inadvertently introduced into the column instead of a 2 M NaOH solution that is used for regeneration. In
addition, gluconate may have caused leaching of aluminium from the zeolite matrix. The gluconate was present
in one batch of PUREX current acidic waste/phosphotungstate that was processed next to 8 batches of REDOX
supernate. During the next 10 years, an organic resin (Duolite ARC-359, which is described later) was used for
cesium recovery at the Hanford B plant. The natural zeolite clinoptilolite is used for large-scale cesium isolation
in the Site Ion Exchange Effluent Plant (SIXEP) of BNFL at the Sellafield fuel reprocessing plant.72,77 The SIXEP
plant was installed in 1984 in order to reduce the radioactivity levels in effluent discharges from the fuel storage
ponds in Sellafield into the Irish Sea. A pH adjustment of the feed to a pH of 8 ± 1 was performed by addition
of CO2 because silica leaching was observed at a pH of 11 and above. Zeolites have also been investigated for
processing of acidic PUREX waste solutions.54,78–80 Because zeolites are not very acid resistant, a denitration
with formaldehyde, sugar or formic acid must be performed prior to the ion exchange.
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Ionsiv IE-95 (currently Ionsiv R9150-G from Honeywell UOP LLC.), made commercially available by UOP Inc., was
essentially the same as the Linde AW-500 zeolite.81,82 It is made from mined chabazite and erionite which have
been refined by firing, sized, pelletized and manufactured into a bead form using a clay binder. Ionsiv IE-96
(currently Ionsiv R9160-G) is sodium aluminosilicate similar to Ionsiv IE-95 but in a different cationic form. At the
West Valley Demonstration Project, Ionsiv IE-96 was used from 1988 to 1995 to remove Cs from neutralized
PUREX and THOREX supernates.37,82 The Cs removal efficiency was 99.99%. It should be remarked that the waste
at West Valley was alkaline, but the pH was much lower (about 10-11) than alkaline waste at other places (11 14 at Hanford, ORNL or Savannah River). The loaded material was not eluted, but ground, mixed with PUREX
sludge and vitrified. Ionsiv IE-96 was also used at Three Miles Island from 1973-1983 and at Fukushima Daiichi
from 2011 onwards to remove Cs from cooling water from the damaged reactor cores.
In general zeolites offer excellent thermal, mechanical and radiation stability, lack of swelling and a stable column
packing.37,82 Zeolites have a much larger loading capacity for Cs than organic resins such as Duolite CS-100. First
zeolite-type ion exchangers were reasonably elutable. Later products were more difficult to elute and more
suitable for once-through use. Spent zeolites can be conditioned for long-term disposal by means of vitrification.
The use of zeolites is limited to moderate pH ranges since they decompose in highly acidic (pH < 4) and highly
alkaline (pH > 13) solutions. Another disadvantage of aluminosilicates is that they are associated with a
significant heat of hydration during wetting. Column cementation can occur due to fines generated during
transportation or charging of the columns.
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In the cases where Cs has to be removed from highly acidic or caustic solutions, various synthetic inorganic
materials have been developed such as titanium and zirconium phosphates, 83–85 hexacyanoferrate(II)molybdate,83 antimony pentoxide,86 zirconium oxide,84 or hydrous mixed metal oxides.87 However, those
materials have not been implemented on industrial scale.
Amorphous hydrous titanium oxide (HTO) materials were developed in the 1960s and 1970s at Sandia National
Laboratory in the framework of the development of electroactive ceramic materials for defense applications. 88–
90
In 1975 Sandia National Laboratories started to investigate the use of these materials for conversion of HLLW
into a stable ceramic waste form.91–93 After sorption of (cationic) radionuclides from neutralized HLLW, the
titanate ion exchange material can be consolidated by calcination into a stable ceramic waste form. A monolithic
ceramic can be produced by hot pressing. The HTO material was tested in a hot cell at ORNL with the PUREX
raffinate of a small amount of spent commercial light-water reactor fuel in support of the Barnwell reprocessing
facility.88,92 The HTO sorbed most cationic radionuclides such as Sr and Pu, however, the highly soluble Cs was
not sorbed. Also application of HTO on neutralized PUREX waste from the plutonium production has been
tested. Dissolved salt cake simulants and dissolved salt cake from Hanford were tested at Sandia and Hanford. 93
In addition, also Savannah River Site performed tests on their wastes. 88 At about 1980 it was decided to conclude
the R&D at Sandia for nuclear waste applications because the US DOE preferred vitrification over ceramics as
the baseline wasteform, however, R&D for application of HTO as catalysts for coal liquefaction was continued.
In addition, at Savannah River Site, HTO was used for in-tank precipitation of Sr and Pu. In the framework of the
catalyst R&D, a new class of ion exchangers, crystalline silicotitanates (CSTs) were developed in collaboration
with Texas A&M University. Initial tests at Sandia showed that the CSTs had a high affinity for Cs at neutral pH.
Further R&D on Cs sorption and systematical improvement of the CST composition was performed jointly by
Sandia National Laboratories and Texas A&M University in the early 1990s. 94,95 The Cs ion exchange performance
was dramatically improved, especially at high pH. Additional funding from the DOE office of Environmental
Management was obtained and a cooperation agreement with UOP Inc. (Des Plaines, Illinois) was signed to scale
up the production of the CST powder and to make it commercially available. Tests with simulated Hanford wastes
performed at Pacific Northwest Laboratories confirmed the excellent performance of the new ion exchanger. 96
Partial neutralization of the solutions (by carbon dioxide addition) to pH 10.8 resulted in an even more efficient
Cs removal. Also Sr is sorbed extremely well and Pu is sorbed well. In addition, the chemical stability was
investigated and was very good. UOP also converted CST powder into a granular material that allowed column
operation. The granular material became commercially available in 1995 under the tradename Ionsiv IE-911 (now
IONSIV R9120-B). It is a microporous bound form (amorphous Zr(OH)4 binder) of hydrous crystalline
silicotitanate.89,97–99 Ionsiv IE-911 has an extremely high selectivity for Cs and is therefore perfectly suited to
remove Cs from highly alkaline solutions that contain a low concentration of Cs in the presence of a high
concentration of competing cations, particularly Na and K. 82 CST retains its Cs selectivity over a very broad range
of pH and can thus be used for highly acidic waste solutions as well. 18,82,100–102 The selectivity for Cs was enhanced
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by incorporation of Nb in the crystalline structure. 101,103,104 The Nb-substituted forms of CST possess circular
openings in the silicotitanate framework that represent an ideal-sized tunnel for Cs.37,105 At neutral to high pH,
CST will also have a high affinity for Sr.18,82 In addition, the ion exchange capacity is very high. This is attributed
to the open and rigid tunnel structure of CST and the fact that the exchange process is a two-step process
mediated by conformational changes in the silicotitanate framework. 82,105 Unfortunately, the ion exchange
kinetics is pore diffusion (mass transfer) limited and relatively slow. 106 Therefore, the size of the beads has an
important influence on the kinetics. For full-scale operation, however, only large beads should be used at
decreased flow rates because of the improved hydrodynamic behavior and the reduced attrition.37 Attrition
causes fines production which leads to plugging of the column after extended use. Because they are responsible
for the remediation of the legacy waste from nuclear weapons production at the US DOE sites, the Office of
Science and Technology and the Office of Waste Management, both assistant offices of the DOE Office of
Environmental Management in the USA have funded a process demonstration of Cs removal from real waste on
an industrial scale.89,97,98 Prior to this demonstration, an extensive comparison of different resins for Cs removal
was performed on bench scale (in a hot cell) in continuous flow, with real waste solutions (from Oak Ridge and
Hanford). Based on the results of the bench-scale experiments, Ionsiv IE-911 was selected for an industrial-scale
demonstration at Oak Ridge National Laboratory with a modular system consisting of several transportable
units. Between September 1996 and June 1997, about 120 m3 of low-level liquid waste (LLLW) supernatant from
the Melton Valley storage tanks at ORNL were processed with minimal operational problems. The high capacity
of the resin allowed single-pass operation.
In contrast, regenerable ion exchangers such as CS-100 require multiple elution/regeneration cycles to remove
an equivalent amount of Cs. The demonstration showed that Cs could be efficiently removed from the supernate
and concentrated on a small volume of Ionsiv IE-911. Loaded Ionsiv IE-911 cannot be eluted and must be
disposed of as radioactive waste, either after vitrification or as a final waste form. Because of this successful
application, a 2 m³ column with Ionsiv IE-911 was used from December 1997 through April 2000 in the Waste
Triad Project, an integrated tank waste management for the ORNL LLLW stored in the Melton Valley storage
tanks.107 About 7700 Ci of 137Cs were successfully removed from more than 400 m³ of LLLW. Besides the ion
exchange unit, the modular system also comprised evaporation and liquid-solid separation units. In general, the
performance of the system met the expectations. In addition, the produced secondary waste (liquid waste
concentrate obtained by evaporation as well as the loaded Ionsiv IE-911) met the acceptance requirements for
final disposal. A portion of the loaded Ionsiv IE-911 was successfully dewatered and packaged and met the waste
acceptance criteria for the Nevada Test Site. Another portion of the loaded Ionsiv IE-911 was used at Savannah
River for demonstration of vitrification. The high 137Cs loading was associated with a very high thermal load on
the column.37 Issues with column plugging (cementation) were observed during tests at ORNL and SRS. 89,108–110
That was attributed to the precipitation of niobium and silicon oxides in the Ionsiv IR-911 columns. In addition
to the column plugging, precipitates on the surface of the ion exchanger also seriously decreased the Cs
exchange capacity over time. A thorough analysis of the used CST materials by Sandia identified some leachable
Si and Nb impurities that were responsible for the precipitation. 104 In a collaborative effort with Sandia, SRS,
ORNL and PNNL, UOP adapted the manufacturing process which resulted in much lower chance of column
plugging and loss of capacity. 104,111,112 Column plugging has not been observed anymore in recent testing. 37
Ionsiv IR-911 has been used in the polishing column of the SARRY system since 2011 in at the Fukushima Daiichi
NPP.37 The CST is used after most of the Cs has already been removed from the cooling water of the damaged
reactors by four Ionsiv IE-96 columns. The Ionsiv IE-96 was selected for the first four columns because it has a
lower Cs capacity which allows to safely shield and cool the columns during operation. The polishing column is
used to further decontaminate the water in order to obtain the required decontamination in a single pass
through the SARRY system. The US DOE has selected Ionsiv IE-911 for processing tank waste supernate at the
Tank Side Cesium Removal System and at the larger Low-Activity Waste Pretreatment System, both belonging
to the future Hanford Tank Waste Treatment and Immobilization Plant (WTP) and at the Tank Closure Cesium
removal system at the SRS.37,41 Numerous additional studies were performed, however, some issues need to be
addressed more thoroughly before industrial application. Ionsiv IE-911 is physically very robust to heating. The
morphology of the material does not change up to 200 °C. The Cs capacity, however, decreases significantly
with increasing temperatures. Normally, columns are cooled by the process solutions. Due to the high capacity
of the CST for Cs, it is expected that this will result in increased self-heating of the column during operation. The
heat generation during a full-scale process run has to be taken into account in the design of the plant since it
impacts the Cs capacity. Cooling of the feed solution could be considered, however, this is associated with the
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risk of precipitation of salts from the supersaturated waste solutions. Column design could be adapted to
improve heat exchange e.g. by incorporating an inner annulus. Numerous studies with simulated waste solutions
have proven the chemical and physical stability of Ionsiv IE-911. In addition, gamma exposure studies and
subsequent performance testing of the material allow assessment of radiolytic stability. The influence of
radiolysis by the beta radiation of 137Cs on the capacity loss of the CST material has not been rigorously tested
yet. Also the production of hydrogen gas due to the radiolysis of water is of concern and should be investigated
further. Furthermore, studies on the combined effects of exposure to chemical, physical and radiolytic effects
are needed. Affinity for other (toxic) metals such as Cd, Pb, Sr, Ca, Pu, U and Am was investigated with simulated
SRS tank waste and with real Hanford tank waste. 113–117 The final waste form of the spent Ionsiv IE-911 will likely
become TRU waste because the concentration of Pu and other actinides in the spent material will most probably
be too high, both with Hanford tank wastes and SRS wastes. 37 The handling of the spent columns will require
extensive shielding and/or remote handling, cooling and management of the hydrogen gas produced by
radiolysis. Hydrogen gas production can be minimized by dewatering i.e. by passing dry air through the column.
Although direct vitrification of the spent ion exchanger has been demonstrated, it will most probably be stored
first in interim storage facilities at SRS and Hanford for an unspecified time period. 37,82 Therefore, the removal
of the ion exchanger from the columns after a long storage time should also be investigated. Hot isostatic
pressing of the loaded ion exchanger into a monolithic ceramic waste form has also been demonstrated and
seems to have potential as an acceptable waste form. 99
Organic ion exchange resins have also found wide application in the removal of Cs from radioactive waste
solutions. In general, these resins lack selectivity and can be used only with diluted solutions. Duolite ARC-359,
a granular macroporous (gel type) phenol-formaldehyde polymer ion exchange resin with methylene sulfonic
acid cation exchange groups, manufactured by Diamond Shamrock Corporation, was used from 1970-1979 at
the Hanford B plant for the recovery of Cs from stored REDOX wastes which have higher alkalinity than the
PUREX wastes.37,54,74 These wastes would attack and dissolve zeolites (aluminiosilicates). 55,74 Also at Savannah
River Plant, an ion exchange process for the removal of Cs from alkaline HLLW has been developed. 118 Duolite
ARC-359 is a refined version of the Duolite C-3 that has been used in early research. It has a good selectivity for
Cs at high pH, even in solutions with high amounts of Na. This is attributed to the fact that the resin has two
types of exchangeable protons: strongly acidic protons on the sulfonic acid group and very weakly acidic
phenolic protons that become only involved in Cs sorption at high pH. At a pH≤10, the total Cs capacity was
lower than the ones of Linde AW-500 and Norton Zeolon-900, however, at pH values above 12, the capacities
were comparable.37 In addition, the kinetics for binding Cs to the resin are faster than for binding Na. 74 Therefore,
the capacity for Cs during column operation with the stored REDOX wastes was much higher than for the zeolites
Linde AW-500 and Norton Zeolon-900 because equilibrium was not reached for Na. If necessary, adjustment of
the feed pH to 12 was performed. After loading, the column was washed with 0.2 M (NH4)2CO3 and Cs was eluted
with 3 M (NH4)2CO3 and 2 M NH4OH. The mechanical stability and irradiation stability were very good. Cs
recovery was near 100% and the decontamination from Na was 10 times better than with Linde AW-500. The
resin was not stable in nitric acid and the resin bed needed to be repacked periodically by means of up-flow
water washes.37 Column conditioning/regeneration with NaOH is very important to avoid precipitation of Al.118
The commercial availability of Duolite ARC-359 has been discontinued after the ion exchange division of
Diamond Shamrock was sold to Rohm and Haas Company in 1984. 36 At Savannah River Laboratory, the use of
Duolite ARC-359 has been considered for the decontamination of alkaline HLLW supernate, 118 however, it was
suggested in 1980 to replace Duolite ARC-359 by Duolite CS-100.119,120 Duolite CS-100 is a granular phenolformaldehyde polymer ion exchange resin from Rohm and Haas Company, Philadalphia, Pennsylvania, USA,
(formerly Diamond Shamrock Corporation). The resin contains weakly acidic carboxylate groups instead of the
strongly acidic sulfonate groups in Duolite ARC-359. The sorption characteristics of Duolite Cs-100 are very
similar to those of Duolite ARC-359. Divalent cations are also strongly sorbed by the carboxylic and phenolic ion
exchange groups.121 Cs is mainly sorbed by the phenolic groups. The Cs capacity is significantly improved at pH
of about 12. Column regeneration and conditioning should be performed with 2 M NaOH. A small amount of
Sr will be sorbed by Duolite Cs-100 as well if Sr is present in the alkaline waste solutions.119 Due to the weakly
acidic groups Cs can be eluted with 2 M formic acid instead of 3 M (NH4)2CO3 and 2 M NH4OH. Sr will also be
eluted with formic acid. The latter eluent is troublesome with regards to the conditioning of the Cs waste. Prior
to calcination and vitrification, the ammonium carbonate has to be thermally decomposed and recovered. The
Cs present in the resulting solution of Cs and Na carbonate must be concentrated on a non-elutable zeolite
column with high Cs capacity before it can be blended with other waste at the vitrification plant. Sodium formate
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can be easily recycled or destroyed prior or during calcination and vitrification of Cs. Formic acid does not
damage the resin in contrary to nitric or hydrochloric acid elution, which was used at ORNL when they employed
Duolite CS-100 for decontamination of low level waste waters. 121–127 The Low-Level Waste Treatment plant at
ORNL started operation in 1976, and the resin was used from 1976-1981, however, research was already started
in the early 1960s. Another advantage of formic acid elution is that the largest amount of the Na sorbed on the
column can be eluted with formic acid and collected separately before the Cs is eluted, which gives a Cs product
containing less Na which is favourable for waste conditioning. 119 It was expected that due to the elimination of
a number of process steps compared to the use of Duolite ARC-359, the required hot cell space and costs for
the processing of alkaline HLLW could significantly be reduced. It is not clear whether this process based on
Duolite Cs-100 has been implemented on an industrial scale at SRS. During operation of the Low-Level Waste
Treatment plant at ORNL, a large volume of secondary liquid waste was created. 37 In order to avoid early
exhaustion of the resin by Mg and Ca uptake, a water softener had to be used on the feed. Furthermore, the
initial pH ranging from 7 to 8 had to be adjusted to 11.8 in order to optimize the uptake of Cs and Sr. In the
1990s, it was used in numerous Cs removal studies with simulated Hanford wastes and it was considered to be
the baseline Cs ion exchange resin at Hanford for the conceptual design of the new Waste Treatment Plant
(WTP) design.35–37 As mentioned earlier, if present, TRU elements and Sr should be removed from the waste prior
to eliminating Cs. The performance of other resins was compared to Duolite Cs-100. The resin was no longer
pursued for use in the WTP when other products proved to be superior.
Resorcinol-formaldehyde (RF) ion exchange resin, has been developed at Savannah River Site and is now
manufactured by Boulder Scientific Company (Boulder, Colorado). 128,129 RF resin is based on the earlier work of
Walker, Wallace and Ebra.130–132 They developed porous Cs and Sr specific ion exchange resins. Several phenolformaldehyde copolymers with iminodiacetic acid functional groups were prepared and tested for Cs and Sr
sorption. Best results were obtained with a porous granular resorcinol-formaldehyde polymer containing
iminodiacetic acid. The porosity was induced by using a calcium carbonate template that was removed by acid
dissolution after the polymerization reaction was completed. The iminodiacetate groups were responsible for
the ion exchange with Sr while Cs selectivity was induced by the phenolic groups. Based on these results, RF
resin was developed. RF resin is a condensation polymer of the potassium salt of resorcinol with formaldehyde. 129
The condensed RF resin is ground to the desired mesh size.37 After grinding, the particles have a variety of sizes
and shapes with angular edges. RF resin has about 6-20 times the Cs capacity of the Duolite CS-100 resin in
the pH range 3-14 and temperatures between 10 and 40 °C.37,38,129,133,134 The high Cs selectivity is attributed to
the two weakly acidic phenol groups on the resorcinol that become functional at high pH. The optimum pH is
about 12.5. Sodium concentration (up to 7M) has almost no influence on Cs sorption at equilibrium, unlike
potassium concentration. In addition, the kinetics of Cs sorption is affected in highly concentrated (viscous) salt
solutions. Sr sorption is limited and suffers from competition from Na. Temperature changes do not affect the
separation. Cs can be eluted with diluted nitric acid or formic acid solutions. The resin has been thoroughly
tested with simulated wastes at SRS, Hanford and ORNL in collaboration with Pacific Northwest National
Laboratories (PNNL).129,133–138 Serious swelling (up to 50%) and shrinking, sometimes causing channeling of the
resin, were observed. 134 Serious hydraulic performance issues were observed during hydraulic testing with
simulated waste.139 Due to severe swelling and shrinking during loading, elution and regeneration cycles, the
granular resin was exposed to high stress and particle breakage was observed. This gave rise to a stepwise
decrease in resin bed permeability after each process cycle. The RF resin was also sensitive to oxidation by
dissolved oxygen, which caused capacity loss after each process cycle. 37 In addition, oxidation during storage
was observed. Due to these disadvantages, the Duolite CS-100 resin was preferred as the baseline ion
exchanger for the conceptual design of the WTP at Hanford in the period of 1994-1996, and the RF resin was
only considered as the best alternative despite its much better Cs capacity. The use of Duolite CS-100 was
considered as a conservative, technologically feasible option for Cs decontamination. 36
SuperLig® 644 (also referred to as SL-644), manufactured by IBC Advanced Technologies, (American Fork, Utah,
USA) is an elutable resin that contains covalently bound macrocyclic ligands (crown ethers) with a very high
affinity for cesium in alkaline solution in the presence of sodium and potassium. 140–144 The exact composition
and functionality of the resin are proprietary. 37 The morphology of the granular SL-644 resin is similar to that of
RF resin. The optimum pH was 14. The cesium capacity decreases rapidly with decreasing pH below pH 14. In
1996 it was decided to replace Duolite CS-100 by SL-644 as the new baseline ion exchanger for the design of
the WTP at Hanford due to its superior Cs selectivity, particulary in presence of high amounts of alkaline metals
because the alkaline Hanford tank waste supernatant contains high concentrations of NaNO3 and NaOH.37
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Elution of Cs with 0.5 M of nitric acid is more efficient from Superlig 644 than from RF resin. However, the resin
has some important drawbacks.37,139–143,145–148 Similar to RF resin, the different loading and washing solutions
cause severe swelling and shrinkage of the resin. However, the compressibility of SuperLig 644 was much higher
than that of RF resin. As a result, porosity and permeability are seriously affected in large columns. Also, particle
breakage due to the stress induced by repeated swelling and shrinking contributes to a decreasing permeability.
The presence of atmospheric oxygen in the waste solution can cause dramatic resin degradation, particularly at
higher temperatures. The rate of degradation is accelerated (catalytic effects) in the presence of transition metals
such as iron and copper that are always present in the waste solutions. Transition metals such as Cr, Zr, Ag, Fe,
Cd, Pb, As, Se, Pd, 99Tc, U, Pu and Am are also sorbed onto the resin. A major part of them is eluted together
with Cs, however, small amounts of transition metals, TRU elements and Cs will be found in the spent resin. After
several elution cycles, the resin should be disposed of as Low-Level Waste in a surface repository. Further
research is needed to determine whether or not regulatory thresholds for leachable heavy metals and TRU
elements for Low-Level Waste (land disposal) can be respected. IBC Advanced Technologies was the sole-source
provider of SL-644.37 Therefore, the use of this resin for the Hanford WTP would be associated with a high risk
of supply chain disruption. Because of these concerns, it was decided in 2003 to abandon the SL-644 resin at
the WTP and to start looking for an alternative ion exchanger. Both elutable and non-elutable ion exchangers
were considered.106,149
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For minimal impact on the flowsheet, an elutable organic resin was preferred, however, CST materials were still
considered as a backup.106 A patent from Sinvent A/S (Trondheim, Norway)150 was found in which a process was
claimed for the production of mono-sized spherical resorcinol-formaldehyde resin by means of slightly crosslinked polystyrene seed particles.
Spherical resorcinol-formaldehyde resin (sRF) was, together with CST, considered to be a promising candidate
ion exchanger to replace SuperLig 644 for the Hanford WTP. US DOE started discussions with Sinvent A/S and
a collaborative effort with Microbeads AS (Skedsmokorset, Norway) in order to improve the Cs capacity and
performance of the sRF resin.151,152 After upscaling the production of the optimized sRF by Microbeads AS, an
agreement was made with Boulder Scientific (Boulder, Colorado, USA) to transfer the necessary knowledge so
they could also successfully demonstrate the production of a large batch of sRF and thus dependence on a sole
supplier could be overcome. The Cs capacity is strongly dependent on the pH of the solution. 37 The Cs capacity
increases dramatically with increasing hydroxide concentration up to 0.05 M [OH-]. Between 0.05 and 3.7 M
[OH-], there is a minimal effect on the Cs capacity. Cs is eluted as soon as the pH drops below 7. Cs can be eluted
in a relatively small volume using 0.45 or 0.5 M nitric acid. Hydraulic tests revealed that the hydraulic
performance and permeability of sRF resin are much better than the ones of the granular RF resin and the
SuperLig 644 resin.139,147 Extensive testing of the sRF resin with simulants on small, pilot as well as large scales
has been performed, along with small column tests with actual Hanford tank waste. 153–155 sRF resin also exhibits
some affinity for Sr, Ca, Cd, Fe, and Pb that are almost fully recovered in the eluate.153 Determination of the
nuclides and elements relevant for the LLW land disposal requirements in the spent resin revealed that Cr was
the only metal that could be of concern. Actinide elements were well below the TRU waste limit. On the other
hand, after tests with Savannah River waste that contains higher levels of 238Pu than the Hanford waste, the
amounts of 238Pu left on the spent resin would qualify it as TRU waste. 156 Moreover, the levels of Hg after
processing SRS waste might need further attention. SRF columns should be operated at a temperature between
15 and 35 °C.37 At higher temperatures, the Cs capacity decreases dramatically. Furthermore, sRF resin is not
physically stable at higher temperatures. Column plugging was observed after extended (> 336 h) exposure to
temperatures higher than 45 °C. Radiolysis and the combined effects of radiolytic and physico-chemical
degradation have not been extensively studied, however, from differences between tests with simulates and
actual wastes, it can be expected that there is a significant synergistic effect between chemical and radiolytic
degradation. In order to avoid exothermic reactions between nitric acid and the organic material, the nitric acid
concentration in the eluent should be carefully controlled. In addition, the heat caused by 137Cs decay on a fully
loaded column should be taken into account in safety studies. For instance, an interruption of the eluent flow at
the start of the elution could cause concentration of the nitric acid due to evaporation. Dissolved oxygen will
cause degradation of the sRF resin, although the effects (capacity loss and physical changes) are not as severe
as with the SuperLig-644 resin. Long-term storage of the resin is possible under water that has been purged
with nitrogen and maintained under nitrogen pressure. sRF was the baseline resin for the WTP in Hanford
between 2004 and 2018.
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The regenerable organic ion exchangers used for the processing of large volumes of liquid radioactive waste
are associated with the disadvantage that extensive processing equipment is needed to handle the ion
exchanger, the eluant, washing and regeneration liquids, and the highly concentrated radioactive solution
obtained after elution of the Cs.88 Residual Cs on the eluted column will leak into the feed of the next process
cycle, which can compromise decontamination.37 This can be mitigated by adding a clean polishing column to
the column array. Depending on the pH and salt concentration of the liquids, organic resins can undergo
significant swelling and shrinking which can compromise hydraulic performance. A large volume of associated
liquid waste streams is produced. Volume reduction by evaporation could be applied, however, off-gas handling
is needed. In addition, after performance degradation due to radiolysis and chemical attack, a large volume of
spent ion exchanger resin has to be disposed.
The Diphonix-Cs resin, a chelating ion exchange resin containing diphosphonic acid chelating groups and
phenolic groups chemically attached to the polymeric matrix, has been designed for the simultaneous
adsorption of actinides, cesium and strontium from alkaline media due to the combined action of the
diphosphonic acid and the phenolic groups.157,158 In contrast to Sr resin and several other resins that have been
commercialized by Eichrom Industries Inc. (Darien, Illinois, USA) and Triskem, and have been widely used for
preconcentration and separation in analytical sample preparation, e.g. for applications of Sr resin, the DiphonixCs resin, although developed by the same researchers, did not break through in radiochemical separation
science.159–161 The Diphonix-Cs resin has been rarely reported in the literature and is not commercially available.
This might be related to the difficult stripping. Extraction chromatography materials employing extractants
known from liquid-liquid extraction processes have been reported in the literature as well, but have not been
very successful. Cobalt Dicarbollide dissolved in nitrobenzene has been immobilized on Kel-F beads, a
polytrifluorochloroethylene polymer, for the concentration and separation of Cs from a mixture of long -lived
fission products, however, elution of Cs was only possible by eluting the organic phase from the inert support
with acetone.162 Also extraction chromatography materials employing crown ethers dissolved in a chlorinated
diluent have been developed, however, Cs retention was often poor or highly dependent on experimental
conditions.163,164 The calixcrown ether compound BC6B, which was developed for liquid-liquid extraction of Cs
from highly acidic solutions, has been impregnated on an inert support after dissolution in 1,2-dichloroethane.165
In contrary to the equivalent liquid-liquid extraction process where maximum Cs extraction is observed at 4 M
nitric acid, Cs sorption is more or less constant in a nitric acid concentration ranging from 0.01 to 1 M and falls
precipitously when the concentration of nitric acid is raised above 1 M. The efficiency of the resin was lower than
other resins using the same inert support. In addition, the Cs capacity is not so high and could not be increased
because of the limited solubility of BC6B in 1,2-dichloroethane and the maximum solvent loading of the resin.
Preliminary evaluations have been carried out with the more soluble calixcrown ether BobCalix, however, the Cs
capacity did not increase proportionally to the concentration of BobCalix which is an indication that not all the
extractant is accessible for the Cs+ ions. The calixcrown ether based resins were also not commercialized by
Eichrom/Triskem.
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Strontium precipitation and column separations
Some ion exchangers developed for Cs removal also sorb Sr or have been modified to enhance Sr sorption.
Natural zeolites such as clinoptilolite have been used at the SIXEP plant in Sellafield to remove Cs and Sr from
storage pond water.72,166 Zeolites cannot be used at high pH. Therefore, pH adjustment was necessary. The
synthetic zeolite Ionsiv TIE-96 is essentially Ionsiv IE-96 that has been treated with a titanium solution. It is made
for Sr and Pu removal from alkaline solutions. Cs is also sorbed, but not as well as on Ionsiv IE-96. Ionsiv TIE-96
has been used at the West Valley Demonstration project for the processing of neutralized PUREX and THOREX
wastes.37 It was used in addition to Ionsiv IE-96, which was the primary zeolite. The high-alumina zeolite Ionsiv
A-51 (made by UOP, now Honeywell), a synthetic type A zeolite, has a good selectivity and capacity for Sr.
Mixtures of Ionsiv IE96 and Ionsiv A-51 have been used in the Submerged demineralizer System at Three Mile
Island from 1979 to 1983 to decontaminate approximately 3000 m³ high activity level water. 37,167,168 Ionsiv A-51
was mixed with Ionsiv IE-96 because Sr was not sufficiently sorbed on Ionsiv IE-96. Since zeolites only exhibit a
fairly low selectivity for Sr, they can only be used to decontaminate dilute solutions. Furthermore, they cannot
be used with highly alkaline or acidic solutions without prior pH adjustment. From alkaline media, Sr will also be
sorbed by crystalline silicotitanate (CST) or Ionsiv IE-911, however from nitric acid solutions only Cs will be
removed.27,82
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Lead sulfate co-precipitation has been applied for the recovery of Sr from PUREX wastes at Hanford. 169–171
Precipitation with lead sulfate can, in contrary to most other precipitation methods for Sr, be applied to acidic
waste solutions.172 Similar to the early Cs removal methods from PUREX waste at the Hanford B plant, the goal
was not the decontamination of the waste solutions, but the recovery of 90Sr. Therefore, it was accepted that the
decontamination of the waste solutions was very low. The sulfate precipitate had to be converted into carbonate
and the lead had to be removed by metathesis reaction with carbonate-hydroxide mixtures.
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In order to purify the Sr from co-precipitated lanthanides, dissolution in nitric acid followed by oxalate
precipitation was carried out. The crude Sr product then needed further purification by cation exchange on a
DOWEX-50 column. Besides the low decontamination that can be achieved, this method also introduces high
amounts of S and very toxic Pu into the waste streams. Titanium hydroxide and calcium phosphate precipitation
methods have been studied in the UK for the precipitation of Sr from low and medium alkaline radioactive waste
waters such as contaminated spent fuel storage pond water or PUREX solvent wash solutions.173 In order to
achieve good decontamination without addition of a large excess of reagent, ultrafiltration (use of a membrane)
was needed. Techniques such as gravity settling and centrifugation that were frequently used in radiochemical
processes were less successful. The inorganic ion exchanger polyantimonic acid (PAA) has a high affinity for Sr
in solutions containing 1-2 M nitric acid.83,120,174 Unfortunately, the Sr capacity is not so high and the exchange
kinetics are rather slow. In addition, to elute the Sr, drastic conditions are needed or the matrix should be
volatilized by dry HCl at high temperatures, leaving solid SrCl 2.
Sodium titanate and hydrous titanium oxide (HTO) sorb Sr from neutral and alkaline solutions even in the
presence of high amounts of sodium salts.47,120,175,176 It can be applied as a precipitant56,61,91,92 as well as in an ion
exchange column.175,176 Unfortunately, sodium titanate has a low selectivity for Sr. Other polyvalent ions such as
U, Pu, Am, Mo, Zr, Y, lanthanides, and Ba are also sorbed well on this material from neutralized liquid waste
solutions. After loading, the material can be hot pressed into a compact glass-like ceramic final waste form.91–
93,176
Therefore, sodium titanate is rather suited for decontamination and solidification of liquid wastes than for
partitioning of Sr. Treatment with monosodium titanate (MST) has been chosen for Sr and TRU element removal
from Savannah River alkaline tank wastes. 47 In the 1980s it was selected for Sr and Pu removal in conjunction
with Cs removal by means of tetraphenylborate precipitation from HLW as part of the In-Tank Precipitation (ITP)
process.177 The original sol-gel synthesis method developed by Sandia 92 was modified at Savannah River
National Laboratory to optimize the performance, and the knowledge was transferred to commercial
vendors.177,178 Extensive testing was performed in the 1980s and 1990s and the MST proved to be acceptable
for the ITP. Due to operational and safety concerns related to the use of tetraphenylborate, the ITP facility was
operational only for a brief time before it was shut down permanently in 1998. In the beginning of the current
century, MST was selected for use in the Integrated Salt Disposition Process (ISDP). 177,179 The ISDP consist of 2
parts: the Actinide Removal Part (ARP) and the modular Caustic Side Solvent Extraction Unit. In the ARP, the salt
solutions from the Tank Farm are batch contacted with MST in the MST strike tank. After mixing for 24 hours,
the MST solid on which Sr and actinides are sorbed including entrained sludge is removed from the resulting
slurry by ultrafiltration on a cross-flow filter (sintered metal). After washing with water to reduce the Na content,
the solids are transferred for vitrification. The ISDP started hot operations in 2008. 179 It was a kind of pilot for
the Salt Waste Processing Facility (SWPF) that has been hot commissioned very recently. The ISDP was also used
for interim treatment of waste. Because of the high radionuclides content of the waste that was projected to be
processed in the SWPF facility and the limited solubility of Ti in HLW borosilicate glass, the loading capacity of
the MST had to be improved.180 In addition, because the overall throughput of waste in the entire SWPF is limited
by the throughput of the batch adsorption process, improvement in the adsorption kinetics was also desirable.
A new peroxotitanate material, referred to as modified MST or mMST has been developed. 180–182 mMST can be
prepared by post-synthesis treatment of commercially produced MST with peroxide. mMST exhibits higher
capacities and better kinetics for the adsorption of Sr and actinides from alkaline waste solutions. The researchers
from the University of Helsinki that have developed CsTreat have also developed SrTreat, which is a granular
inorganic ion exchanger based on sodium titanate. 183,184 The material is commercially available from Fortum
(Helsinki, Finland) and is particularly suited for the decontamination of alkaline waste solutions containing high
concentrations of sodium nitrate. The pH has a tremendous effect on Sr sorption. From neutral solutions, Sr is
not sorbed well, however, with increasing pH, Sr sorption improves. CsTreat works most efficiently at pH values
of 10 and above. K and Li have practically no influence on the uptake of Sr. Ca concentration has a strong
influence on Sr uptake. Even low concentrations decrease Sr uptake strongly. If the pH of the waste solutions is
10 or above, the solutions will absorb CO2 from the atmosphere and thus the solubility of Ca is extremely low.
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NH4 and Mg also decrease Sr uptake, however at concentrations typically present in waste solutions, the
interference is low. The material exhibits an excellent radiation stability. CsTreat is a weakly acidic ion exchanger.
Therefore, it might be possible to elute Sr from loaded CsTreat by using acids. However, because all inorganic
ion exchangers are slightly soluble, especially in highly acidic and alkaline solutions, regeneration and reuse is
not foreseen. SrTreat, in combination with CsTreat, has been applied on an industrial scale in Murmansk to
decontaminate large volumes of low and medium active wastes originating from the refuelling of nuclear driven
icebreakers. At JAERI (Japan), a combination of CsTreat and SrTreat columns were installed in 1997 to remove
Cs and Sr from reprocessing waste effluents. Prior to the removal of Cs and Sr, actinides were already removed
and the solutions were neutralized to the alkaline region. Due to the neutralization, Sr was already partially
precipitated. SrTreat was also used at Fukushima to decontaminate reverse osmosis concentrates of the
circulating cooling water of the damaged cores of the Fukushima Daiichi nuclear power plants. 53
Also organic resins have been developed for Sr separations. Amberlite IRC-718 was an organic crosslinked
macroreticular chelating cation exchange resin with a particular selectivity for heavy metal cations. 61,119 It
contains iminodiacetate groups. It was tested for removing Sr from West Valley alkaline waste. Sr was more
effectively sorbed from solutions at pH 10 than at pH 13. Unfortunately, relative small changes in pH dramatically
affect the removal of Sr from the waste solution. The loaded resin can be eluted effectively with formic acid and
regenerated with sodium hydroxide. Even in the presence of carbonate and sulfate anions, the selectivity of the
resin for Sr over competing ions remains high.
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Sr resin (formerly Sr-spec) is an SPE resin that is already commercially available from Eichrom Industries Inc.,
Darien, Illinois, USA for the analytical scale extraction of Sr. Sr resin was developed by Horwitz et al.185 The
extractant system on Sr resin is 1 M 4,4’(5’)-di-t-butylcyclohexano 18-crown-6 (DtBC18C6), a crown ether,
dissolved in 1 -octanol. The extractant is identical to the one used in the SREX solvent extraction process. A 40%
(w/w) loading of this organic solution is impregnated onto an inert chromatographic support: Amberchrom CG71. The uptake of strontium by Sr resin increases with increasing nitric acid concentration. At 8 M nitric acid, Sr
is sorbed very well. At concentrations of nitric acid below 0.05 M, Sr is basically eluted. The alkaline and other
alkaline earth metals show much lower affinity for the Sr resin than Sr over the whole concentration range of
nitric acid (from 0.01 to 10 M). Ca has a low uptake and thus it is easy to separate Sr from Ca. Barium retention
is somewhat high, but its uptake reaches a maximum at about 3 M HNO3 and falls off at higher concentrations,
so it is recommended that Sr should be loaded onto the resin from a 8 M nitric acid solution. Although lab-scale
testing with actual Hanford neutralized cladding removal waste was performed, 186 the majority of the reported
applications of Sr-spec are for analytical sample preparation. 187–191 Pu(IV) and Np(IV) are also sorbed on Sr-spec,
however, the retention of tetravalent actinides and Zr on the Sr resin can be prevented by adding oxalic acid as
a competitive complexing agent. Alternatively, the sorbed actinides can be selectively eluted by rinsing the
column with a solution of oxalic acid and nitric acid.
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Conclusions
In this deliverable, an overview of the existing literature is given regarding the partitioning of cesium and
strontium isotopes in the nuclear field. Solvent extraction on one hand, and column separations on the other
hand are discussed. It can be concluded that the partitioning of Cs and Sr originating from a PUREX raffinate is
quite challenging using ion exchange columns. These solutions are very acidic (pH < 1) and way more radioactive
as compared to the historic tank waste solutions. The literature also shows that the majority of the methods is
not suitable for very acidic feed solutions, particularly the inorganic materials that are more stable against
radiolysis. CST could be applied in acidic solutions, however, due to the high capacity and relatively young spent
fuel solutions, the expected heat load and radiation of the columns will make the operation and handling
complicated. The handling of the spent ion exchanger material and the conditioning into an accepted waste
form will also be challenging. Organic resins, from the other hand, are not very stable against radiolysis and
physicochemical degradation and often issues with the hydraulic performance are encountered. Therefore, they
will need to be replaced frequently and thus a large volume of spent ion exchange resin will be produced besides
a large volume of liquid waste due to the operation in load/elute/conditioning cycles. The conditioning of the
spent organic ion exchanger materials into an accepted waste form will be challenging.
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The most promising route towards Cs and Sr separation from the highly active, acidic PUREX raffinate is the
solvent extraction route. In contrary to column separations, solvent extraction offers the advantage that Sr and
Cs can be easily separated simultaneously. To be compliant with all safety and environmental measures, an
optimized FPEX II solvent extraction system would be interesting to study more in depth.
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