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PREFACE

This report describes progress made in the period April 2000 to March 2001 on the chemical and
physical properties of the solvent system employed in the Caustic Side Solvent Extraction (CSSX)
process. The work reported was carried out in the Chemical and Analytical Sciences Division (now
Chemical Sciences Division) of Oak Ridge National Laboratory (ORNL). As will be reflected by
numerous references within this report, however, this work was closely linked with experimental tasks
carried out in two other ORNL divisions (formerly Chemical Technology Division and Robotics and
Process Systems Division), Savannah River Technology Center, and Argonne National Laboratory.
The results of this work supported the down-selection from three candidate separation technologies to
a single preferred technology for cesium removal from the Savannah River alkaline high-level waste.
A preliminary version of the present report having the same authors and title (Document
CERS/SR/SX/019, Oak Ridge National Laboratory, Oak Ridge, TN, Apr. 24, 2001) was issued for
timely use in this decision. The down-selection took place in May 2001, culminating in the naming
of CSSX as the preferred technology, as reported in the Federal Register on October 17, 2001 (Vol.
66, No. 201, pp. 52752-52756).

The present report is an edited version of the preliminary report, meeting the format requirements
of the U.S. Department of Energy Office of Scientific and Technical Information. Except for
addition of this preface and an abstract, no substantial material has been added or deleted from the
earlier report. In addition to prescriptive format changes, editing included grammatical corrections,
rephrasing to improve clarity, and reworking of some graphics. References were also collected into a
single section to eliminate redundancy. Finally, citations of certain programmatic planning
documents such as Technical Task Plans were removed. These references are not generally available
to the public, and the information contained therein has since become available through resultant
reports that were subsequently generated in the course of the planned work. In general, cited reports
bearing Document Nos. beginning with “CERS/SR/SX” can be obtained through the Document
Control Center, Nuclear Sciences & Technology Division, Oak Ridge National Laboratory. These
and other reports of the Savannah River Salt Processing Project can also be downloaded through the
web site http://www.srs.gov/general/srtech/spp/index.html . The U.S. Department of Energy, Savannah
River, Salt Processing Division should be contacted for access to this web site.

Significant solvent development has taken place subsequent to March 2001, primarily in response
to the discovery herein that the extant baseline solvent was potentially susceptible to precipitation of
the crystalline form of the extractant, calix[4]arene-bis(tert-octylbenzo-crown-6) (BOBCalixC6).
New data regarding the properties of the solvent over a range of concentrations of the solvent
components have resulted in the adoption of a new baseline solvent formulation. Only the
component concentrations have changed; no changes in the identity of the solvent components have
been made. The new baseline solvent is 0.007 M BOBCAixC6, 0.75 M Cs-7SB modifier, and 0.003
M tri-n-octylamine in Isopar L diluent. For information regarding the selection of the new solvent
composition, the reader is referred to the following report: L. N. Klatt, J. F. Birdwell, J., P. V.
Bonnesen, L. H. Delmau, L. J. Foote, D. D. Leg, R. A. Leonard, T. G. Levitskaia, M. P. Maskarinec,
and B. A. Moyer, “Caustic-Side Solvent Extraction Solvent-Composition Recommendation,”
Document No. CERS/SR/SX/026, Rev. 0, Nuclear Sciences & Technology Division, Oak Ridge
National Laboratory, Nov. 8, 2001, 29 pp. The new baseline solvent removes any potential problem
with BOBCalixC6 solubility, increases solvent resistance to third-phase formation (thereby lowering
the operating range to 15 °C), and increases the tolerance of the solvent to anionic impurities. Data
pertinent to the recommendation included BOBCalixC6 solubility, third-phase formation temperature
limits, batch cesium distribution ratios, calculated flowsheet robustness, dispersion numbers, and
solvent density. It should be noted that certain questions raised in this report (e.g., an apparent effect
of nitrite on cesium stripping) have now been resolved, and the reader is referred to reports of work
carried out in FY 2002.
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EXECUTIVE SUMMARY

PURPOSE

The purpose of this work was to provide chemical- and physical-property data addressing the
technical risks of the Caustic-Side Solvent Extraction (CSSX) process as applied specificaly to the
removal of cesium from alkaline high-level salt waste stored at the U.S. Department of Energy
Savannah River Site. As part of the overall Salt Processing Project, this effort supported decision-
making in regards to selecting a preferred technology among three dternatives: (1) CSSX, (2)
nonelutable ion-exchange with an inorganic silicotitanate material and (3) precipitation with
tetraphenylborate. High risks, innate to CSSX, that needed specific attention included: (1) chemical
stability of the solvent matrix, (2) radiolytic stability of the solvent matrix, (3) proof-of-concept
performance of the proposed process flowsheet with simulated waste, and (4) performance of the
CSSX flowsheet with actual SRS high-level waste. This body of work directly addressed the
chemical-stability risk and additionally provided supporting information that served to plan, carry
out, and evaluate experiments conducted by other CSSX investigators addressing the other high risks.
Information on cesium distribution in extraction, scrubbing, and stripping served as input for
flowsheet design, provided a baseline for evaluating solvent performance under numerous stresses,
and contributed to a broad understanding of the effects of expected process variables. In parallel,
other measurements were directed toward learning how other system components distribute in the
flowsheet. Such components include the solvent components themselves, constituents of the waste,
and solvent-degradation products. Upon understanding which components influence flowsheet
performance, it was then possible to address in a rational fashion how to clean up the solvent and
maintain its stable function.

GENERAL CESIUM DISTRIBUTION BEHAVIOR

Cesium distribution behavior under flowsheet conditions was characterized as a function of many
variables and was shown to be reproducible by flexible batch methodology. Successful batch
measurements require 1) that the temperature be constant and known, 2) that the phases be contacted
with sufficient time and agitation to reach equilibrium, 3) that the phases be completely separated
before sampling, and 4) that sampling be performed without contamination by the other phase. The
particular type of analytical methodology used was not important as long as it was precise, reliable,
and free of interferences. Within the expected operating temperature range 20-35 °C, no issues were
identified regarding cesium distribution or loading. However, a significant temperature dependence
that causes the cesium distribution ratio (Dsg) to decrease 6-10% per degree with increasing
temperature necessitates process-temperature management. It is likely that plant operators would
need to systematically vary flowrates, especially the solvent flowrate, to maintain optimal performance
as seasonal temperatures fluctuate. This property can be turned to advantage, by exploiting
independent temperature control of extraction and stripping so as to significantly increase process
performance, either to reduce footprint (number of stages) or to enhance process robustness in
meeting process requirements (i.e., a decontamination factor of 40,000, concentration factor of 15,
and feed flow of 20.1 gal/min). The chief competing species, K* ion, was found to reduce Cs* ion
extraction and stripping performance, but within bounding conditions this competitive effect raises
no issues regarding meeting process requirements. On the other hand, a survey of other minor
components, focusing especially on organic species, confirmed that lipophilic anions such as
dibutylphosphate can build up in the solvent on multiple cycles and impair stripping performance.
Such anions, including dibutylphosphate, 4-sec-butylphenol, and surfactants having 12 or less
carbons, can be removed readily by washing the solvent with dilute NaOH solutions. Including a
NaOH wash step dlows the solvent to be recycled multiple times without deterioration of
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performance, as demonstrated by extended engineering tests carried out in other tasks. Trias of
various simulant recipes demonstrated the robustness of the solvent to handle widely varying waste
compositions, and a computer model (reported elsewhere) was able to predict the value of Deg. Not
all chemical phenomena were completely understood, however. For example, the role of nitrite needs
further investigation to understand why it impairs stripping when it is present at unexpectedly high
concentrations (e.g., 2.6 M) in the simulant. Nevertheless, notwithstanding such questions outside
bounding conditions, a good understanding of CSSX chemistry was obtained, and no major issues
were identified with regards to meeting process requirements.

CHEMICAL AND THERMAL STABILITY

Results present a case for high solvent thermal stability. Batch extraction data show that
acceptable extraction, scrubbing, and stripping performance is sustained for 235 days of constant
exposure of the solvent to the full simulant, scrub solution, or strip solution at 35 °C. This result
corresponds to approximately 15 years of operation at the maximum sustained operating temperature
of 35 °C without solvent washing. The only solvent component that displays any sign of chemical
instability to prolonged contact to aqueous solutions of the flowsheet is the trioctylamine, and the
degradation manifests itself only under more severe conditions involving 110 days or longer of
continuous contact with the scrub solution at 61 °C. The resulting decrease in TOA concentration
was associated with an increase in the cesium distribution ratios in the scrub and stripping steps.
Normal performance was re-established upon replenishing the TOA and solvent washing. For
purposes of estimating the rate of replacement of solvent components, the TOA loss is taken to be
approximately 10% (0.1 mM) per year. The chief degradation product of TOA was shown to be
dioctylamine, which is expected to be washed out in the agueous strip effluent. It is noteworthy that
comparison of solvent degradation in the presence or absence of metal catalysts showed that potential
catalysts in the full simulant have no apparent effect. Finally, tests to determine the threshold of
nitration of either the extractant or modifier revealed that significant nitration requires heating of the
solvent for 28 days at 61 °C with 1 M nitric acid, conditions that the solvent will not experience in the
process. Under these conditions, 4% nitration of the modifier was observed, while the extractant was
not detectably nitrated.

RADIOLYTIC STABILITY

Based on the data obtained from solvent samples externaly irradiated at the SRTC, the stability of
the solvent to external irradiation, both with regard to absolute breakdown rate and performance, will
readily meet performance requirements. No significant degradative loss of the primary solvent
components nor consequential impairment of extraction, scrubbing, or stripping performance was
observed over dose ranges well in excess of annual levels. For BOBCalixC6 and Cs-7SB, loss due to
radiolytic breakdown was estimated to require less than 1% annual makeup. Even for TOA, the
annual loss is conservatively expected to be 10%. The primary degradation product observed was
4-sec-butylphenol, due to slight breakdown of the modifier. Its rate of buildup, however, is low, less
than 0.1 mM per annual dose. It was shown from partition ratios that this material would be washed
out by the waste raffinate or NaOH wash solutions. Data from total organic carbon, solid-phase
extraction, and NMR indicate that traces of organic products, especially fluorinated products from the
modifier, distribute to the aqueous phases. NMR analyses show that detectable signs of degradation
are only observed under high (>6 Mrad) doses, and even then the amount is small. Further, no
changes between the irradiated samples and pristine solvent contacted with the full simulant, scrub,
and strip solutions were observed by electrospray mass spectrometry. Interfacial behavior was also
acceptable in the irradiated samples. Essentially no change in break time was observed. Interfacial
tensions were all above 5 dyne/cm, and the response was either increasing with dose (scrub
conditions) or decreasing with dose (extraction or stripping conditions). In batch tests, extraction and
scrubbing behavior was not much affected by external irradiation and remained acceptable.
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Stripping was also acceptable for all but the highest dose (16 Mrad, equivalent to the dose acquired
under stripping conditions over a time period of 160 years), where it was shown that poor
performance was related to the loss of 79% of the TOA. Unfortunately, it was not possible to restore
performance of the most deteriorated solvent samples by replenishing the degraded TOA and solvent
washing. However, solvent samples that had been irradiated internally in batch tests performed at
ORNL were restored by replenishing lost TOA and washing.

SOLUBILITY PHENOMENA

Solubility phenomena were examined more extensively than planned, as some limiting features
were encountered. Long-term observation of the baseline solvent under various conditions revealed
no tendency to form solid phases at 25 °C or at 46 °C. Crystallization of a hydrate of the aternative
modifier, Cs-6, was observed, eliminating this modifier from future consideration. However, the same
crystallization phenomena were not found to apply to the case of Cs-7SB. Madifier Cs-6 exists as a
pair of enantiomers due to the presence of one asymmetric carbon atom, whereas modifier Cs-7SB
exists as four sterecisomers as a conseguence of having two asymmetric carbon atoms. The greater
number of isomers present for Cs-7SB is believed to play a key role in its resistance to solids
formation. Although no issues were identified for the solubility of modifier, close inspection of the
solubility of BOBCaixC6 revealed that the baseline solvent is somewhat supersaturated in
BOBCalixC6 at 25 °C. Highly supersaturated solutions consisting of 0.50 M modifier and 0.05 M
BOBCalixC6 can be prepared by means of warming and sonication. However, after standing at 25 °C,
the BOBCalixC6 is observed to crystallize out, yielding solutions having approximately 8 mM of the
extractant. When the modifier concentration is raised to 0.75 M, however, extractant solubility of
12.7 mM is obtained, and thus there is motivation to employ higher modifier concentrations in future
solvent-optimization tasks. It should be noted that lower BOBCalixC6 solubility values are obtained
when the equilibrium is approached by dissolution of solid BOBCalixC6é vs. precipitation from
supersaturated solution, raising the need to further investigate solubility phenomena. The higher
modifier concentration also offers the benefit of stronger cesium extraction strength (higher Dcg
values), allowing the BOBCalixC6 concentration to be decreased with concomitant cost savings. An
additional benefit entails greater resistance to third-phase formation, permitting a decreased operating
temperature to 15 °C (see below). Further investigation is needed, both to arrive at a more acceptable
solvent composition and to understand the factors controlling extractant solubility.

Third-phase formation was found to occur as a result of either Cst or K* ion loading and is
associated with the generally recognized limited solubility of ion-pair complexes in nonpolar organic
solvents. It was found that high Cs' ion loading can be tolerated, however, although conditions
leading to high Cs' ion loading will not be found in the flowsheet. On the other hand, K* ion
loading is significant, and the solubility limit of its complexes can be exceeded at the bounding K*
agueous concentration if the temperature falls below 20 °C. Hence, this property sets the lower
operating limit of the process at 20 °C. If it is desirable to operate at a lower temperature for seasonal
reasons, then feed blending or other control of the potassium concentration is needed. Alternatively,
a higher modifier concentration can be employed, in which case the process temperature could be
lowered to 15 °C with 0.75 M Cs-7SB.

PARTITIONING OF SOLVENT COMPONENTS

The partitioning of the baseline components of the solvent to the agueous phase was found to be
negligible. In the absence of solvent recovery, minor solvent replacement will likely be required
owing purely to solubility loss. Partition ratios (P) for BOBCalixC6, Cs-7SB, and TOA in the baseline
solvent in contact with the process agueous phases at 25 °C are all essentially too high for accurate
measurement. The partition ratios are highest for the full simulant: Pgogcaiixce > 12,500, Pog 798 >
50,000, and Py > 30,000. For scrub and strip solutions, the bounds are: Pgogcalixce > 12,500,
Pcs.7s8 > 8000, and Prpp > 6000. Using Pgogcalixce = 12,500 as the most conservative basis for
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extractant loss to the waste raffinate, 2800 solvent cycles at O/A = 0.33 implies a cumulative loss of
49% of the BOBCaixC6 annually. This replacement meets the original goal of one solvent
replacement per year. However, estimates of the true lipophilicity of BOBCaixC6 imply a
PeoBcaixce vValue many orders of magnitude higher than the experimental lower bound of 12,500.
Thus, any need for solvent recovery or replacement is expected to arise predominantly due to
entrainment losses, which can be dealt with by other means.

DISTRIBUTION OF MAJOR AND MINOR INORGANIC COMPONENTS

A large set of data was collected describing the distribution of the alkali metal cations Na*, K,
and Cst from the full smulant, simple simulants, and simple one- or two-component electrolyte
solutions. Some of these data were used for computer modeling reported in a separate report.
Experiments comparing the baseline solvent with and without BOBCalixC6, showed that the
calixarene has little ability to bind Na* ion, and the observed Na' extraction by the baseline solvent is
largely due to ion exchange of the modifier's proton. On the other hand, the calixarene binds K*
ions appreciably, and the resulting loading depresses Cst extraction somewhat and raises the
susceptibility of the solvent to third-phase formation (see above); neither effect is sufficient to
jeopardize meeting process requirements. Both potassium and sodium report almost completely to
the scrub solution. Measurements of the pH of the scrub and strip solutions under various conditions
characterized aspects of the acid-balance behavior of the system, which entails uptake of acid from
the scrub solution by TOA and modifier and subsequent partial release to the strip solution.

Experiments with simple salt solutions showed that the process should be relatively tolerant to
variations in the anion content among the three major anions, nitrate, nitrite, and hydroxide. Each of
these anions contributes significantly to the driving force for cesium extraction, as shown by
computer modeling described elsewhere, and thus they should be mutually compensating at constant
sodium concentration. This desirable property was in fact observed in more complex simulant
recipes tested. lon chromatography showed that nitrate, nitrite, chloride, and dibutylphosphate are
the primary anions extracted from the simulant by the baseline solvent. All the anions except for
nitrate and dibutylphosphate report to the scrub solution, while the nitrate and dibutylphosphate are
washed out by NaOH solutions.

Five metals not included in the full simulant recipe, namely U, Np, Pu, Sr, and Tc, were not
significantly extracted by the CSSX baseline solvent. The presence of these five metals also does not
impair extraction or stripping of cesium. Although more tests should be conducted to gather
definitive data on controlled oxidation states (except Sr) in varied matrices, including real wadte, it
appears likely that the five metals should pass through the extraction stages and exit with the waste
raffinate. As a tentative conclusion, these metals are expected to have little, if any, impact on the
CSSX process and on the character of its solvent and strip effluent streams. The remaining question
regarding placing the monosodium titanate strike after CSSX, then, is the extent of solids removal that
would be required prior to CSSX to prevent fouling the contactors with solids. The possibility of
performing minimal solids removal prior to CSSX and removing actinides and Sr after cesium
removal potentially represents a major savings in the footprint of the highly shielded facility.

A survey of the elements present in the simulant, including Al, Cr, Cu, Fe, Mo, Hg, Ag, Pb, Pd, Rh,
Ru, Zn, Sn, Cl, and F, could not detect any buildup in the solvent on limited cycles, nor do these
elements appear in the scrub or strip stages in significant concentrations.

DISTRIBUTION OF ORGANIC COMPONENTS

Given the use of solvent cleanup based on NaOH washing, the presence of lipophilic anionic
species in the solvent as extracted from the waste or as formed upon degradation of the solvent
components represents no particular risk. However, ample evidence was gathered to show that
lipophilic anions at sufficient concentration in the solvent overwhelm the tolerance provided by the
TOA suppressor and impair stripping. The question then amounts to the relative rate of buildup of
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lipophilic anions in the solvent as governed by their concentration in the feed or their formation (in
the case of degradation products) vs. how fast they will be removed from the system as governed by
their partition ratios with respect to process agueous solutions and wash solutions.

A systematic test of the individua organic components of the full simulant revealed
dibutylphosphate (DBP) to be the only organic waste component having a deleterious effect on
stripping. Its partition ratio Ppgp was found here to be 2.3 between the baseline solvent and full
simulant at 25 °C, which at O/A = 0.33 implies that only a modest buildup to 0.27 mM in the solvent
is possible. Although thisis just enough to start to impair the function of the TOA, any NaOH wash
solutions containing from 10 mM to 1 M NaOH efficiently washes out the DBP (Ppgp < 0.01).

4-sec-Butylphenol (SBP) is one of the two major solvent degradation products, the other being
the breakdown product of TOA, dioctylamine (DOA). At concentrations of greater than 3 mM, SBP
in the solvent begins to interfere with stripping, but conservative estimates set the annual production
of SBP in the solvent at less than 0.3 mM. Hence, solvent washing to remove SBP is not expected to
be needed. Moreover, partitioning data show that the waste raffinate washes out the SBP weakly (est.
6% per solvent cycle, Psgp = ~50), sufficient to keep the SBP at trace levels (est. 0.002 mM) in the
solvent.

Although surfactant anions have not been specifically identified as waste components, results
showed that they have significant potential to impair stripping performance. TOA negates their effect
at trace levels, but it is important to understand the partitioning of typical surfactant anions in order to
predict their buildup in the solvent and to optimize washing methods should this problem be later
encountered. It was found that the 12-carbon surfactant anions dodeconoate (laurate) and
dodecylsulfate and the 18-carbon surfactant octadecanoate (stearate) partition strongly to the solvent
in contact with the simulant, scrub, or strip solutions. Partitioning of the anionic forms of the
surfactants is driven by the sodium concentration in the aqueous phase, making it desirable to
minimize the agueous sodium concentration. On the other hand, sufficient alkalinity is needed to
deprotonate the acid forms of the surfactants. For the carboxylate surfactants, the optimum NaOH
concentration for washing was found to be 3 MM (Pigyae = 0.072, Pgegate = 96). For
dodecylsulfate (and presumably related sulfonate surfactants), the optimum is less than 0.001 M. As
coalescence problems increase with decreasing NaOH concentration, 0.01 M NaOH was accepted as
the best compromise for washing and was therefore recommended for use in extended contactor tests
at ANL and SRTC. At this concentration of NaOH at 25 °C, Py ae = 0.12, Pgegrate = 150, and
Pdodecvisulfate = 1.7. Using @ 0.01 M NaOH wash at O/A = 5 and 25 °C, these P values correspond
respec%ively to 62%, 0.13%, and 10% removal of these surfactant anions. Assuming the feed has 1 x
10> M of any of these anions, estimated steady-state concentrations in the solvent correspond
respectively to 4.8 x 10° M, 0.023 M, and 3.0 x 104 M. Such a buildup could be tolerated in the
case of the 12-carbon surfactants, but not the 18-carbon surfactant. For this reason, it was judged
prudent to demonstrate an effective solvent-cleanup alternative, and resin anion-exchange was shown
to offer the requisite capability. Resinsin the hydroxide form contacted directly with solvent spiked
with stearic acid and sodium dodecylsulfate were particularly effective, with Ky values greater than
1000 mL/g for three resins, including two commercially available resins.

The other major solvent degradation product, DOA does not partition to either the smulant or to
0.01 M NaOH wash solution, but it does partition weakly to the strip solution, where Ppop = 4.7. At
O/A = 5, loss of DOA to the strip effluent would be expected to be 4% per solvent cycle, and the
estimated steady-state concentration is9 x 107 M based on 0.1 mM DOA per year as the rate of
production due to thermal or radiolytic degradation of TOA.

The partitioning properties of three neutral organic components of the full simulant,
trimethylamine (TMA), tributylphosphate (TBP), and 1-butanol (BuOH) were examined to estimate
their fate in the flowsheet. Among the three compounds, possible implications for process upset are
greatest for TMA. It was found that TMA mildly partitions to the solvent during extraction (Pypa =
4.3 for baseline solvent and full simulant at 25 °C). Accordingly, the TMA will move with the solvent
into the scrub stages in the flowsheet. There it will be protonated, partition into the agueous phase
(Prma = 1.9 x 104 for baseline solvent and 50 mM HNOj3 at 25 °C), and return to the feed stage,
since the agueous scrub effluent is added to the waste at the waste feed stage. With such a feedback
loop, the TMA could in principle build up to very high concentrations in the solvent. Asit is very
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volatile, however, the TMA probably |eaves the system as a vapor from the feed hold tank or from the
purged contactor head space in the extraction section. At this moment, the fate of TMA is not clear
and isin need of further investigation. Tests starting with 10 mM TMA in the solvent revealed no
effect on extraction, scrub, and strip performance, and successful extended contactor tests with
simulant at ANL and with real waste at the SRTC suggested no difficulties. If needed, straightforward
options to deal with the TMA if needed include, for example, sparging the agueous feed or reducing
the solvent flow rate so that the O/A ratio in the extraction section gives an extraction factor less than
unity.

TBP is present at very low concentrations in the waste (max. 1.9 x 106 M) but partitions strongly
to the solvent, where Pygp = 1880 for the baseline solvent equilibrated at 25 °C with the full simulant.
This partition ratio indicates that TBP could only build up in the solvent to 3.5 mM at steady state, as
the raffinate exiting stage #1 will start to wash out the TBP when it reaches this level in the solvent.
This level is too low to have any effect on extraction, scrubbing, or stripping, as effects are not
noticeable until the TBP concentration in the solvent reaches 30 mM. Notably, TBP is the only
organic waste component found to depress D4 values, its action undoubtedly being to interact with
the modifier, reducing its ability to effectively solvate the cesium ion-pair complex.

1-Butanol is present in the waste to at most 2.7 x 10 M and partitions mildly to the solvent,
where Pg oy = 7.5 for the baseline solvent equilibrated at 25 °C with the full simulant. However, the
partition ratio is not high enough to allow it to build up to more than 0.2 mM, again too low to have
any effect on solvent performance. No effect of 1-butanol on extraction, scrubbing, and stripping
was observed at 10 mM in the solvent.

SOLVENT CLEANUP

Solvent cleanup was approached from the combined knowledge of the partitioning behavior of
minor species in the solvent and their effects on extraction, scrubbing, and stripping. Thus, most of
the basis for solvent washing has been presented above. Accordingly, it should be stressed that the
primary need for solvent washing arises from the necessity of removing extractable minor waste
components such as dibutylphosphate. The solvent breakdown products 4-sec-butylphenol and
dioctylamine both partition sufficiently into, respectively, the simulant and strip aqueous phases as to
render the solvent effectively free of all but traces of these compounds without solvent washing. A
recommendation for solvent washing was therefore made according to the following chemical logic.
Lipophilic anions represent the primary poison for the solvent, impairing stripping of cesium. The
effect increases with the strength of the conjugate acid of the lipophilic anion. Stronger acids, such as
dibutylphosphoric acid, will convert easily to the sodium salt on contact with caustic solution, whence
in this form the lipophilic anion is most readily washed out. Since maximum alkalinity is needed for
removal of phenol degradation products, hydroxide was considered the preferred anion for the wash
solution (vs. carbonate). Suitable cations for washing include Lit and Na'. Larger akali cations
such as K* are too extractable by the calixarene and would inhibit removal of anions. Sodium sdlts,
being most economical, were employed here. Chemical mass-action implies that removal of sodium
sdlts from the organic solvent becomes increasingly efficient as the sodium concentration in the
agueous phase decreases. Economics also places value on minimizing the NaOH concentration. On
the other hand, sufficient alkalinity is needed to maintain the anions in their deprotonated state, and
sufficient ionic strength is needed for acceptable coalescence. As a compromise, 10 mM NaOH was
chosen as a suitable wash solution for the extended contactor tests and for further flowsheet
evaluation. Dispersion-number tests at ANL showed that this concentration is acceptable, though the
tendancy to form emulsions seemed to be greater in batch tests.

Tests of solvent washing with various concentrations of NaOH, including 10 mM NaOH, were
generally successful. In batch tests, washing allowed restoration of solvent function after multiple
contacts with the full simulant or upon multiple cycles. It aso restored function to the thermal-
stability and internal-irradiation test solvents after replenishing the TOA that had been degraded. It
did not, however, restore function on archived samples from the external-irradiation test at the SRTC.
The extended contactor tests at ANL with the full simulant and at the SRTC with real waste employed
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a 10 mM NaOH wash stage at O/A =5 and did not exhibit signs of degrading extraction or stripping
decontamination factors. A backup solvent-cleanup technique involving anion exchange wes
successfully demonstrated to remove lipophilic anions, including an 18-carbon carboxylic acid. It is
possible that other cleanup methods or aqueous washing strategies could be used, but their
development awaits further investigation.

RISK EVALUATION

The overall conclusion of these studies is that the CSSX solvent meets all of the performance
requirements within the bounding conditions defined by the Savannah River Site waste. These studies
also show that chemical and thermal degradation under the operating conditions of the process is
sow relative to the goal of one annual solvent replacement. Moreover, the trace products that were
detected are not harmful and will wash out of the solvent, either into the process effluents or added
wash stages. Solvent integrity with regard to component solubility loss to the aqueous phase,
resistance to precipitation of solids or third-phases, and susceptibility to impurity effects is good with
implementation of temperature management and solvent washing. This work also supported other
tasks in addressing the radiation-stability risk, providing analytical and performance data showing
that the solvent can withstand the dose equivalent of several years without the need for solvent
washing. Finally, this undertaking provided batch distribution data and solvent-washing data that
were critical in designing the proof-of-concept and real-waste tests. Overal, the data imply that the
chemical and thermal stability risk for implementation of the CSSX process is low.
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ABSTRACT

This report provides chemical- and physical-property data addressing the technical risks of the
Caustic-Side Solvent Extraction (CSSX) process as applied specifically to removal of cesium from the
akaline high-level salt waste stored at the U.S. Department of Energy Savannah River Site. The work
was conducted as part of the overall Salt Processing Project, supporting the selection of a preferred
technology among three technology alternatives. In a coordinated effort with researchers at Argonne
National Laboratory and the Savannah River Technology Center, it was the general goal to evaluate
four high risks relating to CSSX, including (1) chemical stability of the solvent matrix, (2) radiolytic
stability of the solvent matrix, (3) proof-of-concept performance of the proposed process flowsheet
with simulated waste, and (4) performance of the CSSX flowsheet with actual Savannah River high-
level waste. Information on cesium distribution in extraction, scrubbing, and stripping served as input
for flowsheet design and for establishing a baseline for evaluating solvent performance under
numerous thermal, radiolytic, and chemical stresses. These data contributed to a broad understanding
of the effects of expected process variables. In parallel, other measurements were directed toward
learning how major and minor system components distribute in the flowsheet. Such components
include the solvent components themselves, constituents of the waste, and solvent-degradation
products. Upon understanding how various components influence flowsheet performance, it was then
possible to address in a rational fashion how to clean up the solvent and maintain its stable function.
Based on the results, recommendations for future research are presented.
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1. INTRODUCTION

1.1 BACKGROUND

Removal of cesium from high-level tank waste, such as that stored at the U.S. Department of
Energy (USDOE) Savannah River Site (SRS) and Hanford site, continues to be a challenging
problem, as judged by the large current investment being made under the auspices of the Office of
Environmental Management and by current needs statements.l2 Focusing in particular on the
problems being addressed at the SRS, difficulties with benzene emissions owing to premature
decomposition of tetraphenylborate precipitate in the In-Tank Precipitation process employed
recently at the SRS3 have led to an intensive phased program to identify and test alternative
technologies and finally to select and implement a preferred technology to accomplish the cesium
separation.#®  Three technologies out of approximately 140 considered were selected for
preconceptual design and further R&D in Phase I11.> One of these alternatives, originally designated
the alkaline-side cesium solvent-extraction (CSEX) process, was developed recently at the Oak Ridge
National Laboratory (ORNL).6 An alternative acronym, CSSX (Caustic-Side Solvent Extraction), has
been in use at the SRS and will be adopted here for consistency. The CSSX process makes use of an
advanced type of extractant that is a hybrid of a crown ether and calixarene.” The extraordinary
selectivity and strength of this type of extractant, called a calix-crown, makes it possible for the first
time to remove cesium from a concentrated alkaline sodium nitrate medium by solvent extraction.
Based on the Phase Il tests conducted in 1998,811 it was concluded that the CSSX process
flowsheet12 meets the requirements for the removal of cesium from SRS high-level waste and is
economically competitive with the alternative nonelutable ion exchange and precipitation
technologies.>13 However, owing to the relative immaturity of the process coupled with the
demanding schedule for implementation, the process was not selected to proceed with higher-scale
development, testing, and conceptual design in Phase IV. Under funding by the Efficient Separations
and Crosscutting Program, the major issues of stability and susceptibility to impurity effects were
successfully dealt with in FY 1999.11.14.15 A conceptual flowsheet meeting the SRS requirements in
22 stages was calculated based on the performance data for this second-generation solvent
system.11.15 Based on these promising results and other considerations, an independent USDOE
assessment16 and a review by the National Research Council of the National Academy of Sciences
recently urged further testing of the CSSX process.17:18 The National Research Council in particular
recommended that the CSSX process be brought quickly to a state of development comparable to the
other alternatives. A comprehensive research and development plan was developed to accomplish this
immediate objective, enabling a final selection of a technology in FY 2001 for design, pilot testing,
and eventual implementation.419 This plan also provided a blueprint for work that will proceed in
the post-downselect period.

1.2 TECHNICAL RISKS ADDRESSED

Process requirements include the ability to accept a feed solution at the rate of 20.1 gal/min that
contains 5.6 M sodium ion and an average 137Cs activity of 0.375 Ci/L to yield a low-level waste
stream containing <20 nCi/g and a strip effluent at 1.33 gal/min containing the separated cesium that
is volumetrically concentrated by a factor of 15.1.20-22° High risks that must be addressed before
further down-selection among the three aternative technologies include:# (1) chemical stability of
the solvent matrix, (2) radiolytic stability of the solvent matrix, (3) proof-of-concept performance of
the proposed process flowsheet with simulated waste, and (4) performance of the CSSX flowsheet with
actual SRS high-level waste. In FY 2000 and FY 2001, overall effort at ORNL, Argonne National
Laboratory (ANL), and the Savannah River Technology Center (SRTC) focused on providing the
data needed to evaluate these high risks as well as the risk associated with assuring adequate



commercial availability of the solvent components. As reflected by the data presented in this report,
the present work directly addresses the high risk due to solvent chemical stability and provides data
and technical support needed by the tasks addressing the other high risks. The present report also
addresses general risks associated with the CSSX solvent and flowsheet performance: predictability of
performance, integrity of the solvent matrix over the range of expected operating conditions,
tolerance of the solvent matrix to the effects of interfering minor waste components and solvent
degradation products, effectiveness of solvent-cleanup methodology, and adequacy of analytical
methodology.

The basic performance of the CSSX process derives from distribution behavior and hydraulics.
Chemistry impacts these behaviors through the extraction equilibria and kinetics involving cesium,
distribution of major and minor feed components to the solvent, solubility properties of all system
components, and the stability of solvent components. Based on solvent-extraction plant practice in
the hydrometallurgical and nuclear industries,23.24 we may realistically expect some degree of
solvent degradation and interference from species that build up in the solvent. Risk arises in the effect
of these eventualities, the rate at which problems develop, and whether an adequate method for
solvent cleanup can be implemented.

Part of predicting performance entails understanding the distribution behavior of all of the minor
and major system components between the solvent and the waste, scrub, strip, and wash solutions.
Some information had been obtained on the distribution ratios of cesium, sodium, potassium, and
several other metals under process conditions.1® Very limited information had been gathered on the
dependence of these distributions on the system compositional variables, on minor-component
distribution, and on solvent-component partitioning.8:1415 A computer model had not yet been
developed. Thus, at the outset of FY 2000, there was a limited ability to predict how components
distribute in a given flowsheet.

A critical question concerns the useful life of the solvent. Associated questions concern solvent-
loss pathways, solvent recovery, cleanup methods, and process-suitable analytical methodology.
Prior to this work, little has been learned about how minor metals and organic compounds distribute,
including the fate of degradation products and the long-term perturbation of process performance as
impurities build up in the system. It was previously found that solvent performance can be impaired
by the presence of certain surfactant anions, such as dodecyl sulfonate.814 It is particularly
important, then, to investigate the distribution behavior and effect on performance of such anions as
may be anticipated or as may be identified through analysis of degraded or used solvent. Such
anions could include dibutylphosphate, surfactants, phenolates, and carboxylates. Possible effects
could be poor phase coalescence, third-phase formation, crud formation, impaired stripping, loss of
extraction capacity, and loss of selectivity. Although the amine component in the solvent nullifies the
effect of lipophilic anions on stripping, its capacity can be exceeded. Thus, it is important to
characterize the solvent tolerance for certain types of anions and understand how the anions partition
to different agueous solutions. Such knowledge can lead directly to solvent cleanup methods by
washing procedures or possibly other methods, such as anion exchange.

1.3 WORK SCOPE

Within the scope outlined in the planning documents for the SRS Salt Processing Project, %19 the
present work was intended to begin to address the most pressing of the chemistry issuesin FY 2000
and FY 2001. Solubility of solvent components and third-phase behavior were characterized as a
function of temperature and aqueous conditions. Data on the distribution properties of the primary
solvent components were collected to permit the estimation of the solvent loss rate by this pathway.
The distribution properties of major and minor inorganic ions and organic impurities, including
lipophilic anions, were measured. Cleanup methods were investigated, including solvent washing and
anion exchange. A computer model to predict Cs distribution ratios was developed. Analytical
methodology was developed to monitor solvent components and other species of interest. Samples
received from contactor testing and from chemical and radiolytic degradation tests were subjected to
analytical procedures, performance assessment, and cleanup tests. The receipt of samples created



links to other tasks from Argonne National Laboratory (ANL), Savannah River Technology
Corporation (SRTC), and the Chemical Technology Division (CTD) of ORNL.

14 CHAPTER ORGANIZATION

Topics covered by this report are presented in alogical order for the general reader. Chap. 2 lays
out the major materials used in the experiments, together with major protocols. Chap. 3 provides
experimental results on cesium distribution as a function of composition and temperature. A deeper
understanding of system behavior is sought in Chap. 4, which deals with the distribution of the major
solvent components, degradation products, and components of the waste feed. Chaps. 5 and 6
describe results on chemical (thermal) and radiolytic stability, respectively. The subject of solubility
phenomena, including the solubility of the major solvent components and third-phase behavior,
appears in Chap. 7. Finally, Chap. 8 details solvent washing strategies for the removal of interfering
species that arise from the waste feed and solvent degradation. Conclusions and options for future
work are presented in Chap. 9.

Results of subtasks to develop an equilibrium model for Cs distribution and to develop analytical
methodology are covered under separate reports.2226 Given that the present report is long, it was
taken as a matter of convenience that the progress reports on these subtasks could stand on their own
without undue redundancy or loss of continuity. They are considered part of the final report for the
task on CSSX chemical and physical properties.






2. BASELINE SOLVENT, SIMULANTS, AND PROTOCOLS

2.1 BASELINE SOLVENT

2.1.1 Solvent Composition

The baseline solvent for all CSSX activities in FY 2000 and 2001 is shown in Fig. 2.1. It was
essentially first formulated and tested in FY 1999.11,15 |n that period, however, the modifier in use
had been designated Cs-7SBT, the “T" indicating that a technical-grade of 4-sec-butylphenol (SBP)
was employed in the synthesis. Otherwise, the structure is the same as the Cs-7SB modifier used in
the baseline solvent, and there appears to be little or no difference in properties (see Chap. 6).

The baseline solvent consists of four components: 0.01 M BOBCalixC6 extractant, 0.5 M Cs-7SB
modifier, and 0.001 M trioctylamine, in Isopar L diluent. The extractant, calix[4]arene-bis(tert-
octylbenzo-crown-6) (BOBCalixC6), possesses two cavities, only one of which is expected to be
occupied by a Cs* cation at any time under normal CSSX operating conditions.”27 A number of
mono- and biscrown calixarenes have been introduced by Ungaro et al. and Vicens et a. and
examined by Dozol et a. for potential in separations of cesium from nuclear waste.’.28-30
Calix[4]arene-crown-6 compounds in particular possess the appropriate crown bridging length (i.e., 6
oxygen atoms in the bridge) and calixarene ring size (i.e., 4 phenol units) for high selectivity toward
Cst ion. Representative calix[4]arene-crown-6 compounds have been surveyed at ORNL, and both
mono- and biscrown calix[4]arene crown-6 compounds exhibit high extraction strength and
selectivity.31

Mainly for synthetic accessibility and for supposed solubility reasons, BOBCalixC6 was chosen as
the preferred extractant for the baseline solvent. It was obtained from IBC Advanced Technologies,
Inc. at 97% nominal purity. The branched alkyl substituents are thought to increase the solubility of
BOBCalixC6 in akane diluents, though solubility data were previously lacking.8:27 They also boost
the lipophilicity of BOBCalixC6, but it should be noted that the analog calix-crown without the two
tert-octyl groups already possesses sufficient lipophilicity.2” Another effect of the two alkyl groups
isto cause BOBCadixC6 to possess two enantiomers. A crystal structure of BOBCaixC6 has been
determined, aided by the fact that the compound can be crystallized from dichloromethane.32 The
two enantiomers crystallize together. Relative to the available literature on the structures of
uncomplexed calix[4]arene-biscrown-6 compounds,’28:33 the structure of BOBCalixC6 is not
particularly remarkable. As so often is the case for crown ethers, the flexible polyether chain twists in
upon itself, and the cavity does not exist until a guest species such as Cst ion is present.

A solvent modifier is needed especially for solvation of the ion-pair extraction complex formed
when CsNO,, or competing KNOj, is extracted by BOBCalixC6.14:34 The solvating action of the
modifier both improves solubility (prevents third-phase formation) of extraction complexes and
increases the extraction power of the extractant. Certain fluorinated alkylphenoxyether alcohols have
been shown to be especialy effective34 as linked to their effective hydrogen-bond-donation
ability.3®  The  modifier, 1-(2,2,3,3-tetrafl uoropropoxy)-3-(4-sec-butyl phenoxy)-2-propanol
(Cs-7SB), was introduced to improve solvent stability, as the first-generation modifier, 1-(1,1,2,2-
tetrafluoroethoxy)-3-(4-tert-octyl phenoxy)-2-propanol (Cs-3), is thermally unstable.8 To promote
the efficiency of caustic solutions to wash-out the parent alkyl phenol (an impurity left over from the
modifier synthesis and also a degradation product) the tert-octyl group was replaced by the less
lipophilic sec-butyl group.1> Among several choices of smaller alkyl groups, sec-butyl provided the
best resistance to third-phase formation, likely owing to its producing four isomers (two asymmetric
carbons) of Cs-7SB. Since Cs-7SB is a weaker modifier than Cs-3, it must be used at a higher
concentrlglion, and 0.5 M was found to be suitable and subsequently adopted for the baseline
solvent.



The amine is present in the solvent to improve stripping performance. Without it, non-radioactive
cesium nitrate must be added to the stripping solution.8 Even with the cesium nitrate added, the
stripping efficiency is vulnerable to anionic impurities, especially surfactant anions.8:14:36  Since
stripping is carried out under acidic conditions, the amine in the ammonium form provides an
available concentration of cations in the solvent to act as counterions for traces of surfactant anions,
dibutylphosphate, or other lipophilic anions that might be present. The effect of anions is therefore
essentially suppressed, allowing cesium nitrate to be stripped. During extraction of cesium, the
alkaline conditions will render the amine neutral, in which form its effect on extraction equilibria will
be negligible. Trioctylamine (TOA) is a well-known commercial extractant and was an obvious
choice of amine. Since its use was immediately successful,814 no survey of aternative commercial
amine extractants was attempted, though triisooctylamine and Aliquat 336 were also found to
suppress anion interference.® Since 0.001 M was the maximum concentration of TOA that was
possible in the first-generation solvent system without noticeable loss of extraction performance, this
concentration was adopted. With the use of higher modifier concentration, however, it is likely that
TOA could be used at higher concentration without adverse effects, as loss of extraction performance
is likely related to the modifier being effectively engaged in solvation of the ammonium nitrate salt.

An isoparaffinic diluent, Isopar L, available from Exxon Chemical Company, was chosen for the
baseline solvent.1> Isopar L isa blend of Cqq to Cy, branched alkanes with a distillation range of
191-205 °C, aviscosity of 1.6 centipoise at 25 °C, a specific gravity of 0.767 g/mL at 60 °F (15.5 °C),
and a Thermal Closed Cup flash point of 144 °F (62 °C) (data courtesy of Exxon Chemical
Company). Aliphatic diluents are desirable because they improve hydraulics (low density and
viscosity) and have excellent stability.  Straight-chain hydrocarbons would be preferred for
maximum radiation stability, but it was found that use of the equivalent straight-chain diluent Norpar
12, for example, entails a slightly greater tendency to third-phase formation.34

All solvent employed in the work reported herein was supplied by Bonnesen under a different
task. Prior to delivery, pristine solvent had been washed in Teflon FEP separatory funnels with two
equal volumes of 0.10 M NaOH, two equal volumes of 0.05 M nitric acid, and three equal volumes of
water. The washes remove solvent impurities such as 4-sec-butylphenol, a residual starting material in
the modifier synthesis. A quality-assurance (QA) procedure was also performed to verify uniform
performance prior to delivery.3’” Referred to as “washed pristine,” the solvent is water-saturated
when it is received.

2.1.2 Solvent Density

Solvent densities are tabulated for severa conditions in Table 2.1. All measurements were
performed using volumetric flasks; an almost-negligible temperature correction for the volume of the
flask was applied,38 affecting only the fourth decimal place. Uncertainties are propagated according
to the tolerances for Class A volumetric flasks,39 or if precision was improved upon replication, a
higher precision is indicated. Precision from lot to lot is excellent for pristine (dry) solvent. Washed
pristine solvent appears to be slightly more dense than pristine solvent, though the value for 25.5 °C
appears out of line.

2.2 WASTE SIMULANTS

Waste simulants were prepared under a different task using a staged recipe recommended by
Westinghouse Savannah River Company (WSRC).2122 Three simulants were prepared, designated
salts only, salts + metals, and full simulant. Each simulant corresponded to successive completion of
each of the three stages in the recipe. A large initial set of salts formed the primary salt matrix, which
was then augmented by a smaller set of certain metals at low concentration and finally by a set of
organic compounds known to be present in the waste. Although the salt matrix was designed to
represent an average waste composition, the organic compounds in the full simulant were added at the
highest concentration likely to be encountered in the SRS waste. Since organic compounds present



Table 2.1. Solvent density

Temp.@ Density Vol. Replicates Wet or dryP Lotc Reference
(°0) (g cmr3) (mL)

21.3 0.830 + 0.001 1 3 We 156W This work
21.3 0.829 + 0.001 5 5 Wet 156W This work
25.54 0.810 + 0.002 10 1 Wet 124W f
20.4 0.8262 + 0.0001 2000 4 Dry 149W This work
20.5 0.8258 + 0.0001 2000 9 Dry 31w This work
20.6 0.8262 + 0.0001 2000 5 Dry 156W This work
20.8 0.8260 + 0.0001 2000 9 Dry 148W This work
30.7 0.8185 + 0.0002 2000 1 Dry 31W This work
33.6 0.8159 £ 0.0002 2000 1 Dry 31w This work
34.5 0.8154 + 0.0002 2000 1 Dry 31W This work
35.0 0.8148 + 0.0002 2000 1 Dry 31W This work
36.5 0.8135 £ 0.0002 2000 1 Dry 31w This work
19.4 0.8217 + 0.0002 2000 1 Dry 0.5M Cs-7SB*® This work

aUnless otherwise noted, solvent temperatures were measured directly by a thermometer.

bDry is pristine solvent before it was washed; wet is washed pristine solvent.

CRull 1ot no. for 31W is PVB B000894-31W. Full lot numbers for all others have the prefix PVB
B000719-.

dAmbient temperature.

€The solvent was 0.5 M Cs-7SB modifier in Isopar L (no BOBCalixC6 or TOA).

f3F. Birdwell, Jr.

the greatest likelihood of interference with the smooth operation of CSSX, the tests with the full
simulant were expected to exhibit a worst case insofar as interference, especially on solvent recycle.
The added metals in the salts + metals simulant provide potential catalysts for solvent-degradation
reactions.

Table 2.2 summarizes the simulant compositions. The first column lists the species as added.
The second column gives the composition of the simulant used in FY 1998 and FY 1999 studies
designated SRS#2.3:8.14.15 The third column gives the intended composition of the three simulants
used in this work, divided into the three sets of components noted above. The composition of the full
simulant as found by analysis (ORNL Radioactive Materials Analysis Laboratory) on three of four
draws is given in the right-most three columns. Upon each draw, the simulant was pumped through a
0.5 um porous sintered stainless steel filter. 1t may be noted that cesium was left out of the simulants
so that it could be added at desired concentrations before individual experiments. Typically, cesium
as cesium nitrate was added at the prescribed concentration of 0.14 mM. A 137Cs isotopic fraction is
given as 22.56%,12 which implies an average 137Cs activity of 0.375 Ci/L.

The salts-only simulant differs from the SRS#2 simulant employed in previous studies3.8.14.15 in
having a 20% lower sodium content (5.6 M vs. 7.0 M), in accordance with the need to optimize
performance of the preliminary strike with monosodium titanate.20 Since the lower sodium
concentration is achieved by dilution with more dilute sodium hydroxide, the other major ions in the
waste are lower in concentration in proportion with the decrease in sodium concentration, though with
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some modifications. Free hydroxide concentration, however, increased from 1.9 M in the SRS#2
simulant to 2.06 M. Another significant difference is the substantially lower cesium concentration of
0.14 mM vs. 0.7 mM in the SRS#2 simulant.

Table 2.2 shows that sodium was close to its target concentration, as assured in the preparation of
the simulant. Potassium was higher than the intended 0.015 M, likely because of minor potassium
impurities in the sodium salts used in simulant preparation. Owing to the competition between
potassium and cesium in extraction, the simulant is thus expected to yield slightly lower extraction
performance than the true average waste composition (other concentrations being equal). Most other
salt constituents were not very different from the targeted concentrations. Interestingly, transition
metals were not largely lost to precipitation, though copper, chromium, palladium, and tin were found
at significantly lower than intended concentrations. Trends with time suggested partial redissolution
of these four metals. A white precipitate is characteristically formed during simulant preparation. |t
continues to appear in filtered simulant and even in extended-duration extraction experiments.

A 31P NMR analysis (see Section 2.4) of full simulant, 700 uL diluted with 300 uL of D,O, shows
the presence of free phosphate, what is believed to be MBP and DBP, and no TBP. Assuming the free
phosphate concentration is the target 0.007 M, by integration against the phosphate peak the MBP
concentration is 0.15 £ 0.03 mM, and the DBP concentration is 0.19 + 0.04 mM. The target
concentrations in the simulant are 25 mg/L (0.16 mM), 25 mg/L (0.12 mM), and 0.5 mg/L (0.0019
mM) respectively for MBP, DBP, and TBP.

Despite initial expectations that cesium distribution ratios (Dcg) would be lower than observed
with the former SRS#2 simulant because of the lower nitrate concentration, D4 values with the new
simulant turned out to be higher (see below). In line with a more determined modeling effort,25
several reasonable hypotheses may be offered. First, the Cs concentration is lower and thus does not
load the solvent as much. Second, the free hydroxide concentration is higher, favoring a
hypothesized cation-exchange mechanism that augments the ion-pair extraction mechanism. Third,
the activity of cesium nitrate drops as the ionic strength increases at high ionic strength.

2.3 OTHER MATERIALS
2.3.1 Radioactive Tracers

137Cesium was initially obtained as 13/CsCl in 0.1 M HCI from Isotope Products Laboratories,
Burbank, CA. 22Sodium was obtained as 22NaCl in water from Isotope Products L aboratories.

1-14C-Lauric acid (specific activity of 57mCi/mmol, 0.5 mCi/ mL in hexane) was acquired from
ICN Biomedicals, Costa Mesa, CA. Sodium 1-14C-dodecy! sulfate (specific activity 55 mCi/mmol, 0.1
mCi/mL in sterile water) was obtained from American Radiolabeled Chemicals, Inc., St. Louis, MO.
1-14C-Stearic acid (56 mCi/mmol, 0.1 mCi/ mL in toluene) and 1-14C-lauric acid (55 mCi/mmol, 100
uCi in 1 mL ethanol) were provided by Moravek Biochemicals, Brea, CA.

2.3.2 Miscellaneous M aterials

Unless otherwise specified, all chemicals were reagent grade, and water was 18 MQ distilled,
deionized water obtained from a Barnstead Nanopure 11 system. When experiments required solvent
compositions other than washed pristine solvent described above, BOBCalixC6 was received from IBC
Advanced Technologies, Inc.; modifiers Cs7SB or Cs-6 [1-(2,2,3,3-tetrafluoropropoxy)-3-(4-tert-
octylphenoxy)-2-propanol] were received from P. V. Bonnesen, as prepared under a separate task;
trioctylamine (Aldrich) was recrystallized as the HCI sat; and Isopar L and Norpar 12 was obtained
from Exxon Chemicals. For some experiments as noted, BOBCalixC6 was recrystallized from
dichloromethane. 4-sec-Butylphenol, 98+% by GC, was purchased from TCI America.

Scrub (0.05 M HNO3) and strip (0.001 M HNO3) solutions were prepared by appropriately
diluting 69.3% HNO3 J.T. Baker Ultrex 1l Ultrapure Reagent. The initial dilution to 50 mM HNO;
was titrated in triplicate using a Mettler DL77 Titrator. Subsequent dilution provided the 1-mM
HNOj strip solution. Sodium hydroxide solutions were prepared from 50% NaOH solution and
stored under Ascarite.



Table 2.2. Simulant compositions

Species? Concentrations (M)P

SRSH2 This work Draw #1 Draw #3 Draw #4
Na* 7.00 5.6 5.52 5.65 5.35
K+ 0.02 0.015 S 0.020 0.020 0.021
Cst 70x104| 14x 104 | 4 N/A N/A N/A
OH" 1.90 2.06 | N/A N/A N/A
NO3’ 2.70 2.03 ¢ 1.98 1.90 2.23
NO, 1.00 0.5 S 0.52 0.51 0.61
AlO, 0.40 0.28 0.25 0.24 0.25
CO5% 0.20 0.15 o N/A N/A N/A
S0O,42 0.22 0.14 nls 0.11 0.11 0.15
Cl 0.10 0.024 | a 0.018 0.017 0.019
F 0.050 0.028 |y | 0.021 0.024 0.029
PO,3 0.007 ¢ 0.005 0.006 0.008
C,04% 0.008 s|E N/A N/A N/A
SiOz2% 0.03 u N/A N/A N/A
Mo0O,2 7.0 x 105 o 4x 105 8x 105 5x 105
NH; 0.001 | N/A N/A N/A
Cu(ll) 2.27 x 10 m 1.57 x 10°| 1.62 x 105 | 1.89 x 105
Cr(V1) 0.015 | 1.44 x 103 €| S| 425x 104| 7.98 x 104 | 8.48 x 104
Ru(l11) 8.11 x 106 t] 1| 973x106[ 1.12 x 10-5| 1.01 x 105
Pd(I1) 3.85 x 106 a|m| 1.01x106| 293 x 106 | 2.23 x 106
Rh(111) 2.04 x 106 '] u| 268x106| 2.61 x 106 | 2.50 x 106
Fe(l11) 2.58 x 105 s| | 329x105|279 x 105 | 4.30 x 10-5
zZn(11) 1.22 x 104 a | 9.28 x 10| 9.74 x 10> | 1.05 x 104
Sn(ll) 2.02 x 10°° N | 455x 10%| 7.41 x 106 | 8.73 x 106
Ho(ll) 2.49 x 10°7 t | <25x106|<25x107|<25x%x 107
Pb(I1) 1.01 x 10°° 3.54 x 105 4.03 x 10> | 3.84 x 10>
Ag(l) 9.27 x 108 <93x107(<93x107|<9.3x 107
TBP 1.88 x 10°6 NA NA NA
DBP 1.19 x 104 NA NA NA
MBP 1.62 x 104 NA NA NA
BuOH 2.70 x 105 NA NA NA
HCO, 3.33 x 102 NA NA NA
TMA 1.69 x 104 NA NA NA
TOCC 417 x 102 | 1.26 x 101 | 8.83 x 102
TICC 1.92x 101 [1.86x 101 | 225 x 101

aAs added. Abbreviations: TBP, tri-n-butyl phosphate; DBP, di-n-butyl phosphate; MBP, mono-
n-butyl phosphate; BUuOH, 1-butanol; TMA, trimethylamine.

PNA refers to “Not Analyzed.” Simulant preparation was completed on Jun. 9, 2000. Draws #1,
#3, and #4 were made on Jun. 13, Jul. 20, and Aug. 8, 2000, respectively, and analytical results shown
in the three right columns were obtained within a month after each draw.

CTotal organic carbon (TOC) or total inorganic carbon (TIC), converted from mg/L to mol/L.
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2.4 INSTRUMENTS AND ANALYTICAL METHODS
2.4.1 Instrumentsand Equipment

137Cesium and 22Na activity in samples was counted using a Packard Cobra Quantum Model
5003 gamma counter equipped with a 3" Nal(Tl) crystal through-hole type detector. A counting
window of 580 to 750 keV (13’/MBa) was used to determine 137Cs activity. The 22Na activity in each
phase was determined by monitoring the 1022 keV peak. 4Carbon activity was counted using a
Packard Tri-Carb 2500TR Liquid Scintillation Analyzer. Count times were routinely of 10-min
duration using a counting window of 4.0 to 156 keV. Samples, typically 200-250 uL in volume,
were placed in 20-mL glass scintillation vials to which 10 mL of Packard UltraGold XR scintillation
cocktail was added. Samples were dark-adapted for at least 30 min prior to counting.

Certain inorganic cation constituents (especially Na, K, and Al) were analyzed by Inductively
Coupled Argon Plasma (ICAP) emission spectrometer (Thermo Jarrell Ash, model IRIS, Franklin,
MA). lon chromatography was performed using a Dionex Model DX500 equipped with GP40 pump
and ED40 conductivity detector. Anions were separated using an AS11 analytical column coupled
with AG11 guard column and an anion trap column (ATC-1). Detection limits were determined by
running standards at successively lower dilutions until the deviation from the expected result was
greater than 10%. Detection limits for each anion were as follows: Cl- = 7.05 x 106 M, NO, = 2.2
x 106 M, NO3 =8.06 x 106 M, SO,2 = 2.0 x 1076 M, PO43 = 1.05 x 106 M. The cations, Na*,
K*, and Cs" were separated using a CS12A analytical column coupled with a CG12A guard column.
The analysis used 20 mN H,SO, €eluent a 1 mL/min in an isocratic run of 20 min. Background
conductivity was 0.2 uS using CSRS-Ultra suppressor in auto-regeneration mode set at 300mA.

Acid-base titrations were performed using a Mettler DL77 Titrator. Measurements of aqueous
pH were carried out with an ORION Portable pH meter, model 230A, equipped with an ORION GLS
microel ectrode.

Electrospray Mass Spectrometry (ES-MS) was performed on a PE SCIEX APl 165 single
guadrupole mass spectrometer (Concord, Ontario, Canada) outfitted with a TurbolonSpray source. A
30-cm long, Teflon encapsulated stainless steel transfer tube (75 mm-id. stainless steel encapsulated
in 1/16 in. o.d. Teflon, CETAC Technologies, Inc.) connected a 3.5-cm-long stainless steel ES emitter
(400 mm-o.d., 100-mm-i.d.) to the stainless steel 254-mm i.d. bore-through bulkhead grounding
port built into the source. The emitter held at ca. 4.5 kV was placed 1.5-2.5 cm from the curtain gas
plate aperture and angled to spray across the aperture. Nitrogen was used for sample nebulization.
No "turbo gas' was used in these experiments. Sample was introduced to the instrument using a
syringe pump to deliver solution loaded into 1.0-mL plastic syringes (Becton Dickinson Co., Franklin
Labs, NJ) at aflow rate of 10.0 uL/min. Resulting spectra were the sum of ten individual scans from
m/z 50-3000 (in cation mode) and from m/z 30—2000 (in anion mode) using a 0.1 m/z step size, a
1.0-ms dwell time, and a pause of 5 ms. All the electrospray rinses and cleanup were done with a
50/50 vol% mixture of dichloromethane (EM, HPLC grade) and acetonitrile (anhydrous, EM). Ten-
fold dilutions of all the samples were aso made with this mixture.

Nuclear Magnetic Resonance spectra were obtained on a Bruker Avance 400 wide-bore NMR
spectrometer. Nuclei observed were proton (400.13 MHz), 13C (100.61 MHz), 19F (376.498 MHz),
and 31P (161.975 MHz). All proton, carbon, and fluorine NMR spectra on solvent samples were
obtained by diluting typically 100 uL aliquots with a fixed volume of deuterochloroform (99.8
atom% D, obtained from Aldrich Chemica Company) in a 5-mm Wilmad NMR tube. The
deuterochloroform also contained a known concentration of hexamethylbenzene (HMB, Aldrich,
99%) as an internal integration standard. The precise procedure (volume of deuterochloroform,
concentration of HMB) depended on the nature of the solvent samples being analyzed (irradiated or
thermally degraded), and is provided in the experimental sections in Chaps. 5 and 6. Other sample
preparations will be described in the experimental sections of the appropriate chapters.
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2.4.2 Calibrations

The calibration of Eppendorf Reference Pipetteman pipetters was checked monthly by weighing
aliquots of digtilled, deionized water. Standard volumetric flasks were employed in preparing stock
solutions.

An H-B U.SA. VWBrand thermometer was calibrated using an ice-water bath. The temperature
controller on the water bath Linberg/Blue M, Model Number RSWB3222A-1 was found to agree with
the calibrated thermometer within 0.2 °C over the 5-35 °C interval. This thermometer was used to
check the temperature of incubators and to test the accuracy of the pipettes used. Two mercury-in-
glass thermometers were calibrated by the ORNL Instrument and Controls Division Metrology
Laboratory and certified traceable to National Institute of Standards and Technology (NIST).
Thermometer ID M093698, with resolution of 0.05 °C was used to check incubators and air box at
25, 35, and 60 °C. The Labline Imperial 1l incubators used to conduct the thermal stability
experiments were set to 36 + 0.5 °C and 60 + 1 °C, and the actual operating temperature ranges, when
checked against the calibrated thermometer, were 34.8 £ 0.5 °C and 61.2 + 0.6 °C, respectively.

The glass pH microelectrode was calibrated with two agueous buffers at pH 4.01 and 7.00.
Subseguent checks during sample tests confirmed the absence of drift.

For 1H and 13C NMR spectra obtained using deuterochloroform as the NMR solvent, chemical
shifts were referenced against the residual chloroform peak (7.25 ppm) for proton spectra, and
against the carbon resonance for deuterochloroform (77.0 ppm) for 13C spectra. For 19F NMR, all
chemical shifts were referenced against CFCl3 (external standard reference sample set at 0.0 ppm).
For 31P NMR, chemical shifts were referenced against phosphoric acid, set to 0.0 ppm by way of an
external standard reference sample.

A sodium hydroxide solution (0.1 M NaOH) was standardized using dried KHP (potassium
hydrogen phthalate). The standardized NaOH solution was then used to standardize a stock 50 mM
nitric acid solution.

Internal calibration of the |CP spectrometer was done each day by using the internal Hg reference
lamp (Hg Profile). External calibration of each metal was done prior to analysis with check standards
run in between samples frequently. Standards were diluted volumetrically with 2% Ultrex || HNO,
from purchased |CP standards (JT Baker), typically 1000 mg/L to 10,000 mg/L. Typicaly standards
are made to bracket expected sample concentration by +10%.

Anion analysis by ion chromatography (IC) used a two-level external standardization for each
anion from a stock 5-anion standard prepared at 1000 g/L from dried sdts (Table 4.1). A QC
standard (Combined Seven Anion Standard) was purchased from Dionex Corp. An external
standardization using two levels of calibration was made for each anion. For anions CI, NO,, SO42',
and PO,3-, calibration was made using 0.1- and 1.0-ppm standards. For NOg™ anion, calibration was
made using 1.0- and 10-ppm standards. An r2 value of 0.9999 or better was achieved for each linear
fit. To analyze dibutylphosphate-containing solutions, an external standardization of the anions was
done with two levels of calibration using concentrations of 1 ppm and 9.26 ppm. Dibutylphosphate
(DBP) was calibrated at 5 ppm and 92.6 ppm in water. A separate response standard at 100 ppm was
run in 0.01 M NaOH to calibrate samples run in basic solutions. Typically the acid strip solutions
were made basic to pH >10 prior to analysis for DBP.

A five-level external standardization for each cation, Na*, K+, and Cst, was used at 0.1, 0.5, 1.0,
5.0, and 10.0 ppm. Goodness of calibration (r2) fit was better than 0.9999. Standards were prepared
using dilutions of the dried nitrate salts prepared at 50 or 100 mM and diluted in deionized water.
Duplicates were run for each sample and were analyzed with + 2% error.

The Packard Cobra Il AutoGamma counter is calibrated and tested for background level on a
daily basis before any samples are counted. The calibration procedure calls for the counting of an
empty tube first, then of a sealed 0.25-uCi 137Cs source. This procedure corrects the counting
efficiency and any potential window shift in the region of interest around the cesium peak.

The ES-MS spectrometer is calibrated before any series of analyses using a multi-ion standard in-
house prepared solution. The peaks corresponding to the ions (cation mode or anion mode) are
referenced and adjustments are made automatically so that the spectrometer is tuned for best
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performance (match of the m/z values and intensities). Theionsin the standard solution covered and
even exceeded the m/z ranges of interest for our experiments.

2.5 EXTRACTION/SCRUB/STRIP (ESS) PROTOCOL

A simple test protocol was devised to provide useful information on flowsheet performance in
batch mode. Since sequential contacting is labor intensive, a minimal test was desired. The chosen
protocol entailed cross-current contacting of a given volume of solvent with simulant, then scrub
solution (0.05 M HNO3), and then three times with strip solution (0.001 M HNO3). Referred to as
the “ESS” Protocol, the sequence is depicted in Fig. 2.2. In approximate accordance with the
baseline flowsheet,20 the O/A ratios in the ESS Protocol are respectively 0.33, 5, and 5. Throughout
this report, reference to ESS implies the exact procedure just described. However, particular needs of
certain experiments at times dictated some departures that will be pointed out as appropriate.
Protocol departures involving different sequences are indicated by adding subscripts to indicate how
many times a certain step was repeated. Thus, two extractions, one scrub, and five strips might be
designated as E,SSs.

In atypical ESS experiment, the following steps are performed: An aiquot of simulant is spiked
with 137Cs (activity approximately 0.2 uCi/mL) in a Teflon FEP tube or polypropylene vial and put
in contact with an aliquot of solvent at an O/A ratio of 0.33. The tube or vid is then capped and
mounted by clips on a disk which is then rotated in a constant-temperature air box at 25 + 0.5 °C for
30 min or longer. The gentle end-over-end tumbling produced by this technique is adequate to
bring the samples to equilibrium in the contact interval used as long as sufficient head space is left in
the tube or vial to allow good dispersion of the phases. It is recommended that head space be at least
25% of the container volume, as in one instance when the head space was 16% of container volume at
an O/A of 5, the aqueous phase was not well dispersed and equilibrium was not reached. Since
dispersion depends on disk rotation speed, phase ratio, and vial diameter, direct observation of phase

Solvent

Waste Scrub Strip Strip Strip
simulant solution solution solution solution

Fig. 2.2. Extract/Scrub/Strip (ESS) Sequential Contacting Protocol.

dispersion is prudent in any case. The contact time interval is also needed for the phases to reach
thermal equilibrium. The fact that consistent distribution behavior from sample to sample (see Chap.
3) is observed even at longer equilibrium times (e.g., overnight) indicates that overall equilibrium is
reached within the 30-min minimum contact time. Other contacting techniques are possible and were
a times employed, such as vortexing and shaking. For any contacting technique, the same
precautions regarding the attainment of chemical and thermal equilibrium are applicable. After
equilibration, the tube or vial is centrifuged for 3 min at 25 °C in a temperature-controlled centrifuge.
An aliquot of each phase is subsampled to be counted. To avoid cross-contamination of phases,
subsampling of the lower phase (aqueous in all cases here) can best be accomplished by completely
withdrawing the agueous phases via disposable pipette to a clean via, from which accurate subsamples
may be drawn. If solvent isin short supply, the solvent subsample can optionally be returned to the
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main volume of equilibrated solvent after counting. Proceeding to the next step in the ESS protocol,
a known volume of solvent that had been equilibrated with simulant is then pipetted into a clean
equilibration tube or via with scrub solution at and O/A ratio of 5. The contacting, centrifugation,
subsampling, and counting is then repeated. The solvent is then carried through as many strips as
desired at an O/A ratio of 5. On the second and subsequent strip steps, the agueous phase must
usually be spiked again with 137Cs activity. Regarding gamma counting, since it is the 13/MBa
daughter (t, = 2.55 min) that is actually counted, sufficient time must be alowed for secular
equilibrium to be reached. This depends on the magnitude of the distribution ratios that are involved
and the accuracy needed, but for present purposes, 20—-30 min is adequate.

2.6 PHASE COALESCENCE

The dispersion number (Np;)4? for the extraction step of the ESS protocol predicted good
contactor performance over a range of temperatures (Fig. 2.3). Break time (tg) in seconds was
measured for the baseline solvent agitated with the full ssmulant at 25, 32, 35, 37, and 40 °C. The
temperatures of the solutions were independently measured with a thermometer before each contact.
The phases were contacted in 100-mL glass, graduated cylinders with ground-glass stoppers using the
baseline O/A ratio of 0.33. For each measurement, 75 mL of full simulant was added to the cylinder,
and the baseline solvent was added with sufficient care not to disperse the phases. The distance from
the bottom of the cylinder to the interface and also to the top of the liquid level (AZ, in meters) was
measured using a ruler. After the solutions were put into contact, without mixing, the cylinder was

0.0016

0.0014

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

0.0000

20 25 30 35 40
Temperature (°C)

Fig. 2.3. Dispersion number vs. temperature on extraction phase of ESS.
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submerged in the temperature-controlled water bath or incubator box for another 30 min to ensure
thermal equilibrium. The measurements were then repeated. The contacting was done by inverting
the cylinder twice in a gentle, rolling motion, then by shaking with ten quick shakes. The break-time
in seconds was recorded when all small drops had broken. The position of the interface wes
remeasured. After the phases were completely disengaged, the same solutions were placed back in
the temperature device for 3040 min and the process repeated. Each contact was repeated five
times.

The average dispersion number Np; was found to be (1.15 + 0.21) x 103 using the equation?0

N
g\ 9

where tg is measured in seconds, AZ refers to the initial thickness of the dispersion band in meters,
and g is the gravitational acceleration (9.81 m/s?). No trend with temperature can be seen in Fig. 2.3.
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3. CESIUM DISTRIBUTION BEHAVIOR

3.1 INTRODUCTION
3.1.1 Purpose

In addition to the kinetic and hydraulic factors underlying contactor performance, cesium
distribution behavior represents the primary predictor of whether the flowsheet will meet cesium
decontamination and concentration goals. The purpose of the work presented in this chapter is to
characterize how cesium distributes under conditions of extraction, scrubbing, and stripping as
influenced by key chemical and operational variables. The dependence of Dsg On temperature,
agueous-phase composition, and contacting parameters (e.g., O/A ratios, number of cycles, etc.) will
be described, focusing on experiments in which waste simulants, as opposed to simple matrices, are
used as the aqueous phase in extraction. The data provide a basis for prediction of flowsheet
performance, for interpreting other test results, as well as for setting bounds within which successful
operation can be guaranteed.

It should be noted that prediction of performance through modeling has been reported
separately.2> In the modeling study, refinement of equilibrium parameters was carried out by
regression of systematic distribution data taken first from simple systems and subsequently from
more redlistic waste-like matrices. Ultimately, the model provides a quantitative framework for
understanding the distribution of all key system components in each stage of the process. Plans call
for application of the model to optimization of the CSSX flowsheet.# In complementary fashion,
efforts describe