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Summary

The major thrust of this project led by the University of Kansas (Prof. Kristin Bowman-
Jones) entails the exploration of the principles of recognition and separation of sulfate by the
design, synthesis, and testing of novel sulfate extractants. A key science need for the cleanup of
tank wastes at Hanford has been identified in developing methods to separate those bulk waste
components that have low solubilities in borosilicate glass. Sulfate has been identified as a
particularly difficult and expensive problem in that its concentration in the waste is relatively
high, its solubility in glass is especially low, and it interferes with the performance of both
vitrification equipment and the glass waste form. The new extractants will be synthesized by the
University of Kansas and the University of Texas, Austin. Oak Ridge National Laboratory
(ORNL) is subjecting the new extractants to experiments that will determine their properties and
effectiveness in separating sulfate from the major competing anions in the waste, especially
nitrate. Such experiments will entail primarily liquid-liquid extraction. Current efforts focus on
exciting new systems in which the anion receptors act as synergists for anion exchange.

Research Objectives

Purpose. The goal of this project is to use emerging principles of anion recognition to
develop highly selective extractants that are capable of removing sulfate anion from nuclear
wastes prior to vitrification. Sulfate separation offers potential value in the cleanup of the
Hanford tanks in that sulfate interferes with making glass. One option for dealing with this
potentially costly problem is to remove the sulfate from the waste. However, various
technologies for doing so either have performed poorly in tests or have undesirable attributes
justifying investment in basic research. Promising approaches to overcoming these limitations
are emerging in the young science of designing receptors for anion binding and extraction. The
approach proposed here combines the expertise of three research groups, two of which are
accomplished in the area of selective anion-receptor design (Kristin Bowman-James at Univ. of
Kansas and Jonathan Sessler at Univ. of Texas, Austin) and one that is noted for its successful
development of substrate-specific liquid-liquid extraction systems (Bruce Moyer at ORNL). The
proposed work is thus expected to lead to new, state-of-the-art extractants that will not only
provide important insights into the fundamental determinants of anion recognition but also allow
the specific, extraction-based removal of sulfate anion from nitrate-rich environments, including
ones simulating those found at the Hanford and Savannah River nuclear waste sites.

This work builds on an exciting body of previous accomplishment. For instance, since
the time of the last competitive renewal, synthetic sulfate-selective anion-binding agents have
been produced and are among the first reports of selective receptors for sulfate. Further, simple,
structure-based methods for modifying the intrinsic anion selectivity of a given class of anion
receptor have been developed. Finally, the first system capable of extracting sulfate anion from
an aqueous solution containing 100-fold greater concentration of the competing anion, nitrate,
was discovered. This latter result was achieved by a novel synergistic enhancement of liquid-
liquid anion exchange (>100-fold for sulfate) and is considered to represent the key, proof-of-
principle step forward. This success thus has us very excited about the prospects for further
progress.



This project addresses the OBER long-term environmental-remediation goal "Develop
science-based solutions for cleanup and long-term monitoring of Department of Energy (DOE)
contaminated sites." It is clearly aimed toward development of a science-based solution to tank-
waste cleanup.

EM needs benefited by this research. Certain anions, especially oxoanions, have been
prominent as contaminants (e.g., pertechnetate), troublesome species (e.g., sulfate, chromate, and
phosphate), or ubiquitous matrix components that can pollute (e.g., nitrate) in environmental or
waste treatment processes in the US Department of Energy (USDOE) complex. In the first phase
of this project, we approached the topic of anion recognition and separation broadly targeting
such oxoanions. In the past several years, however, the presence of sulfate in tank waste has
risen to be a critical concern in meeting the objectives of Mission Acceleration at Hanford, as it
is a key determinant of the volume of expensive low-activity-waste (LAW) glass that will be
produced from the waste. In view of the urgency of this need, we have undertaken now to focus
our research on the problem of sulfate binding and separation.

The sulfate problem has been spelled out in detail in various needs statements pertaining
to the Hanford site, as previously issued by the USDOE Office of Environmental Management.
In particular, EM Need RL-WTO081 recognized sulfate management in low activity waste via
pretreatment, vitrification, and off-gas approaches as having important beneficial consequences.
The Hanford Site Need RL-WT-1019 described the need for, and benefits of, sulfate mitigation,
without which as much as 20% more glass would have to be produced. Such a penalty represents
a serious obstacle to the Mission Acceleration Initiative, which seeks to reduce the time to clean
up the Hanford tanks by 20 years and to reduce the cost of the cleanup by $20B. Sulfate is in fact
present in the tank wastes at several USDOE sites, including the Savannah River Site and the
Idaho National Laboratory (INL), as well as Hanford. It is only a particularly acute issue at
Hanford, because of the unique requirement there that specifies vitrification of the LAW that
results from radionuclide removal from the retrieved tank waste. It is known that sulfate has a
low solubility (typically <1%) in borosilicate glasses and at elevated levels will migrate to the
top of the melt as a separate phase. Such phase separation has been documented in numerous
studies of nuclear-waste vitrification. Although the cited studies focus on Hanford waste
vitrification, sulfate phase separation has been observed and is considered a potential issue, for
example, in studies of vitrification of the sodium bearing waste at the INL. Sulfate phase-
separation problems compromise both the vitrification process and the integrity of the final waste
form. Specific processing problems include inhibition of melting rate, short-circuiting of the
electrodes, corrosion of the melter, electrodes, and off-gas equipment. In addition, the final glass
product containing high sulfate levels can exhibit increased leach rates, a waste-form
performance issue.

In view of the above problems associated with sulfate in vitrification of the Hanford
LAW, recent studies have with limited success been directed toward identifying technologies for
removal of the sulfate prior to vitrification. Suggested strategies have included evaporative
crystallization of burkeite [Nag(SO4)>COs], which in tests did not prove sufficiently selective.
Precipitating agents, such as barium or strontium nitrate, can effect sulfate removal, though with
selectivity and secondary-waste issues. lon exchange proved ineffective. Still, planning in the
Mission Acceleration Initiative included provision for sulfate removal to reduce the volume of
immobilized LAW and corresponding costs. Since options for removing the sulfate from the
highly alkaline waste have been unattractive, the suggested approach involves acidification of
the salt waste and precipitation of strontium sulfate. With options so clearly limited, the need for



basic research to provide new alternatives seems obvious to us. Such alternatives might avoid
waste acidification, for example, or they might prove more efficient.

Approach. We propose an extractive approach. From a generic technology standpoint,
solvent extraction has been a venerable technique in nuclear separations industry and represents
a viable high-throughput technique. Although most applications have involved nitric acid
aqueous phases, treatment of alkaline nuclear waste by solvent extraction has recently been
demonstrated in the case of the Caustic-Side Solvent Extraction (CSSX) process for cesium
removal from the Savannah River Site tank waste. The CSSX process uses a calixarene-crown
ether as a cesium extractant and has been selected for implementation in the Savannah River Site
Salt Waste Processing Facility, now in privatized design. Crown ethers have also found
application in the SREX process for strontium separation from acidic nuclear waste. Thus,
precedent exists for applications for both acid and alkaline media using designed ion receptors.
That anion receptors will work for specific anion extraction applications in nuclear or
hydrometallurgical applications seems an obvious expectation, but to our knowledge, no such
precedent so far exists.

During the last funding period, we have made significant strides in both receptor design
as well as in separation strategy. This project seeks to exploit these advances toward a greater
understanding of sulfate binding and transport as relevant to tank waste media, whether acidic or
alkaline. The firm foundation of results is ultimately expected to provide the basis for the design
of a viable, selective sulfate extraction system for on-site use, thereby reducing the number of
LAW glass canisters required for storage with a significant reduction in cost. In this manner, this
proposal directly supports the Mission Acceleration Initiative at Hanford.

While it is clear from a growing literature and from our own results that multiple strong
hydrogen-bond donor groups must be organized to act in concert to effect sulfate extraction, an
in-depth understanding of all of the contributing factors and their interrelationships to selective
sulfate-receptor binding is still lacking. Thus, a number of critical questions remain:

- It is unclear what impact structural and electronic factors have on preorganization and topological
complementarity, and consequently on binding affinity and selectivity.

- It is also not completely resolved whether it is best to employ neutral receptors as synergists for anion
exchange (as we have so far demonstrated) or so-called dual-host systems for co-extraction of sulfate and
cation, either sodium or hydrogen ion. In synergized anion exchange, a neutral anion receptor is mixed with
a classical lipophilic quaternary ammonium extractant. In a dual-host approach, the neutral anion receptor
is mixed with a neutral cation receptor (e.g., crown ether). Which approach to use is essentially a question
of how best to achieve charge balance in sulfate transport.

- The necessity of charge balance further raises the interesting design question as to whether one gains an
advantage by functionalizing a neutral anion receptor with either a quaternary ammonium group or neutral
crown ether so that charge-complementarity is incorporated into the sulfate receptor itself.

- Candidate systems must also meet the critical test of reversibility, that is, the ability to release sulfate and
regenerate the extractant(s) for reuse, and this aspect is still awaiting exploration.

- Secondary extractant-design questions are also important, such as how to ensure that the extractants and
their complexes are sufficiently lipophilic and soluble in the organic solvent matrix without interfering with
sulfate binding.

To address the questions outlined above, a range of macrocyclic receptors targeting
sulfate anion will be prepared at the University of Kansas and the University of Texas, Austin.
The receptor design will build on the substantial base of information our three groups have
gathered during the last several years. The targeted receptors will thus contain aromatic or
heterocyclic spacers and rely on various kinds of NH donor groups to effect anion recognition.
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Some will rely on mixed amine/amide (or amine/thioamide) recognition subunits, while others
will be based solely on the use of pyrroles. Ease of synthesis will be a major consideration such
that compound availability does not limit eventual application. However, the overriding factor
will be to obtain systems that significantly advance the understanding of the fundamental
determinants of anion recognition, not only in regard to binding (affinity, specificity) but also,
necessarily, to extraction and stripping (efficacy, selectivity).

In light of such general considerations, the plan is to focus our attention on five specific
principles that are considered highly relevant to the fundamental problem of understanding anion
recognition:

1. Topological complementarity: By carefully crafting receptor design with hydrogen-bonding functionalities
placed in ideal locations for interacting with the substrate, geometries that lead to optimized sulfate anion binding
will be “mapped out.”

2. Hydrogen-bonding ability (i.e., NH donor strength). By (1) varying the functional groups responsible for
binding (e.g., amide, thioamide, and pyrrole), and (2) by adding electron-withdrawing groups at appropriate places
in the receptor, the most effective NH binding subunits will be identified.

3. Preorganization vs. nonpreorganization: By examining the influence of other factors, such as size, shape, and
the presence of internal hydrogen bonding units (e.g., pyridine) in promoting a preorganized cavity ready to accept
the anion guest, a better understanding of the energetics of binding and the role preorganization plays in affinity can
be gained.

4. Dimensionality: By exploring the differences between monocyclic, bicyclic, and polycyclic receptors, a better
understanding of the influence of open (as in the monocycles) and enclosed environments (as in the cryptands) can
be assessed.

5. Charge complementarity: By (1) exploring both neutral and positively charged (quaternized) analogs in
extraction, (2) assessing the relative benefits of proton + sulfate anion co-extraction, and (3) examining crown-
containing systems, the questions of ion pair-based (dual-hosts or ditopic ion-pair receptor) co-extraction will be
addressed.

Structural frameworks (from the Bowman-James and Sessler groups) that look the most
promising (e.g., those displaying high selectivity and affinity for sulfate anion) are being
examined as sulfate extractants in the Moyer lab. Neutral sulfate receptors will be tested either as
synergists for anion exchange or in dual-host systems, and ditopic receptors will be examined
alone. Systematic studies will examine the effect of solvent type on extraction efficacy and
aqueous-compositional variables. The net result of this work is thus expected to be the
development of robust, readily synthesized, and economically feasible systems that are highly
selective for sulfate, and capable of functioning throughout a wide range of pH. Such systems
will serve as model prototypes setting the stage for potential follow-on proposals on process
development work.

Research Progress and Implications

This report summarizes work performed in approximately the first year and a half of the
current three-year renewal period. Work at ORNL during this time period focused on exploring
the novel concept of synergized anion exchange, demonstrated for the first time in this project.
Anion exchange has been selectively enhanced through the synergistic action of hydrogen-bond-
donating anion receptors in combination with a traditional quaternary ammonium extractant.
Synergized anion exchange represents a powerful way to control the selectivity of the classical
technique of anion exchange. Previously, the selectivity of anion-exchange processes has been



limited to a selectivity type that we have dubbed Hofmeister bias. A ubiquitous anion selectivity
exhibited by most anion separation systems, Hofmeister bias implies a monotonic selectivity
favoring large, charge-diffuse anions. Now it is possible with the synergistic anion exchange to
employ selective anion receptors to control the overall exchange selectivity. It is also a new tool
for rapidly assessing pair-wise anion selectivity by neutral anion receptors in a system readily
adaptable to potential applications in analysis or process separations.

Specific results show that calixpyrroles (University of Texas, Austin) and tetraamide
macrocycles (University of Kansas) shown in Figure 1 strongly enhance the extraction of sulfate
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Figure 1. Anion receptors used in this project.



by tricaprylmethylammonium nitrate or chloride in the presence of excess nitrate and chloride.
Survey results have been obtained for all of these compounds by measuring the sulfate
distribution ratio with the aid of *>S tracer (a beta emitter). Typical results are shown in Figure 2,
where it may be seen that increasing concentration of the anion receptors yields increasing
sulfate extraction; R8 is an exception thought to have insufficient lipophilicity to stay in the
organic phase. Enhancements of up to two orders of magnitude were obtained. These results
represent a rare demonstration of the ability of anion receptors acting to overcome the
Hofmeister bias in a competitive environment. A manuscript is in preparation.
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Figure 2. Extraction of sulfate from water using a chloroform solution containing 10 mM
tricaprylmethylammonium nitrate and varying concentration of two tetraamide macrocycles.
Aqueous phase: 10 mM NaNO; and 0.1 mM Na,SO4. Equal volumes of organic and aqueous
phases were equilibrated for 1 h at 25 °C.

An equilibrium model has helped to rationalize the process of synergized anion exchange.
Equilibria included in the model are shown in Table 1. The model is based on specific binding of
the target anion by the anion receptor.



Table 1. Equilibria associated with sulfate extraction.

No. Equation
! ] K, ]
Q*(aq) + X<(aq) Q*X(org)
2 | 2Q*aq) + Y*(aq) Q,*Y*(org)
3 | 2Q*(aq) + YZ(aq) + R(org) Q,*RY*(org)

4 2Q*(aq) + Y?%(aq) + 2R(org) Q,"R,Y*(org)

Progress has been made in understanding the behavior of anion receptors in so-called
dual-host systems. In this approach, a metal salt is extracted by a synergistic combination of a
cation receptor and an anion receptor. The binding of both ions by their respective receptors
lends a double boost to the overall extraction strength in that two extra, favorable Gibbs energy
terms are added to the thermodynamic driving force. Taking advantage of our work on cesium
extraction in other projects, we have here used the extraction of cesium salts as a vehicle for
understanding anion-binding by added anion receptors, including R7. A thermodynamic analysis
of such systems revealed a way to compare the extraction of anions of multiple charge types. If
the anion receptor has zero effect, then a plot of [(z+1)/ z]log D¢s vs AG,°/z will be linear, where
z is the anion charge, D, is the cesium distribution ratio (readily measurable using ">'Cs tracer),
and AG,° is the standard Gibbs energy of partitioning of the anion. This linearity has been
demonstrated in the absence of added receptor. One may see in Figure 3 that the addition of
receptor R7 to a nitrobenzene solution containing 10 mM calix[4]arenebis(zert-octylbenzocrown-
6) causes an increase in extraction above the line corresponding to no added receptor (solid line).
The increase tends to be larger for the more charge-dense anions, like sulfate, that have high
values of AG,°. However, the effect is not uniform, as the anion receptor imposes its own
selectivity. Sulfate may be seen to have the highest enhancement. The results show promise in
pointing the way to sulfate selectivity. The results also show the viability of the dual-host
approach, both as a way to effectively use anion receptors in liquid-liquid extraction and as a
way to compare them systematically.

Planned Activities

In future efforts at ORNL, promising structural frameworks from the Bowman-James and
Sessler groups will be examined as sulfate extractants. We expect these compounds to
incorporate increased binding selectivity and affinity for sulfate. Increased solubility in organic
solvents is also sought, as ultimately, practical systems will require receptors that can function at
concentrations in the range 0.1-0.5 M. Studies seeking to quantify selectivity as it is influenced
by solvation and anion-binding will be expanded at ORNL in liquid-liquid systems. These
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Figure 3. Extraction of 10 cesium salts by a dual-host system composed of 10 mM
calix[4]arenebis(tert-octylbenzocrown-6) and 0.3—10 mM anion receptor R7 (DSMEAM) in
nitrobenzene. The aqueous phase contained 0.001-1 M CsX plus 0.001 M NaOH. O/A =1; T =
25 °C.

studies will be conducted with the primary goal to quantify anion selectivity. Studies will also
begin to address the question of how to reverse the extraction process toward viable separation
systems. Specifically, synergized anion exchange systems using appropriate lipophilic
quaternary ammonium will be further explored, and two manuscripts will be submitted for
publication based on the results. The thermodynamics of dual-host extraction will be refined, and
a manuscript will be submitted for publication. Work will be initiated on characterizing
extremely strong anion receptors based on an octapyrrole framework. Synthesis efforts in the
Sessler group are aimed at overcoming the poor solubility of this class of macrocycles. Based on
results reported by Sessler, these receptors promise unprecedented selectivity for sulfate.

Information Access

See also the www home page of the ORNL Chemical Separations Group:
http://www.ornl.gov/csg.
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