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ABSTRACT: In this paper, we present the case for molecular-recognition approaches
for sulfate removal from radioactive wastes via the use of anion-sequestering systems
selective for sulfate, using either liquid−liquid extraction or crystallization. Potential
benefits of removing sulfate from the waste include improved vitrification of the waste,
reduced waste-form volume, and higher waste-form performance, all of which lead to
potential cleanup schedule acceleration and cost savings. The need for sulfate removal
from radioactive waste, especially legacy tank wastes stored at the Hanford site, is
reviewed in detail and primarily relates to the low solubility of sulfate in borosilicate
glass. Traditional methods applicable to the separation of sulfate from radioactive
wastes are also reviewed, with the finding that currently no technology has been
identified and successfully demonstrated to meet this need. Fundamental research in
the authors’ laboratories targeting sulfate as an important representative of the class of
oxoanions is based on the hypothesis that designed receptors may provide the needed
ability to recognize sulfate under highly competitive conditions, in particular where the nitrate anion concentration is high.
Receptors that have been shown to have promising affinity for sulfate, either in extraction or in crystallization experiments,
include hexaurea tripods, tetraamide macrocycles, cyclo[8]pyrroles, calixpyrroles, and self-assembled urea-lined cages. Good
sulfate selectivity observed in the laboratory provides experimental support for the proposed molecular-recognition approach.

1. INTRODUCTION

Sulfur species in oxidation states 2− to 6+ have been of
considerable concern with regard to the production and storage
of nuclear waste. One of the outgrowths of this concern has
been a recent body of research aimed at the binding and
separation of sulfate from nuclear-waste media. While the
specifics of this problem alone are sufficient to focus our
attention in this review, from a different perspective it is also an
opportunity to examine the role of molecular recognition in
nuclear separations. Successful technologies must be compet-
itive against a field of alternatives and therefore must fulfill a
given industrial need with the least cost. It follows that research
is necessitated if existing technologies are either economically
unattractive for a given separation need or simply cannot effect
the required separation. In this regard, the nuclear industry has
provided impetus for an international community focused on
solving a great diversity of inorganic separation problems.
Because of the peculiar economics of the nuclear industry, in
which full-scale separation plants cost $1B−$10B or more, the
development of sophisticated separation agents based on
molecular recognition has been relatively affordable when
simple off-the-shelf reagents have not proven adequate.
Research on molecular recognition has been further driven
within this framework by the need for high efficiency and
selectivity and for the very small footprint necessitated by use
within expensive shielded cells. Even so, molecular recognition

has not been needed for the majority of separations in the
nuclear industry. Indeed, group separations have tended to be
more valuable. As a famous example, nuclear-fuel reprocessing
has evolved around the simultaneous extraction of tetra- and
hexavalent actinides by tri-n-butylphosphate. Bias-type selectiv-
ity has been useful for large ions like Cs+ and TcO4

−, which are
the least hydrated among univalent cations and anions in the
waste, respectively, and therefore are the easiest to partition to
ion-exchange resins or water-immiscible solvents. Sulfate
separation is a unique case not targeted at removing
radioactivity but rather solving a waste-vitrification issue, as
will be described in detail below. The lack of attractive options
for sulfate separation has driven the investigation of molecular-
recognition approaches, and thus sulfate is an illustrative case
for discussion.
Potential ramifications of sulfur species in nuclear

technologies broadly include decreased effectiveness of
vitrification and other waste-form production processes,
increased volume of waste forms that must be produced and
stored (i.e., limited waste loading), reduced geological waste-
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form performance, accelerated corrosion of waste-package
materials, and unknown effects on the migration of radio-
nuclides. Our entry into researching this problem area was
motivated by the specific need for technologies to remove
sulfate from alkaline radioactive salt waste.1−3 A solution to this
challenging problem has the potential to eliminate difficulties
with waste vitrification stemming from the low solubility of
sulfate in borosilicate glass. Although this opportunity pertains
primarily to the U.S. Department of Energy (DOE) Hanford
site, general benefits regarding the development of selective
anion separations apply to a number of other DOE waste and
environmental problems.4 We were naturally drawn to such
problems in connection with our long-term research on the
design of new receptors for selective anion binding and
extraction.3 However, given that sulfur plays a larger role in the
production and storage of nuclear waste than is reflected in our
own focus area, sulfate separation processes in particular may
have additional beneficial implications. Accordingly, this
contribution examines these broader impacts of sulfur species
in general and sulfate separation in particular and summarizes
our progress to date in developing the fundamental chemistry
needed to ultimately craft effective anion-separation processes
applicable to removing sulfate from nuclear wastes. Particular
focus will be devoted to synthetic anion receptors that might
have a role to play as selective separation agents for the removal
of sulfate from complex mixtures, especially those rich in
nitrate.

2. ROLE OF SULFUR IN THE PRODUCTION AND
STORAGE OF VITRIFIED NUCLEAR WASTE

The DOE has recently reported on the status of its cleanup
mission,5 including its implementation of plans for the
remediation of 230 underground storage tanks containing
cold-war-era high-level wastes (HLWs). Regarded as the single
most important threat to the environment in the DOE
complex, the 88 million gallons of wastes stored at the Hanford
site, Idaho National Laboratory, and Savannah River Site (SRS)
will require a life-cycle expenditure of $87B−$117B, represent-
ing 36−39% of the total program cost of the DOE Office of
Environmental Management, which has the second largest
budget within the DOE. Having been developed in large part
well over a decade ago,6 plans for the cleanup of legacy nuclear
wastes in the United States have now advanced to the
construction of large facilities for the pretreatment and
vitrification of the tank wastes. The Hanford site and SRS
have the preponderance of the waste and will be the focus of
this summary. The Defense Waste Processing Facility (DWPF)
at the SRS has been vitrifying HLW sludge since 1996,
producing over 3000 canisters (2 m3 apiece) of glass as of
October 2010.7 The Hanford Waste Treatment Plant (WTP)
and the Savannah River Salt Waste Processing Facility (SWPF),
currently scheduled to begin operation in 2019 and 2015,
respectively, are both under construction. The WTP will
pretreat the Hanford tank waste to produce HLW glass,
originally destined for geological storage at Yucca Mountain,
and low-activity-waste (LAW) glass, destined for on-site
storage. At the SRS, the LAW waste stream from the SWPF
will go into grout (“saltstone”) for on-site storage, while the
separated radionuclides (mainly 137Cs and minor amounts of
90Sr and actinides) will be vitrified at the DWPF for geological
storage, also originally destined for Yucca Mountain. Loaded
glass canisters are currently being stored on site at the SRS until

the Yucca Mountain repository is opened, which is now
uncertain, or another destination is determined. Interim salt-
waste treatment has begun at the SRS as of May 20088 and will
likely be implemented at Hanford.9,10 Interim salt-waste
treatment, which also serves to relieve near-term tank-space
limitations, will accelerate the tank-waste cleanup by processing
lower-activity waste streams in modular units in advance of
operation of the WTP and SWPF.
Sulfate presents a problem for vitrification and storage in

being relatively insoluble in borosilicate glass, the waste form
selected for HLW disposition.11 Chemically, the insolubility
arises because sulfate does not contribute to the glass polymeric
network, tending to remain as discrete ions in voids in the
matrix.12 The solubility is usually given as roughly 1 wt % SO3
(as the formal sulfur-containing component), although allowing
for variability with glass composition, the solubility limit can lie
in the range 0.5−1.4 wt % SO3.

13 Maintaining the waste loading
of the glass to stay below the sulfate solubility limit avoids
problems with processing and glass durability, and as a
consequence, a 10−30% higher (possibly even more)14 LAW
glass volume must be produced at Hanford, extending the time
of LAW treatment by up to 8 years and thereby compromising
plans to accelerate the Hanford cleanup.5,15,16 Even below its
solubility limit, sulfate decreases glass durability.17,18 Sulfate
itself has a relatively high leach rate from the glass, comparable
to Na+ and Cs+,11 which follows from its weak inclusion in the
glass. Above its solubility limit, sulfate solidifies in separate
phases in the glass, and the sulfate leach rate increases an order
of magnitude. Through complexation, sulfate increases the
mobility of actinides,19 although not as much as carbonate, and
thus its release from glass through leaching could represent a
factor in actinide transport.20 Multiphase glass heterogeneity
itself leads to degraded leaching performance.11 Thus, the
presence of sulfate in glass represents a general concern in
terms of predicting glass and repository performance.
The greatest risk associated with excessive levels of sulfate in

waste immobilization, at least insofar as issues recently driving
the need for sulfate mitigation,1,2 lies in the impact of sulfate on
the vitrification process.21,22 Above its solubility limit, sulfate
has long been known to separate as a molten salt phase that
migrates to the top of the molten glass phase.23 Such sulfate
segregation above its solubility limit has been observed in
various laboratories, with multiple waste compositions, a wide
range of glass compositions, and different types of melting
equipment.13,15,17,18,22−25 Often-cited potential problems asso-
ciated with sulfate segregation include inhibition of the melt
rate, corrosion of the melter and superstructure components,
and short-circuiting of the melter electrodes.1,2,21,22 Corrosion
of the melter carries the safety risk of a steam explosion
associated with the release of cooling water,26 leading to strict
limits and monitoring of sulfate loading into glass.21 Plugging27

and corrosion21 of the off-gas handling system owing in part to
the sulfate−SO3 equilibrium (i.e., SO3 volatility)

12,18 represent
additional concerns. Because sulfate is a nonnegligible ionic
constituent of tank wastes at the Hanford site, SRS, and Idaho
National Laboratory, it follows that its concentration must be
closely monitored overall to avoid these vitrification risks. At
the SRS, the average sludge feeds expected at the DWPF
corresponded to tolerable sulfate levels of several tenths of a
percent of sulfate in the expected glass compositions.28

However, recent sludge batches containing higher sulfate levels
originating from ferrous sulfamate and hydroxylamine sulfate
additions in solvent-extraction processes have led to further
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investigations examining the question of higher sulfate limits,
whereupon it was found that at least 0.6% sulfate could be
accepted.22,29 The problem is most acute at Hanford, though,
where it has been decided to vitrify even the LAW.6 Elevated
levels of sulfate in the Hanford LAW would cause the SO3
loading to exceed the solubility limit at otherwise desirable
waste loading, such that sulfate becomes the limiting
constituent.1,2,15,16 The impacts of sulfate loading on Hanford
LAW vitrification received considerable attention in the
1990s13,18,23,24 and were taken into account in the initial glass
optimization, indicating that up to 1.0% SO3 could be
accommodated.17 As the DOE nears a decision to employ
bulk vitrification of Hanford LAW,5 sulfate remains a limiting
constituent and consideration in glass performance.15,16 LAW
glass durability does not represent a geological repository
performance issue, though, because the LAW glass will be
stored on the Hanford site.
To avoid simply tolerating an increased glass volume and

longer overall cleanup schedule, an obvious sulfate mitigation
strategy could entail reformulation of the glass or even adoption
of a different waste form.24,30 For example, it is known that high
phosphate content increases the solubility of sulfate,13,17

leading to examination of the sulfate retention in some
phosphate glasses.24 The increased sulfate solubility obtained
was also associated with a higher volatility of SO3, which was
viewed as a potential benefit as being in effect a SO3
separation.24 However, it was noted that phosphate glasses
promote melter corrosion,11,24 and greater SO3 evolution
would also place a burden on off-gas treatment. By contrast,
iron phosphate glasses have excellent durability and high sulfate
compatibility,31,32 and recent corrosion tests have shown good
results.14,31 Other borosilicate formulations involving CaO,12

V2O5,
12 or barium33 yield higher SO3 solubility and have merits,

although CaO or V2O5 did not prove effective with certain frit
compositions.22 Alternatively, ceramic waste forms for LAW are
being examined, which effectively departs from the conven-
tional vitrification paradigm.30,34 Aluminosilicate hydroceramics
based on metakaolin offer an advantage of economical
processing and, by contrast to Portland cement saltstone,
high salt compatibility, although calcination would be required
for high nitrate−nitrite contents. Steam reforming also
produces an aluminosilicate waste form of interest.16,34 The
available waste-form options have been summarized, and a
downselected set has been evaluated from the point of view of
reducing the large cost of vitirification of the Hanford tank
waste.30 While it will be a challenge to improve upon the
advantages of the baseline borosilicate waste form and to
overcome the inertia of decades of successful international
experience, the study found that there is incentive to consider
further other waste-form types, including alkali aluminosilicate
glasses, iron phosphate glasses, and titanate-based ceramics, all
of which can be produced in Joule heated melters.
Sulfur in its lower oxidation states plays a role in metal

corrosion and therefore can affect waste-package and repository
performance. Corrosion rates of the outer containers of waste
packages ultimately determine the effective time that under-
ground repositories can prevent release of their contained
radionuclides into the environment. The effectiveness of waste
containers in this regard depends upon the robustness of
passive surface oxide films, and any chemical species that can
disturb such films will therefore have an impact on the
corrosion rates. Sulfur is thought to play such a role,35 as
considered at length in a recent review of the long-term

corrosion of Alloy 22, the corrosion-resistant Ni-22Cr-13Mo-
3W-4Fe alloy that has been intensively examined for use in the
proposed Yucca Mountain repository.36 Impurity sulfur atoms
within the metal itself can form a surface layer, displacing the
passivating oxide layer over many years. Depending on the
starting assumptions, it is thought to take at least 500 years for
corrosion to take place to the extent that sufficient sulfur atoms
may be segregated at the surface in a monolayer. Experimental
evidence for this process, called anodic sulfur segregation, has
been presented in which the accumulated sulfur was found to
be in its zero oxidation state.37 During anodic sulfur
segregation, corrosion may accelerate, although taking into
account factors that could lead to repassivation and subsequent
depassivation−repassivation cycles led to the conclusion that
the waste-package lifetime was unlikely to be significantly
reduced.36,38 Nevertheless, this proposed complex corrosion
mechanism and uncertainty in its conclusion remain to be
demonstrated and experimentally validated for Alloy 22 under
repository-relevant conditions. In view of the uncertainty, it was
noted that the risk of anodic sulfur segregation could be
reduced by decreasing the sulfur content of the alloy from its
value of ca. 5 ppm.36

Other corrosion mechanisms related to Alloy 22 waste
packages for Yucca Mountain disposal have been consid-
ered.36,39 These can potentially involve sulfur as sulfate in the
groundwater. It should at first be noted that the composition of
Yucca Mountain water is considered to be relatively benign and
is unlikely to cause localized corrosion of Alloy 22.36 Further,
sulfate was found to confer an inhibitory effect on localized
corrosion on Alloy 22.39,40 However, the variable behavior of
sulfate under different conditions, where in some cases sulfate
has been found to induce corrosion, led to the observation that
there is no consensus yet on the role of sulfate in localized
corrosion.40 Moreover, the effect of microbial action on
corrosion, particularly by the sulfate-reducing bacteria known
to be present in Yucca Mountain groundwater, remains to be
clarified and is under active examination.39 The possibility of
accelerated corrosion by displacement of the passivating oxide
layer on Alloy 22 by reduced forms of sulfur deposited by the
microbial reduction of sulfate does not seem to have been
considered. Other questions remaining to be considered entail
the effect of a high concentration of sulfate in the borosilicate
glass waste form on waste-form integrity and on radionuclide
migration upon eventual failure of the waste packages in the
geological repository.

3. TRADITIONAL SEPARATION METHODS
APPLICABLE TO SULFATE

Separation of sulfate represents a potential solution to the
problems associated with the production and storage of vitrified
nuclear waste as summarized above.41 Techniques applicable at
the industrial scale for sulfate removal from aqueous solution
include bioreduction, chemical reduction, precipitation, anion
exchange, adsorption, electrodialysis, reverse osmosis (RO),
and liquid−liquid extraction. As discussed further below, most
of these methods have been examined or used in a range of
applications from dilute media such as groundwater42,43 and
mine drainage44,45 to brines such as seawater,46 chloralkali
electrolyte,47 and nuclear waste.41 Reasons for removal are
quite varied, including prevention of scale formation, waste-
water treatment to meet environmental release standards, and
mitigation of interference with industrial processes. Some of the
leading technologies have been considered for sulfate removal
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from the alkaline nitrate tank wastes stored at the Hanford
site,16,41 but no technology has yet been found sufficiently
promising to proceed with implementation.
On the basis of the same biochemistry that allows wetlands

to efficiently reduce sulfate and nitrate inputs based on
microorganisms,48 particularly sulfate-reducing bacteria, bio-
reduction has attracted considerable interest for sulfate removal.
The technology may be applied in either passive environmental
systems43,49 or bioreactors.44,50 Production of sulfide, which can
present corrosion or toxicity issues,51 must be considered, but it
can also be useful in the precipitation and coremoval of
metals.43,44,50

A number of membrane techniques have been used for
different applications. RO has been examined and shown to be
viable in applications where more-or-less all electrolytes are
removed,45,52 and thus this technique cannot be expected to be
useful for selective electrolyte separation.53 Nanofiltration, a
variant of RO, employs negatively charged nanoporous
membranes that exhibit charge discrimination based on
Donnan exclusion and thereby can usefully concentrate sulfate
(by rejection) from univalent anions like chloride.42,45,47,53

Electrodialysis has been examined for sulfate concentration, but
its application is limited to low ionic strengths and solutions
where selectivity is not critical, such as in deionization or
desalination applications.54

Inorganic materials functioning by ion exchange or
adsorption have been examined, with mixed results. Layered
double hydroxides as a class of inorganic ion exchangers exhibit
good selectivity for sulfate in the absence of a high
concentration of carbonate.55 Feldspar and clay materials
were only modestly effective,56 and bentonite was at best
poor.42 Hydrous iron oxides are known to have an affinity for
sulfate. In experiments in which sulfate was coprecipitated on
increasing the pH of solutions of FeCl3, good sulfate removal
was observed at pH 4.57 Binding appeared to occur by inner-
sphere coordination of the sulfate anion as a ligand on the
metal.
Having wide applicability to dilute as well as concentrated

solutions, precipitation or crystallization is a widely used and
potentially highly selective industrial technique for sulfate
separation from aqueous electrolytes. It may be appreciated
that the possibilities for crystallization of an insoluble sulfate
salt largely depend on the composition of the electrolyte and
the particular means for creating the insolubility condition, such
as evaporation, temperature change, or addition of metal ions
or other precipitating agents. Simple evaporation of Hanford
LAW salt solutions has, in fact, been proposed based on
expected crystallization of Na6(SO4)2CO3 (burkeite).58 This
fractional-crystallization approach has definite appeal in not
adding more mass to the waste and potentially has the ability to
bring down sulfate levels to well below the sulfate solubility
limit of borosilicate glass. Depending on the waste composition,
NaNO3 and Na2CO3·H2O crystallize also,58,59 and it has turned
out that fractional crystallization by evaporation has been of
greater interest recently in terms of a bulk sodium removal
from medium Curie waste streams.60−62 Such a strategy
concentrates radionuclides in the liquid supernatant phase,
and redissolving the solid salts yields a LAW stream. When
considered only as a sulfate removal process, though,
evaporation is considered to be not sufficiently selective or
efficient.41,59 Nevertheless, it may be expected that burkeite
crystallization would be selective from high-sulfate waste
compositions, where it would be the first phase to crystallize,

especially taking advantage of its retrograde solubility (i.e.,
decreases with increasing temperature, in contrast to that of
NaNO3).

58,60

In general, the classical addition of alkaline earth and certain
other divalent metal ions has been widely practiced for
analytical to tonnage-scale sulfate separations in which the
corresponding sulfate salts or sometimes double salts like
ettringite,63 Ca3Al2O3·CaSO4, precipitate. The addition of a
calcium ion to precipitate gypsum is a common low-cost
industrial method for streams containing >1 g/L sulfate. It has
been used for decontamination of anaerobic digesters,64 textile
wastewaters,65 laboratory wastewaters,66 and mine45 and
agricultural67 drainage waters, for example. Sulfate precipitation
using barium65−67 and even lead65 is commonly employed also,
taking advantage of the exceptionally low solubilities of their
sulfate salts. The use of alkaline-earth cations as precipitating
agents was examined for sulfate removal from Hanford tank
wastes.16,41,68 The direct addition of alkaline-earth nitrates or
chlorides to the alkaline waste proved ineffective, primarily
owing to insufficient selectivity, resulting in excessive
precipitated solids. Carbonate is the main competing bulk
anion, but fluoride, chromate, and phosphate at lower
concentrations were also found to precipitate. The use of
barium required a prestrike with calcium nitrate to bring
carbonate out of the solution, but selectivity remained an issue,
and the limited solubility of barium nitrate in water led to
undesirable dilution of the waste owing to the significant
volume of the barium nitrate solution that had to be added. In
addition, the use of toxic metal barium entails additional
regulatory complications involving the generation of a mixed
radioactive and hazardous waste. On the other hand,
preacidification of the Hanford alkaline waste eliminates the
competition from carbonate, and sulfate precipitation with a
strontium ion under these conditions was found to be effective
and recommended for further development.16

In addition to alkaline-earth metal precipitation approaches,
several organic amine precipitants for sulfate may be usefully
mentioned. As such, organic amines require acidic to neutral
conditions to function as ammonium countercations for sulfate.
Inspired by an older literature on analytical reagents,69 workers
tested 2-aminoperimidine for its ability to precipitate sulfate
from Hanford alkaline tank waste.41 Used under alkaline
conditions where it would not be expected to function properly
in any case, this compound quickly degraded and was therefore
ineffective. This compound and related ones are worth noting,
however, in view of both the low solubility of their sulfate salts
and good selectivity versus nitrate and other competing
anions.70 Moreover, the crystal structure involving a related
oxoanion, ethyl sulfate, has been examined to elucidate the
origin of sulfate selectivity, revealing extensive hydrogen
bonding together with π−π stacking of two perimidines
oriented in opposite directions so as to propagate the
hydrogen-bonding network.71 Thus, it may be argued that an
elementary degree of sulfate “recognition” is exhibited by this
system. Defining recognition in terms of complementary
bonding with a function,72 we may accordingly see this system
as combining a strong N−H···O hydrogen-bonding interaction
that gains strength from the relatively high charge density of
sulfate and a functional aspect involving the π−π-stacking
interaction that contributes to the lattice stability. This
favorable combination of properties was already appreciated
in developing an understanding of the sulfate selectivity in
precipitation by related 4-amino-4′-halogenodiphenyls.73 More
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recently, process development with simple amines including
ethylamine and isopropylamine as precipitating solvents has
been described for sulfate removal from seawater45 and
Hanford tank waste.74

Cationic inorganic amine complexes, such as the
hexamminecobalt(III) ion,75 [(NH3)6Co]

3+, also have been
useful as precipitants for sulfate.76 Typical stoichiometries for
crystallization of divalent anions with hexamminecobalt(III)
include a halide, as in [(NH3)6Co]ClX·3H2O, X = SeO4

2− and
MoO4

2−,77 where electrostatic and hydrogen-bonding inter-
actions apparently stabilize the lattice.78 The addition of solid
[(NH3)6Co]Cl3 to a Hanford tank supernatant waste solution
was unfortunately unsuccessful in achieving significant removal
of sulfate upon filtration of the mixture.41

Well-known in chromatographic analytical applications,79

anion exchange is considered to be an effective and standard
industrial method for the removal of sulfate up to several grams
per liter where typically competition from other anions is not
severe. In such applications, work has largely been limited to
strong- and weak-base anion-exchange resins and regeneration
with brine. Weak-base resins exhibit stronger sulfate affinity80 in
that the sulfate can more closely approach the cationic charge
of the protonated amine and gain the benefit of hydrogen
bonding. The affinity of styrene−divinylbenzene resins for
sulfate follows the order polyamine > tertiary amine >
quaternary amine.80 Indeed, quaternary amine groups with
longer chains, such a propyl, reject sulfate in preference for
nitrate.81 Typically, anion-exchange resins select charge-diffuse
anions and for univalent anions follow the order, for example,
AuCl4

− > ClO4
− > I− > Br− > Cl− > F−,82 which may be said to

be Hofmeister in nature. The connection between anion
separation selectivity and Hofmeister’s original order83 of anion
effects on salting-out of egg-white protein has been reviewed
and is explained further below.84 For anion-exchange resins, the
selectivity has been explained primarily according to relative
anion hydration and ion-pairing electrostatic interactions
between the resin-immobilized cationic group and the
anion,85 although other factors are also operative.82 Thus, it
is possible to influence the anion selectivity by varying the
structure of the ammonium group to control the ion pairing
and also add hydrogen-bonding ability. For instance, type II
resins have triethanolammonium groups. However, the effect is
mainly to attenuate the Hofmeister bias rather than to reverse
or change the order, at least for monovalent anions.85 In terms
of selectivity, divalent anions have an advantage called
“electroselectivity”, which refers to the inverse second-power
dependence of divalent ion uptake on the concentration of the
competing monovalent anion.86 Accordingly, if the resin is in
the nitrate form and not highly loaded with sulfate, the
distribution ratio for sulfate will decrease to the second power
of the nitrate concentration. However, these same consid-

erations also mean that sulfate can be exchanged strongly if the
aqueous nitrate concentration is sufficiently low, which is often
the case. Although this consequence of mass action would
appear to violate the Hofmeister selectivity, the thermodynamic
exchange equilibrium constants for a trimethylammonium resin
actually decrease for exchange of a monovalent anion with an
anion of higher charge.85

Interestingly, polyamine backbone functionalities clearly
confer relatively high sulfate selectivity over nitrate, as explained
essentially by the complementarity of adjacent protonated sites
for divalent versus monovalent anions.80 The figure of merit in
comparing the sulfate selectivity from system to system is the
unitless selectivity factor, αSO4/NO3

, which in the present
application is taken as the ratio of the sulfate distribution
ratio DSO4

to the nitrate distribution ratio DNO3
. Whereas the

selectivity factor is approximately constant for monovalent−
monovalent exchange, for example, it is unfortunately depend-
ent upon the composition for divalent−monovalent exchange
because it becomes the product of the thermodynamic
exchange constant KSO4/NO3

and the nitrate distribution ratio
(neglecting activity coefficients). Thus, it is important to
compare values of αSO4/NO3

for a defined composition or take
into account its expected variation. Accordingly, if we expect an
aqueous nitrate concentration of 3 M and a resin capacity of 2
mequiv/g, for example, the target selectivity factor needed
would be αSO4/NO3

≥ 1.5, assuming we require DSO4
≥ 1 and the

loading of sulfate is low. Commercial polyamine resins tested in
an aqueous system containing 0.005 N NaNO3−Na2SO4

exhibited particularly high sulfate selectivity, yielding αSO4/NO3

values in the 10-fold range 12.7−137.80 Other resins gave much
lower selectivity factors, with quaternary ammonium resins
being the lowest. If αSO4/NO3

decreases with the first power of
the aqueous nitrate concentration, then it will be expected to
fall 2−3 orders of magnitude for tank-waste nitrate
concentrations of 0.5−5 M. This would suggest a borderline
performance but possibly one worth testing, albeit after
neutralization or acidification of the waste.
Sulfate removal by anion exchange has been demonstrated in

a number of applications. Using a type II strong-base resin,
good sulfate removal was reported from groundwater, for
example.42 Sulfate removal from copper mine effluent was
accomplished using a type I strong-base resin.87 The use of a
weak-base resin was reported for the removal of sulfate from
seawater as a pretreatment for distillation,88 where the rather
inefficient sulfate removal was offset by a cheap stripping using
recycled distillation brine and the lack of brine-disposal issues.
Given the high competing nitrate concentration in the Hanford
tank wastes, it may be expected that the usual anion-exchange
approach using quaternary ammonium-type resins would be
grossly inefficient; further, stripping by displacement would
likely cause significant secondary-waste issues. No attempts to
use strong-base resins for this application have been reported.
However, a novel proprietary resin tested on Hanford
supernatant tank waste turned out to be ineffective because
of either a lack of sufficient sulfate affinity or its apparent
degradation.41,89

Although liquid−liquid extraction is normally associated with
high selectivity, it generally selects against sulfate and thus has
not proved very useful for applications where the competitive
extraction of sulfate from other electrolyte ions is required.
Sulfate extraction is a challenge owing to the high hydration
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energy of this particular dianion, −1090 kJ/mol, compared with
hydration energies of −306 kJ/mol for nitrate and −347 kJ/mol
for chloride.90 Generally, solvation of an ion by the solvent
molecules is weaker than its hydration in the aqueous phase,
and this effect is enhanced as the hydration energy increases.91

As a result, the observed selectivity in simple liquid−liquid
anion exchange follows Hofmeister behavior, meaning that
charge-diffuse ions are preferred.84,91 The generally observed
order of extraction, commonly termed Hofmeister bias, is

< < ≪ < <

< < <

− − − − − −

− − −

PO CO SO Cl Br NO

SCN I ClO
4

3
3

2
4

2
3

4

In an application such as the removal of sulfate from the
Hanford tank waste, nitrate is the typical bulk anion, and sulfate
is consequently poorly extracted in competition. We earlier
outlined the challenge of competitive sulfate extraction together
with strategies for overcoming its high hydration energy.3 In the
absence of any anion-binding agents, as expected, we observed
poor extraction of sulfate from a nitrate matrix using a
quaternary ammonium nitrate extractant (see section 8). For
completeness, one should be aware that sulfate can be made to
distribute into an organic solvent using lipophilic amine
extractants, such as trioctylamine or Alamine 336 (a tertiary
amine with a mixture of octyl and decyl groups), where the
driving force is protonation of the amine under fairly acidic
conditions.92,93 The organic-phase sulfate exchanges avidly for
more charge-diffuse aqueous anions, making possible a number
of industrially important hydrometallurgical processes for the
recovery of metals such as uranium, molybdenum, and
vanadium.94−96

4. ANION-RECOGNITION STRATEGIES TOWARD
SULFATE SEPARATION

From the technology survey outlined above, elements of
recognition for sulfate are largely absent in prior approaches to
selective separation, although early thinking along these lines
actually began over a half century ago in the study of selective
precipitants73 and over a quarter century ago in appreciation of
the effect of complementarity of polyamine resins for divalent
anions in ion exchange (see below for a further explanation of
the concept of complementarity).80 The basic challenge in
developing a specific sulfate receptor has been the need to

overcome the high hydration energy for this anion relative to
competing anions.90 That is, to bind sulfate inside an artificial
cavity, the driving force of the binding must be at least as strong
as the hydration energy lost by the anion. While not
overlooking recent ideas regarding the role of entropic
factors,97 the approach taken here in proposing new receptor
structures3 has invoked now classical principles of comple-
mentarity98 and preorganization.99 According to these precepts,
for maximal binding interaction, the cavity must match the size
and tetrahedral shape of sulfate, and there should be a degree of
rigidity84 to this cavity to reduce the loss of entropy and
conformational strain associated with the rearrangement of the
receptor to the binding conformation. Further, if the fit and
rigidity prevent other competing anions, including specifically
the more abundant nitrate anion present in the waste, from
being accommodated, selective removal of sulfate could be
potentially achieved.
One inspiration for the design of artificial receptors is the

sulfate-binding protein,100−104 which effects the specific
recognition of this anion through seven hydrogen bonds to
the bound sulfate anion (Figure 1), as opposed to close-range
Coulombic interactions. The protein exhibits an apparent
binding constant for sulfate of 5.9 × 106 M102 or higher.103 This
strong binding succeeds despite the competing strong
hydration involving up to 12 hydrogen bonds supplied by
water.106 While it is difficult to prove in the absence of
dedicated mutagenesis experiments, it is likely that the
multiplicity of weak bonds endows the system with fast-
exchange kinetics. Such fast exchange leads, presumably, to a
high selectivity as the result of “error correction” in the event
that a similar substrate, such as phosphate, is initially bound. To
the extent such thinking is correct, it highlights design criteria
that would be useful in the case of synthetic receptors and
underscores the fact that a large number of hydrogen-bonding
donors would be desirable to achieve optimal anion-recognition
kinetics and thermodynamics. In the absence of such an
idealized arrangement of hydrogen bonds, the use of charged
interactions is expected to enhance the sulfate anion affinity,
but likely at the price of slower-exchange kinetics (with other
important factors being equal, such as rigidity). These are
concepts whose merit is being reinforced as a result of our own
efforts to develop synthetic receptors for sulfate anion
recognition and extraction as described further below.

Figure 1. X-ray crystal structure at 1.7 Å resolution (left) and the anion-binding site in the Salmonella typhimurium sulfate-binding protein (right).
Seven well-defined hydrogen-bonding interactions coordinate the anion. Structures were generated from coordinates taken from the Protein Data
Bank.105
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In the specific case of sulfate extraction, it is deemed
particularly important to combine binding with function so as
to achieve recognition.72 Further, a receptor used for this
purpose must be designed to move the captured sulfate
selectively into another phase such that the resulting receptor−
anion complex can be physically separated from the liquid
waste. Given that designed receptors are likely to be expensive
to produce, a means of releasing the captured sulfate and
recycling the receptor is also needed. Available techniques
include crystallization, liquid−liquid extraction, ion exchange,
and membrane transport. Below we describe efforts in our
laboratories to design and synthesize new receptors together
with examples of strategies to employ the new receptors in
selective sulfate separations using liquid−liquid extraction and
crystallization approaches. For completeness, we should
mention here that examples of sulfate receptors have also
been reported by other groups, as recently reviewed.107

However, because most of these studies gave little or no
considerations to sulfate separation in general, or sulfate
removal from nuclear waste in particular, they will not be
covered here.

5. COMPUTER-AIDED DESIGN APPLIED TO SULFATE
RECOGNITION

Molecular recognition usually requires the presence of multiple
binding interactions between the host and guest.108,109 In order
to bind strongly, the host must have binding sites that are of the
correct electronic character to complement those of the guest.
Moreover, these binding sites must be spaced out to achieve
optimal interaction with the guest in the binding conformation
of the host molecule. Such a host is said to be complementary
for the guest.98 Host−guest interactions are further maximized
when the complementary host architecture is constrained in the
binding conformation. Such a host is said to be preorganized.99

Along these lines, the design of receptors that will recognize
sulfate involves selecting an appropriate set of binding sites and
linking them together to achieve a complementary and
preorganized geometric arrangement. The design task entails
a detailed understanding of both the molecular structure and
the nature of host−guest interactions. Molecular models can be
used to achieve this understanding. With respect to sulfate,
electronic-structure calculations have been used to probe
hydrogen-bonding directionality at the oxygen-atom accept-
or,110,111 the conformations of urea and thiourea hydrogen-
bonding donor groups,112,113 and the stable geometries for
placing one to six urea groups about a tetrahedral anion.114 In
addition to providing criteria for host design, these data have
been used to benchmark and refine a molecular-mechanics
model, yielding a rapid method for the assessment of structure
and energetics in sulfate−urea complexes.115 As shown in the
electrostatic potential-surface contour map for a positive point
charge placed in one of the O−S−O planes of the sulfate anion
(Figure 2), hydrogen bonds donated from suitable protic
groups would be most favorable when directed along defined
cones around each oxygen atom.111 It is further seen that
bidentate hydrogen-bonding donors, such as urea, thiourea,
guanidinium, and amidinium groups, would have complemen-
tary two-point coordination along any of the six O−S−O edges
of the sulfate tetrahedron. Ideally, 12 hydrogen bonds could be
used to bind sulfate in this manner, and indeed one sees a
collective donation of up to 12 hydrogen bonds in the
hydration sphere of sulfate.106

Even with an understanding of how to arrange hydrogen-
bonding donor groups about sulfate, the rational design of host
structures by assembling sets of disconnected binding sites in
three dimensions is not a trivial task. The computer-aided
molecular design software HostDesigner (HD) has been
specifically created to address this issue.116−119 HD generates
and evaluates millions of candidate structures in minutes and
identifies three-dimensional architectures that structurally
organize binding sites for optimal guest interaction. Using a
de novo structure-based design approach, building algorithms
combine user-input host−guest fragments with linking frag-
ments taken from a library containing hundreds of thousands of
entries. During the building process, all possible connectivities,
stereochemistries, and conformations are constructed, which
generates large numbers of structures. Top candidates are
identified after evaluation and ranking.
Following the development of these computer-aided

molecular design tools, we have completed a first-of-a-kind
study in which de novo structure-based design and high-
throughput screening methods were deployed to identify
promising anion-host architectures prior to synthesis and
binding-affinity measurements.120 Over 1.8 billion candidate
geometries were built and evaluated, 12000 binding energies
were calculated, and 3000 conformational analyses were
performed to yield a short list of the best candidate
architectures. Among this list were several structures known
to complex sulfate as well as a number of novel structures that
have yet to be explored.
The efficacy of the computational approach was recently

demonstrated in the de novo computer-aided design of a self-
assembled cage containing a cavity lined with urea groups
arranged to give a high degree of complementary for sulfate.
The basis for this cavity design came from electronic-structure
calculations showing how sulfate can accommodate up to six
urea groups, each chelating an edge of the tetrahedral anion.114

HD was used to identify molecular building blocks (L) that
could achieve this urea arrangement upon self-assembly with
M2+ metal cations (M = Ni, Zn), leading to a M4L6 tetrahedral
cage. Controlled and precise placement of hydrogen-bonding
sites gave a host (Figure 3) with unprecedented sulfate affinity
in aqueous solution (Ka ≥ 106 M−1),121 rivaling that observed
for the sulfate-binding protein.102,103 Further studies indicated
that, as designed, this cage receptor is shape-selective for
tetrahedral oxoanions with charges greater than 2−. Thus,

Figure 2. (left) Contour map of the electrostatic potential surface for a
positive point charge in one of the O−S−O planes of the SO4

2− anion
generated at the BP86/DN** level. The four low-energy regions are
bound by contours at −275 kcal/mol. Contour lines are spaced at 30
kcal/mol intervals. (right) Most stable complexes formed when the
hydrogen atom lies on the surface of one of the four cones attached to
the oxygen atoms of the SO4

2− anion. Figure and caption from Figure
7 of ref 111, reproduced with the kind permission of Springer Science
and Business Media.
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besides sulfate, the cage encapsulates PO4
3−, CrO4

2−, SeO4
2−,

and MoO4
2− from aqueous solutions but excludes anions of

different shapes and charges, such as F−, Cl−, Br−, I−, NO3
−,

BF4
−, ClO4

−, ReO4
−, PF6

−, CH3COO
−, CH3SO3

−, CF3SO3
−,

CO3
2−, SO3

2−, and SeO3
2−.122 The divalent tetrahedral

oxoanions were found to template the cage self-assembly.
Thus, in the absence of such anions, no M4L6 tetrahedral cages
formed, and other coordination assemblies, such as M2L3, were
observed instead.

6. SULFATE BINDING BY MACROCYCLIC POLYAZA
AND POLYAMIDE RECEPTORS

Polyaza and polyamide macrocycles have been of interest to us
as a classical framework for anion binding.123−127 Reminiscent
of the polyamine resins that show high selectivity for sulfate,80

polyaza macrocycles tend to bind anions very strongly when the
amine nitrogen atoms are protonated even in highly polar
solvents like methanol and water. Crystal structures and
binding studies of sulfate complexed to several polyaza
macrocycles have been reported by us124,125 and others.128

Unfortunately, polyaza macrocycles have limited utility for
extractive tank-waste separations because they are very soluble
in water and highly pH-dependent, ultimately becoming neutral
and inactive under the alkaline conditions of interest (although

they would have revived interest in the context of neutralizing
the waste). This problem was circumvented by incorporating
amide groups into the macrocyclic framework. A systematic
approach to designing these hosts produced the monocycles (1
and 2), bicycles (3 and 4), and tricycles (5) shown in Figure 4.
These hosts incorporated either amine or mixed amine−amide
hydrogen-bonding groups, 1,3-dimethylaminophenyl (3), 1,3-
diamidophenyl (a), or 1,3-diamidopyridine (b and c) aromatic
spacers, and ethyl (n = 1) or propyl (n = 2) linkers for these
spacers to the secondary (R = H) or tertiary (R = CH3)
nitrogen bridgeheads.
Crystal structures were determined for the complexes of a

majority of these hosts with sulfate. The amide monocycle 1a
revealed very selective binding for HSO4

− and H2PO4
− (log K

= 4.50 and 4.66 M−1, respectively) in CDCl3 using NMR
titrations.129 The solid-state structure for the nBu4N

+ salt of the
sulfate complex with neutral 1a had the anion sandwiched
between two macrocycles through eight hydrogen bonds to
four amide nitrogen atoms of each neutral monocycle [Figure 5
(A)]. The remaining structures for sulfate complexes involved
protonated or quaternized amine nitrogen atoms in the
macrocycles. The diprotonated pyridine monocycle 1b binds
a single sulfate [Figure 5 (B)] with hydrogen bonds from the
six amine and amide protons. These protons are directed into a
“pocket” that is formed when 1b folds back onto itself at the
two amine nitrogen atoms. Enhanced anion binding is generally
observed when the m-xylyl group is replaced by pyri-
dine.126,130,131 The effect of monocycle amine substitution
[tertiary (2b) vs secondary (2c)] on anion binding was also
studied. Superior binding was observed with 2c [log K of 2b
and 2c, 1.86 and 4.81 M−1 in dimethyl sulfoxide (DMSO)-d6,
respectively].
Bicyclic hosts can encapsulate sulfate as shown in Figure 6

(E−G), or they can bind it externally as in H. The sulfate
complexes of diprotonated cryptands 4b and 4c crystallize as
the sulfate salts [H24b(SO4)]

132 and [H24c(SO4)(H2O)2].
133

Sulfate anions are held inside the cavity with eight and seven
hydrogen bonds in 4b and 4c, respectively. Host 4b showed
very high binding for sulfate in nonpolar solvents such as
CDCl3 and CD3CN (log K = 4.96 and 4.74 M−1, respectively),
but the binding decreased substantially in DMSO (log K = 1.83
M−1).132 Cryptand 4c showed better affinity for sulfate even in
DMSO (log K = 3.43 M−1), presumably because of the larger
cavity produced by the propyl linkers.133 Flexible propyl linkers
allowed the neutral host 4c to be readily quaternized by
methylation of the two tertiary amines. Q24c

2+ gave a cryptand
with a totally different conformation. Several water molecules

Figure 3. Six urea-containing bis(bipyridyl) ligands assembling with
four NiII or ZnII cations to form a tetrahedral cage that encapsulates
sulfate in aqueous solution with exceptional binding affinity and
selectivity.121,122

Figure 4. Monocyclic (1), bicyclic (2), and tricyclic (3) hosts.
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form a hydrogen-bonded network that threads through the
inside of this bowl-shaped macrocycle and is hydrogen-bonded
to the sulfate anion on the “top” of the macrocycle [Figure 6
(H)]. While sulfate binding to the polyaza host 3 resembles
that for 4b, the anion is held by only five hydrogen bonds in
E.132 This demonstrates the differences between nonpreor-
ganized polyammonium cryptands and preorganized poly-
amide-based cryptands.
The tetraprotonated tricycle 5 also forms a 1:2 crystalline

disulfate salt. Two sulfates and two water molecules are partially
included in the cavity of the tricycle (Figure 7). The low affinity

of this host for sulfate is presumably due to a guest−host
mismatch of size and shape because this host was found to be
very selective for linear anions such as FHF− and azide.134

7. SULFATE BINDING AND EXTRACTION BY
CALIXPYRROLES AND POLYPYRROLE
MACROCYCLES

In 1990, we discovered that the diprotonated form of
sapphyrin, a pentapyrrolic expanded porphyrin, formed a stable
complex with the fluoride anion in the solid state.135 This
binding ability was found to be rather general in that it held for
most expanded porphyrins and was applicable in a range of

solvent environments, particularly those that were less polar.
However, it was not until 2002 that a diprotonated form of the
expanded porphyrin, cyclo[8]pyrrole (6a, Figure 8), was found

to bind the sulfate anion, both in solution, as inferred from slow
anion-exchange kinetics, and in the solid state.136 A structural
view of the sulfate complex of 6a is shown in Figure 9, revealing
involvement of all oxygen atoms of sulfate in hydrogen
bonding. Owing to extensive electron delocalization, the
cyclo[8]pyrrole remains relatively planar when complexed to
sulfate, drawing two of the oxygen atoms more into the cavity
with three hydrogen bonds each from the pyrrolic NH groups.
The other two sulfate oxygen atoms lie above the receptor
plane, each having a single hydrogen bond. The good
complementarity of the cavity for sulfate and rigidity of the
receptor led us to propose experiments to examine the sulfate
selectivity in liquid−liquid anion exchange. However, the initial
system 6a, as prepared (R = C2H5 in Figure 8), was not
sufficiently soluble in organic media (i.e., lacked a high enough
organic/aqueous partition ratio) to make it suitable for use in

Figure 5. Crystal structures of sulfate complexes of 1a (A), 1b (B), 2b (C), and 2c (D).

Figure 6. Crystal structures of sulfate complexes of 3 (E), 4b (F), 4c (G), and Q24c
2+ (H).

Figure 7. Crystal structure of the sulfate complex of 5.

Figure 8. Cyclic pyrroles, including two alkyl-substituted derivatives of
cyclo[8]pyrrole, 6a and 6b, and diamidodipyrromethane 7. Whereas
6a and 6b receptors bind sulfate in their diprotonated forms, 7
functions as a neutral receptor and therefore requires a countercation.
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extraction. Therefore, a more soluble version (6b, R = C11H23)
was prepared. This system proved highly effective as a sulfate
anion extractant under neutral conditions and behaved as
expected for exchange, with an inverse second-power depend-
ence of the sulfate distribution ratio versus the competing
nitrate concentration being observed.137 At concentrations of
sodium nitrate up to 3 mM, sulfate distribution ratios exceeding
unity were seen using 0.5 mM [H26b]

2+(NO3)2 in toluene as
the extractant; these values increased to 1000 when the
competing nitrate concentration was reduced to 0.3 mM. The
selectivity factor (αSO4/NO3

) at 10 mM aqueous NaNO3 was 3.4.
This value compares favorably with those found for anion-
exchange resins80 and is 1 order of magnitude higher than that
found for the best synergized liquid−liquid anion-exchange
system examined (see the next section). While representing an
important step forward, this first-generation extractant was
plagued by slow-exchange kinetics, even when a phase-transfer
catalyst was added. While further studies are warranted and
desirable, one explanation, inspired by the example of the
sulfate-binding protein,100−104 is that the cationic charge
present in the system serves to impede fast anion exchange,
even though it presumably plays a critical role in enhancing the
binding thermodynamics and hence the overall extraction
process. Additional factors may be equally important; these
include the weak solvating environment of the organic phase
and the rigidity of the receptor, both of which would be
expected to lead to a sizable activation energy for the exchange
process.
The consideration that one or more positive charges within

the receptor system, an inherent feature of most expanded
porphyrins, were correlated with less-than-ideal kinetic
performance has inspired the study of neutral sulfate anion
receptors containing pyrrolic entities. In recent years, we have
prepared and studied several of these, including 7 (Figure 8),
where the sulfate anion is coordinated by multiple hydrogen-
bonding interactions.138−140 However, as yet, these systems
have not been explored as sulfate anion extractants.
Neutral, pyrrole-based receptors that have been studied for

anion extraction include the so-called calix[n]pyrroles (Figure
10).141 These compounds, whose spatial properties are subject
to modification through synthesis, feature pyrrole units bridged
by alkylated methylene carbon atoms. Lacking delocalization
across these sp3 bridges, the pyrrole units have rotational
freedom, endowing these receptors with the potential for three-

dimensional anion recognition. In the calix[4]pyrroles, four
convergent N−H vectors are complementary for halides, which
perch at the top of a square pyramid of hydrogen bonds. The
convergence of the N−H vectors leads to binding of sulfate
through a single oxygen atom, as shown in Figure 11.143 This

figure also features the now well-known ability of the cup of 8
(Figure 10) to accommodate cations or cationic groups of
appropriate size, making 8 an elegant ion-pair receptor.144

Fluorination at the β-pyrrolic positions makes these com-
pounds especially avid anion receptors capable of overcoming
the Hofmeister bias among monovalent anions and even able to
effect ion-pair extractions of 1:1 cesium salts without a cation
receptor.142 Extraction experiments will be described in more
detail below.

8. SULFATE SEPARATION BY LIQUID−LIQUID
EXTRACTION

Its powerful advantages of high throughput and all-liquid
handling, especially helpful for remote operation, would
immediately make solvent extraction a competitive technology
for sulfate separations provided a suitable extractant could be
found. As discussed above, selective extraction of the highly
hydrated sulfate ion from a nitrate-containing aqueous matrix
presents a formidable thermodynamic challenge for receptor
design. Whereas the applicable principles of molecular design
have been outlined above for the selective binding of sulfate, the

Figure 9. Solid-state structure of the sulfate complex of 6a stabilized
by the diprotonated form of cyclo[8]pyrrole.136.

Figure 10. Members of the calix[n]pyrrole family with n = 4 and 5. In
three dimensions, the pyrrole groups have rotational freedom and can
bind anions by tilting all N−H bonds toward the anion. Among the
many synthetic variations possible, the pyrrole rings may be
substituted with halogens in their β positions, as in the fluorinated
analogues 9 and 10.

Figure 11. Crystal structure of the ion-pair complex of 8 with
tetramethylammonium sulfate, 8·(TMA)2SO4·(CH2Cl2)2·(EtOH)2.

143
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functional attributes of such a receptor adapted for sulfate
extraction require additional design elements. Among many
desirable attributes, a successful extractant must possess
solubility in a water-immiscible diluent, water insolubility, and
a provision for maintaining phase charge neutrality. The
resulting ion recognition as designed for application in a
liquid−liquid system should result in the extraction of sulfate
from the initial waste stream, preferably without feed
adjustment of any sort. The process cycle should be closed in
a subsequent stripping or back-extraction step, depositing the
sulfate anion into a preferably concentrated stream acceptable
in composition to the downstream unit operations toward final
waste disposal. For the purposes of estimation, if we expect an
aqueous nitrate concentration of 3 M and an extractant
concentration of 0.6 M, the target selectivity factor needed
would be αSO4/NO3

≥ 5, assuming we require DSO4
≥ 1 and the

loading of sulfate is low. We may note that this is of comparable
magnitude to the selectivity factor estimated for ion-exchange
resins above. Although progress has been made toward the
selective binding of sulfate and even selective extraction,
including an elegant tripodal hexaurea receptor (Figure 12),145

a functional solvent-extraction system for practical use has yet
to be reported.

Organic-phase solubility and weak partitioning to the
aqueous phase are generally achieved in an extractant by
ensuring that polar groups in the receptor are balanced by
sufficiently lipophilic groups but without deleterious side effects
such as high interfacial activity. This was achieved, for example,
by lengthening the ethyl chains in 6a to undecyl in 6b (see
above).137 Whereas this seems trivial, the substitution of
hydrocarbon groups onto otherwise effective ion-binding
agents normally entails a complex interplay of difficult-to-
predict effects related to phase compatibility, self-association,
interfacial activity, hydrodynamics, and kinetics in addition to
steric effects on conformation, coordination, and solvation.
Receptor 6b, in fact, exhibited severely slow kinetics, which was
partially mitigated with the use of phase-transfer catalysis.
Indeed, much of the science of solvent extraction has grown

around the understanding and sorting out of such phenomena,
all associated with the desire to make polar molecules function
as extractants in nonpolar diluents.
Another essential functional attribute of an extractant

revolves around satisfying the condition of charge neutrality,
which requires that each sulfate anion in the organic phase be
accompanied by two cationic equivalents. These cationic
equivalents may reside permanently in the organic phase, as
in the case of lipophilic quaternary ammonium cations like
those in Aliquat 336 (methylated Alamine 336 tri-C8,C10-
amine), or they may be extracted, as in the case of extraction of
alkali-metal cations by crown ethers or in the case of
protonation of lipophilic amines like Alamine 336. These two
basic approaches correspond to anion exchange or ion-pair
extraction, with or without the involvement of lipophilic
receptors, as outlined previously.3,146 Each approach has its
merits. However, further experiments will be needed to
determine whether one is to be preferred in the removal of
sulfate from radioactive waste.
Given that the Hanford tank-waste composition is essentially

a concentrated highly alkaline sodium nitrate matrix, the ion-
pair approach would logically take the form of sodium sulfate
extraction. In one conception, sodium is accommodated in an
appropriate neutral receptor of its own together with a separate
neutral sulfate receptor (dual-host approach). Alternatively, one
could design an ion-pair receptor that recognizes the
combination of sodium and sulfate simultaneously. We
previously demonstrated a dual-host system for sulfate
extraction using the dansyl analogue (substituting dansyl, 5-
(dimethylamino)naphthalene-1-sulfonyl, for methyl) of the
tetraamide macrocycle 1a. This host was mixed with a neutral
calix-crown extractant for cesium as a means of driving the
extraction.3 In this example, a cesium receptor was employed
for experimental convenience, whereas a receptor with a good
affinity for sodium would be needed in more practical
approaches. Ion-pair extraction has merit in that stripping can
be accomplished by contacting the loaded solvent with water,
which would thus create no secondary waste. It should be
appreciated, however, that ion-pair extraction systems still tend
to function by anion exchange in effect. This is because the
large concentrations of nitrate in the aqueous phase act to force
sodium nitrate to load the extractant, which then in effect
functions by sulfate−nitrate exchange. Such a phenomenon was
noticed in the development of a solvent-extraction process for
extraction of sodium pertechnetate by a crown ether.147,148

Experiments demonstrated that liquid−liquid anion exchange
using the quaternary ammonium nitrate salt Aliquat 336N is
strongly enhanced by the addition of neutral anion
receptors.3,149 Extraction of sulfate by anion exchange using a
lipophilic quaternary ammonium nitrate alone is very weak and
difficult to measure. We obtained DSO4

= <1 × 10−4−4.4 × 10−3

for 10 mM Aliquat 336N in various diluents and 10 mM
NaNO3 in the aqueous phase.3,149 The addition of several
neutral anion receptors led to significant enhancement in
sulfate exchange. Fluorinated calix[4]pyrrole 9 was especially
effective in this system, with an enhancement factor of 1200
(ratio of DSO4

with added receptor to DSO4
with no receptor) on

adding 10 mM receptor to 10 mM Aliquat 336N in 2:1
hexane−chloroform; the value of αSO4/NO3

was 0.20.3 Fluori-
nated calix[5]pyrrole 10 displayed larger selectivity factors for
sulfate over nitrate relative to that for 9 in toluene, with
αSO4/NO3

= 0.36 and 0.21, respectively. It was possible using 100

Figure 12. Schematic view of powerful tripodal hexaurea sulfate
receptor, reported to extract sulfate quantitatively into chloroform in
competition with nitrate.145 It binds sulfate in the solid state by 12
hydrogen bonds, with each urea occupying an edge of the sulfate
tetrahedron.
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mM of 9 together with 100 mM Aliquat 336N in toluene to
reach a DSO4

value of 1.63 for trace sulfate exchange from 10
mM NaNO3, showing that process-suitable distribution ratios
are obtainable in dilute competitive systems. Note that the
selectivity factor for this system, 0.163, is approximately
unchanged, because DNO3

= 10. For solubility reasons, neutral
tetraamide macrocycles could not be tested in toluene, but a
comparison was possible in chloroform. In this medium, the
analogue of 1a with R = dansyl gave the strongest enhancement
among the tested receptors (9, 10, and two other tetraamide
macrocycles) over most of the range of conditions tested.
Fluorinated calix[5]pyrrole 10 was somewhat stronger in terms
of enhancement at 10 mM receptor concentration; surprisingly,
9 was nearly 1 order of magnitude weaker than 10 in this
system compared with their similar strength in toluene. An
even more curious result was observed with a series of eight
receptors including 1a with R = dansyl and 8−10 in 1,2-
dichloroethane.150 In this study, extraction and binding
constants were determined for sulfate extraction from nitrate
media by receptors combined with Aliquat 336N. Both 1:1 and
2:1 receptor−sulfate complexes were implicated in the
extraction. Fluorinated calix[5]pyrrole 10 again emerged as
the strongest receptor (strongest enhancement), but interest-
ingly, the unfluorinated parent 8 was stronger than fluorinated
calix[4]pyrrole 9. This and other anomalies led us to suggest
that supramolecular interactions involving the receptors and
anion exchanger were occurring. This conclusion was strongly
supported by the structure of the ion-pair complex of 8 with
tetramethylammonium sulfate showing insertion of the methyl
group of the quaternary ammonium cation into the cup of 8
bound to sulfate (Figure 11).143 The putative ability of 8 to
function as a simple ion-pair receptor provides additional
binding strength, and a thermodynamic model has been
developed.143,144 Overall, the mixing of an anion exchanger
with a neutral anion receptor, which we term “synergized anion
exchange”, has appeal in its simplicity and in being able to
manipulate the exchange and binding functions separately. It
also avoids the coupling of sulfate extraction with cation
extraction that characterizes ion-pair extraction approaches.
However, anion exchange inescapably forces the uphill
exchange of organic-phase nitrate into a concentrated nitrate
solution, and stripping must be effected by a reverse exchange
that can increase secondary waste. Further, results may not be
easily rationalized or predicted from simple binding behavior.
As an alternative to synergized anion exchange, the anion

receptor itself may be charged under the conditions of interest
so that it supplies both the cationic equivalents and the needed
complementary hydrogen bonding. The cyclo[8]pyrrole 6b137

discussed above is a good example of this approach. However,
like many anion receptors, it gains its positive charge via
protonation and therefore is not functional under alkaline
conditions. Positively charged receptors for extraction from
alkaline solution must necessarily involve additional synthesis
to add permanently charged groups such as quaternary
ammonium or phosphonium groups. Recalling the extraction
results for octapyrrole 6b described in the previous section,
particularly slow-exchange kinetics, the question naturally arises
as to the efficacy of having the cationic charges as part of the
macrocyclic ring structure. Given the limited experimental data
available to date, the answer is unclear and must take into
account multiple effects such as rigidity and solvation. Further

research will be needed to inform future receptor design for
liquid−liquid extraction.

9. SULFATE SEPARATION BY SELECTIVE
CRYSTALLIZATION OF UREA-FUNCTIONALIZED
CAPSULES

As an alternative approach to achieving sulfate-specific
recognition and separation, we have explored selective
crystallization of organic frameworks from competitive aqueous
environments.84,151,152 In this case, the challenge has been to
design the sulfate receptor so that it not only binds sulfate
efficiently but also provides for linking interactions in the solid
phase, leading to crystallization of sulfate within an insoluble
compound. One particular advantage of such anion-binding
solids is that the stiffer environment normally associated with a
crystalline state provides superior organizational rigidity84

compared to molecular receptors in solution, thereby
minimizing or preventing altogether the accommodation of
competing anions. Another attractive feature of crystalline hosts
is that they are easily self-assembled in one step from simple
building blocks, thus creating complex binding sites that may
otherwise be difficult to achieve in traditional organic hosts
assembled by multistep synthesis.
Sulfate recognition in crystalline materials can be achieved by

functionalizing the organic ligand components with comple-
mentary hydrogen-bonding donor groups, such as urea.153

Crystallization studies indicated that urea-functionalized frame-
works can selectively bind and separate sulfate from a variety of
competing anions.154−161 Maximum recognition of sulfate and
its effective sequestration from water, however, require
complete encapsulation of this anion.121,122,162,163 The results
of electronic-structure calculations114 and X-ray crystallogra-
phy164−178,121 indicate that sulfate ideally accommodates 12
hydrogen bonds from six urea groups, which approximately
correspond to the number of hydrogen bonds lost from the
initial hydration shell of sulfate in water.106 In addition to such
ideal complementarity, efficient and selective sulfate crystal-
lization requires a ligand capable of forming a robust, water-
insoluble framework that is rigid enough to exclude competing
anions.
As it turned out, all of the above requirements were met by

the tripodal tris(urea) ligand 11 (Figure 13). Two molecules of
11, in the presence of Mg2+ (or other M2+ cations: M = Ca, Zn,
Cd, Co, Mn) and water, selectively encapsulate SO4

2− from
competitive aqueous anionic mixtures by crystallization into
rigid hydrogen-bonded capsules with the composition
MgSO4(11)2(H2O)6.

173,174 Structural analysis by single-crystal
X-ray diffraction revealed that the crystalline capsules match the

Figure 13. Sulfate encapsulation in crystalline MgSO4(11)2-
(H2O)6.
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size and shape of the tetrahedral sulfate anion, binding it by 12
complementary hydrogen bonds. The capsules are interlinked
in a three-dimensional hydrogen-bonded framework with NaCl
topology, involving pyridyl groups as acceptors and the
Mg(H2O)6

2+ cations as donors (Figure 13). Despite the
inherent flexibility of ligand 11, the capsules are remarkably
rigid in the crystalline state, retaining their shape even in the
presence of strongly competitive anions like CO3

2− and SO3
2−.

We concluded that these capsules are templated by sulfate (or
other divalent oxoanions, e.g., SeO4

2−, CrO4
2−, SO3

2−, and
CO3

2−), because no structures could be isolated in the absence
of such anions. A detailed thermodynamic study revealed that
crystallization of the capsules is highly exothermic, with the
most favorable enthalpy of crystallization corresponding to
tetrahedral SO4

2− (−99.1 kJ/mol) and SeO4
2− (−108.5 kJ/

mol) anions.175 In direct contrast, the pyramidal-shaped SO3
2−

has a significantly less favorable enthalpy of crystallization
(−64.6 kJ/mol), which may be attributed to its poor fit inside
the capsules, as found by X-ray structural analysis. However,
entropy proved to play a critical role, strongly favoring sulfite
over sulfate and selenate. Overall, this enthalpy−entropy
interplay favored crystallization of the sulfate capsules, whose
measured solubility of 2 × 10−5 M is in the same range as that
of BaSO4. Competition experiments also confirmed that
carbonate, a major component of alkaline nuclear waste,
neither effectively competes nor interferes with crystallization
of sulfate.
Encouraged by these fundamental results, we recently

investigated the crystallization of MgSO4(11)2(H2O)6 as a
means for sulfate separation from aqueous alkaline solutions
simulating Hanford waste compositions.176 We found that, up
to pH 9.5, sulfate can be removed essentially quantitatively in
one step, by selective crystallization in the presence of more
than 100-fold excess of NaNO3. The ligand 11 can also be
easily recovered in more than 90% yield by dissolution of the
crystalline cages in dilute nitric acid and subsequent
precipitation with NaOH. This also demonstrates that the
organic ligand 11 is reasonably stable under both acidic and
basic conditions, as was found in various nuclear waste streams.
Unfortunately, under more basic conditions (pH > 9.5), the
magnesium-based capsules do not form, and precipitation of
Mg(OH)2 is observed instead. Although this system is not
applicable to the highly alkaline conditions found in the
Hanford waste, its simplicity coupled with the high
crystallization efficiency and excellent ligand recyclability
qualifies it as a viable approach to other industrial sulfate
separations from neutral or mildly alkaline aqueous solutions.
Moving away from the magnesium-based system, we began

exploring the ability of alkali-metal cations to form similar
crystalline capsules in the presence of sulfate and 11. The
impetus was that such capsules would be more stable under
highly alkaline conditions because of the much higher solubility
of the corresponding metal hydroxides. We first discovered that
Li2SO4 crystallizes with 11 from water to yield crystalline
Li2SO4(11)2(H2O)2.

177 Crystal structure analysis revealed that
this compound contains SO4(11)2

2− anionic capsules similar to
those previously found in the magnesium-based system, which,
however, are linked by Li(H2O)

+ cations into a three-
dimensional framework with pyrite topology (Figure 14).
More recently, we found that the alkaline-metal cations Na+

and K+ can self-assemble with 11 from aqueous solutions into
crystalline solids with the compositions Na2SO4(11)2(H2O)4
and K2SO4(11)2(H2O)2, respectively.178 Single-crystal X-ray

structural analysis revealed that both compounds display NaCl-
type frameworks similar to the magnesium-based structure,
where the Mg(H2O)6

2+ units are replaced by Na2(H2O)4
2+ or

K2(H2O)2
2+ cationic clusters, respectively (Figure 15). Once

again, the sulfate anion is encapsulated by two embracing
molecules of ligand 11, providing 12 hydrogen bonds from six
urea groups.
The sodium-based crystalline capsules appeared to us

particularly promising for sulfate separation from nuclear
wastes because sodium is the most abundant cation in such
wastes. Employing this system, we reasoned, would not only
circumvent the need for adding additional ionic components to
the waste but would also decrease the solubility of the capsules
through the common ion effect. Indeed, crystallization of
Na2SO4(11)2(H2O)4 from highly alkaline (pH 14) aqueous
solutions that simulate the Hanford waste compositions proved
very efficient, resulting in up to 90% sulfate removal in one
step.176,178 The ligand 11 can be easily recovered for reuse by
recrystallization from water, leaving sodium sulfate in solution
(Figure 16). These results thus may lead in the near future to
much-needed technology for selective sulfate separation from
Hanford tank wastes. However, further research will be needed
to understand the selectivity and thermodynamics of
crystallization, enhance the crystallization kinetics, and develop
and scale-up a process cycle.

10. CONCLUSIONS
From the point of view of a specific application, a clear need has
been presented for the development of effective technologies
for the removal of sulfate from legacy radioactive wastes
destined for vitrification. Potential cost savings and schedule
acceleration could be anticipated based on consequent
improvements in vitrification processing, reduction in waste-
form volumes, and higher waste-package performance. Various
industrial technologies have been employed for sulfate
separation from a range of dilute to concentrated electrolyte
aqueous feed streams, but a suitable technology has not yet
been identified for the removal of sulfate from the problem
wastes stored in tanks at the Hanford site. Experimental results
from the authors’ laboratories support the hypothesis that
approaches based on anion recognition using selective sulfate
receptors have potential in this application. A molecular-design
approach has led to selective sulfate binding, which has been
expressed in selective sulfate crystallization and liquid−liquid
extraction. Although such results remain in the domain of
fundamental research, the needed selectivity for technology
development is viewed as obtainable.
The thrust of this review has purposely dealt with molecular

recognition as the major criterion in developing a separation

Figure 14. Sulfate encapsulation in crystalline Li2SO4(11)2(H2O)2.
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technology concept. However, a progression of other require-
ments must be met for successful deployment. The release of
the bound species from the receptor complex is perhaps the
next most important consideration so that a closed process
cycle can be obtained. Because most molecular-recognition
agents used in separation processes are typically valuable
materials, economics dictates that they be recycled rapidly
thousands of times with low loss. Accordingly, issues of kinetics
and reagent stability must be faced. For example, we found that
sulfate self-exchange of the sulfate complex of cyclo[8]pyrrole
6a is slow,136 implying the need for phase-transfer catalysis.
Classically, a price paid for preorganization has often been slow
kinetics of binding and especially release, and while high
binding constants are often prized, the task of engineering
thermodynamically and kinetically efficient release becomes
that much harder. Reagent stability also plays a key role in
process economics, both in terms of the loss rate of the valuable
molecular-recognition agent and the chemical mischief that the
degradation products can inflict on the carefully designed
process. The receptor molecules discussed in this review have
for the most part been designed with reasonably robust
functional groups and building blocks so that experimental
studies have not been compromised by instability. However, in
reality, dedicated studies of stability have not been performed,
and the information at hand is largely qualitative. For instance,
organic solutions of simple, nonfluorinated calix[4]pyrroles will
discolor over the course of hours or days when contacted with
aqueous acidic media, with the rate of discoloration depending

on the pH. In general, octafluorocalix[4]pyrrole is much more
stable than its nonfluorinated analogue.179 Typically, no
evidence of decomposition is seen even under conditions of
prolonged contact with weakly acidic environments.
Pentafluorocalix[5]pyrrole displays intermediate stability and
will convert to the corresponding calix[4]pyrrole upon
treatment with acid at reflux in methanol or other organic
solvents.180 All of the calixpyrroles examined appear stable
when contacted with aqueous alkaline media. Nevertheless, it is
clear that robustness to process conditions must be tested and
possibly ameliorated in the course of technology maturation. In
general, much work needs to be done in examining the applied
aspects of molecular recognition in real-world industrial
separations, and considerations such as efficient binding-release
cycles, rapid kinetics, and reagent stability should be
approached at an early stage in the design of the molecular-
recognition agent and its chemical system.
Finally, while this review has made a case for molecular

recognition in the very specific and perhaps unusual application
involving sulfate removal from nuclear waste, we believe that it
serves as a positive model for the use of molecular recognition
in many other applications for industrial separations. The
nuclear industry, with its peculiar economics in which expensive
reagents are not necessarily cost prohibitive, has, in fact, proven
to be a breeding ground for molecular-recognition technolo-
gies.181 A number of examples demonstrate a growing presence
of molecular recognition for metal separations industry-
wide.182,183 In all of these instances, the molecular-recognition
agent is efficiently recovered and recycled, and the price paid
for the reagent is recovered in performance that could not be
otherwise achieved. As separation problems become more
stringent in the nuclear, environmental, electronics, and
pharmaceutical sectors, it is certainly expected that molecular
recognition will continue to grow and add value in industry.
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