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Resear ch Objective

This project seeks a fundamentad underdanding and mgor improvement in cesum
sepadion from  high-level waste by cesum-sdective caixcrown extractants. Sysems  of
paticular interest involve novel solvent-extraction systems containing specific members of the
cdix[4]arene-crown-6 family, acohol solvaing agents, and dkylamines.  Quedtions being
addressed petan to cesum binding drength, extraction sdectivity, cesum dripping, and
extractant solubility. Enhanced properties in this regard will specificaly benefit cleanup projects
funded by the USDOE Office of Environmentd Management to trest and dispose of high-leve
radioactive wastes currently stored in underground tanks a the Savannah River Site (SRS), the
Hanford Ste, and the Idaho Nationd Environmenta and Engineering Laboraiory. The most
direct beneficiary will be the SRS Sdt Processng Project, which has recently identified the
Caudic-Side Solvent Extraction (CSSX) process employing a calixcrown as its preferred
technology for cesum removd from SRS high-levd tank waste.  This technology owes its
development in part to fundamenta results obtained in this program.

Dispod of high-level wagte is horrendoudy expensve, in large pat because the actud
radioactive matter in underground waste tanks at various USDOE dtes has been diluted over
1000-fold by ordinary inorganic chemicds. Vitrification of the waste to produce a borodlicae
glass wagte form is currently the preferred trestment of the high-levdl waste prior to geologic
disposal. However, to vitrify the entire mass of the high-levd waste would be prohibitively
expensve. Accordingly, technologies are needed to remove radionuclides such as 137Cs from
the waste s0 that the bulk of it may be diverted to cheaper low-levd waste forms and chegper
storage. After a decade of technology development and demondration beginning in the early
1990s, some technologies like CSSX are dready on their way to implementation. Nevertheless,
it is recognized that fundamentd results will continue to add vadue toward improvements in
exiging technologies and advancement of dternative technologies.

To address such needs, chemica research a Oak Ridge Nationa Laboratory (ORNL) has
focused on cdixcrown extractants, molecules that possess crown ether functiondities supported
on a cdixarene framework. This hybrid possesses a cavity that is highly complementary for the
Cst ion vs. the Na ion, making it possble to cleanly separate cesum from wastes that contain
10,000- to 1,000,000-fold higher concentrations of sodium. X-ray structura investigations, both
a ORNL and dsewhere, have shown that this unique binding Ste is bounded on two sdes by
opposng aomatic groups on
the calixarene framework. This
ceft cosdy complements the
gze and "Oft"  dectronic
characteridtics of the guest Cs*
ion and is thought to provide for
the high sdectivity observed.
The polyether loop provides
additiona coordination  for
cesum, agan with dze ad
conformetional propel_’tla that Calix[4]arene-bis(t-octylbenzo-crown-6)
complement the Cs" ion. The "BOBCalixC6"
overdl coordingtion ability of
the cdixcown is grongly

(As complexed with C% ion)



influenced by subgtituents both on the polyether loop and on the aromatic groups of the
cdixarene framework.

Previous EMSP reaults ducidatied the underlying extraction equilibria in cesum nitrate
extraction by the cdixcrown used in the CSSX process, cdix[4]arene-big(t-octylbenzo-crown-6),
designated here as BOBCAixC6 (see dructure). This understanding led to key improvements in
the deveopment of the CSSX process under the EM Efficient Separations and Crosscutting
Program, entaling a method to back-extract or “drip” cesum from the calixcrown subsequent to
cesum extraction from waste.  Having this dripping method dlowed the cesum to be
concentrated in a relatively pure aqueous stream and the extractant to be regenerated for recycle.
Closng the cycle then made possble the desgn of a process flowsheet and successful
demondgration through collaboration with Argonne National Laboratory and Savannah River
Technology Center under funding from the Office of Project Completion and the Tanks Focus
Area of the USDOE Office of Environmentd Management.

Despite these successes, the CSSX process represents young technology that can benefit
subgtantidly from further fundamenta inquiry.  Fird, revershility of the process (dripping
effidency) d4ill presents the grestest potentid for improvement. Second, dthough the
cdixcrown extractants for cesum are two orders of magnitude stronger than the next best smple
crown ether, a minor fraction of the extractant cgpacity is utilized. Third, potassum competes
dggnificantly with cesum for the cdixcrown binding dte an important issue in deding with
Hanford wastes having potassum concentrations as high as 1 M. Fourth, the cdixcrown
solubility needs to be improved. And findly, te mechanism of extraction must be understood in
detall to provide the base of knowledge from which further development of the technology can
be rationaly made.

Toward addressng these needs, synthess and characterization of new solvent
components ae being peformed a& ORNL and through collaboration with Texas Tech
University (TTU, Prof. R. A. Bartsch). Extraction behavior is being surveyed to assess the
effectiveness of candidate solvent systems, and systematic didribution measurements are being
modeled toward a thermodynamic underdanding of controlling equilibria Complexation
phenomena are the focus of sudies a Virginia Polytechnic Inditute & State University (VPISU,
Prof. H. W. Gibson). Structure-function rdationships will be deduced through X-ray
crysalography of candidate extractants a¢ ORNL and collaboration with PNNL on molecular
modding (B. P. Hay). The ovedl objective is a ggnificant advance in the predictability and
effidency of cesum extraction from high-levd waste in support of potentid implementation at
USDOE sites.

Resear ch Progress and I mplications

Reporting Period. This report summarizes work performed during the second year of a
three-year project. Significant progress in this time has been obtained a ORNL on synthes's of
new dkylaied cdixcrowns that have enhanced solubility in modified dkane diluents. Structurd
dudies coupled with molecular mechanics & PNNL continue to eucidate underlying bonding
and conformationa requirements. New ionizable cdixcrowns from TTU were shown to possess
improved extraction and dripping  efficiency, and an equilibrium modd explaning ther
extraction behavior has been developed a ORNL. At VPISU a greater understanding of
complexation equilibriais being devel oped.

Synthesis of Alkylated Calix[4]arene-crown-6 ethers. New cdix[4]arene mono- and bis-



akylbenzocrown-6 ethers having improved solubility have been syntheszed. The tert-octyl
groups in BOBCAIXC6 provide for increased solubility relative to their absence, but the
olubility limit of BOBCAixC6 in the solvent is ill low, limiting the applicability of the CSSX
process. Towad enhanced solubility, the effect of the dkyl chan on overdl solubility of the
molecule has been investigated. A series of akylated catechols were prepared, from which the
cdixarene-crovn ethers are synthesized. The synthetic drategies used to prepare the akyl
catechol sarting materials can be grouped into two mgor areas.  Friedd-Crafts (FC) dkylation
reections usng olefins and FC acylation reactions. Both Strategies were examined.

Although FC dkylation had in fact been highly advantageous in the preparation of
BOBCAdIixC6 via acid-catadyzed dkylaion of catechol usng 24.4-trimethylpentene, this drategy
has not proven fruitful. Firs, it was found that the advantages in the particular case of
BOBCadixC6 (regiospecificity, few isomers, and ease of separation and purification of the mono-
subgtituted catechol) could not be readily obtained with dternative olefins.  For example, use of
gmple dpha-olefins such as 1-octene under FC conditions leads to a mixture of akyl chan
isomers, and 2-methylpentene leads to difficult-to-separate mixtures of mono- and bis-akylated
caechols. These syntheds problems were successfully circumvented by finding a convenient
route to mono-akylation using catechols adready possessing a methyl group a ether the 3 or 4
position. Alkylation — with  2-methylpentene  gave  respectivdy  3-methyl-5-(2,2-
dimethylbutyl)catechol and  4-methyl-6-(2,2-dimethylbutyl)catechal. From these two bis-
dkylated catechols, the corresponding calixarene-crown ethers were prepared, and their
solubility properties in a modified dkane solvent matrix were compared againg the known
compounds BOBCAIixC6, caix[4]arene- bis- (tert-butylbenzo-crown-6), and bis-n-
octyloxycdix[4]arene-tert-octylbenzo-crown-6.  The results show that the 2,2-dimethylbutyl
group dightly enhances solubility vs. BOBCdAixC6 when connected a the 5-podtion but
dramaticdly decreases solubility if comected at the 6-postion. However, it was found that
placement of akyl groups, even methyl, adjacent to the catechol oxygens causes sufficient
digtortion of the corresponding crown ether ring to severdly impede good cesium binding.

Unlike FC dkylation, FC acylation has the advantage that once a single acyl group is on
the aromatic ring, the ring is deectivated toward further subgtitution. However, a disadvantage is
that it takes two or three steps to obtain the akyl catechol, which may be obtained in asngle
gep with FC acid catalyzed dkylaion. The 2-ethylhexyl (2EH) ddechan is one of the dassc
"greasy” subdituents used to enhance the solubility of extractants and was sdected as a firgt
choice to replace the tert-octyl sdechan. A synthetic scheme was successfully developed for
the 4-subgtituted 2-ethylhexylcatechol, and the corresponding cesum extractant cdix[4]arene-
bis(2-ethylhexylbenzo-crown-6) was prepared. At this writing, these two compounds appear to
have superior solubility properties rdaive to andogs with other dkylation, and cesum
extraction is comparable to BOBCHiIxC6. Solubility experiments were initiated to obtan a
quantitative comparison of the solubilities of various compounds made to date.

Extraction Properties of lonizable Calix[4]arene-cconn-6 ethers. lonizable
cdix[4]arene crown ethers may offer advantages over neutrd andogs by dlowing more efficient
dripping. Our extraction results have shown that neutral caixcrowns like BOBCdixC6 function
by a nitrate concentration "swing." That is, extraction occurs by an ion-par extraction in which
the high nitrate concentration in the waste drives the extraction of cesum nitrate. It follows that
the extraction may be reversed by then contacting the solvent with water or, say, dilute nitric
acid. Since the efficiency of an extraction/stripping cycle controlled by nitrate swing is limited,
a draegy for an improved cyde might involve changing the extraction mechaniam to ion



exchange. In this case, dripping is effected with acid, which
reprotonates the extractant, releasing the cesum ion. Since
one can in principle increase the efficiency of dripping by
rasng the agueous acdity, a dgnificant improvement in
ovedl peformance may be possble  Recent publications
decribing  the new ionizeble  cdix[4]arene-biscrown-6
compounds developed a TTU by R. A. Batsch and co-
workers afford an opportunity to test this concept. Under R = C(O)NHSO,CF3
funding by the USDOE Oiffice of Basc Energy Sciences C(O)NHSO,CHjg
Prof. Bartsch gracioudy provided two samples of ther

reported compounds for extraction tests (see figure at right). These compounds were expected to
exhibit markedly different acidities owing to the different eectronic inductive effects of the —
CF; and —CH3 groups. Extraction experiments showed that these compounds have comparable
drength vs. BOBCdixC6 under extraction conditions much like that of the CSSX process.
Unlike BOBCdIixC6, however, dripping becomes more efficient with increesng nitric acid
concentration. As expected, stripping was more efficient with the less acidic compound (i.e., the
compound having a temind —CH; group on the sdearm), though not quite as efficient as
BOBCdixC6. The dear rdationship of dripping efficiency with the inductive effect of the
gdearm termind group indicates that compounds with even better gripping efficiency will likely
be identified. Equilibrium modeling of the data with the computer program SXLSQI suggests
the following tentative conclusons concerning the extraction mechanism by the two compounds:
a) Cs' is extracted by cation exchange from dilute nitric acid; b) under highly acidic conditions,
the mechanism reverts to ionpair extraction in which the neutra compounds extract cesum
nitrate; and ¢) under akdine conditions, Cs' is extracted by cation exchange, except the two
compounds are in their sodium sdt forms.

Structural and Theoretical Studies. X-ray dructures have proved usgful in
understanding the effect of preorganization of cdixcrown ethers through drategic placement of
benzo subdtituents.  Three published papers describe the dructures of various precursor
molecules in the preparation of dihydroxycdix[4]arene-crown-6 and paco-cdix[4]arene-crown-6
ether molecules. A paper in preparation describes the use of molecular-mechanics caculations
to predict that the 1,3-dihydrocdix-crown-6 derivatives could exhibit greater sdlectivity for Cs
over K+ ions than the parent 1,3-diakoxy cdixcrowns. X-ray crysta structures of some of the
molecules prepared as well as the cesum nitrate complex of dihydrocdix[4]arene-benzocrown-6
ether are dso reported. The cesum complex sructure corresponds closdy to the structure
predicted by molecular mechanics, vdidating this gpproach to host desgn. The sructurd studies
reved that these new cdix[4]arene crown ether host molecules have greater conformationa
flexibility and undergo grester conformationa changes upon cesum complexation than
previoudy sudied cdixarene crown ethers, indicating that there is less preorganization of the
binding cavity. Extraction dudies show that the dihydrocaix[4]arene-crown-6 ethers do indeed
exhibit the anticipated enhanced cesum sdectivity. From the computational and structurd work,
it is cdear that the enhanced sdectivity is due to the dehydroxylaion of the cdixarene, which
relieves ligand drain upon meta binding. Since this decrease in drain is greater for Cs' than it is
for K+, binding of Cs' is favored relative to K*. However, the increase in sdectivity comes d
the cost of decreased extraction strength, which is aso anticipated because of the observed
decrease in preorganization of the binding cavity.

In hopes of ganing back some of the log extraction drength, an idea to increase




preorganization of the cdixarene (and thereby the crown ring) was tested by manipulaing the
deric subdtituents of the cdixarene on the sde opposte to the binding ste.  As described in a
draft manuscript, five new cdix[4]arene-25,27-diols were prepared with akyl subdtituents on the
cdixaene ether meta or para to the phenolic hydroxy groups, adong with ten nove crown-6
ether derivaives. Molecular modeling predicts the paco conformation to be of lower energy
than the 1,3-alt conformation for those with para subdituents. X-ray crysta sructures of three
crown-6 ethers derived from caix[4]arene-25,27-diol exhibit ether the 1,3-alt conformation or a
conformation intermediate between 1,3-alt and paco. It is clear that the rotationa barriers for the
unsubgtituted caix[4]arene rings are quite low, despite various levels of seric bulk placed on the
phenodlic cdix rings  Competitive extractions of akdi metd catlions reved the effect of
subgtitution on the caixarene on cation binding by these ionophores.  Generdly spesking, akyl
subdtitution on the phenalic caixarene rings hasllittle or no effect on the binding strength.

A find paper in preparation takes the next logicd sep:  Seric manipulation of the crown
rng to achieve grester preorganization of the binding cavity. Dihydrocaix[4]arene-crown-6
ether molecules syntheszed with benzo subgtituents on the cdixarene phenolic ethers show
enhanced cesum extraction dSrength and  sdectivity. The X-ray crystd dructures of
dihydrocalix[ 4] arene-bis(5- nitrobenzo)crown- 6, dihydrocalix[4]arene-tribenzocrown-6, and
dihydrocdix[4]arene-dibenzocrown-6  ethers  were determined, demondrating that grester
preorganization of the binding cavity is most drikingly achieved by placing benzo subdtituents
on the crown ring proximal to the calixarene.

Homogeneous Complexation Chemistry of Crown Ethers. The impetus for the effort a
VPISU has been possble utilization of organic ligand incluson in the BOBCdAixC6 macrocyclic
framework, in order to enhance stripping via displacement of Cs'. Vaious ammonium sdts
have been examined for their ahility to interact with BOBCalixC6 by *H NMR in CDCk as a
model solvent system. It was found that neither bulky nor gSraight chain secondary ammonium
«dts interact with the cdixcrown, while smdl, rdaively unhindered sdts such as ammonium
and guanidinium do bind with the host molecule  The influence of counteranions and other
electrolyte species on hinding drengths in the organic phase is being addressed using well-
known pseudorotaxane motifs. Pseudorotaxane complexes of dibenzo-24-crown-8 with
dibenzylammonium hexafluorophosphate were shown in *H NMR titration experiments to
exhibit 1:1 binding condants that decrease with incressng overdl ionic drength. This was
readily treated as a nonidedity effect usng the Debye-Huickd limiting law, suggesing the need
for amilar corrections in many published works. In the present case, the large PRg— anion is
dissociated, and its effect is thus relegated to that of a spectator ion. Evidence has been found
that this role can be deiberady changed by incorporaing acohol functiondities into the crown
ether, whereupon the counteranion is drawn by hydrogen bonding into a supramolecular motif
that enhances cation binding by the crown ether. In a series of NMR experiments, bis-m-
phenylene-32-crown-10 containing two pendant methanol groups was shown to bind viologen
dications with increasng ionic drength upon addition of quaernary ammonium sdts of
hydrogen-bonding sulfonate and carboxylate anions.

Planned Activities

New dkylaed andogs to BOBCAIXC6 will be further characterized with regard to
solubility and extraction behavior. Definitive solubility vadues in doohol-modified dkane



diluents will be measured. Improvements in the synthess and purification of the 2-ethylhexyl
andog of BOBCAiIxC6 will be sought, and a grester quantity will be synthesized for
experiments.  Contacts a the Hanford and Savannah River sites will be kept informed of
progress in connection with improving and extending the applicability of the CSSX process.
Future efforts will adso seek enhanced sripping by means of proton switches, that is, to use the
large pH change from dkdine extraction conditions to weskly acidic dripping conditions to
bring about dramatic decomplexation. Toward this end, new cdixcrowns will be synthesized at
ORNL. Promisng results on ionizable cdixcrowns will aso be further pursued through
collaboration with Prof. Bartsch a TTU. Studies of binding interactions between crown ethers
and organic guest species will continue under the direction of Prof. H. W. Gibson a VPISU.
These dudies are expected to provide ingght into the role of the amine in CSSX, perhaps leading
to more effective dripping methods.  In generd, equilibrium extraction and modeing dudies
will am to ducidate thermodynamic processes of ion patitioning and complexation in sysems
containing selected calixcrowns, dcohol synergids, and akylamines. Basc questions to resolve
include the role of ionparing and dissociation, the solvation of the anion by the acohol, the
possible proton-ionizable naure of the dcohols, and the role of amine solvent components.
Theoretical results from the sudies of B. P. Hay a PNNL will be assessed to identify
gyntheticaly  attractive  calixcrown extractants having predicted enhanced sdectivity and
extraction drength for Cst vs. K. Fndly, it will be the god to transfer this basc knowledge to
collaborators, dSte users, private industry, and applied researchers associated with high-leve
waste remediation.

Information Access

A publication lig is provided. See dso the www home page of the ORNL Chemica
Separations Group:  http://www.ornl.gov/cso.
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