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ABSTRACT

Preparation and Characterization of Extraction Chromatography Resins Using
N-Donor Extractantsfor Trivalent Actinide and Lanthanide Separations

by
Christopher Lee Klug
Dr. Ralf Sudowe, Examination Committee Chair
Assistant Professor of Health Physics and Radiochemistry
University of Nevada, Las Vegas

Actinide and lanthanide elements exist in the geosphere and biosipiesti@ both
natural abundances and anthropogenic activities. The investigatibe pfdasence and
transport of actinides through the environment is of great scemtérest. In order to
prepare environmental samples for precise measurements, the indactinales must
be separated from the chemically similar lanthanides, and froghbraing actinides.
Existing extraction chromatography resins are either poorkgdudor this separation,
have bleeding problems, are not reusable, or fail the CHON principlean effort to
resolve these issues, malonamides and N-donor extractants froBTEheand BTBP
classes of solvent extraction ligands were coated onto solid segiports and
characterized. The extraction behavior of the resins was deésirim test batches to
optimize the parameters of the resins. Nitric and hydrochlacids were used to
characterize the resins in batch studies for extraction &3PuAm-241, Cm-244, and
natural Eu. The resins were studied on columns with Am-241, and rizjeedis also
determined. This dissertation shows that the isobutyl-BTP rdsichwvas created had
the best performance, with minimal bleeding and maximal eidracThe C5-BTBP and

CyMe4-BTBP resins were less favorable. Future work should foouse kinetics of

the BTBP resins, or on expanding the extraction knowledge of the isobutyl-BTP resin.
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CHAPTER 1
INTRODUCTION
Significance and Goals
Actinide elements exist as ions and compounds in the geosphere dud to bot

natural abundances and a number of anthropogenic activities. Somedfities such
as uranium-238 have been present since the formation of the earth samé such as
uranium-234 are still present due to their occurrence in the hatecay chains of
primordial actinides.[1] Some of the human activities which resuftethe release of
actinides into the environment include testing of nuclear weaponstrie-ef and
dispersal from nuclear powered satellites, reactor acsidand releases from nuclear
wastes such as used reactor fuel and defense wastes.[2] d&ddtesdes can be
transported from the geosphere to the biosphere, mainly through aqueaesses.[2]
Because of popular concern regarding the presence of radioateeals, and the dose
which can result from bioaccumulation, it is necessary to monitse traionuclides in
soil, water, and air, as well as in biological systems.[8] aécomplish measurement of
the actinides, they must be separated from one another because apmwgrlalpha
energies in alpha-spectroscopy, and because of complicatitmsimvilar but unresolved
masses in mass-spectroscopy. Separated samples also preard® spectra in gamma-
spectroscopy, improving the quality of data that can be gatherede Ehparations can
be strongly affected by the presence of elements such asluomnam, and lanthanides
which are able to form complexes with the ligands used to effiecextractions and
compete for binding sites, especially when the concentration tixme&ements are

orders of magnitude larger than the concentration of actinides.[4]



Column chemistry lends itself to separations of trace elerbentaise of the high
number of exchange steps occurring along the column. Histgrigaitexchange resins
have been used, but these are relatively nonspecific in their bindohgseparation
abilities, relying on the charge density and size of compléxesed in acidic or basic
solutions or the use of counter-ligands likehydroxyisobutyric acid to effect the
separation.[5] Anion exchange resins have been particularly popukingnese of the
negative nitrate and chloride complexes formed with the actinidextrackEon
chromatography resins more specific to the actinides have atso dmnmercialized,
utilizing ligands developed for solvent extraction. The ligands usee kkome from
processes which were focused on the extraction of pentavalent nep{iNp@i) and
tetravalent plutonium (P8 like octyl(phenyl)-N,N’-diisobutyl-carbamoyl-methyl-
phosphine oxide (CMPO)[4], or that have shown high extraction of trivalaeticium
(Am*) like N,N,N’,N'-tetra-n-octyldiglycolamide. However, many of thesefigs have
weak extraction or poor selectivity for americium(lll) in gheesence of other actinides
and interfering matrix elements.[6] Many of them also incletBaments other than
carbon, hydrogen, oxygen and nitrogen, causing them to leave behimdchszevastes
upon incineration; the desire to avoid the production of these wastalded the CHON
Rule.[7] In addition, some of these resins degrade over time &andoarusable for
sequential elution of actinides.[4]

Significance

By preparing extraction chromatography resins from exmgstdesigned for

trivalent actinide separations which also follow the CHON rule, résalting resins

should be able to preferentially extract trivalent actinides as@mericium and curium,



and will be completely incinerable. The resins created fraoh xtractants could
improve on the elution and separation characteristics of other coluatariafs.
Advances in the separations of americium and curium are neededen torsatisfy
analytical capabilities to succeed in detecting or investigatindeclared nuclear
activities.[8] By generating data on the performance of thgaads when adsorbed to
solid supports, it will be possible to determine whether the noselsshould be studied
further. Comparisons can also be made between this reseatctiata available in
literature on the performance of the ligands in solvent extracéind extraction
chromatography to determine if these ligands behave the samersnlid supports as
they do in liquid solvents.

Research Goals

The purpose of this work was to prepare, characterize, and comperetiex
chromatography resins based on extractants which can sdieatixact trivalent
actinides, can easily be eluted, and which follow the CHON Rute. gbal was for these
novel resins to have enhanced extraction capacity and seleativityvialent actinides.
The ligands which were investigated for use on extraction cliogmaphy resins were 2-
(2-hexyloy-ethyl)-N,N’-dimethyl-N,N’-dioctyl-malonamide (DMODHEMA), dimethyl-
dibutyl-tetradecyl-1,3-malonamide (DMDBTDMA), 2,6-di(5,6-diisobutyl-1,2jd#in-3-
ylpyridine (isobutyl-BTP), 6,6-bis-(5,6-dipentyl[1,2,4]triazin-3-yB;R’|bipyridinyl
(C5-BTBP), and 6,6'-bis-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1r&4iA-3-
y)-2,2’-bipyridine (CyMe-BTBP) with structures shown in Figure 1. Americium,

curium, plutonium and europium were used as elements of interestannegpts with



both free resin and resin in columns. Changes in extraction behaviarddepeon

acidity, ionic media, support materials, and ligand structure were investigat

(0] (0]
=
H17Cs NMN/CSHW
N x> N
/ \ Z Z
?2"'4 | N

I .
CgH13 isobutyl-BTP

I/ I
NS N N
Hi1Cs~ N7 CS-BTBP SN Gy
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(0] O
HoCa _Cy4Hg
/
Ci4H2g
DMDBTDMA

Figure 1 Structures of extractants used in this work.

Background
For the reasons introduced earlier, analyses of material wmgtaactinides or
lanthanides must generally take place after the elemensepaeated. In addition, since
most of the analyses are performed to monitor the movement oidast in the
environment or to detect undeclared nuclear activities, it is tapioto understand how
much of the material is naturally occurring compared to matemaUranium is the
highest Z element generally found in nature, with neptunium and plutoniung toeind

in trace amounts.[9] Thus, the absence of natural americiumcamgm raise no

4



concerns in analyses, but natural abundances of the lanthanides do beembhsidered
depending on the purpose of the separation because of their sihalaistry with the
actinides.[10] While these pre-analysis separations are pedocarrently, they are not
as easy as separating elements such as sodium/cesium bagedaorssontium/yttrium
based on charge. The trivalent actinides and lanthanides have siagigarand charge
densities, and separations must be used which can exploit smefeudés in these
properties and in bonding. In order to highlight some of the ways shesi differences
might be exploited, the chemistry of the actinides and lanthanidede discussed
below, in addition to discussing the sources of actinides and lanthamdése i

environment.

57 58 59 60 61 62 63 64 65 606 67 68 69 70 71
La Ce Pr Nd | Pm | Sm | Eu Gd Tb Dy Ho Er | Tm | Yb Lu

Lanthanum Cerium : Semarium | Ewopium | Gadolinum | Terbiom | Dysprosiom | Holmium Erbivm Thulivm Yiterbium | Lutetium
138 9055 140.116 | 140.90765 14424 (145) 150.36 151.964 157.25 15892534 | 162.50 |164.93032| 167.26 |168.93421 173.04 174.967

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac Th | Pa U Np | Pu | Am [Cm | Bk | Cf | Es | Fm | Md | No | Lr

Actininm Thorium Protactinium Uranium Neptunium Plutoninm Americium Curmm Berkelmm Californium | Emsteinium Fermium Mendelevium | Nobelmm Lawrencium

(227) | 2320381 [ 23103588 | 2380289 | (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)

Figure 2 Lanthanide and actinide elements

Actinides
Sources and sinks in the geosphere and biosphere
The actinide elements are comprised of nuclides with atomic naméeging
from 89-103, as in Figure 2. The group takes its name from itenfiember of the
series, actinium. Addition of f-electrons formally begins with #femember and ends
with the 1%", for a total of 14 f-electrons.[11] In reality, some of these electrons add to d
orbitals such as with Th or No, due to shifting energies obtbhéals as electrons are

added. The early actinide elements display greater covalertbyir bonding than the
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lanthanides,[12] but beyond plutonium their covalency decreases due togsbifthe

orbital energy levels.[13] The actinides beyond uranium are formewtltron capture
in nuclear fuels up to curium, while elements through fermiumeaehable with higher
neutron fluxes in specially designed reactors or under rapidomecéipture conditions
such as those present in thermo-nuclear weapon explosions and supernalamems
beyond fermium are produced by man in accelerators.[11]

Many thorium and uranium isotopes are primordial, and were incorpardted
the Earth’s inventory at the time of planetary accretion. Theger actinides decay into
minor primordial actinides such as actinium and protactinium. Thoriund28ays by
emitting an alpha particle to form radium-228, which can then degayeta emission
into actinium-228, which can again emit a beta particle to form ume#A28.[14]
Uranium-238 has a similar decay pattern which passes through th23dymthen
protactinium-234 before reaching uranium-234. Ultra-trace levelsnoé ®ther nuclides
can also be found in the environment due to neutron capture (e.g. uranium-236,
neptunium-237, plutonium-239), but these are present at concentrations of pEqeiol
mole U and lower.[3] These naturally occurring actinides canrdoesported in the
environment by dissolution in groundwater, and can move along the swfate
geosphere and through soils or fractured bedrocks. Wave actioreatiftewphenomena
can cause the presence of actinides in aerosols. Anthropogewitiescsiuch as mining
can also cause release of both major and minor primordial actitudiee accessible
environment by enhancing the surface area and exposure to natural erosivi8forces

Anthropogenic actinides include protactinium-233, uranium-233, uranium-236,

neptunium-237, plutonium-238, plutonium-239, plutonium-240, plutonium-241,



plutonium-242, americium-241, americium-243, curium-242, curium-243, and curium-
244. Several of these emit alpha particles of similar eneugjp 8s americium-241 at
5.486 MeV and plutonium-238 at 5.499 MeV.[14] As observed with plutonium-239 and
plutonium-240 with decays of 5.156 and 5.168, a difference of more than 0.012sMeV i
required to resolve the resulting peaks by alpha spectroscopy, Giheewiensive
chemical separations are required. About 2000 tons of plutonium have leeicgot
around the world for defense purposes, creating a large amount ofwiaslecontains
both fission products and activated actinides.[13] Release of anthropogestides
could occur for a variety of reasons related to their uses, and pabbern has created a
mandate for environmental monitoring.[15,16]

The actinide nuclides above result from neutron capture on naturalimaran
thorium, or manmade plutonium. The most prevalent way of producing ardinge
these nuclides simultaneously was also one of the earliest patharayelease — the
detonation of nuclear weapons both for military and testing purposdésospheric
testing released a large number of these nuclides in partidatate which generally
settled out over time, but were found to persist in regions of the atmosphere depending on
particle size.[17] When testing was moved underground, these nuclieles sl
introduced to the geosphere, but were “sealed” within cavities.y €ha however
become mobile as these cavities fracture over time and @lowndwater to flow
through them.[18] When nuclear reactions are used as the hea Smupcopulsion or
the production of electricity, the same reactions are able ta ascun nuclear weapons,
but at a slower and controlled rate, and with slightly varieabfisproduct yields due to

lower neutron energies. Because of the lower neutron flux andedifféuels used,



variations will exist in the amounts of actinide elements producedhbeytwill still be
present along with the other products of fission. Naval vesselsttioubar submarines,
have used nuclear propulsion for over 50 years and release of ramieawan occur
after these vessels sink and corrode or from deliberately suek.[d9] Releases have
also occurred from reactors on land such as the second unit at Titedsl&hd[20] and
the fourth unit at Chernobyl.[21] Radioisotope thermoelectric gereran satellites
have also added to the global inventory when some satellites powerb@rbyhave
failed and burned up upon reentry to the atmosphere.[17] Aftersfuskd in a nuclear
reactor, it needs to be stored and cooled before it can bea@aycldisposed of in a
repository. Releases of material could occur before or diggosal. In all of these
scenarios, separations are required to analyze environmental safopleclease of
radionuclides.

Plutonium has been widely studied due to the historically high interésw the
element moves through the environment and how it might impact livingnsms.
Plutonium is also particularly toxic compared to other actindigés to the chemical
similarities between iron(lll) and plutonium(lV), allowing fglutonium uptake by
transferrin and ferritin causing a long biological half-life amde distribution through
the body.[23] In terms of uptake in humans, the main routes of aetnyiainhalation,
ingestion, and through injection.[23] The majority of the plutonium in géeeral
environment consists of fallout from weapons testing which hasdettleand remains
within the top 5 cm of soil.[24] Re-suspension due to wind or fonest followed by
inhalation of the plutonium is a thousand times more important than imgeshen

considering the body burden.[25] This is due to the fact that thee¢chplutonium stays



with the tissue in the lungs, whereas ingested plutonium tends to pass throughrdioe Gl t
before absorption can occur. If the plutonium is chelated by bacterigllant
siderophores, plutonium can cross cell membranes with relativeaeabseould then be
concentrated through the food-chain.[23] Injection is only consideré@ @ route of
entry among nuclear workers. Among marine organisms, factols asi@articulate
ingestion, food ingestion, biological chelation, physiologic incorporatéma ion
exchange on tissues and membranes may all affect uptake of ithideact Seaweed
especially accumulates plutonium, and concentration factors diah@ been observed,
while bottom fish, sea urchins, and starfish all exhibit concentréictors of 0.5, 12,
and 600 respectively.[26] It has been calculated that humans have always sadoadba
of ~2 attomoles (1¢?) of plutonium mostly in the skeleton and liver, however this has
been increased by 5 orders of magnitude since 1945. Measurement$9ff6mM 980
showed that the contribution of weapon testing to the body load ramges30 to 200
mBq of plutonium-239&240.[27] Plutonium isotopes are a major concern beofuse
their biological and physical half-lifes.
Chemical properties and resulting separation challenges

To separate actinides, an understanding of their unique chemistquised. The
actinide elements have electrons populating the 5f orbitals whehea lanthanide
elements have electrons populating the 4f orbitals. Among theaetinides, promotion
of electrons from 5 6d orbitals occurs more readily than the corresponding 4d
promotion in the lanthanides.[11] This leads to a number of accessible@xistates in
the earlier actinides, such that it is possible to find plutoniufoun different oxidation

states in natural waters’(8hru 6). The tetravalent states tend to be less soluble and



mobile, except perhaps when colloids form. In mildly oxidizing watersend is
observed where the preferred oxidation state begins at +3 witliuactand peaks at +6
with uranium, before returning to +3 with americium. The common arilatate in
aqueous solutions is then constant at +3 except for the drop to +2 forunabelihe
oxidation states found in nature as well as other known statsti@na in Figure 3.[22]
In addition to the 5> 6d electron promotions, the 5f orbitals have greater extension
with respect to 7s and 7p than do 4f orbitals relative to 6s and 6pl[iit] leads to a
greater contribution of 5f electrons to bonding and a higher degreevaiency in
actinide bonds than in lanthanide bonds. This greater extension of thiéafsomn the
actinides makes the f-electrons more polarizable, such that adtiredes are still hard
acids, they are softer acids than lanthanides which are sraadldess polarizable due to

the contraction of the 4f orbitals.[28]
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Figure 3 Oxidation states of the actinides [22]

Permission for use obtained from John Wiley & Sons Ltd, 3 March 2011
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Many existing methods for the separation of the actinidesorelgontrolling the
oxidation states in order to promote sorption or solvation, and then gelgainanging
the oxidation state of a single element to promote its strippilmg.the Plutonium-
Uranium Redox EXtraction process (PUREX), hexavalent uranium.'®)Cand
tetravalent plutonium (Pf) in acidic solution can complex with nitrates to form
Pu(NG;), and UQ(NOs), which then interact with tributyl phosphate in the organic
phase to effect the phase transfer. Hydrazine mixed wittokylédmine, or a solution of
U™ can then be contacted with the organic phase to reduce the lettaptatonium to
the trivalent state to back-extract it into the aqueous pha&ke. uranium can then be
stripped from the organic phase using lower acid/nitrate concentraismmilar process
is used with ion-exchange resins to separate plutonium from uranium.

Using multiple oxidation states to effect separations is pessdl actinides
through americium, though americium requires much stronger oxidantgltitanium.
However, oxidation states higher than Ill are troublesome to fieactrium, and non-
existent in einsteinium or fermium, preventing the widespreadicapph of this
technique for elements beyond americium. In addition, though it isbf$s oxidize
americium to separate it from other elements, the penta- or hexa-vakemtiam readily
oxidizes organic ligands and solvent molecules in solvent extraction.]@Sjead of
using different oxidation states to separate the higher actimelg=nt work has focused
on exploiting the difference in acid characteristics of thenalgs by using softer bases
as extraction ligands.[30] This more recent work will be furttveplored in a later

discussion of ligands used in both solvent extraction and extraction chromatography.
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As shown in Figure 4, the measured ionic radii of trivalent actimaege from
94 to 112 pm and the differences between neighboring nuclei are igéry[ 31, fair use]
For example, americium and curium have trivalent radii of 98 and Q2gpectively. In
addition, the lanthanides have overlapping ionic radii with the actinfdesnstance
americium and neodymium overlap as do curium and promethium. These diffeszances
be used to separate elements within a group, but separations basesl @lorse are not
possible when both lanthanides and actinides are present.

It is also possible to use kinetic differences in binding betwkenntetal and
ligand to preferentially extract actinides or lanthanides ashén Trivalent Actinide
Lanthanide Separation by Phosphorus-reagent Extraction from Aqueous Kesjsie]
process (TALSPEAK),[32] which will also be further discussed ilatar section on

ligands used in both solvent extraction and extraction chromatography.

Lla Cle Plr Ncli Prln Slm Elu éd 'Ilb dy Illo IEr 'Il'm IYb Lu I
Ac Th PaU Np Pu Am CmBk Cf Es Fm Md No Lr

Figure 4 lonic Radii of actinides and lanthanides [31]
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Lanthanides

The lanthanide elements are comprised of nuclides with atomic nsimamging
from 57-71 as shown in Figure 2. The group takes its name fronrshenémber of the
series, lanthanum. Addition of f electrons formally begins witi2fienember and ends
with the 1%", for a total of 14-f electrons. As opposed to the actinides, hehinergy
barrier decreases the promotion of electrons from 4f to 5d orHitalsng the available
oxidation states. The lanthanides are much less covalent in theingdhédn actinides
because the 4f electrons are not as extended compared to the 6s dnth§bt] The
smaller nuclear charge also means that relativistic sff@bich influence the actinides
are not as evident among the lanthanides.[11] The lanthanidessalhaxature with the
lowest abundance being that of promethium with a global crustal oryeoit only a few
hundred grams,[33] while cerium has an abundance of 60 ppm which is comparable
that of copper.[34] Thus, stable lanthanides must be expected tcedentpin any
environmental samples to be analyzed for actinides.

While neutron activation of the uranium in nuclear fuel is responsisl¢he
generation of the transuranic elements, the radio-lanthanidegriararily formed as
fission products. Nuclides such as promethium-147, samarium-151, and europium-155
all have half-lives of a few years and their fission yieldsnf uranium-235 are 2.25%,
0.419%, and 0.03% respectively.[14] Relative to the fission yield tn@nium-235 for
other high-mass products, these yields are low compared to theumaxof 7.87% for
mass 134.[14] These radio-lanthanides will be present in used miwétaat much
higher concentrations than the transuranic elements, but most ofamileshecay during

the fuel cooling process. Only the nuclides with half-lives orotlder of years or longer
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will still be present during waste disposal, which includes mefales states like
holmium-166m with a half life of 1200 years. Release to the environohamy of these
fission products could occur during refueling or from corrosion in theéngpplonds in
addition to being released due to nuclear accidents, and signatumeshiese radio-
lanthanides could be used to detect undeclared nuclear activities.

Another source for some of the lanthanides is natural decay. tAstide
becomes more advanced, longer half-lives are measureable. alSanénanides have
been found to have naturally occurring radioactive isotopes includinigataunn-138,
samarium-147&148, gadolinium-152, lutetium-176, and more recently europium-
151.[14,33] However, these represent a very small portion of the lanthanateory.
The promethium-147 from alpha decay of europium-151 comprises less thahtbéo
global inventory of a few hundred grams of promethium.[33] Regardfdbgir source,
all of the lanthanides are easily incorporated into geologie&mals, evidence for this

coming from the 54 known lanthanide minerals.[35]

Separation Techniques
Elemental separations have been important since before recordwg fostthe
discovery, isolation, and use of elements such as copper, gold, andryneidore
recently, elemental separations have been the focus of researadlemental
discovery,[36] treatment of nuclear wastes,[32] and analyticalmisiy on
environmental and biological samples.[37] lon-exchange, solvent eatracind

extraction chromatography are all useful techniques in elemsgpalrations, and will be
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briefly described. A few of the extractants which have been imssdlvent extraction
and/or extraction chromatography will also be discussed.
lon Exchange

“lon exchange occurs in inanimate soils, sands, and rocks, and g livi
organisms.”[38] In ion exchange, insoluble solid materials exchangd wi
stoichiometrically equivalent amounts of ions. Cation exchangers cdtey sodium or
protons, while anion exchangers often carry chloride. Helfferich tihgeanalogy of a
charged sponge with counter ions in its pores to describe ionrgaiisd38] Mineral
ion exchangers are generally cation exchangers, composed odllzrgsalumino-
silicates such as analcite (Ng{8liO¢]2-H.O) or montmorillonite (ASisO10(0OH),]
-nH0). Zeolites such as analcite have a fixed three-dimensionaitise, whereas
montmorillonite is an example of a layered structure which call.i38¢ There are also
synthetic inorganic ion exchangers, usually synthesized hydrotiherman solutions
containing silica, alumina, and alkali metals which have zeoltetstres. lon exchange
resins are “irregular, macromolecular, three-dimensional netsjoi hydrocarbon
chains.”[38] Cation exchange resins can carry the negative swéab®onic, phosphate,
or arsenate groups on their backbones, while anion exchangers carayypsecondary,
tertiary, or quaternary amines or tertiary sulfur. While thegrmelic backbones of the
ion exchange resins are hydrophobic, the charged groups introduce wopéilcity,
and can swell in solution like a true sponge.

lon exchange materials are characterized mainly by ttlearge exchange
capacity. The capacity is simply the number of ionogenic grpepspecified amount of

ion exchange material, which can me expressed as mEq per gnasirof This is a
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measured quantity, and when determined by different methods a \@reztgacities can

be calculated, all dependent on the experimental conditions, such d&empretons or
sodium ions are exchanged. When used in columns, ion exchange matszials
characterized by initial breakthrough of ions from the resin, &udlbgy the height of the
equivalent theoretical plates (HETP, H). As shown in Equationi4 the length of the
column bed, Wax is the volume of eluate to peak maximum, and the width of the elution

peak at 1/e times the maximum peak concentration is W.

Equation 1

_Lxw?
8V ax

Solvent Extraction

A common feature of all solvent extraction processes is thefus® immiscible
phases between which a species can partition. In many casegeatti@ms can occur in
either phase, which can help drive the transfer of materialdleetywhases. One of the
two phases is usually aqueous, which can contain acids or other Ghaéikating agents
or adduct-forming agents can also be present in the systentheFextracted complex of
a cation to be highly partitioned to the organic phase it must beahedthis neutral
complex can either be formed in the aqueous phase before extracasadmyation with
anions as in Equation 2, or it can be formed at the interfackeobriganic phase by
chelation with organic acids. The malonamide, BTP, and BTBP mekwhHich were
used as part of this research extract neutral complexestlfi@mqueous phase into the

organic phase, while other extractants such as 2,6-bis-(benzo}azdiytiecyl-
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oxylpyridine require synergists such as 2-bromodecanoic acid txteffomplex
formation and extraction. Each of the chelation and complex famatieps are
equilibrium reactions and Le’Chéatelier’'s Principle can be agpheterms of molecular
concentrations, ionic strength, and temperature.[39] Experimentalygns extraction
can be carried out in test tubes, centrifuge tubes, or microscsdelse Industrially,
solvent extraction can be carried out in large contactors, reetders, or pulse columns

with plumbing and pumps between extraction stages.

Equation 2

M " (aq)+ 3 NOj (aq)«<> M(NO;);(aq)

M(NOs)3(aq)«>M(NO;);(org)

The distribution ratio is the main measure of extraction, andlsulated by
dividing the total concentration of the extracted metal in the argamase by the total
concentration in the aqueous phase as in Equation 3. This ratio doesferentiite
between free metal or complexed metal in either phase, anevbimisusing radioactive
metals such as the actinides, the specific activity (agtpédr mass, or activity per

volume) can be substituted for the concentration.

Equation 3

[M]
Dy = —2 —
M m]

S(M)org

S,
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Some of the disadvantages of solvent extraction as a techniqueeioenthl
separation include the use of flammable solvents, the large volumestaf created, and
the fact that mixing in a single vessel is only equivalent to exahange step of the
material. In order to achieve multiple exchange steps, multijilaction stages are
required. However, the main advantages of solvent extractiotsa¥ase of application
to industrial processes, and its much higher selectivity than idmaage, evidenced by

its deployment in both uranium purification and nuclear waste reprocessing.

Extraction Chromatography

Extraction chromatography has not always been the term usefétdo selective
partitioning of element(s) from an aqueous solution onto a liganddcsatel support.
The term does not appear in literature until Hulet proposed itsnus864 to simplify
references to what at the time was called reversed-phas@pachromatography.[40]
The term reversed-phase partition chromatography first appettrs literature in 1951
when Partridge and Chilton reported a procedure for coating chloraiobenzene onto
glass for use in separating mixtures of o-nitraniline andramiine or o-nitrophenol and
p-nitrophenol.[41] Initially the technique was used for separations ohiorg#olecules
and biochemical molecules. Siekierski and Kotlinska first appliesl tdchnique to
lanthanide separations in 1959.[42] Shortly following this in 1960, HambihRoberts
in the U.K. were the first to apply the technique to the separafi@atinide(s) using a
stationary phase of tri-butyl phosphate coated onto a proprietagl-F'Kmoulding
powder for the separation of uranium from contaminants, and alshefaeparation of
plutonium from uranium.[43] Each of these pioneering researcheyes mspired by the

ligands which had been investigated for use in solvent extradtithe dime, and used
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them for new applications. Since the 1960s a number of reseaneaverexpanded the
field of extraction chromatography using a variety of solid suppa@md novel
extractants.[6,44-47]

While solvent extraction uses two immiscible liquids, extractiomomatography
replaces one of the two liquids with a solid phase. This solid mloasests of a support
which could be a polymeric resin, treated or untreated diatomacesntis, or an
inorganic matrix. The solid phase can be coated to create bintiagsto modify the
surface properties. Phase transfer equilibria are still i@ppras are complexation
reactions in the accompanying mobile phase and on the surface eblitie The
extracted complex does not necessarily displace other molecul@ssofrom the solid
surface, but some of the extraction chromatography resins do extractocbangaexes.

Since the 1960s many researchers have made key contributions fieldhef
extraction chromatography, notably Dr. Horwitz from Argonne Natibahoratory who
has contributed to the commercialization of a number of extractioomettography
resins along with his collaborators. These resins are mdrkgtEichrom Technologies,
Inc. and many of their resins have used ligands first developed f@nsaxtraction
processes. Using their work as inspiration, it should be possildee&be new resin
materials which make use of more specific ligands from mecent work in solvent
extraction.

Ligands used in Solvent Extraction and/or Extraction Chromatography

Several ligands, including some of those shown in Figure 1 anoleFiy have

been used in solvent extraction (SX) and/or extraction chromatog(&X(®y). These
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ligands will be briefly discussed as they pertain to both solveéraction and extraction
chromatography.
TBP

Tributyl phosphate (TBP) has been used in both the PUREX process auit¢he
of Uranium Redox EXtraction processes (UREX). In the PUREX gsxica 30%
solution of TBP in a diluent such as kerosene, n-dodecane, or hydexdjgualy-
propylene tetramer (HPT) is used as the organic phase.[3] phlase is brought into
contact with ~4 M HN@ which has been diluted from the concentrated nitric acid
previously used to dissolve the metals of interest. In the fiegt of the process,
uranium(VI) and plutonium(lV) are co-extracted into the organic phaBee organic
phase is then contacted with fresh nitric acid solution and the plutesiteduced from
IV to 1l by uranium(1V), or hydrazine mixed with hydroxylan@ to effect the phase
transfer. The remaining uranium is back-extracted from th@n@ergphase by contacting
it with dilute nitric acid. In this process, the lanthanidesaiermostly with the raffinate,
and do not transfer to a large extent to the organic phase; abi@nfproducts also
remain in the raffinate.

In addition to the much lower nitric acid concentration used for thaatidn step
(0.1 M) in the UREX process, no pure plutonium stream is separated.isTdue to the
presence of acetohydroxamic acid (AHA) which complexes with atub ldecrease
extraction of tetravalent plutonium.[32] The AHA also reduces plutomautie trivalent
state, which is not extracted by TBP. Technetium in the forpedechnetate ions will
be coextracted with uranium in UREX, whereas they generallgiremith the raffinate

in PUREX because of the higher concentration of nitrate competinguranium
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complexation. In both UREX and PUREX, TBP is the ligand which stasilihe neutral

nitrato complexes Pu(N§R-2TBP and UQNOs3),-2TBP in the organic phase.

TBP HDEHP Aliquat 336 (majority)
I I LFs
H904_O_I|D_O_C4H9 HO_?_O_C2H4(C2H5)C4H9 H,,Cs—N—C.H,,
@) O
I | CeHy7
C,H, C,H,(C,H.)C,H,

9 (@) O O
?\)\NJ\ H17C8\N)K/O\/U\N/C8H17
C.H | I

& )\ C8H17 C8H17

CMPO TODGA

Figure 5 Structures of some ligands in SX and EXC

Hamlin and Roberts at the U.K Atomic Energy Authority prepacddnens with
TBP and Kel-F support as the extractant for their investigatof uranium
purification.[43] Impurities in the uranium solution were washed ottt w6.5 M HNQ
and the uranium was stripped with deionized water. The TBP columefieative for
separating uranium from many metals including chromium, coppemi@im, iron,
tungsten, as well as some of its daughter products. Hamlin @peltR also used this
column material with HCI solutions to separate reduced plutonium from uranium.

Fuks, Lis, and Fidelis used silicone treated kielsguhr (diatoma@sawtly with
TBP in hexane for a “dry” impregnation technique, where theamexwas slowly

evaporated. The coated resin was then used in columns with hexawaentm,
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neptunium, and plutonium (USF, NpG,™, PuQ™ to determine the peak positions so
that extraction coefficients could be calculated.[48]

Resin with TBP and Amberlite XAD-4 has also been preparefldogtaneh and
colleagues for use in the separation of yttrium from strontiugets: in the presence of
aluminum.[49] The resin was prepared by contacting TBP inlledstvater with the
dried resin, in a “wet” impregnation technique. If only the TEBim was used for
elutions, TBP and its degradation products would contaminate the finahyproduct,
so a second column of uncoated XAD-4 resin was used to catch theaddfs
hydrolysis products. The TBP extraction chromatography resin appied to two
successful separations of yttrium from strontium. TBP on XAD-4 &as been
investigated by Kimura[50] and Serrano[51], on XAD-7 by Yamauia[&2d on silica
by Naik.[53]

Resins with a mixture of N,N,N’,N’-tetra-n-octyldiglycolamid€ ODGA) and
TBP have also been prepared, by Modolo and colleagues. Adtnyidee with hexane
was used to coat the Amberchrom CG71 C with TODGA/TBP andeias were used
to separate actinides and lanthanides from bulk fission products.[54]

In addition to leaving behind hazardous waste upon incineration, TBBdcoat
resins have significant problems with loss (bleeding) of the @&atraoff the resin, and
with hydrolysis of the TBP itself, resulting in organic contarhiora of the elution
products as reported by Aardaneh.[49] This problem alone magdpensible for

preventing any commercial offering of this type of resin.

22



CMPO

Octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CyJPBown
in Figure 5, has been used in both solvent extraction and commesiizd. CMPO is
used in the TRans-Uranic EXtraction process (TRUEX). TRUESS wesigned as a
process which would use the agueous waste stream from PUREX, atelfteh adding
oxalic acid the remaining transuranic elements (Np, Am, Cmgcetdyl be extracted.[31]
The organic phase is the same as that used in PUREX, with atted.CThe CMPO
acts as a ligand which can extract actinides and lanthanigesisaly over other fission
products. The actinides and lanthanides can be back extracted bstingritae loaded
organic phase with an aqueous mixture of oxalic and nitric acidthelprocess the TBP
inhibits the formation of third phases, and acts synergisticallly the CMPO during
extraction.

The Horwitz group used the ligands from the TRUEX process to nerdjudh
TRU® and RE® resins which have different concentrations of the CkéPptimize
their extraction properties for the transuranic and rare-eagthegits, respectively.[4]
However, their resins do contain TBP as a synergist, which is known to bleed.[49]

Yamaura and Matsuda also used a CMPO/TBP mixture to coat XAsSHT for
use in separating americium, europium, and cerium from uranium ad fr
plutonium.[55] They found the coated resin to be effective for thiaide separations,
but not for separating americium from europium and from cerium.

Suresh and colleagues used XAD-7 and XAD-4 supports with neatOCidP

their resin preparation. They found that the resins had higher aed éxsraction of
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uranium than americium, while the backbone of XAD-7 performed bédttan the
backbone of XAD-4.[56]

Zhang and colleagues have used CMPO on silica based supports afstipair
research on reprocessing systems. A “dry” impregnation technigsi@ised along with
a silica based resin. They found relatively constant bleeding ofCCivtitn the support,
~48 ppm CMPO was in the effluent at 298 K and ~37 ppm CMPO was effthent at
323 K.[57] They investigated only lanthanides and other typical figsimucts in their
2006 paper.

HDEHP

Di(2-ethylhexyl) phosphoric acid (HDEHP) is used in the TAEBR process.
In this solvent extraction process, the aqueous phase containsal@dtito buffer the
solution between 2.5 and 3, and diethylenetriaminepentaacetic RGIBA] as a
complexant.[31] In this solution, both lanthanides and actinides sabbaate with the
DTPA, but the lanthanides will be extracted by HDEHP astefaate than the actinides.
This separation therefore relies on the kinetics of extractioeffext the intergroup
separation. The extraction properties are very dependent on pH anOT&w
concentration. Research has also shown the process could bedeseich that the
actinides and lanthanides start in the organic phase with HDEtdPara extracted into
the lactic acid and DTPA aqueous phase.

The Horwitz group has also used HDEHP from the TALSPEAK proaésng
with CELITE (treated diatomaceous earth) to perform separatioasiericium, curium,
berkelium, and californium.[58] In their study they used the resircalumns to

determine the distribution ratios of the elements studied, and ¢ondeé separation

24



factors of the neighbors. Based on their results, they werdabéparate curium from
californium, and berkelium from californium. Horwitz and Bloomquistiledater apply
their HDEHP/CELITE resin to the separation of elements firoadiated uranium targets
in the search for super-heavy elements.[45] The resin usingHRD&n CELITE
eventually became the Lanthanide resin from Eichrom, with sirph@sphonic acids
being used for their LN2 and LN3 resins.

Bednarczyk and Fidelis used silicone treated kielsguhr as ca sgdport for a
coating of HDEHP in 1,3,5-trimethylbenzene. Wrsitu technique was used, where the
hydrophobic kielsguhr was dry packed into a column, and the HDEHP/1,3,5-
trimethylbenzene solution was added to the column. After columns pvepared,
solutions of hexavalent uranium, neptunium, and plutonium were eluted from the
columns with varying concentrations of hydrochloric acid and perchémid in order to
determine the first and second stability constants of the chlasidplexes.[59] The first
order stability constants were reported with 5-10% relativedstal deviations, and the
second order stability constants were reported with 10-20% rektawelard deviation.
Based on the general lack of change in the stability constentauthors determined that
the chloride formed outer sphere complexes with hexavalent uraniygtynnen, and
plutonium.

Wei and colleagues coated HDEHP onto both XAD-7 and silicadb@&sens to
investigate kinetic differences and distribution ratios with len americium,
gadolinium, europium, cerium, and neodymium. Neodymium sorption pealerdaaft

shorter contact time with the silica based resin than witiX&ie-7 support. The silica
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based resin was used for the distribution experiments, where gadoanidirauropium
were observed to extract more strongly than americium or cerium.[60]

McAlister and Horwitz used HDEHP and some other branched phospbkat a
coated onto Amberchrom CG71ms to determine distribution ratios gatitafactors
for americium, as well as distribution ratios for a wide \grigf multivalent metals.
Based on the ratios they determined, they were able to proposatsegpatethods for
aluminum-gallium, strontium-yttrium, and actinium-lanthanum-[ceriumsgodymium,
neodymium].[61]

Aliquat 336

The mixture of trioctyl-methylammonium chloride and tridecyl-methytaimium
chloride is commonly called Aliquat 336, with the majority of th&tare being from the
Cg molecule, and the mixture having an average molecular weight of AdQuat 336
has not been applied to any reprocessing flow sheets yet, butheéasesearched for
the extraction of certain lanthanides as secondary products froormdhafacture of
phosphoric acid out of apatite ores.[62] Aliquat 336 has been investigatede in
actinide separations. Moore used Aliquat 336 which had been convertedthieom
chloride to the thiocyanide form dissolved in xylene to study thea&ion of tracer
levels of americium and europium, as well as other lanthanidesuaingng berkelium,
and californium.[63] Khopkar and Mathur used Aliquat 336 in solven@etxdn to
determine the stability constants of californium(lll) with chdiei nitrate, thiocyanate,
and sulfate, curium(lll) with chloride, nitrate, and sulfate, and reomen(lll) with
sulfate.[64] Landgren and Liljenzin also used Aliquat 336 witinigts, dissolved in

1,3-diisopropyl benzene and contacted with a nitrate system to dtedgxtraction
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behavior of thorium, uranium, neptunium, plutonium, americium, curium, and also
technetium.[65] These are by no means the only studies on selx&attion with
Aliquat 336, but they are representative of some of the applications.

The first extraction chromatography resin prepared by Horw@s done in
collaboration with Orlandini and Bloomquist in 1966, and used Aliquat 336 .$lkéhes
were used to treat diatomaceous earth to render it hydrophobic, and-Alfuaas used
as the coating. The resin was prepared because otheutiéehatd shown that Aliquat-
336 had promising separation factors for curium and americium, anthem tested in a
column using extraction chromatography techniques. Aliquat-336 haslseen applied
to a polymethacrylate resin and investigated before being canaieed as TEVA®
resin.[66]

Malonamides

Malonamides have been tested in France for use in the DIAEXieaction
process known as DIAMEX. The malonamides (aka diamides) amwidsn HPT and
used to extract trivalent actinides and lanthanides from nitrit smlutions.[31] The
goals of this process are similar to that of TRUEX, but theonaahide ligands which
have been tested follow the CHON rule which is emphasized inrcesaad process
chemistry in Europe. Two malonamides have been designed and optimized faiaxtra
and solubility for testing in pilot runs, N,N’-dimethyl-N,N’-dibutgtradecylmalonamide
(DMDBTDMA), which has the advantage of lower solubility in the emus phase,[67]
and N,N'-dimethyl-N,N'-dioctylhexylethoxymalonamide (DMDOHEMA)hwih has
shown improved extraction of americium.[68] Cuillerdier has puldisiba the

subject[69,70], and the DIAMEX process has been a subject of intatasthe French
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Commissariat a [I'Energie Atomique (CEA) and also within the ofean
Commission.[7]

Mohopatra and colleagues have coated DMDBTDMA onto a variety af sol
supports including Chromosorb W, Chromosorb 102, Amberlite XAD-4 and Angberlit
XAD-7. They used a dry coating procedure with acetone as theleyadatvent, and
compared results from the dry coating procedure to resultsdraet coating procedure
which used a mixture of methanol and water. Distribution ratwsufanium(VI),
plutonium (IV), americium(lll), europium(lll), cesium(l), and attium(ll) were
determined from nitric acid solutions.[46] The resin was also usedlumns to test
separations from a simulated waste solution.

Van Hecke and Modolo have used DMDOHEMA on Amberchrom CG-71 C to
investigate the use of such material for batch removal of deifrom low level liquid
wastes. The resin was prepared using the dry method with hex#me\alatile solvent,
and showed fast sorption for americium and europium from simulated|doel
waste.[47]

Malonamides which are lacking the alkyl chain off thearbon in the structure
have been tethered to chloromethylated resins by Ansari andguekeaThese are made
with N,N’-dimethyl-N,N’-dibutyl malonamide (DMDBMA) in dimetHyformamide with
chloromethylated polystyrene-divinyl benzene polymer and sodiumdeydhi a water
free vessel. The resulting polymer was washed free frontardacwith water and
methanol, and was initially studied with uranium and thorium.[71] rLsitelies included

americium(lll), plutonium(lll), plutonium(lV), thorium(lV), and uramm(1V) as well as
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interfering elements iron, aluminum, strontium, cesium, and vanadiune. rdSin was
used in columns to separate americium, plutonium, and uranium.[72]
Isobutyl-BTP

The 2,6-di(5,6-diisobutyl-1,2,4-triazin-3-yl)pyridine (isobutyl-BTP) maolec
shown in Figure 1 has been studied for use in solvent extractibas leen investigated
for actinide separations because tridentate ligands exhibliehigxtraction and
separation efficiency than bidentate ligands, and because the mitgeating
extractants are more stable than sulfur donating extra¢@@jts5o0od separation factors
were observed for americium and europium with the ligand in HPT, anddbatyl
derivative was found to be stable in solution whereas butyl, ethyimatidyl substituted
extractants decomposed in the organic phase.[73] The structinesefdxtractants with
trivalent lanthanides has been studied, and new complexes have peeedE/4]
These complexes contained three of the tridentate ligands forSvogordinate
complexes with the smaller lanthanides (Sm-Lu). The formatiothisfthree ligand
complex is proposed as the explanation for the enhanced separatios Veithothese
ligands.

A similar molecule, 2,6-Bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridioe nPr-BTP
has been investigated as well. In many studies, the coordinatiohgahds to 1 metal
has been confirmed.[75,76,77] Extractions with nPr-BTP were relatiasly{78] but
were slower and had lower distributions than with the iso-propyl-BTP.[79]

Some resins have been prepared with the isobutyl-BTP, but thepéenesilica
based supports. Those that have been investigated have shown highoexthct

americium, and high separation factors for americium-gadolind@h.Extractions with
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the isobutyl-BTP have been performed up to 4 M NaM@th 0.1 M HNG. The
isobutyl-BTP based resin is very stable at 0.1 M HNodd is more stable than n-butyl-
BTP below 6 M HNQ.[80] Another group has investigated the same resin material with
the lanthanides and increasing nitric acid concentration. Compegjagds such as
formic, citric, and diethylenetriaminepentaacetic acid wals used in distribution
experiments. Despite the authors’ stated conclusions, the datripdaper indicate that
cerium was the only lanthanide separated from the others, and aepaoaton exists
between other lanthanides when a column was used.[81]

The higher stability of the isobutyl-BTP compared to other BTiraetants, and
the stability of its tridentate complexes made it a pramgisiandidate for sorption to
polymethacrylate based resins for use in radioanalytical separations.

C5-BTBP

The 6,6-bis-(5,6,-dipentyl-[1,2,4]triazin-3-yl)-[2,2']bipyridinyl  (CBTBP)
molecule shown in Figure 1, has been studied for use in solvent exirbetause BTP
molecules in prior research were difficult to strip of metalsd it was intended to be
more resistant to hydrolysis and radiolysis.[82] It was synthdsia the UK at the
University of Reading, and has been investigated for actinideateper because it is a
polycyclic nitrogen donating ligand similar to other ligandshwgdood extraction
properties.[83] Good separation factors were observed for ameriogi@uaopium with
the ligand in tert-butylbenzene, but extraction and separation fhotbr decrease in
longer chain alcohol solvents.[84] The C5-BTBP extractant has aésodiedied in a
cyclohexanone diluent for europium, americium, curium, and californium

distribution.[85] The distribution constant of berkelium has also beerndieed for
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some nitrate concentrations with C5-BTBP in cyclohexanone at b@tth &nd varying

ionic strength.[86] Good separation factors were observed faicnme and europium

with the ligand in short chain alcohols, tetrachloroethane, or nitrobenzghe structure
of these extractants with trivalent lanthanides has been studiedeancbmplexes have
been reported.[87] These complexes generally contained 1 tettadeydaad with the

metal and nitrates forming 10-coordinate complexes with sonmg [9ecoordinate (YD,

Lu). While C5-BTBP exhibited many favorable properties, theivelgtsiow kinetics of

extraction were troublesome in solvent extraction.[88]

At the time this research was begun, no publications with C5PB®B solid
supports were known. Since the research has been completed, apsipoigtation
focused on C5-BTBP on polyacrylonitrile has been found which evidentlyeglel
unfavorable results.[89] The work was also presented at a cocdeignd another group
used a similar molecule C4-BTBP on their own silica-polymer background.[90]

Since it was reported that C5-BTBP had more favorable resultstripping of
metals relative to isobutyl-BTP, it was a promising candidéte sorption to
polymethacrylate based resins for use in radioanalytical separations.

CyMe-BTBP

The  6,6-bis-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1,2,4]-triazin-3-yl)
2,2’-bipyridine (CyMa-BTBP) molecule shown in Figure 1 has been studied for use in
solvent extraction. It has been investigated for actinide semasathecause BTP
molecules in prior research were difficult to strip of metalsd it was intended to be
more resistant to hydrolysis and radiolysis.[82] Good separataborgawere observed

for americium and europium with the ligand in mixtures of TPkhwioctanol, and the

31



kinetics of extraction were improved by the addition of DMDOHEMAagphase transfer
catalyst.[91] Other work with this extractant in solvent exioacsystems has been
promising.[92, 93, 94]

No resins have been prepared previously using GBABP. The more
favorable results for stripping of metals from CyMBTBP relative to isobutyl-BTP, and
its greater stability when compared to C5-BTBP made itanizing candidate for

sorption to polymethacrylate based resins for use in radioanalytical separations
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CHAPTER 2
INSTRUMENTATION AND METHODS
Synthesis

Resins which required washing were washed with de-ionized waeszribed
in the product literature, and then dried overnight at 105 °C [95,96]. dheesin was
weighed on a Mettler Toledo New Classic MF balance, and themiesl in the
appropriate solvent using glass round bottom flasks with ground glass 240 n&
suitable amount of extractant based on the resin mass was wvaigh®n the same
balance and dissolved in the same solvent in a 50 mL glass beaker lixsfay added to
the slurry. Amberchrom CG-71 M resin, an acrylic ester polymigr a mean diameter
of 75 um, was obtained from Rohm and Hass. Amberlite XAD 4 resin whicamnis
aromatic polymer with a harmonic mean diameter of 49-69 um, and Amberlite XD
resin which is an aliphatic acrylic polymer with a harmonic mdiameter of 56-71 um,
were both obtained from Sigma Aldrich. The N,N’-dimethyl-N,N’-
dibutyltetradecylmalonamide = DMDBTDMA, and N,N'-dimethyl-N dNoctylhexyl-
ethoxymalonamide DMDOHEMA, were obtained from Dr. Clément Idill CEA-
Marcoule. The 2,6-bis(5,6-diisobutyl-1,2,4-triazine-3-yl)pyridine  isolbBHP
extractant which had a reported purity over 95% was obtainedRrofm Yuezhou Wei
of Shanghai University. The 6,6-bis(5,6-dipentyl-[1,2,4]-triazin-32/B’-bipyridine
C5-BTBP and 6,6’-bis-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1,254]t¥B-yl)-
2,2’-bipyridine CyMe-BTBP extractants were obtained from Emma Aneheim and Prof.
Christian Ekberg of Chalmers University of Technology. Methanektoae, and hexane

were reagent grade and obtained from Sigma-Aldrich.
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After being slurried, Dow Corning High Vacuum Silicone Greass applied to
the necks of round bottom flasks and the flasks were attached ¢éodalpth Laborota
4011 Digital Rotary-Evaporator, and rotated at 120 rpm. The flaskomased into a
water bath maintained at 25 °C, and was kept closed at atmosphssiarprevernight to
allow for even mixing of the slurry. After rotating overnight, thater bath temperature
was raised to 30 °C for the isobutyl-BTP resin, and to 35 °C for tH&PBEsins. A
Heidolph Rotovac Valve Control was used to reduce the pressure wésctegulated by
a solenoid controlled by a Heidolph Vac Control Automatic. The press@sdypically
reduced to 250 torr for methanol, 300 torr for hexane, and 300 torrdtonacto allow
for evaporation of the solvent over a period of not less than two houtse smwating
process would approach a reversible process, allowing for a moregboewus product.
A WKL 230 LAUDA cooling pump was used to circulate water throtighcondenser of
the rotovap. After evaporation, the round bottom flask with the coasadwas placed
inside a larger beaker and dried overnight at 45 °C in a VWR Ovenl|NI8@6. After
cooling, resin was transferred to translucent high density pglgeth sample containers,
and the mass recovered was measured on the same balante weaght the uncoated

resin and dry extractants.

Physical Characterization
When large batches of the resins were produced, densities of dtesl gesins
were determined by placing a known mass of dry coated regically between 0.25
and 0.4 g, into dry 25 mL glass volumetric flasks. De-ionized wareoa temperature

was added and the flasks were capped and vortexed using a iliNNEXer MW1 at
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no less than 2500 rpm for several minutes to ensure complete wetthgrekin. Using

the temperature and mass of water along with water densigstable volume of the
resin was calculated using the displacement method. Theskneoety masses of resin
were then added to general purpose glass columns from Kontes edikigom bores

which were previously plugged with glass wool and acid washed sandm@ohere

checked for air bubbles, and were resettled when necessary. r@vity §jow was used

for settling the columns. By measuring the height of the resintbedyolume of the

resin bed could be calculated using the equation for the volumeytihder. The resin

density, resin mass, weight loading, and bed volume were then usedctdate the

volume of the mobile phase per bed volume, and the volume of thetemtrphase per
bed volume.

Pre-weighed samples of the dry coated and uncoated resin wer® gdlantic
Microlab in Norcross, Georgia for CHN Elemental Analysis, whpored the mass
percent of C, H, and N present in each sample. Using the pergegenitof uncoated
and coated resins, the weight loading of extractant, which wasmtheource of nitrogen

in the coated resins, could be calculated.

Infrared Spectroscopy Theory
In analyzing the resin material before and after coatinitp the extractant
molecules, Infrared (IR) Spectroscopy can be useful for degetttenpresence or absence
of functional groups on the surface of the resin material. Iafdaght is lower in energy
than visible light, and has longer wavelengths. Because the enargi®wer, electrons
are not excited or ionized in this analytical technique, but maecate vibrationally

excited. Molecules can vibrate in a number of ways, includings@gng, wagging,
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asymmetric and symmetric stretches. Because of the ieffeatasses of different
functional groups and their different bond strengths, they will haverdrit vibrational
behavior. The energy it takes to move the molecule from one vibrational mode to another
is equal to the energy of the infra-red light that can be absbrbedid molecule. Thus,
functional groups will have different absorbance peaks, and slight chaogihe R
groups can shift the vibrational energy. Hooke’s Law given as Bguétcan be used to
model molecular stretches because they are analogous to the beliasoings. In
Hooke’s law, k is the spring constant which is related to thagitieof the spring, or the
strength of the bond in the case of these molecules, and x issthacdi of stretching
from the equilibrium position of the spring. The mass (m) is inclwdeeh one solves
for the cyclic frequency of a spring based system; Equatisrsblved for when one end
of the spring is fixed and a weight is attached, as in theafasdarge molecule with a

single atom or small functional group attached.

Equation 4
S )
U—2kx
Equation 5
_L |k
V_Zn m

The instrument is calibrated by using a blank matrix which fienaated total
reflectance (ATR) was the absence of anything on the diamofatswrith which the IR

light interacts, and non-absorbed wavelengths are reflected Bdek.intensity of the
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light reflecting “off” the blank is taken as While the intensity of light which reflects off
the actual sample is I. An assumption is made in that by @dlénsample you are not
significantly changing the amount of blank material in the bpath. The ratio of | ta,l
is known as the transmittance, which is a common way of disigaata taken using IR.
It is possible to convert this to absorbance by taking the oppostteedbgarithm of

Transmittance. These are shown in Equation 6 and Equation 7.

Equation 6

Equation 7

— _ Io
A=-log T=log , n

Infrared Spectroscopy Methods

Portions of the dry coated and uncoated resin were examined on a3hiiRa
Prestige 21 with a triple-bounce diamond ATR from PIKE Technatogie the
wavenumber region from 750 €nto 4000 crit. The IR was run in %T mode, with
Happ-Genzel Apodization, 32 scans per run, 4'cmsolution, and auto gain and
aperture. The ATR was used with no sample for the background sodrsgraple sizes

were used which evenly covered the diamond surface.
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Surface Area Theory

The surface area of a material can be determined usingTBE®ry. In this
theory, the atmospheric pressuge gample pressure p, total volume v, and a constant c

dependent on the gas utilized are used to plot adsorption isotherms using Equation 8.

Equation 8

14 1 c-1p

v(po—p) B UmcC UmC Po

The NOVA-1000 Surface Area Analyzer used to measure suafaeerelies on
precise pressure transducers to measure pressure. Empty salbeslevith matched
filler rods inserted are calibrated on the instrument for thmpty volume. Once a
known mass of sample is placed at the bottom of the sample tulsgnipde is heated
under vacuum to remove adsorbed water. After this sample piepaistcomplete,
sample volume can be determined using the pressure and the known voluhge of t
sample tube. The sample is then cooled using liquid nitrogen, whichs btiveg
temperature below the condensation point of the analysis gas, wlickdsirement for
determining adsorption isotherms and applying BET Theory. The presgutiken be
measured at multiple points after allowing the analysis @ddeed into the sample and
begin forming the monolayer. Modern instrumentation allows for dblection of
different analysis gasses, which have stored constants. The NOQA used also
conducts a least squares fit on the data, and reports the fittingsvat well as the
calculated surface area. Dividing the measured surfacebgrtee sample mass allows

for the calculation of the specific surface area, reported in square metgrampe
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Surface Area Analysis

Empty 9 mm bulbless short glass sample cells with matclasd §ller rods were
calibrated on a NOVA-1000 Surface Area Analyzer using theuctsbns provided with
the instrument. Uncoated and coated resins were weighed betbedter analysis, and
were dried overnight under vacuum surrounded by heating mantl€® &C. Surface
areas were determined by multipoint analysis using Ultra HHghty nitrogen gas

supplied by Praxair.

Batch Extractions

The extraction experiments were performed by pre-equililgydtih0-20.0 mg of
coated resin weighed on a Mettler Toledo XP 205 DeltaRangeckaldth 4.950 mL of
aqueous hydrochloric or nitric acid with concentrations ranging f6omM to 4 M.
Resin and solution were contacted for 10-15 minutes in 15 mL polyempygentrifuge
tubes from VWR,; afterwards a 50 pL spike of the appropriate nucliddement was
added. Eppendorf pipettors were used for solvent and spike measurachénainafers.
All de-ionized water (DI) used had a nominal resistance of 1&2aktl was supplied by
a Pall Cascada IX-Water system. The concentrated hyldrex and nitric acids used
were both reagent grade, from JT Baker and VWR respectilyopium with natural
isotopics was obtained as NIST Standard Reference Material 3111084 nitric acid.
Radionuclides were obtained from Isotope Products Laboratories, anedditu2000
Bg/mL or 1000 Bg/mL working solutions. The americium-241 and curium-244 were

supplied as trivalent nitrates, while the plutonium-239 was suppliea @travalent
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chloride. Three samples and one control were used at each acidtcatnme for each
nuclide for each resin, except for some screening studies on the isobutyl-BTP resin.
Weight Distribution Ratios were determined from the europium(lll)
concentrations and the radionuclide activities using Equation 9 based mwsithenass
(m), solution volume (Y, the original activity or stable concentration,YAletermined
from a control, and activity or stable concentration remaining isahgple solution (4.
These ratios were converted when possible using Equation 10 to the noinfbes
column volumes to peak maximuriki, (i.e. the resin capacity factor), which takes into
account the density of the extractant and mass percent okttiaetant on the resin, as
well as the volume of the mobile and extractant phases per mldofddeme (M, V)
determined after packing of the resin in columns. This factordessmined using the

methods previously described by Horwitz.[97,98]

Equation 9
_AoA 4 Vs
DW Ag m
Equation 10
k' — Dw* pextr*VS

*
masso,extr*Vm

Liguid Scintillation Counting Theory

The actinide isotopes used to characterize the resin matemats all alpha
emitters, therefore making the contact solutions from batch é&wtracwell suited to
analysis on a Liquid Scintillation Counter. The solutions to beyaedlwere transferred
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to plastic vials which were translucent and which contained a dod&tagned for LSC.
The cocktail consisted of a solvent which aided in energy tramsfdr which was
responsible for dissolving the sample and the other components, a flleutealvhich
emitted light when excited, a wave-shifter which absorbed &ghtted by the fluor and
shifted it to lower energies (longer wavelengths) which vess likely to reabsorbed by
other fluor molecules or the cocktail, and which were also moed fde the detectors
outside of the vial.

When one of the actinides being analyzed decayed in the cocktagpie
particle passed through solvent for several micrometers anditdepals of its energy in
a localized region through ionizations. Many of those ionized m@&sa@combined
because they are so close together, but some of these mmszafi solvent molecules
allowed energy to be transferred to fluor molecules, which thetteghtight, which was
then absorbed and reemitted by a wave shifter before exitingisthe The fluor
molecules can also be excited directly by ionizations, but vatked probability.
Because a single alpha particle deposits so much energy, eaah a@nd interaction
produced a large number of photons from the fluor molecules which wettedemn
random directions such that the light exits the vial isotropicaBy using mirrors to
reflect the photons towards two photomultiplier tubes (PMT) on edehasithe vial, the
counting efficiency was maximized. When the photons struck the photdeabf a
photo-multiplier tube, electrons were ejected and drawn to éppet anodes which are
called dynodes. These dynodes also released electrons whevetkestruck by arriving
electrons. As the electrons passed from the photo-cathode to eaelsste dynode

they were accelerated, and multiplied. The large number dfa@iecwhich reached the
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final anode of the PMT created a current pulse which then pabksedgh other
electronics. Since the light emitted by a true decay everithe sample is emitted
isotropically, both PMTs registered true signals from thepsarat the same time. A
coincidence circuit was used to reject noise from data bypadging the signals through
when they arrived at the same time. Decay events whicmsezlenore energy will cause
the formation of more light, which in turn resulted in greater exurrpulses. A
multichannel analyzer and other electronics along with softwame wised to plot a
spectrum using the number of detected events over a range okeendrgigions were set
to focus on the peaks of interest and to exclude noise from the caticentr
measurement.

Care was taken in analysis of samples to ensure that theglesatayed as
consistent as possible from batch to batch, because variations icoacehtration, or
oxidant and reductant concentrations could have caused spectral shi#gemr
degradation of the LSC cocktail. The spectral shift was detednfipeising an external
source of radiation of barium-133 to excite the cocktail and medbke response to a
standard spectrum of Compton electrons. This shift is reported t@ngransformed
Spectral Index of the External Standard/Automatic Efficiency ContritfA&C).

Liquid Scintillation Counting Methods

After mixing the resin using a MaxQMini 4450 Incubator at roomgerature
overnight at 120 rpm for a total of 12 to 18 hours with the spiked solutiosathples
were centrifuged and 1.000 mL aliquots were transferred to 20 mLtpgigee LSC
vials supplied by VWR and mixed with 10 mL of Ultima Gold sciatibn cocktail

supplied by Perkin Elmer for counting on a Packard TriCarb 2900TRd_fgintillation
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Analyzer for 60 minutes with a 2s% terminator of 2.0%. Windows wetdrom 0-75,
75-1000, and 0-2000 channels with the peaks falling in the 75-1000 window. Tibe stat
controller was turned on, 18 ns was allowed for coincidence andwiasra 75 ns delay
before burst. The tSIE/AEC values for samples were used to ensairements were
within the calibrated range of quenching. A Packard 2700 TR/AB usad as an
alternate counting instrument with matched settings to the 29008IRsamples and
controls for a resin and acid batch were run on the same instrumimittsystematic
errors.

ICP-AES Theory

Metals in solution are introduced into the instrument through an Indlyctive
Coupled Plasma, which caused ionization of the sample. The ioniaets & the
sample emitted light as they recombined with electrons. Thesoiptithe instrument
gathered this emitted light and reflected/focused it onto agekmoupled device for
detection. Between the torch and the detector, the light passedhttaquolychromator
to separate the light in 2 dimensions based on wavelength. Siclceeleanent has
discrete electronic levels, the light emitted when excitedtreles de-excite depends on
the energy difference between these levels. The specifigiesef light emitted by a
particular element have in many cases been well characteard the wavelengths and
intensities of light detected can be used to identify and quanéfgemts in samples.
ICP-AES was used when analyzing europium samples which rémgeadnicro-molar to

milli-molar concentrations.
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ICP-AES Methods

Europium(lll) concentrations were determined using a Thermo iCap 60@8 se
inductively coupled plasma - atomic emission spectrometer atvalevayth of 381.967
nm to avoid interferences. Ultra High Purity argon from Praxas used as the coolant
gas, auxiliary gas, and nebulizer gas, while UHP nitrogen fraaral was used as the
purge gas. Three repeats were used on each sample or starttiead}second sample
flush and 45 second rinse time between samples. The pump was rurpat @th 5
seconds for stabilization while an interval of 15 seconds was alléoveboth axial and
radial integration. The torch was run at 1150 W (RF), with 0.5 Lauxiliary gas flow,
0.51 L/min nebulizer gas flow, and 12 L/min coolant gas flow. Europtandards were
prepared from the NIST SRM 3117a reference material at contensraf 126.9, 42.3,
12.69, 4.23, 1.269, 0.423, 0.1269, and 0.0423 ppm, and were run with a blank prior to
analysis of samples as a linearity and instrument calibrabieok. The instrument had a
linear response over the concentration range of the standard dilut8amples were
prepared for ICP-AES by taking 1.000 mL aliquots from the corgatitions and

diluting to 10 mL with DI in 15 mL polypropylene centrifuge tubes from VWR.

Column Elutions
The same Kontes general purpose glass columns used to deteropedies of
the resins were used for column experiments. These columns hatisasoprbore 4 mm
inner diameter, with a 15 mL reservoir for a total height of 200 rGass wool and acid
washed sand were used to create a uniform base onto which wetweess added.

Columns were inspected during the filling for air bubbles, and wesettled if any were

44



present. After filling the columns using DI and resin, the fodenan volume (FCV) was
determined by litmus paper and an appropriate concentration of asidc The FCV
was typically 100 pL for a 2 cm bed height (250 pL bed volume200 uL for a 4 cm
bed height (500 pL bed volume). After the resin was settled, adaitnitric acid was
passed through the column to condition the resin. A solution of ~24 Bq of americjum(lII
in 1 or 2 M nitric acid was used to load activity onto columns, ancelinent was
collected for counting. More nitric acid of the appropriate conciemtravas passed
through as a rinse and collected for counting, followed by fixednvelfractions of the
appropriate elution solution. Aliquots of 100 uL were sampled from thk toese, and
each fraction and combined with 10 mL of LSC cocktail in 20 mL viatscbunting

using liquid scintillation as described above in the section on batch extractions.

Stability Experiments
Solutions from the extraction experiments with BTBP resins akogved to sit
in contact with resin for 4-6 months. The contact time for isolBiTy- resins was 6-8
months. If hydrolysis of the extractants occurred during the dotmaes, the products
could have been detected by analyzing the contact solutions. &é&eibvprotonation of
the extractants occurred, changing the solubility of the ligamdsgqueous solutions,
evidence of this bleeding could have been found in the aqueous phases.

UV-Vis Spectroscopy Theory

Ultraviolet-Visible Spectroscopy is similar in some wayd$R, but the light used
has higher energy and shorter wavelengths which do cause excgh#lectrons instead

of just vibrational excitation as in IR spectroscopy. Another lamty is that the
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intensity of the light passing through a blank or background sampéken asplwhile
the intensity of light which passes through the actual sampleAs Bssumption is made
in that by adding the sample, the amount of blank material in th@ Ipagh is not
significantly changed. The ratio of | tg is known as the transmittance, which is a
common way of displaying data taken using IR. It is possiblaking the opposite of
the logarithm of transmittance to convert this to absorbance, whitle igreferred unit
for UV-Vis spectroscopy. These equations were shown eatieEquation 6 and
Equation 7. When certain assumptions hold true, which they do for the saanplgzed

in this work, the Beer-Lambert Law states that the absorbards éjual to the product

of the molar absorptivityef, path length (I), and concentration (c) as shown in Equation

11.

Equation 11

A=c¢cx*lxc

The electrons excited by UV-Vis are generallglectrons, and their excitation to
n anti-bonding orbitals are allowed transitions, such that these transitions exhibit
molar absorptivities on the order of* higher. While other transitions such as those
of non-bonding lone pair or n electronsrfoanti-bonding orbitals are possible, they are
forbidden transitions and exhibit molar absorptivities on the order dfotOless.
Extended or conjugated bonds can increase the absorptivity which results in a
hyperchromic shift, and the conjugation will also shift then transitions to longer

wavelengths which result in bathochromic shifts. Since the BTBBaB® molecules in
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this study have conjugatesl systems in their cores, they are uniquely suited for
concentration analysis by UV-Vis.

UV-Vis Methods

The contact solutions were stored in cabinets within secondary rooetat, and
were periodically checked for leaks. Standards of the isobutil-BJ5-BTBP, and
CyMes-BTBP were examined on a Cary6000i using a double beam method with 0.1 s
averaging time, 0.1 nm intervals, and a scan rate of 60 nm/min f@@ta2800 nm.
Optical quartz cuvettes with a reduced volume of 700 pL were ugbdtve standard
solutions in the front beam with matched background solutions in the sexfenehce
beam. The standards as well as the contact solutions alongragtioris from the
column experiments were examined using a Cary50 UV-Vis witht@ched Cary 50
MPR micro-plate reader, using the same settings as tly¢@x4), but with a scan rate of
600 nm/min over 1 nm intervals. Corning Costar 96-well flat-bottom Udfa¥plates
were used which had well volumes of 370 pL and were filled with 17#4fpdolution
resulting in a geometrically calculated solution path length of 0.5 cm.

ESI-MS Theory

The ElectroSpray lonization Mass Spectrometer was used tondtetewhether
molecules of interest were present in the contact solutions. olvegexi samples were
forced through a thin tube, at the end of which a large edeptiiential was applied,
causing charged droplets to form as the solution exited the tubee dieged droplets
passed through a nitrogen drying gas, causing solvent to evaporaeahehiligher mass
solute remained charged and passed through skimmer cones into fhepeeisometer.

The lack of a plasma in the sample introduction process prevestedssive
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fragmentation of larger molecules, which increased the eftigibor measurement of the
unfragmented molecule. The intensity of detected molecules wpkykd versus the
mass to charge ratio, which for singly charged ions is equal todle of the ion. These
spectra were used to determine if bleeding of extractanttiremesin in batch or column
experiments was occurring.

ESI-MS Methods

Fractions from the column experiments and some of the batch centattbns
were analyzed by a MSQ™ Plus Electro-spray lonization Nsaestrometer (ESI-MS)
with a 3 kV needle potential and 30 V cone potential for BTP, and a 4 Edlee
potential and 50 V cone potential for BTBP samples. The 1176 \htmdt@n the
detector, 350 °C probe temperature, and 200 pL/min sample flow werarmofws all
samples. The drying gas was nitrogen which was supplied Dyorex Nitrogen
Generator.  Settings were chosen based on prior work in Uterah isobutyl-BTP
[76,99], and C5-BTBP and CyMd&TBP complexes.[100] The mass ranges for scans
varied, but were wide enough to allow the main molecular peak ankhrgeyfragments
to be visible. In addition, the range for the BTBP molecules géyneallowed for
several LM™ peaks to be observed, where M was a 3d transition metal. Methasol wa
run as a background for all samples since it was the only sdbrethie BTBP standards,
and it was the majority of the solvent in the BTP standard. Wate the other solvent
in the BTP standard and was already a component of the 50/50 adefoaiter elution
solution. Injections were 100 pL to ensure complete filling of the l1@gmple loop.
After manually starting collection on the Xcalibur software paek the manual injection

port was turned to select the sample loop, and data collectiorllaaedato continue for
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2 minutes, or as long as necessary for molecular peaks tob@&adayround levels. When
data collection was stopped, the injection port was turned to the loatmpasid the

next sample was injected. All standards and samples were run at least twi
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION
DMDBTDMA
The malonamide DMDBTDMA was coated onto Amberchrom CG-71 using
either hexane, acetone, or methanol to dissolve the ligand. Theprepared with
hexane used 0.5055 g Amberchrom mixed with 0.1014 g of DMDBTDMA for a
theoretical weight loading of 16.7%. The resin prepared with acetone consisted of 0.5269
g Amberchrom mixed with 0.1025 g DMDBTDMA for a theoretical vieigpading of
16.3%. The resin prepared with methanol consisted of 0.5173g Amberchxkewh with
0.1038 g DMDBTDMA for a theoretical weight loading of 16.7%. The eéftdcthe
solvent used was investigated by screening each resin forcamgtll) extraction in
single replicate batch experiments. The weight distribution ratused to display the
results since th&' conversion factors were not determined for these initial rekiasto
the limited amounts of material available. Results for theirstreening of the resins
are shown in Figure 6, and the open points represent data for DMDBTI2®Ins.
Several points are not displayed, because the activity remainingplution was
equivalent to the control signifying there was no extraction. Theesaalculated for
using Equation 9 are generally less than 10, however the resin preparexthanol
approached a pof 10 at 4 M nitric acid. Because the results were lower éxpected
based on a similar malonamide coated on the same resin vaithea particle size,[47]
the resins were analyzed again using four replicates. Ddbgitgreater number of
samples the results obtained as shown in Figure 7 were no moraldig. While several

points have R ~20, just as many sample sets showed no extraction. Because these
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results were unfavorable for the DMDBTDMA resin, especialiew compared with the
results for the isobutyl-BTP resin discussed later, it wasrmdated that no further
investigation would be made of the DMDTBDMA resin, and no more bstohehis

resin were prepared.
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Figure 6 Extraction of Am(lll) by single replicates of malonamides.
Open for DMDBTDMA and Closed for DMDOHEMA. Negative valuagg amitted.

See Table 10 in the Appendix for data.
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Figure 7 Extraction Data for Am(lll) on Malonamide Resins with multiplgicates.
Open for DMDBTDMA and Closed for DMDOHEMA. Negative valuag amitted.

See Table 11, Table 12, and Table 13 in the Appendix for data.

DMDOHEMA
The malonamide DMDOHEMA was coated onto Amberchrom CG-71 using
either hexane, acetone, or methanol to dissolve the ligand. Theprepared with
hexane used 0.5280 g Amberchrom mixed with 0.1075 g of DMDBTDMA for a
theoretical weight loading of 16.9%. The resin prepared with acetone consistesef 0.5

g Amberchrom mixed with 0.1035 g DMDBTDMA for a theoretical viigpading of
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15.7%. The resin prepared with methanol consisted of 0.6335g Amberchrech\mth
0.1115 g DMDBTDMA for a theoretical weight loading of 15.0%. The eéftdcthe
solvent used was investigated by screening each resin forcamgtll) extraction in
single replicate batch experiments. The weight distribution ratused to display the
results since th&’ conversion factors were not determined for these initial regiasto
the limited amounts of material available. Results for theirstreening of the resins
are shown in Figure 6, and the closed points represent data for BIMMA resins.
Several points are not displayed, because the activity remainingplution was
equivalent to the control signifying there was no extraction. Thesaalculated for
using Equation 9 are generally less than 10, however the resin prapaseetone
exhibited a [ of over 100 at 4 M nitric acid, with no extraction at any otaeid
concentration. Because the results were lower than expected lbasthe same
malonamide coated on the same resin with a larger particlg43iz¢he resins were
analyzed again using four replicates. Despite the greater nwhbamples the results
obtained as shown in Figure 7 were no more favorable. While seventd pave [}
~20, just as many sample sets showed no extraction. Becauser¢haks were
unfavorable for the DMDOHEMA resin, especially when compared thi¢hresults for
the isobutyl-BTP resin discussed later, it was determined th&trtieer investigation
would be made of the DMDOHEMA resin, and no more batches ofréisis were

prepared.
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Isobutyl-BTP

Three batches of isobutyl-BTP resin were prepared using eitkandieacetone,
or methanol to dissolve the BTP ligand. The resin prepared with hesade0.5020 g
Amberchrom mixed with 0.0458 g of BTP for a theoretical weightlilup of 8.36%.
The resin prepared with acetone consisted of 0.5581 g Amberchrom mike@l@490 g
BTP for a theoretical weight loading of 8.07%. The resin prepaigd methanol
consisted of 0.6178g Amberchrom mixed with 0.0538 g BTP for a theoreteght
loading of 8.01%. The effect of the solvent used was investigatedregning each
resin for americium(lll) extraction in single replicate dhatexperiments. The weight
distribution ratio is used to display the results sincektheonversion factors were not
determined for these initial resins due to the limited amountsatérral available. As
shown in Figure 8, there were differences in the resin perfoenatated to the solvent.
These differences may arise from the varied solubility of th@;Bhose solvents in
which BTP was more soluble retained more of the ligand duringuhporation of the
solvent, preventing a small amount of BTP from binding to the resin, effectoreéring
the weight loading. For successive batches of the isobutyl-BTP resin, leasnsed to
dissolve the BTP ligand.

Higher and lower weight loadings of the isobutyl-BTP onto resinewer
investigated using hexane to dissolve the extractant. The amamedsto prepare the
resins were 0.5648 g of Amberchrom with 0.0245 g BTP, and 0.2470 g Amberchrom
with 0.0494 g BTP which would result in theoretical weight loadinggl.@6% and
16.7% respectively. Extraction was determined in triplicate fogracium(lll) on these

two resins and the resin prepared from hexane earlier withhtvkagdings of 4.16%,

54



8.36%, and 16.7%. Weight distribution ratios are again used in displdengesults
since many of the physical properties were not determinethé&se initial batches of

resin due to limited amounts of material.
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Figure 8 Extraction of Am(lll) by isobutyl-BTP resin asuaction of the solvent used in
preparation and the initial nitric acid concentration.

SeeTable 14in the Appendix for data.
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Figure 9 Extraction of Am(lll) by isobutyl-BTP resin asumd¢tion of weight percent of
extractant and the initial nitric acid concentration.

SeeTable 15in the Appendix for data.

Based on the extraction data from different solvents and different weightdsadi
hexane was used to prepare a larger batch of the 16.7% isobutyleBinPfor further
characterization. Elemental analysis was performed on tiis, @nd the results for the
uncoated resin were 62.5% C, and 7.60% H with no N detected. The cesitetiad
62.6% C, 7.73 % H, and 3.28 % N, which allowed the weight loading of iseBUF/Ito
be calculated as 15.4%, close to the theoretical 16.7%. Physicalt@®peere also
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determined for the coated resin based on the density of tmel lmg@1.055 g/chnfrom
calculations using Advanced Chemistry Development Software V8.19 -Q@E
ACD/Labs).[101] The resin density was 1.257 gicthe bed density was 0.244 gftm
while the \; was 0.0356 mL/mL bed and the,Was 0.808 mL/mL bed. Based on these
parameters and Equation 10, the weight distributions could be converted by
multiplying by 0.302. This factor was used in further charazaéan of the resin since
all other experiments made use of this single batch of isoBuUtyl-+resin with 15.4%
weight loading of isobutyl-BTP.

In comparing the properties which contribute to kheconversion factor with
published literature values for some other extraction chromatograpms, the volume
of the mobile phase relative to the bed volumg)(i6 comparable, especially when
compared to those resins which make use of the Amberchrom CG-71 sugpasver,
the value for the volume of the extracting phase relative to thevddathe (\s) seems
rather low. The value of 0.0356 for; \@btained in this work is not comparable to the
values of 0.17 or 0.146 for Eichrom’s DGA and Sr-Spec resins respg¢vel02]
This discrepancy in otherwise similar systems is likely dua tombination of factors
including the lower weight loading of 15.4% for the isobutyl-BTP resin compared to 40%
for both DGA and Sr-Spec, the higher density of 1.055 Yfonthe isobutyl-BTP ligand
compared to 0.88 g/chrand 0.912g/cthfor TODGA and the di-tertbutyl-18-crown-6
solution in 1-octanol respectively, the fact that the isobutyl-B R solid at room
temperature while TODGA is a liquid and the crown is dissolvedctanol, and the
lower bed density from gravity flow of 0.244 gférfor isobutyl-BTP compared to

pressurized flow resulting in 0.38 g/énand 0.33 g/crh for DGA and Sr-Spec
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respectively.[97,102] Despite these differences above and thekbw@mnversion factor,
the isobutyl-BTP resin still achieved an extraction of amam¢lil) close to that of the
DGA resin.[102]

The surfaces of the uncoated and coated resin were examinedl RYRA
Excluding the large difference in carbon dioxide (~2400%cmssociated with each
sample shown in Figure 10, the only significant differences are h@@0 cn,

suggesting that the majority of the BTP has penetrated the pores of the resin.
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Figure 10 ATR-FT-IR Transmittance of coated (blue) and uncqagel) isobutyl-BTP
resin.
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C5-BTBP

The extractant C5-BTBP was coated onto three different saljgbosts.
Amberchrom CG-71, Amberlite XAD-4 and Amberlite XAD-7HP weredis The C5-
BTBP had very poor solubility in hexane which had been chosen as Weatstar the
isobutyl-BTP resin. Attempts were made to coat using pure methadomixtures of
methanol and hexane. The pure methanol coated the resin with C5s@#TiBHeaving
the least excess of unbound extractant behind with the resin, which prablem when
using the methanol/hexane mixtures. Because of these observdtithegaresins were
prepared using pure methanol to dissolve the extractant. The amaumtoafted resin
used was 378 mg, 369 mg, and 630 mg, with 61 mg, 37 mg, and 69 mg of extractant
resulting in theoretical weight loadings of 13.9%, 9.11% and 9.86% for the CG-71, XAD-
4, and XAD-7HP resins respectively. Physical properties of theabed resins are
summarized in Table 1. The coated and uncoated resins were dnalgdethe data
from elemental analysis is reported in Table 2 along witletbental mass percents of
C5-BTBP for comparison. Based on the elemental analysis, wesyht loadings were
calculated and are displayed together with the measured saré&aseof the coated resins
in Table 3. The elemental analysis, weight loading, and surfaeedata for the coated
Amberchrom resin listed is for the final batch of resin which haldearetical weight
loading of 9.90% and was prepared on this solid support for the reasons discussed below.

Each of the coated resins was tested for extraction withi@ume(lll) in
triplicate. The weight distribution ratio is used to display thsults since the&’
conversion factors were not determined for these initial resingodihe limited amounts

of material available. As shown in Figure 11, there were d@iffl@es in extraction
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behavior based on the resin used as the solid support. Since some unbagctdnéxtr
was observed with the CG-71 resin during extraction and column ivgoes, the
theoretical weight loading of 13.9% is probably high. The aromaf®-X resin
extracted americium(lll) much more poorly than either XADP7bF the CG-71. This
large difference in extraction is thought to be related to the lgndiechanism between
the extractant and the resin. Since the XAD-4 consists of @anafic polymer, the
polymer interacts more with the aromatic core of the C5-BTii with its aliphatic
side chains. Because the N-donors involved in actinide extractico-doeated with the
aromatic core, the C5-BTBP is prevented from assuming favoraviBrmations for
extraction of actinides from solution. The final batch of C5-BT®PAmberchrom CG-
71 was prepared using 0.675 g of extractant with 6.145 g of uncoated rellimgya
theoretical weight loading of 9.90%. While the XAD-7 and CG-71 cbatsins had
actual weight loadings approximately 1% lower than theoreticakalthe inability of all
extractant to bind to the resin, the almost exact agreementdretive theoretical and
actual weight loadings of the XAD-4 resin agree with thplanation of binding and

lowered extraction by the XAD-4 resin.

Table 1 Physical Properties of Uncoated Resins.

Surface

. . Mean Surface Pore
Resin Matrix . : Area )
Diameter Area Lit. Size
Meas.
Amberchrom CG-71 acrylic ester 75 um 508gn  580nlg 250 A
Amberlite XAD-4 aromatic 490-690 um  75CAp  850ni/g 140 A

Amberlite XAD-7 HP  aliphatic acrylic ~ 560-710 um  386/g 430mlg 370 A
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Table 2 Elemental Analysis Results of Uncoated and C5-BTBP Coated Resins

Amberchrom CG-71 Amberlite XAD-4 Amberlite XAD-7HP C5-
Element BTBP
Uncoated Coated Uncoated Coated Uncoated Coated Theor.

C 62.36% 63.55% 90.93%  89.66%  62.47% 62.50% 72.69%

H 8.00% 8.06% 7.90% 8.14% 7.86% 8.00% 8.48%

N 0.00% 1.67% 0.15% 1.86% 0.00% 1.50% 18.83%

Table 3 Physical Properties of C5-BTBP Coated Resins.

Coated Amberchrom  Amberlite Amberlite

Resins CG71 XAD4 XAD7HP

Weight

Loading 8.87% 9.15% 7.96%
Surface Area 411 fiy 642 nilg 317 nilg

The batches with CG-71 and XAD-7HP resulted in similar amounts of
americium(lll) extracted, however the trends were differenthe XAD-7HP exhibited
peak extraction at a lower nitric acid concentration than the/CGFor this reason, as
well as the more desirable physical properties of the C@&$ifh for column preparation,
subsequent observations were made only with the C5-BTBP coated otuerchmom
CG-71. While the data for surface area was included in thisosesith the other
physical properties of the resins, these analyses were not doreftentmost other work
with the final batch of resin had taken place, and will be discussed in a later section.

Physical properties were also determined for the coateulvased on the density
of the ligand as 1.061 g/énfrom calculations using Advanced Chemistry Development
Software V9.02 (1994-2010 ACD/Labs).[101] The resin density was 1.273,given
bed density was 0.273 g/énwhile the \{ was 0.0228 mL/mL bed and the,Was 0.789

mL/mL bed. Based on these parameters and Equation 10, the weighutigst ratios
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found for the C5-BTBP resin could be convertedk'tdy multiplying by 0.346. This
factor was used in further characterization of the resin sihothar experiments made
use of this single batch of C5-BTBP resin with 8.87% weighditgp While this factor
and other column characteristics are very different froenditire values on other resins,
the solid properties of the extractant being the main reasdhisodifference from liquid
or solvated extractants that was already discussed earlies wdh.

As was the case with the isobutyl-BTP resin, the IR spesftraoated and
uncoated resin shown in Figure 12 do not have any noticeable differehceis Tost
likely due to the extractant penetrating the pores of the resiontieg inaccessible to
spectroscopic analysis at the surface. While this was aksamsan why the first resin did
not show much difference, the difference at 1000 ¢nat was observed previously may
have been due to the higher weight loading of the isobutyl-BTP re$th48 compared

to 8.87% for this C5-BTBP resin, or it could have been a unique stretch.
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Figure 11 Extraction of Am(lIl) by C5-BTBP on a variety of solid supports.

Negative values are omitted. See Tablenlihie Appendix for data.
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Figure 12 IR of Amberchrom CG-71 with and without C5-BTBP coating.

CyMe,-BTBP
The extractant CyMeBTBP was coated onto three different solid supports;
Amberchrom CG-71, Amberlite XAD-4 and Amberlite XAD-7HP weredis Since pure
methanol provided the best results for coating C5-BTBP onto resuasitagain used to
coat CyMe-BTBP onto the backbones. The uncoated resin masses used were,555 mg
591 mg, and 630 mg, with 59 mg, 67 mg, and 70 mg of extractant mgsultiheoretical
weight loadings of 9.61%, 10.18%, and 10.00% on CG-71, XAD-4, and XAD-7HP

respectively. At the time of their preparation, no unbound extractsbiaserved in any
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of the resin batches. Physical properties of the uncoated resres previously
summarized in Table 1. The coated and uncoated resins were dnagdethe data
from elemental analysis is reported in Table 4 along witleteental mass percents of
CyMes-BTBP for comparison. Based on the elemental analysia msight loadings
were calculated and are displayed with the measured surtsa® @frthe coated resins in
Table 5. It should be noted that the elemental analysis, we@thhg, and surface area
data for the coated Amberchrom resin listed is for the fiaétibof resin which was

prepared on this solid support for the reasons discussed below.

Table 4 Elemental Analysis Results of Uncoated and GyBI&BP Coated Resins

Amberchrom CG-71 Amberlite XAD-4 Amberlite XAD-7HP CyMe,-
Element BTBP
Uncoated Coated Uncoate€Coated Uncoated Coated Theor.
C 62.36% 63.94% 90.93%  89.79%  62.47% 62.88% 71.88%
H 8.00% 8.04% 7.90% 8.08% 7.86% 7.99% 7.16%
N 0.00% 2.10% 0.15% 1.85% 0.00% 1.43% 20.96%

Table 5 Physical Properties of CyMBTBP Coated Resins.

Coated Amberchrom Amberlite Amberlite

Resins CG-71 XAD-4 XAD-7HP
Weight 9.98% 8.15% 6.82%
Loading

Surface Area 571 fiy 533 milg 346 Mg

Each of the coated resins was tested for extraction withi@ume(lll) in
triplicate. The weight distribution ratio is used to display thsults since the&’
conversion factors were not determined for these initial resingodhe limited amounts

of material available. As shown in Figure 13, there were d@iffl@es in extraction
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behavior based on the resin used as the solid support. The aromatie Xédn
extracted americium(lll) an order of magnitude less thanreXA®-7HP or the CG-71.
This large difference in extraction is similar again to thieince observed with the C5-
BTBP extractant on XAD-4, and lends further credence to thieereaxplanation of
decreased extraction relative to the other resins.

The batches with CG-71 and XAD-7HP resulted in similar amounts of
americium(lll) extracted; peak,Pvalues were however larger by ~1000 for XAD7HP
resin compared to CG-71. On the other hand, both resins showed d#@&etagetion
for acid concentrations above 2 M. Based on the trend observed from 0.1 &cid, M
appears that extraction is already falling off by 2 M. &mse the other two extractants
investigated were coated onto the CG-71 backbone, and also because adré¢he m
desirable physical properties of the CG-71 resin for column preparaubsequent
observations were made only with the CyNBE BP coated onto Amberchrom CG-71.
The final batch of resin was prepared using 0.830 g of extragidm?.470 g of resin for
a theoretical weight loading of 10.0%. This is extremely clogbe 9.98% determined
by elemental analysis because while no unbound resin was obséterethe resin was
prepared, some was observed when other studies with the resin avaesl ©ut.
Because the other batches of resin for all extractants lyptisplayed weight loadings
lower than the theoretical values, it is likely that the aciugight loading of the resin

used is less than 9.98%.
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Figure 13 Extraction of Am(lIl) by CyMeBTBP on a variety of solid supports.

Negative values are omitted. See Table 17 in the Appendix for data.

Physical properties were also determined for the coatetlvased on the density
of the ligand as 1.117 g/énfrom calculations using Advanced Chemistry Development
Software V9.02 (1994-2010 ACD/Labs).[101] The resin density was 1.145gioen
bed density was 0.285 g/€nwhile the \4 was 0.0255 mL/mL bed and the,Was 0.750
mL/mL bed. During the determination of resin density and colummeas it became
clear that a small amount of unbound extractant was presehe ifinal batch of the

CyMe,-BTBP resin, and this unbound extractant could have influenced atheof
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measurements on the resin. Based on the measured parameterguatidnELO, the
weight distribution ratios found for the CyMBTBP resin could be converted kb by

multiplying by 0.381. This factor was used in further charazaéan of the resin since
all other experiments made use of this single batch of GBI8P resin with 9.98%
weight loading. While this factor and other column charactesisire very different
from literature values on other resins, they are very similar to theretias discussed in
this work, and the solid properties of the extractant being the neason for this

difference from liquid or dissolved extractants was discussed earlies iwahk.

105 \ \ \ 120

Amberchrom

M\wf"m,\ 115

100 P ) puvg
v

oy 110

©
a1
\

\’

\J

| il | -105
| L

| |

|

= X
Q —
© | o
3 —— CyMe4-BTBP [ 2
S | =]
o 90 100 Z
(&] o
c O
g (0]
= 19 §
S 85 g
c —
< D
= 90 &
X

80~

-85
75 | | | | | | 80

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Figure 14 IR of Amberchrom CG-71 with and without CyMBIBP coating.
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As was the case with the isobutyl-BTP resin, the IR spectraoated and
uncoated resin shown in Figure 14 do not have any noticeable differehceis Tost
likely due to the extractant penetrating the pores of the resiontieg inaccessible to

spectroscopic analysis at the surface.

Surface Area and Extraction

The surface area of each resin was measured three timesvarabed to
determine the values reported in Table 1, Table 3, and Table Bouldsbe noted that
the coating procedure decreased the surface area of all. reBmes surface are of the
resins coated with C5-BTBP ranged from 71-76% of the uncoatedcsuafaa. The
surface areas of the CyMBTBP resins varied from 63-99% of the uncoated surface
area. The 1% change in surface area observed for the ,B/M° on CG-71 could
have been a result of the presence of unbound extractant, or it couloeleava result of
the higher weight loading. Despite the lower surface aredhentbwer weight loading
of the CyMa-BTBP XAD-7HP resin (346 filg, 6.82%) compared to the CyMBTBP
CG-71 resin (571 ffg, 9.98%), more americium(lll) was extracted by the fornigtis
greater extraction could be due to the larger pore sizes adghme or it could be due to a
greater abundance of paired BTBP’s on the surface of the rgdmas been previously
reported that americium(lll) forms bis-complexes with CyNd@BP.[103] For the C5-
BTBP on CG-71 and XAD-7HP there is a smaller difference irsthiéace areas of the
coated resins when compared to each other, so the density of ligaind curfaces
would be more similar, and this could be responsible for the more \closklted

extraction behavior with americium(lll). Other than these obsiens there are no
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other clear relationships between the surface area and thetextrbehavior that would

indicate a large influence of one over the other.

After the extractants isobutyl-BTP, C5-BTBP, and Cyf8@BP were screened
in the manner described above for americium(lll) extraction, hattet ligands were
coated onto Amberchrom CG-71 for further characterization. Tédtsefrom these
more intensive batch extractions as well as column studies abititystatudies are

discussed in the following Chapters 4, 5 and 6.
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CHAPTER 4
BATCH STUDY RESULTS
Isobutyl-BTP

The isobutyl-BTP ligand was used in this research becauseiaf \work
discussed earlier showing its effectiveness for actinide-laitbaseparations. To
characterize the performance of this ligand as a coatingxfioaction chromatography
the interaction of some trivalent actinides and europium with theapgeépresin was
investigated. Shown in Figure 15 are the results for the extnaofi americium(lll),
curium(ll), europium(lil), and plutonium(lV) in nitric acid. Plutonium(lV) wasluded
because of its importance in forensic and other analytical seperaand since much of
the prior work on isobutyl-BTP in solvent extraction has excluded plutoduento the
focus on the conditions present in the Selective Actinide ExtracBAINEX) process.
Since the plutonium stock solution used consisted of a dissolved tetitasfalieride and
no special steps were taken to control the oxidation state, the plutovas considered
to be in the tetravalent state, which predominates in acidic @adudit the concentrations
used in these experiments.[104]

Matrix effects were further explored by testing the aotion of americium(lll),
curium(lll), europium(lll), and plutonium(lV) in hydrochloric acid. &de results are
displayed in Figure 16, and show that all extraction is diminidhedwo to three
magnitudes in the presence of hydrochloric acid relative toxtnacéon in nitric acid,
due to the weaker binding of chloride with actinides. In many oéxiiaction samples

in hydrochloric acid there was no detectable difference in te&lntoncentration

71



between the sample and the control, so Bk’ could be calculated and those points

are not displayed.
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Figure 15 Extraction of Am(lll), Cm(lll), Eu(lll), and Pu(I\jy isobutyl-BTP resin as a
function of initial nitric acid concentration.

SeeTable 18 in the Appendix for data.

Based on the observed trends in extraction of americium(ll)iuragil),
europium(lll), and plutonium(lV) from both nitric and hydrochloric acidhe
effectiveness of the isobutyl-BTP ligand for actinide-lanthangbgparations was

confirmed, and it is proposed that this resin could be used for spemagens on
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analytical samples. The separation factors of ~190 for amnexiitl) over europium(lll)

are greater with the isobutyl-BTP resin than ~100 with 1.9 M K4)NO; contacted
with isobutyl-BTP in a TPH diluent as measured by Kolarik.[73}theD separation
factors of interest are shown in Table 6. There are no eiik@s fpr the americium(lll)
separation from nitric to hydrochloric acid due to the rathenifss@nt errors associated
with the k’ values under 1. Based on the decreased extraction performance at@M HN

2 M acid was used for loading activity in the column studies.

Table 6 Separation Factors Using Isobutyl-BTP Resin.

Elements used to calculate Am/Eu Am/Cm Am/Pu Am (HNOjy)
separation factors with (acid) (HNO3) (HNO3z) (HNOs) /Am (HCI)

2M 187.1+5.2 0.49+0.01  0.69+0.02 4440.3
1M 195.2+4.2 0.40+0.01 0.64#0.01 2601.2
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Figure 16 Extraction of Am(lll), Cm(lll), Eu(lll), and Pu(I\jy isobutyl-BTP resin as a
function of initial hydrochloric acid concentration.

Negative values are omitted. See Tabléenlibe Appendix for data.
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C5-BTBP

The C5-BTBP ligand was used in this research because of prikrsiwowing its
effectiveness for actinide-lanthanide separations. Selectetmivattinides and europium
were used to characterize the performance of this ligand amtag for extraction
chromatography. Shown in Figure 17 are the results for extraatiamericium(lll),
curium(lll), europium(llil), and plutonium(1V) in nitric acid.

The extraction of americium(lll), curium(lll), europium(lll), apibitonium(lV)
in hydrochloric acid was also observed to study matrix effecifiese results are
displayed in Figure 18, and show that all extraction is diminidnedan order of
magnitude in the presence of hydrochloric acid relative toefttieaction in nitric acid,
again due to the weaker association of chloride with actinides. g ofahe extraction
samples in hydrochloric acid there was no detectable differencghe metal
concentration between the sample and the control, sq,rw IO could be calculated and
those points are not displayed. There was no detectable extracptutarfium(lV) at
any concentration of HCI. Likewise, there was no detectafttaation of europium(lll)
at some of the nitric acid concentrations.

The extraction of americium(lIl) drops fromkaof ~77 at 1 M HN@to ~58 at 2
M HNOg3, to ~24 by 4 M HN@. The extraction of plutonium(lV) and curium(lll) also
decreases in 4 M HNQO This decrease in extraction could have been due to bleeding of
the extractant, or protonation of the ligand on the resin, and willttleef discussed
when stability of the resin is addressed.

Based on the observed trends in the extraction of americiunguijum(lil),

europium(lll), and plutonium(lV) from both nitric and hydrochloric acidbe
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effectiveness of the C5-BTBP ligand for actinide-lanthanigeusgions at equilibrium
was confirmed. Separation factors are displayed in Table 7, ande veh& was
unavailable due to a lack of observed extraction, the average réanest neighbors was
used to calculate the separation factor. Compared to literatiwesvan C5-BTBP in
solvent extraction, the separation factor for americium(l1ypiwm(lIl) at 1 M HNQ of
~40 is lower than the values reported by Foreman of 180 anaNikdsL50 for 0.015 M
C5-BTBP in octanol-kerosene and 0.005 M C5-BTBP in cyclohexanone
respectively.[84,88] However, the separation factor for americiQha(tium(lll) at 1

M HNOs of 2.7£0.1 is greater than the 1.8 reported by Nilsson for 0.005 M CRBTB
cyclohexanone.[84] Based on the more favorable separation factoedl @s Wecreased
extraction at higher acidities, 1 M HNQvas used for loading activity in the column

studies.

Table 7 Separation Factors Using C5-BTBP Resin.

Elements used to calculate Am/Eu Am/Cm Am/Pu Am (HNG;)
separation factors with (acid) (HNOs) (HNOs) (HNOs) / Am (HCI)

2M 29.7+£3.4 1.8+0.1 0.41+0.01 26.3+15.2
1M 41.1+5.8 2.7£0.1 1.17+0.03 30.7£16.2
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Figure 17 Extraction of Am(lll), Cm(lll), Pu(lV), and Eu(lll)ybC5-BTBP resin as a
function of initial nitric acid concentration.

Negative values are omitted. See Tablen2he Appendix for data.
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Figure 18 Extraction of Am(lll), Cm(lll), Pu(lV), and Eu(lll)ybC5-BTBP resin as a
function of initial hydrochloric acid concentration.

Negative values are omitted. See Tablen2the Appendix for data.
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CyMe,-BTBP

The CyMe-BTBP ligand was used in this research because of prior work
discussed earlier showing its effectiveness for actinide-laittbaseparations. Select
trivalent actinides and europium were used to characterizgetfemance of this ligand
as a coating for extraction chromatography. Shown in Figure 1®heanesults for the
extraction of americium(lIl), curium(lll), europium(lll), anglutonium(lV) from nitric
acid. The extraction of all three actinides is decreasddMitHNO;. This decrease in
extraction could be due to bleeding of the extractant, or protonatithre digand on the
resin, and will be further discussed when stability of the nssaddressed. The dip in
americium(lll) extraction at 0.5 M shown in Figure 19 might be tuexcess extractant
which was present as unbound crystals in some of the resin samplas. in-
homogeneity of the resin was not observed until batch experimenesbhg&gun, and was
again observed when the density and column parameters were detérinit this defect
in the resin preparation methods did not appear to have affectedfatimg other
extraction batches.

The extraction of americium(lll), curium(lll), europium(lll), aptbitonium(lV)
in hydrochloric acid was also investigated to study matrixceffe These results are
displayed in Figure 20, and show that because of the weaker assaooiatidaride ions
with actinides, extraction is diminished by two orders of magnitadde presence of
hydrochloric acid relative to the extraction in nitric acida rhany of the extraction
samples in hydrochloric acid there was no detectable differencghe metal
concentration between the sample and the control, sq,rw IO could be calculated and

those points are not displayed. Extraction of Eu(lll) was only detected at 2 M HCI
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Figure 19 Extraction of Am(IIl), Cm(lll), Pu(lV), Eu(lll) bCyMe,-BTBP resin as a
function of initial nitric acid concentration.

Negative values are omitted. See Tablen?2the Appendix for data.

Table 8 Separation Factors Using CyMe4-BTBP Resin.

Elements used to calculate Am/Eu Am/Cm Am/Pu Am (HNOs)/
separation factors with (acid) (HNO3) (HNO3)  (HNOy) Am (HCI)

2M 339457 1.08+0.03 0.583+0.013 681
1M 49+2 1.27+0.04 0.509+0.010 175
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Figure 20 Extraction of Am(IIl), Cm(lll), Pu(lV), Eu(lll) bCyMe,-BTBP resin as a
function of initial hydrochloric acid concentration.

Negative values are omitted. Sksble 23 in the Appendix for data.
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Based on the observed trends in the extraction of americiumguijum(lil),
europium(lll), and plutonium(lV) from both nitric and hydrochloric acidhe
effectiveness of the CyMa&TBP ligand for actinide-lanthanide separations at
equilibrium was confirmed. Separation factors are displayélchble 8, and where a kK’
was unavailable due to a lack of observed extraction, the avertdgerdarest neighbors
was used to calculate the separation factor. There arerrncs given for the
americium(lll) separation from nitric to hydrochloric adde to the rather significant
errors associated with the k’ values under 1. Compared to literadlwmes on CyMe
BTBP in solvent extraction, the separation factor for americiligiropium(lil) at 1 M
HNO; of ~50 is lower than the value reported by Geist of approxiyna@® for 0.001 M
CyMes-BTBP + 0.25 M DMODOHEMA in octanol but is at least of themsa
magnitude.[91] The separation factor for americium(lIl)/curitingt 1 M HNG; is also
comparable to the values estimated from figures in the Geist[@bfy Based on the
slightly decreased extraction at 2 M Hp@nd prior work with a C5-BTBP resin, 1 M

HNO; was used for loading activity in the column studies.
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CHAPTER 5
COLUMN STUDY RESULTS
The behavior of many extraction chromatography resins cangeharen
investigations move from the equilibrium conditions in batch experimastslescribed
in Chapter 4, to the dynamic conditions which are present during oadeparations as
discussed in this chapter. Since extraction chromatograpmg ra primarily applied
to separations using columns, insight into the usability of the resin can be gametidr

following results.

Isobutyl-BTP

The isobutyl-BTP extractant was coated onto Amberchrom CG-#thdaeasons
discussed earlier in Chapter 3CHAPTER 3, and using the metlesdslsbd earlier in
Chapter 2. When the resin was characterized for extractionrmefi@aum(lll) in
hydrochloric acid relative to nitric acid, lower extraction wasserved in HCI so
hydrochloric acid at 0.1 M was included in testing for the strippihtpaded columns.
Ethylenediaminetetraacetic acid (EDTA) a known complexatiomtagias included at
0.1 M as well as 0.1 M nitric acid and de-ionized water. Each c¢olused to
characterize the isobutyl-BTP resin had a Free Column Volu@¥)(Bf 200 pL except
for the column used with 0.1 M HCI which had a FCV of 225 uL. As seéigure 21,
water alone or 0.1 M nitric acid are poor stripping agents foerigmm(lll) from
isobutyl-BTP. Another run performed on a shorter and wider column lateadme FCV
displayed a very broad elution peak for the americium(lilnseeFigure 22. This

confirms that 0.1 M nitric acid is a poor stripping agent. Howewesean in Figure 23,
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both 0.1 M EDTA and 0.1 M HCI proved to be effective stripping age@smplete
elution with HCI does occur more quickly than with EDTA, but EDTA edutvith a
sharper peak than HCIl. These differences could be due to the alkatume of the
EDTA solution due to its preparation from the molecular form andHN&Stead of from

the more desirable disodium salt.
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Figure 21 Elution of Am(lll) from isobutyl-BTP resin.

In addition to loading and elution with americium(lll), the isob@ByIP was used

in a column to test for the europium(lil) capacity. This wgseeted to be low since the
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resin exhibited low extraction of europium(lll) in both nitric and rogthloric acid
solutions as shown in Figure 15, and Figure 16. While the resin has a theoegtazaty
of 16.9 mg Eu/g resin, the actual capacity was found to be only 4&5ujggesin based

on the breakthrough curve shown in Figure 24.
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Figure 22 Elution of Am(lll) from isobutyl-BTP with alternate column getmn
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Figure 23 Elution of Am(lll) from isobutyl-BTP resin.
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Figure 24 Breakthrough of Eu(lll) from a column of isobutyl-BTP resin.

C5-BTBP
The C5-BTBP extractant was coated onto Amberchrom CG-71 foretsons
discussed earlier in Chapter 3, and using the methods describied eaChapter 2.
When the resin was characterized for the extraction of amexitdl) in hydrochloric
acid relative to nitric acid, lower extraction was observed@ so hydrochloric acid at
0.1 M was included in testing for the stripping of loaded columns. EBRT#own

complexing agent was included at 0.1 M, as well as 0.1 M nitict @ed de-ionized
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water. Each column used had a FCV of 100 pL. As seen in R§ureEDTA was the
best stripping agent, followed by HCI, HN®hen DI water. However, despite the use of
Am-241 at a concentration less than 1 millionth that of the thedrebdamn capacity
calculated based on two ligands per complex, significant breaighrin the load (10
FCV) and rinse (30 FCV) fractions was observed. This breakthromugld be due to
slower kinetics, despite the use of gravity flow for elution, Whiould be confirmed by

the reports of slow kinetics in solvent extraction experiments.[88]
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Figure 25 Load, Rinse, and Strip fractions of Am(lll) from C5-BTBP resin.
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CyMes-BTBP
The CyMe-BTBP extractant was coated onto Amberchrom CG-71 for the

reasons discussed earlier in Chapter 3, and using the methods desarliieedh Chapter
2. When the resin was characterized for the extraction of @ora(ill) in hydrochloric
acid relative to nitric acid, lower extraction was observed@ so hydrochloric acid at
0.1 M was included in testing for the stripping of loaded columns. EBRT#aown
complexing agent was included at 0.1 M, as well as 0.1 M nitict @ed de-ionized
water. Each column used had a FCV of 100 pL. Similar to thBTEP, EDTA was
the best stripping agent, followed by HCI, HjGhan DI water as seen in Figure 26.
However, despite the use of Am-241 at a concentration less thahidnthithat of the
theoretical column capacity calculated based on two ligands peaplexnsignificant
breakthrough in the load (10 FCV) and rinse (30 FCV) fractions waasnaas This
breakthrough could be due to slower kinetics, despite the use of dtawtfor elution,

which has also been observed in solvent extraction experiments.[91]

89



40

D)
J

0.1 M HCI
0.1 M EDTA
0.1 M HNO3
DI

30 ]

3/

X O C

20— ]

15 ]

% load eluted (~24 Bq Am-241 load)
[

0 20 40 60 80 100 120 140
Free Column Volumns eluted

Figure 26 Load, Rinse, and Strip fractions of Am(lll) from CyMNsd BP resin.
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CHAPTER 6
STABILITY STUDY RESULTS
Isobutyl-BTP

While it has been reported by Kolarik that the isobutyl-BTP stakle in contact
with aqueous solutions of 0.90 M HNO3 + 1.0 M MHD3;, some degradation of the resin
was visible in the 2 and 4 M acids from this work.[73] In Figuen@ Figure 15 a clear
drop in extraction can be seen at 4 M nitric acid compared to ZTNs effect was
investigated further by analyzing contact solutions for the presenceRof BT

In Figure 27, the absorbance of isobutyl-BTP within a portion of tiadgdion
(240-360 nm) can be seen, the lower three traces are for isobiRy&Ba concentration
of 180 nM, while the three traces at higher absorbances arectwrcantration of 36.0
KM. The three traces at each concentration are for 0.1 M, 0.Bdvg M HCI. Traces
for intermediate BTP and HCI concentrations are omitted foityclarAt the lower
concentration of 180 nM BTP where no significant absorbance peeksisible the
background increases as HCI increases, while the absorbancenpaak$5 nm and 320
nm are both enhanced at the higher BTP concentration. Despitectimeplete overlap
of spectra at the wavelengths 280 nm and 305 nm, they were treasesl@estic points.
From this assumption the molar absorptivity at 305 nm was ctdduta be 25,600 M
lem™ and 38,600 Mcm® at 280 nm from the 36.0 uM absorbance curve. These molar
absorptivities are of the magnitude associated witit transitions. Placing isobutyl-
BTP into nitric acid was inconclusive due to the interactions ofopated BTP with
nitrate ions preventing accurate determination of absorbance bgrbaoki subtraction.

The lowest detectable standard concentration of isobutyl-BTP inMd€I180 nM. The
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spectra obtained with isobutyl-BTP agree reasonably well witlr sffextra obtained for
n-propyl-BTP.[105] A further limitation with these spectroscoppeiments was the
limited transmission below 240 nm of the 96-well microplates used.

Fluorescence was also investigated for use in charactersgingples. The
emission spectrum from excitation at 327 nm can be seen in Figurd@ta8 emission
peaks at 594, 618, and 694 nm are most intense for excitation photons fengir30
to 340 nm, but are apparent at longer excitation wavelengths as W@lenching
occurred at higher acidities, and the limitations of instrumentai@dmot allow for the
probing of lower excitation wavelengths such as 265 nm. Radioactiy@esacould not

be run at high throughput on fluorescence but they could be on UV.
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Figure 27 Absorbance in the UV region by isobutyl-BTP at 180 bige) and 36.0 uM

(red) with increasing HCI.
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Figure 28 Fluorescence of isobutyl-BTP at an excitation waviesfg327 nm. Data at

~660 nm was excised due to scattering of the excitation photons.

With the knowledge of UV absorbance peaks for BTP in HCI, solutiams fhe
extraction experiments in HCI were analyzed for BTP. Regottthe solutions from the
europium(lll) extraction in HCI are given in Figure 29, with tkerage absorbance from
three samples at the same acidity shown. Results for ammefit), curium(lll) and
plutonium(1V) were all similar to those shown for europium(lll) shibuld be noted from
comparison of this figure with Figure 27 that the change in hytlvac acid present

cannot alone explain the increase in absorbance by the solutions. \N@iush isobutyl-
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BTP be present in the solutions from these resin extraction)datrtount present must
be dependent on the concentration of HCI in the contacting solution. Thimuma
concentration of isobutyl-BTP was found in the 4 M HCI solution. Fromntbé&r
absorptivities of isobutyl-BTP the concentration was calculateB84agM and 32 uM
based on the wavelengths 280 and 305 nm respectively. Using thgeawér33 pM,
there were 132 nmol of isobutyl-BTP dissolved in the 4 mL of solugwmnaming in
contact with the resin. This represents less than 0.004% of the 3.8bwhioh were
coated onto the resin which was in contact with the solution. Thuke bieeding does
occur from the isobutyl-BTP resin at the relatively high concentration oHCMit does
not account for the lowered extraction of the resin observed in Fegarel Figure 15.
During these investigations it became apparent that it wasmjsmrtant to determine
whether the bleeding observed was due to hydrolysis of the BTP angtion, and
whether either or both were also responsible for the lower extraction at hightescidi
When fractions from the 0.1 M HCI elution were analyzed by Wsogption,
there was no detectable BTP, and the interfering peak fromentiet present in the first
three fractions. To investigate whether any of the BTP wasdiolg from the resin
during the elution, and to determine if any BTP present was hyeéa\&SI-MS was
used on these same samples. The background and isobutyl-BTP standatcheceass
from ESI-MS are shown in Figure 30 and Figure 31. The molecuddrmpsar 462.3 amu
is likely the result of a gain of Hoy the isobutyl-BTP molecule which has a mass of
461.3 amu. Mass peaks which would correspond to the loss of methyl, psopuikyl,
or triazinediisobutyl groups are not evident in the spectrum. If such peaks are grese

to fragmentation of the sample in the instrument, they are ingisshable from
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background. Other peaks appearing in the background and standent @& be
explained by the formation of various solvent cluster ions. The trassfor the initial
fraction from the 0.1 M HCI elution is shown in Figure 32. Massesafor the first
through fourth fractions are shown in Figure 33 in more detail neanthecular peak
for isobutyl-BTP. It is clear from the electrospray-msysec data that isobutyl-BTP was
present in the early fractions coming off the column in the 0.1@NdHuent, and likely
for the other eluents as well. The concentration is at amuaiin the first fraction,
which decreases for subsequent fractions until by the fourth dnacthere is no
detectable isobutyl-BTP by ESI-MS. Since the BTP in the fduatttion was also below
the detection limit of 180 nM on the UV, this means that by the fdtathion less than

0.00004% of the isobutyl-BTP is bleeding in each fraction.
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Figure 29 Average absorbance from 260 to 340 nm of isobutyl-BTHCinsolutions

from Eu(lll) extractions.
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Figure 30 Background mass trace from 50-650 amu with a methanolsohgen in

50:50 water:acetonitrile on the MSQ Plus ESI-MS.
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Figure 31 Mass trace from 50-650 amu of isobutyl-BTP dissolvedeithanol eluted

with 50:50 water:acetonitrile.
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Figure 33 0.1 M HCI column elution with Am(lll), Fractions 1-4, isoBTP

molecular and M+1 peaks.

Because of the lack of evidence from ESI-MS for hydrolysiss, froposed that
the isobutyl-BTP ligand is not hydrolyzed on the resin support but is instead protonated at
higher acidities. The decreased extraction performance in didMisaevidence of this
mechanism, as is data from UV and fluorescence. The protonafext bas been
observed as enhanced UV absorption and quenched fluorescence in standars slut
the isobutyl-BTP. The effect can also be observed by eyeiasmentact with higher

acidities has a deeper, orangeish-yellow color compared tor¢laeny yellow in more
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dilute solutions. The protonated form of isobutyl-BTP has a higiiebisity in aqueous
solutions than the neutral form, but the low bleeding is evidence dfttbieg binding

between the ligand and the resin support.

C5-BTBP

It has previously been reported that molecules such as C5-BilB€h contain
benzylic hydrogens are easily oxidized in acidic and nitrogen akeavironments.[82]
In Figure 11 and Figure 17 extraction decreases by hdlManitric acid compared to 2
M, and there even seems to be decreased extraction at 2 M edniparM. This effect
was investigated further by analyzing solutions for the presence ofT88-B

In Figure 34, the absorbance of C5-BTBP within a portion of theddjibn (240-
400 nm) can be seen as can the dependence on the percent of methansolutitre
Unlike isobutyl-BTP, C5-BTBP does not display any clear dependemceHCI
concentration from 0.1 M to 4 M. Because a 50/50 methanol-aqueous matrix ne
doubled the absorbance of C5-BTBP, this was chosen as the matiuxtiier analysis.
The absorption spectrum of 161.1 uM C5-BTBP is shown in Figure 35, froichw
molar absorptivities at 280 nm and 330 nm can be calculated as 22300 cand
14,800 crifM™ respectively, which are of the magnitude associated withn
transitions. This spectrum also agrees well with that of CBHBTh cyclohexanone
reported by Nilsson.[84] Placing C5-BTBP into nitric acid waonclusive due to the
interactions of protonated BTBP with nitrate ions preventing atzul@termination of
absorbance. For the standard concentrations used, the lowest ctioceofr&5-BTBP

in HCl with distinguishable peaks was 4 pM. A further limdatiwith these
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spectroscopy experiments was the limited transmission below 2460f rihe 96-well

microplates used.
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Figure 34 UV Absorbance of a constant concentration of C5-BTBPriedvilethanol /

4 M HCI solutions
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Figure 35 UV Absorbance of 161.1 uM C5-BTBP in 50:50 water and methanol

Solutions from batch experiments in HCI and fractions from columes
analyzed for the presence of C5-BTBP in 50% methanol, and no bleedngpserved.
Some peaks were present as seen in Figure 36, and their absorbaree acid
dependent, but their shifts were hypsochromic which would not be expeittedhe
transitions observed in the standard solutions. The peak heights did etatecio the
amounts of resin as with isobutyl-BTP bleeding, and the shapes of dke pee also
dissimilar to the standard peaks. The lack of detectable CHBiitBn any of the batch

solutions was promising. Likewise, no C5-BTBP was detecteldercolumn fractions,
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and so the column fractions and samples from the batches were ruSI-dnSEto

determine if lower concentrations were present, or if hydilpsoducts could be

observed.
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Figure 36 Average Absorbance of C5-BTBP resin contact solutions from HCI

Figure 37 displays a background mass spectrum from an injectioetbamnol
with peaks characteristic of solvent clusters. In the sameefighe spectrum of a
standard C5-BTBP solution in methanol can be seen. The peaks presdigpéayed

and identified in Figure 38, based on the prior work by Retegan[H2@! Intensities of
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these complexes differ from those reported earlier, but could beodtree tdifferent
instrument and analysis conditions used in this work as indicated Indinementation
and Methods Chapter. There is a peak at 374.39 m/z which could correspgbadass
of a triazine with both C5 chains from the end of the extractantnbutther peaks
indicative of fragments are present and there are many peslts374 amu in the
methanol background spectrum. No other fragments were observdds invdrk.
Integrated intensities for the peaks at 595.11 and 596.18 m/z are dispidsigure 39,
and in this micromolar region the instrument response is lineahdoC5-BTBP
concentration. At higher concentrations of 20.1 uM and 161 uM the respoiseesec
non-linear, but concentrations above 4 uM could be detected instead wabddxbance

barring the presence of interfering species.
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Figure 37 Electrospray Mass Spectrum of a methanol solution (laridr and a

standard solution of C5-BTBP
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Figure 38 Electrospray Mass Spectrum of C5-BTBP and natural complexes
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Figure 39 Linearity of ESI-MS for uM concentrations of C5-BTBP

No C5-BTBP peaks were present in fractions from the column rtinGi M
HCI, or in the batch samples tested. This is not unreasonable,nsinfCé-BTBP was
detected by UV absorbance below 4 M acid, and the columns were loaded with M nitri
acid in which bleeding was not expected. Data from ESI-Mshasvn in Figure 40 for
the first fractions off the column loaded with americium(lll) ahated with 0.1 M HCI.
This lack of bleeding also agrees with the lack of C5-BTBEhéaqueous phase from
solvent extraction reported by Nilsson.[84] From the data gathered bititystat is

proposed that the C5-BTBP ligand behaves similarly to isobutyl-BiTfat it is not
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hydrolyzed on the resin support but is instead protonated at highetiescidiThe
decreased extraction performance in 4 M and even 2 M acid is eviadénttes
mechanism, as is data from UV and ESI-MS. The effect of pravonesn be observed
by eye as resin in contact with higher acidities has a dgepiew color compared to the
creamy yellow in more dilute solutions. The protonated form ofBCBP has no
detectable solubility in aqueous solutions in this work, and the noreeiisieeding is
evidence of both the low aqueous solubility and the strong binding bethvedigand

and the resin support.
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Figure 40 ESI-MS of Fractions 1-5 from the C5-BTBP Column loadéd Am(lll) and

eluted with 0.1 M HCI. The background trace is included.

CyMes-BTBP
It has previously been reported that molecules such as £BWBP, which do
not contain benzylic hydrogens are less easily oxidized in aardicnitrogen oxoacid
environments than other BTBP ligands.[82] In Figure 13 and Figure d®min
extraction by a factor of four can be seen at 4 M nitric ecidpared to 2 M, and there
even seems to be decreased extraction at 2 M compared to 1 M. effdus was

investigated further by analyzing solutions for the presence of GRVIBP.
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Based on previous measurements of UV absorbance for C5-BT&8Rainety of
solutions, standard concentrations of CyN8@BP were measured over a range of 0.1 M
to 4 M HCI in 50% methanol solutions. Some of the results from thessurements are
shown in Figure 41 for a portion of the UV region (240-400 nm). GyBTBP displays
a clear dependence on HCI concentration from 0.1 M to 4 M with pé&&am and
330 nm enhanced as [HCI] increases. The absorbance spectra faobo#imtrations
approach isosbestic behavior near 292.5 nm. The average absorbahe®latiahs at
this wavelength for 251.1 uM CyM@®&TBP was 1.092 and so the molar absoptivity was
calculated as 17,400 ¢m™ at this wavelength. As with the earlier work on C5-BTBP,
this value is of the magnitude associated withn transitions. For the standard
concentrations used, the Ilowest concentration of GYBIBP in HCI with
distinguishable peaks was 6.3 pM. A further limitation with thepectroscopy

experiments was the limited transmission below 240 nm of the 96-well micropéztes
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Figure 41 UV Absorbance of CyMBTBP at two concentrations in varied [HCI] and

50% methanol

Solutions from batch experiments in HCI and fractions from columes:
analyzed for the presence of CyM&TBP. There was detectable CyMe4-BTBP from
resin in 1 M and higher concentrations of HCI. The concentration priesiat 4 M HCI
batches with europium(lll) was determined to be 300 uM, whichtieraigh when
compared to the non-detectable bleeding from C5-BTBP resin, ardthgM bleeding
from isobutyl-BTP resin. The CyMe4-BTBP present in 4 M HClugohs with
americium(lll), curium(lll), and plutonium(lll) were all lessan 300 uM, but were still

the same magnitude. Because of interference from nitrateespero CyMg-BTBP was
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detectable in the column fractions by UV-Vis, and so these samge run on ESI-MS

to determine concentrations and to attempt observation of hydrolysis products.
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Figure 42 UV Absorbance of CyMMBTBP resin contact solutions from Eu(lll) batches

in varied HCI

Figure 43 displays a background mass spectrum from an injectioetbamnol
with peaks characteristic of solvent clusters. In the samgefighe spectrum of a
standard CyMgBTBP solution in methanol can be seen. The peaks present are

displayed and identified in Figure 44, based on the prior work hggae, et al.[100]
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Intensities of these complexes differ from those reportedeeablit could be due to the
different instrument and analysis conditions used in this work as tadiaa Chapter 2.

The spectrum in the region where large fragments of CyMe4PBii8uld be expected is
shown in Figure 45, but the peaks present can be explained by soly&etshs their
intensities are close to the peaks observed in the background. kdegtansities for

the peaks at 535.2 and 536.2 m/z are displayed in Figure 46, and in trosnotar

region the instrument response is linear to the GyBTEBP concentration. At higher
concentrations of 31.4 pM and 251.1 yuM the response becomes non-linear, but
concentrations above 6.3 uM could be detected instead with UV absorbarcg thee

presence of interfering species.
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Figure 43 Electrospray Mass Spectrum of a methanol solution (laridr and a

standard solution of CyMeBTBP
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Figure 44 Electrospray Mass Spectrum of CyM8&BP and natural complexes
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Figure 46 Linearity of ESI-MS for micromolar concentrations of Cy/a€BP

No CyMe-BTBP peaks were present in fractions from the column run with 0.1 M
HCI, or in the batch samples tested. The only peak present thatbmuédated is at
566.2 amu, which would correspond to a complex with Fe according to lork
Retegan.[100] Since this peak was not present in the standards, andosmae peak
or complex peaks for Ca or Cu as in the standard are presenpetkswill not be
considered as indicative of the presence of the extractant.

From the data gathered on stability, it is proposed that theeBVBP ligand

behaves similarly to isobutyl-BTP and C5-BTBP in that it ismairolyzed on the resin
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support but is instead protonated at higher acidities. The decreasesttion
performance in 4 M and even 2 M acid is evidence of this mechanism, as is dat&from
and ESI-MS. The effect of protonation can be observed by eyesiasmecontact with
higher acidities has a deeper yellow color compared to the crgallow in more dilute
solutions. The protonated form of CyMBTBP has higher solubility in agueous
solutions than the neutral form, as indicated by the UV absorbatae Aa discussed
above, during some of the extraction work and in some of the column$ csystdls of
the extractant were observed which were not bound to any resinpré@$ence of this
excess extractant did not appear to influence any of theceatralata other than a single
set. However, the extractant crystals could be prefergntiedtonated and solvated in
the range of acid used and could therefore be responsible fogthicantly elevated
levels of extractant in solutions from the batch experimentghigtime bleeding cannot
be ruled out, but based on the stability of C5-BTBP resin and réaeg stability of
CyMe,-BTBP in other reports, there is confidence that the resili issstable and that

the CyMa-BTBP detected in UV-Vis was the result of easily solvated extractgsials.
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CHAPTER 7
CONCLUSIONS
Isobutyl-BTP

Isobutyl-BTP has been investigated for use as a coating oracksmh
chromatography resins for the separation of trivalent actifiidestrivalent lanthanides.
The resin prepared in this work demonstrated elevated extractioivadént actinides
over the trivalent lanthanides, resulting in promising separaactors for analytical
applications, such as the separation factor of ~190 for ameri¢ipoyér europium(lil).
Tetravalent plutonium is also extracted, and behaves similarlyngri@gum(lll) and
curium(lll). The resin is stable and extracts well up to 2itvic acid, with a decreased
performance in extraction at 4 M nitric acid but with minirlgleding of extractant. The
excellent stability of this resin and its extraction propemvesrant further investigation
for application to analytical separations.

The detectable bleeding and loss of extractant in the column ariddbatiies is
practically a non-issue. If the bleeding remained constarthé life of the column, the
column could be used 25,000 times before even 1% of extractant had blel tfé
desired application of this resin required even lower bleedingjgihtnbe possible to
further stabilize this resin by grafting or chemically laoreng the extractant to the resin
as has been done with a malonamide and chloromethylated resin.[Aln7ightl also be
possible to incorporate the extractant into the structure of tirebsncluding it in the
polymerization mixture, effectively encapsulating the extractamd preventing its
release.[106-109] Despite the drawbacks of slower kinetics, lowraicean, and greater

susceptibility to hydrolysis of nPr-BTP, future work could include gheparation and
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characterization of this resin in order to compare the behavioolwitid-BTP with nPr-
BTP both in solvent extraction and on solid supports. Comparisons of thefickiand
their stability with respect to bleeding would also be valuable h® gcientific
community.

Overall, the isobutyl-BTP resin was very successful, and no isgeresobserved
that would prevent its further use “as-is” for separations w@#&veral of the excellent
properties of this resin are summarized in Table 9. Future wiookilé involve
characterization of this resin with other metals which are known toengerfith trivalent

actinide extractions. Attempts should also be made to maximize the ligand loading

C5-BTBP

C5-BTBP has been coated onto resin and the resulting product has been
characterized for use in extraction chromatography to sepanraikent actinides from
trivalent lanthanides. The resin prepared in this work demonstradegdtable extraction
of trivalent actinides over trivalent lanthanides, with the ssjpmar factor of 2.7 for
americium(lll) from curium(lll) at 1 M HNG® being the most promising outcome.
Tetravalent plutonium is also extracted, and behaves more like am¥ilf than
curium(lll). The resin is extremely stable up to 4 M HCIHIKO;, but does exhibit
decreased extraction beginning at 2 M acid. In addition to thacanmeill)/curium(lll)
separation factor the lack of detectable bleeding is extremely favorable.

The slow kinetics of this resin when used in columns are the mlagbacle to its
use in extraction chromatography. It might be possible to includal@anamide such as

DMDOHEMA in the preparation of the coated resin, as has been witheCyMe4-
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BTBP in solvent extraction, to make the extraction by C5-BTB&enkinetically
favorable.[91] It would also be worthwhile to explore whether C5-BT&n be
dissolved in other suitable solvents such as 1-octanol for coatindheofrdsin.
Experiments with C5-BTBP on a different backbone could also belubeth with and
without DMDOHEMA as a phase transfer agent, and with and withoatdnrol or other
suitable solvents as coating agents. Backbones such as polyadlgtormtuld be
considered for further exploration.

Despite the problems with kinetics, if time and the process séty #r the
mixing of resin with contact solutions for extended periods of tii224 hours) such
that equilibrium can be reached, then the favorable separatioror fdor

americium(ll)/curium(lll) could possibly be exploited.

CyMes-BTBP
CyMes-BTBP has been coated onto resin and the resulting product has been

characterized for use in extraction chromatography to sepanzkent actinides from
trivalent lanthanides. The resin prepared in this work demonssataty extraction of
trivalent actinides over trivalent lanthanides, with the separa#iotors in 2 M HNQ

being the most promising outcome, such as ~340 for americiuragi) europium(lil).
Tetravalent plutonium is extracted to a greater extent thdereamericium(lll) or
curium(lll), which is not necessarily a drawback for analg$ianalytical samples. The
resin is extremely stable up to 4 M HCI or H)®ut does exhibit decreased extraction

beginning at 2 M acid.
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The presence of CyM&TBP in many of the contact solutions could be
attributable to the presence of excess extractant crystalhe resin, and better
preparation methods should be explored. In addition to the problems withapiepa
the slow kinetics of this resin when used in columns preclude itsnus&traction
chromatography. It might be possible to include a malonamide si@MBOHEMA in
the preparation of the coated resin, as has been done with CyMe4-BT&vent
extraction, to make the extraction by CyM&TBP more kinetically favorable.[91] It
would also be worthwhile to explor whether CyM&ETBP can be dissolved in other
suitable solvents such as 1-octanol for coating of the resin. BE@s with CyMeg
BTBP on a different backbone could also be useful, both with and without DMDOHEMA
as a phase transfer agent, and with and without 1-octanol orsufit@ble solvents as
coating agents. Backbones such as polyacrylonitriles could be ceasiderfurther
exploration. All of these options could help the kinetics of extvactand they might
also allow for a cleaner preparation method which will not lelbgkind unbound
extractant which can interfere with the extraction.

Currently the CyMgBTBP resin has too many problems, ranging from bleeding

to kinetics, for it to be applied to separations.
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Table 9 Summary of Resin Properties from Final Amberchrom CG-71 Batches

. . . Best
Extractant Welght Kinetics  Bleeding Hllghest Hllghest Best HNQ Best HNQ Am(Ill) Largest
Loading K'am(inn K'puav) Am/Eu SF Am/Cm SF Eluent Issue
isobutyl-BTP 15.4% fast minimal 3827.22 4034.45 298M) 0.49 (2M) Ochll\/I None
0.1M I
C5-BTBP 8.87% slow none 76.68 141.39 41.1 (1M) (2M) EDTA Kinetics
CyMe,-BTBP 9.98% slow  problematic  1020.48 1749.51 3302 1.27 (2M) 01M  Preparation,

EDTA Bleeding
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APPENDIX
EXTRACTION DATA

Table 10 Extraction Data for Single Replicate Malonamide Resins

Prep Method Ligand[HNO3] Dy Obw
0.01 -116 -3.15

< 01 -262 -278
A 05 -1.88 -3.59
m 1 -351 -3.73
> 2 470 3.69
() 0o
= 4 488 328
3 < 001 409 335
S 01 -506 -3.73
o 05 -454 -3.48
Q 1 -6.44 -3.18
= 2 095 -3.63
4 1797 410
001 475 0.07
g 01 -1.02 -0.02
A 05 611  0.09
m 1 240 0.04
o = 2 502 0.08
S 4 684 0.0
§ 001 1554 0.24
< 01 -253 -0.04
o 05 -339 -0.05
Q 1 -518 -0.08
= 2 901 -0.14
4 27814 477
001 -3.76 -0.06
g 0.1 460 0.07
a 05 447 0.07
o 1 900 0.14
- = 2 812 012
= 4 998 015
5 001 234 0.04
= < 01 266 -0.04
I 05 -5.28 -0.08
Q 1 404 0.6
> 2 693 011
o
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Table 11 Extraction Data for Malonamide Resins Prepared Using Hexane

Ligand [HNG;] Avg. Dy Gaw

< 0.1 3.89 2.23
= 0.5 192 218
s 1 -1.34 2.16
g 2 2.40 2.06
______ e 4 209 199
< 0.1 -5.97 2.12
m 0.5 4.85 4.23
5 1 040 227
g 2 4.88 2.27
a 4 24.88 2.25

Table 12 Extraction Data for Malonamide Resins Prepared Using Acetone

Ligand [HNGs;] Avg. Dy, ©avc

< 0.1 21.43  2.46
= 05 430 281
5 1 -8.60 2.39
2 2 -3.16 2.12
______ o .4 8riz 270
< 0.1 2133 278
m 0.5 -3.64 231
5 1 1479 257
2 2 18.43 2.81
& 4 28.17 272

Table 13 Extraction Data for Malonamide Resins Prepared Using Methanol

Ligand [HNGs;] Avg. D, ©avc

< 0.1 7.74 2.89
= 0.5 954  2.98
- 1 -3.67 2.87
2 2 -11.87 2.81
______ o .4 .38 291
< 0.1 20.20 2.29
m 0.5 -4.72 2.59
5 1 407 270
g 2 -3.99 2.74
a 4 -0.63 2.98
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Table 14 Extraction data for initial isobutyl-BTP batches

Prep Method [HNG) Dw ODw
0.01 12.23 0.19
0.1 9.64 0.15

(@]
8 05 2208 034
T 1 5222 0.82
E 2 11121 1.80
.......A 12578 2.06
001  31.29 0.48
2 01  18.84 0.29
S 05  75.84 1.20
3 1 192.58 3.18
2 23347 4.06
4 10048 159
001  16.40 3.04
o 01 3528 3.74
§ 05 116.84 4.71
o 1 206.11 6.07

2 650.22 11.50
4  706.06 12.47

Table 15 Extraction data for varied weight loading isobutyl-BTP resins

Resin
Weight % [HNOs] Avg.Dy  Gayg

0.1 27.52 2.04
< 0.5 133.42 2.65
] 1 266.82 3.16
© 2 550.46 4.72
__________________________ 4 49292 461
0.1 10.23 2.72
$ 0.5 8.14 2.67
g 1 25.70 2.78
~ 2 28.23 2.70
__________________________ 4 4133 231
0.1 262.55 3.15
$ 0.5 2239.49  15.27
';- 1 5539.62  34.07

—

2 126729 121.24
4 3598.60 26.00
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Table 16 Extraction Data for C5-BTBP on Various Solid Supports

Resin [HNO3] Avg. Dy Gav

£ 0.1 35.80 3.87
£ 05 46.47 4.40

&} 1
5 O 1 84.71 4.22
€0 2 176.04 5.59
D 48074 603
. 0.1 015 1.15
£ 05 192 1.12
29 1 551 1.01
EX 2 0.35 1.00
____________________ 4 ..927 093
0.1 33.65 0.84

(Gl
£7T 05 13561 1.27
g3 1 86.40 1.06
£g 2 7154 0.98
4 13.41  0.80

Table 17 Extraction Data for CyMMBTBP on Various Solid Supports

Resin [HNQ] Avg. Dy, ocax

E 0.1 2959  4.75
Eg 05 20574 7.28
RO 1 115629 38.18
20 2 1367.92 49.02
R 4 . 3313 6.73
o 0.1 2.88 341
= 0.5 -21.83  3.28
s 1 86.92 4.03
EX 2 2742  3.23

4 1232 522

2392.42 20.71
2 2398.69 19.35
4 229.42 451

Amberlite
XAD-7HP
|_\
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Table 18 Extraction data for isobutyl-BTP resin with Am(lll), @iy, Pu(lV), and

Eu(lll) in Nitric Acid.

Element [HNO3] Avg. Dy Gavg k' Ok

e 0.1 262.54 6.53 79.29 1.97
s= 0.5 2244.26 23.69 677.77 7.157
§ g 1 5539.62 82.43 1672.96 24.90
£ & 2 12672.90  224.96 3827.22 67.94

4 359860 4076 108678 1231
3 0.1 966.38 10.40 291.85 3.14
N 0.5 5935.62 62.95 1792.56 19.01
£ g 1 13986.26 197.13  4223.85 59.53
g 2 26078.83  482.03 7875.81 145.57

.4 1186888  161.74 358440 _  48.84
. 0.1 257.69 5.03 77.82 1.52
§ S 0.5 3095.35 31.75 934.79 9.59
S o 1 7148.50 83.88 2158.85 25.33
2 Q 2 13359.09 183.96  4034.45 55.56

A 626668 7164 189254 2163
c 0.1 8.91 1.27 2.69 0.38
S 0.5 23.62 1.14 7.13 0.34
35 1 153.73 2.34 46.43 0.71
I 2 67.79 1.46 20.474 0.44

4 46.18 1.89 13.95 0.57
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Table 19 Extraction data for isobutyl-BTP resin with Am(lll), @iy, Pu(lV), and

Eu(lll) in Hydrochloric Acid.

Element [HNO3] Avg. Dy Gavg k' Ok
: 0.1 5.99 3.77 -1.81 1.14
5= 0.5 5.38 2.83 1.62 0.85
So 1 2.57 2.80 0.78 0.84
£ 2 -9.53 2.39 -2.88 0.72
A 126 265 038 080
3 0.1 5.26 6.35 1.59 1.92
o 0.5 3.35 5.31 1.01 1.60
ES 1 -25.66 4.82 7.75 1.46
§ 2 9.61 8.26 2.90 2.50
0 4 3615 531 1092 160
. 0.1 0.76 3.38 0.23 1.02
Es 0.5 6.63 3.49 2.00 1.06
So 1 6.78 3.21 2.05 0.97
33 2 2.47 3.34 0.75 1.01
S S 349 357 105 108
- 0.1 2.87 0.94 -0.87 0.28
= 0.5 -8.89 1.25 -2.68 0.38
SE 1 5.45 0.71 -1.65 0.21
g 2 -4.00 0.95 1.21 0.29
4 9.17 0.99 2.77 0.30
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Table 20 Extraction data for C5-BTBP resin with Am(lIl), @m( Pu(lV), and Eu(lIl)

in Nitric Acid.
Element [HNO3] Avg. Dy Oave k' Ok

. 0.1 64.10 3.37 22.18 1.16
5= 0.5 123.02 4.31 42.57 1.49
§ 5 1 221.63 4.79 76.68 1.66
£ 2 166.81 4.35 57.72 1.51
. S 69.70 329 2412 1.14
3 0.1 21.47 3.55 7.43 1.23
N 0.5 51.38 4.01 17.78 1.39
ES 1 82.10 3.94 28.41 1.36
5 2 91.05 4.16 31.50 1.44
A 34.28 371 1186 1.28
. 0.1 52.91 3.43 18.31 1.19
Es 0.5 120.52 4.08 41.70 1.41
S 1 188.99 3.85 65.39 1.33
ERN 2 408.64 6.25  141.39 2.16
.4 10481 390 36.26 1.35
c 0.1 2.75 1.24 -0.95 0.43
5 0.5 5.17 0.72 1.79 0.25
g=< 1 -6.93 0.61 2.40 0.21
Z 2 5.61 0.53 1.94 0.18
4 -0.70 0.81 -0.24 0.28
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Table 21 Extraction data for C5-BTBP resin with Am(lIl), @m( Pu(lV), and Eu(lIl)

in Hydrochloric Acid.

Element [HNO3] Avg. Dy Oave k' Ok

. 0.1 8.05 3.14 2.79 1.09
5= 0.5 3.24 2.83 1.12 0.98

§ 5 1 7.21 3.83 2.50 1.32
£ 2 -2.69 3.68 -0.93 1.27
. S 546 . 329 1.89 1.14
3 0.1 -10.33 3.39 -3.58 1.17

N 0.5 25.60 4.70 8.86 1.63
ES 1 6.78 3.56 2.35 1.23

5 2 -8.38 3.06 2.90 1.06
. -38.17 -6.04  -1321  -2.09
. 0.1 -8.73 3.63 -3.02 1.25
Es 0.5 -17.02 3.64 -5.89 1.26
S 1 -8.33 4.80 -2.88 1.66
ERN 2 -4.18 5.54 -1.44 1.92
R S -1.55 587 053 2.03
c 0.1 2.32 1.37 -0.80 0.47

5 0.5 1.59 0.80 0.55 0.28
g=< 1 14.04 0.94 4.86 0.33

Z 2 14.90 1.15 5.16 0.40

4 4.36 1.09 1.51 0.38
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Table 22 Extraction data for CyM&TBP resin with Am(lll), Cm(lll), Pu(lV), and

Eu(lll) in Nitric Acid.

Element [HNO3]  Avg. Dy Cave k' Ok
. 0.1 112.04 4.90 42.69 1.87
5= 0.5 19.29 4.27 7.35 1.63
§ 5 1 738.18 12.87  281.25 4.91
£ 2 2678.41 43.28 1020.48 16.49
4 42196 12.73  160.77 4.85
3 0.1 15.76 4.10 6.00 1.56
N 0.5 198.11 5.55 75.48 2.11
ES 1 579.35 12.78  220.73 4.87
g 2 2483.95 65.50  946.38 24.96
R U 13734  7.09 52.33 . 2.70
. 0.1 28.79 3.16 10.97 1.21
Es 0.5 82.96 3.08 31.61 1.17
S 1 1450.56 15.94  552.67 6.07
ERN 2 4591.89 69.80 1749.51 26.59
I U 11955 372 4555 1.42
c 0.1 2.93 0.95 1.12 0.36
5 0.5 22.26 0.78 8.48 0.30
g=< 1 -0.51 0.57 -0.19 0.22
Z 2 7.90 0.86 3.01 0.33
4 -2.03 0.57 0.77 0.22

134



Table 23 Extraction data for CyM&TBP resin with Am(lll), Cm(lll), Pu(lV), and

Eu(lll) in Hydrochloric Acid.

Element [HNO3] Avg. Dy Oave k' Ok

. 0.1 4.50 2.93 1.71 1.12
5= 0.5 -4.28 3.19 -1.63 1.22
So 1 -9.11 3.87 3.47 1.47
=N 2 3.93 4.18 1.50 1.59
<4 ___________ 736 426 280 1.62
3 0.1 16.22 -7.46 -6.18 2.84

N 0.5 20.81 4.84 7.93 1.84
EE 1 11.76 5.26 4.48 2.00

g 2 27.17 6.05 10.35 2.30
4 2446 508 932 1.9
. 0.1 '5.60 3.11 213 1.18
Es 0.5 472 2.84 -1.80 1.08
5o 1 5.45 2.99 2.08 1.14
2Q 2 17.87 3.38 6.81 1.29
4 2125 284 810 108
c 0.1 7.45 0.65 2.84 0.25

5 0.5 -5.48 0.57 -2.09 0.22
SE 1 -8.31 0.73 3.17 0.28

Z 2 1.74 0.68 0.66 0.26

4 -6.21 0.98 -2.36 0.38

135



BIBLIOGRAPHY

[1] I. Grenthe; J. Drozdzynski; T. Fujino; E.C. Buck; T.E. AlbreSkhhmitt; S.F.
Wolf. Chapter 5: Uranium. IThe Chemistry of the Actinide and Transactinide
Elements 39 edition; L.R. Morss, N.M. Edelstein, J. Fuger, Eds.; Springer:
Dordrecht, The Netherlands, 2006; Vol. 1, pp. 253-698.

[2] R.J. Silva; H. Nitsche. Actinide Environmental ChemistRadiochimica Acta
1995, 70/71, 377-396.

[3] C. Degueldre. Chapter 27: ldentification and Speciation of Atdgiin the
Environment. InThe Chemistry of the Actinide and Transactinide Elem&Hits
edition; L.R. Morss, N.M. Edelstein, J. Fuger, Eds.; Springer: Dohntlrel he
Netherlands, 2006; Vol. 5, pp. 3013-3085.

[4] E.P. Horwitz; R. Chiarizia; M.L. Dietz; H. Diamond; D.M. Nes. Separation
and preconcentration of actinides from acidid media by extraction
chromatographyAnalytica Chimica Actd 993, 281, 361-372.

[5] E.K. Hulet; D.D. Bode. Separation Chemistry of the Lanthanided a
Transplutonium Actinides. ILanthanides and ActinideK.W. Bagnall, Ed.;
Series 1, MTP International Review of Science; Butterworths: London, 1912. V
7,pp. 11

[6] S.A. Ansari; P.N. Pathak; M. Husain; A.K. Prasad; V.S. PgrmakK.
Manchanda. Extraction chromatographic studies of metal ions using N,N,N’,N
tetraoctyl diglycolamide as the stationary phdsganta2006, 68, 1273-1280.

[7] C. Madic, M.J. HudsonHigh-level liquid waste partitioning by means of
completely incinerable extractants: final reporEUR 18038en, European
Commission Contract No. FI2ZW-CT91-0112; Brussels, 1998.

[8] National Nuclear Security Administratiomternational Safeguards: Challenges
and Opportunities for the 21st CenturyOffice of Nonproliferation and
International Security, U.S. Department of Energy: Washington, D.C., 2007.

[9] Z. Yoshida, S.G. Johnson, T. Kimura, and J.R. Krsul. Chapter 6: Neptulmum
The Chemistry of the Actinide and Transactinide ElemeSitsedition; L.R.
Morss, N.M. Edelstein, J. Fuger, Eds.; Springer: Dordrecht, The Neetbsr
2006; Vol. 2, pp. 699-812.

[10] K.J. Moody, I.D. Hutcheon, P.M. Grantluclear forensic analysisCRC Press:
Boca Raton, Florida, 2005; pp. 291-292.

[11] J.J. Katz, L.R. Morss, N.M. Edelstein, and J. Fuger. Chaptertrbduction. In
The Chemistry of the Actinide and Transactinide ElemeSitsedition; L.R.

136



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Morss, N.M. Edelstein, J. Fuger, Eds.; Springer: Dordrecht, The Neetbsr
2006; Vol. 1, pp. 1-17.

E. Glueckauf;, H.A.C. McKay. Possible F-Shell Covalency in #wtinide
ElementsNature1950, 165, 594-595.

G. Choppin. Actinide chemistry: from weapons to remediation toastiship.
Radiochimica Act2004, 92, 519-523.

E.M. Baum, M.C. Ernesti, H.D. Knox, T.R. Miller, A.M. Watson, S.D. Tsavi
rev. Chart of the Nuclides17" ed. Bechtel Marine Propulsion Corporation:
USA, 2010.

P. Eisler, M. Kendall. Testing toxic cleanups, one gatortem@& USA TODAY
Feb 1, 2011.

A. Pavlov. Former nuclear blast sites in Russia’s MurmanskoRe&g become a
national park. M. Kaminskaya transl. Jan. 24, 2011.
http://www.bellona.org/articles/articles_2011/khibiny_testrange

E.P. Hardy; P.W. Krey; H.L. Volchok. Global inventory and distributain
fallout plutonium.Nature1973, 241, 444-445,

Q.H. Hu; T.P. Rose; M. Zavarin; D.K. Smith; J.E. Moran; .PZHao. Assessing
field-scale migration of radionuclides at the Nevada Test Siiebile” species.
Journal of Environmental Radioactivig008, 99, 1617-1630.

A. Yablokov. Radioactive waste disposal in seas adjacent toriterteof the
Russian FederatiorMarine Pollution Bulletin 2001. 43, pp. 1-6.

U.S. Nuclear Regulatory CommissioRact Sheet on the Three Mile Island
Accident Accessed on 25 March, 2009. http://www.nrc.gov/reading-rm/doc-
collections/fact-sheets/chernobyl-bg.html

U.S. Nuclear Regulatory Commissidackground on Chernobyl Nuclear Power
Plant Accident Accessed on 25 March, 2009. http://www.nrc.gov/reading-
rm/doc-collections/fact-sheets/chernobyl-bg.html

S. CottonLanthanide and Actinide Chemisty. Wiley & Sons Ltd.: Chichester,
England, 2006; p. 194.

R.A. Bulman. Chemistry of Plutonium and the Transuranics in tbspBere. In
Structure and Bonding: Novel Aspect3.D. Dunitz, J.B. Goodenough, P.
Hemmerich, J.A. lbers, C.K. Jorgensen, J.B. Neilands, D. ReinenP.R.J
Williams, Eds.; Springer-Verlag: Berlin, 1978; Vol. 34, pp.

137



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

J.H. Harley. Plutonium in the environment — a revidwurnal of Radiation
Research980, 21, 83-104.

B.G. Bennett. Strontium-90 in the Diet: Results through 1&fironmental
Quarterlyed. E.P. Hardy. 1976; HASL-306, pp. 95-114

M.S. Baxter; S.W. Fowler; P.P. Povinec. Observations on Plutomure
OceansApplied Radiation and Isotopd995, 46, 1213-1223.

D.M. Taylor. Environmental Plutonium in Humanpplied Radiation and
Isotopesl 995, 46, 1245-1252.

R.C. Pearson. Hard and Soft Acids and Basagrnal of the American Chemical
Societyl963, 85, 3533-3539.

J.J. Fardy; J.M. Buchanan. Separation of oxidized americium frivalent
transplutonium elements and lanthanides by solvent extracfiomcnal of
Inorganic and Nuclear Chemistr§976, 38, 149-154.

M. Nilsson. Screening investigations of novel nitrogen donor ligamdsdivent
extraction. Ph.D. Thesis, Chalmers University of Technology, GoteBavgden,
2005.

S.J. Heyes. Oxford University. Lectures in tH¥ Year Inorganic Chemistry
Course: Actinides, 1997-1998.

U.S. National Research Coundiuclear Wastes: Technologies for Separations
and Transmutation National Academies Press: Washington, D.C., 1996; pp. 169-
170.

P. Belli; R. Bernabei; F. Cappella; R. Cerulli; C.J. DaiA. Danevich; A.
d’Angelo; A. Incicchitti; V.V. Kobychev; S.S. Nagorny; S. Ni$i. Nozzoli; D.
Prosperi; V.I. Tretyake; S.S. Yurchenko. Searchofdecay of natural Europium.
Nuclear Physics 2007, 789, 15-29.

S.R. Taylor. Abundance of chemical elements in the continentiat: a new
table.Geochimica et Cosmochimica Adf64, 28, 1273-1285.

A.l. Samchuk; A.T. Pilipenko.Analytical Chemistry of Minerals S.V.
Ponomarenko, Transl.; VNU Science Press BV.: Utrecht, The Natlsr 1987;
p. 57.

G.R. Choppin; B.G. Harvey; S.G. Thompson. A new eluant for the sepacti

the actinide elementdournal of Inorganic and Nuclear Chemisttp56, 2, 66-
68.

138



[37] E.P. Horwitz; M.L. Dietz; D.M. Nelson; J.J. LaRosa; W.D. irfsan.
Concentration and separation of actinides from urine using a supported
bifunctional organophosphorous extractalmhalytica Chimica Actal990, 238,
263-271.

[38] F. Helfferich.lon ExchangeMcGraw Hill: New York, 1962 p. 1 f.

[39] H.L. Le Chatelier. A general statement of the laws of ¢ba&mequilibrium.
Comptus Renduk384, 99, 786-789.

[40] E.K. Hulet. An investigation of the extraction-chromatography of(Minand
Bk(1V). Journal of Inorganic and Nuclear Chemist964, 26, 1721-1727.

[41] M.W. Partridge; J. Chilton. Reversed-Phase Partition Chromatogralature
1951, 167, 79-80.

[42] S. Siekierski; B. Kotlinska. Separation of zirconium and niobiumurest by the
method of reversed-phased partition chromatografstoynnaya Energya959, 7,
160-162.

[43] A.G. Hamlin; B.J. Roberts. Separation of Uranium by ReversedePPartition
ChromatographyNature 1960, 185, 527-528.

[44] E.P. Horwitz; K.A. Orlandini; C.A.A. Bloomquist. The separation ofeagium
and curium by extraction chromatography using a high moleculaghtvei
guaternary ammonium nitrateorganic and Nuclear Chemistry Lettel966, 2,
87-91.

[45] E.P. Horwitz; C.A.A. Bloomquist. Chemical separations for supevyhekement
searches in irradiated uranium targef@urnal of Inorganic and Nuclear
Chemistryl975, 37, 425-434.

[46] P.K. Mohapatra; S. Sriram; V.K. Manchanda; L.P. Badheka. Uptaketal ions
by extraction chromatography using dimethyldibutyltetradé¢$4malonamide
(DMDBTDMA) as the stationary phas&eparation Science and Technology
2000, 35, 39-55.

[47] K. Van Hecke; G. Modolo. Separation of actinides from low Iégelid wastes
(LLLW) by extraction chromatography using novel DMDOHEMA and O@A
impregnated resingournal of Radioanalytical and Nuclear Chemis2§04, 261,
269-275.

[48] L. Fuks; S. Lis; I. Fidelis. Investigation of extraction oftimg ions with

inorganic ligands I. Extraction of U(VI), Np(VI1), and Pu(VI) byet TBP-HNQ
system Journal of Radioanalytical Chemistiy79, 52, 79-84.

139



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

K. Aardaneh; D. Saal;, G. Swarts; S.C. Dewindt. TBP and TBpregnated
Amberlite XAD-4 resin for radiochemical separation of 88Y fromadd Al
Journal of Radioanalytical and Nuclear Chemisk§08, 275, 665-669.

T. Kimura. Extraction Chromatography in the TBP-HNQystem Il.
Characteristics of the TBP/XAD-4 resin on separation of actimldgnents.
Journal of Radioanalytical and Nuclear Chemisi§90, 141, 307-316.

J. Serrano; T. Kimura. Extraction Chromatography in the HB; system |lIl.
Application of the TBP/XAD-4 solumn for analytical separation o&nium,
neptunium, plutonium and americiudournal of Radioanalytical and Nuclear
Chemistry1993, 172, 97-105.

M. Yamaura ; H.T. Matsuda. Actinides and fission products didrabehavior
in TBP/XAD7 chromatographic columdournal of Radioanalytical and Nuclear
Chemistryl997, 224, 83-87.

P.W. Naik; P.S. Dhami; S.K. Misra; U. Jambunathan; J.N. Mathse &f
organophosphorous extractants impregnated on silica gel for thactexir
chromatographic separation of minor actinides from high levelenssutions.
Journal of Radioanalytical and Nuclear Chemisk§03, 257, 327-332.

G. Modolo; H. Asp; C. Schreinemachers; H. Vijgen. Recovergatihides and
lanthanides from high-level liquid waste by extraction chromapdyrausing
TODGA+TBP impregnated resinRadiochimica Act2007, 95, 391-397.

M. Yamaura; H.T. Matsuda. Sequential separation of actimidddanthanides by
extraction chromatography using a CMPO-TBP / XAD7 coludournal of
Radioanalytical and Nuclear Chemistt§99, 241, 277-280.

A. Suresh; C.V.S. Brahmmananda Rao; R. Deivanayaki; T.G. Sany&.R.
Vasudeva Rao. Studies on the extraction behavior of octyl(pheny})-N,N
diisobutylcarbamoylmethylphosphine oxide in polymeric adsorbent resins
Solvent Extraction and lon Exchange03, 21, 449-463.

A. Zhang; Y. Wei; M. Kumagai; Y. Koma. Synthesis and ggapion of a
macroporous silica-based polymeric octyl(phenyl)-N,N-diisobutytbaaoyl-
methylphosphine oxide composite for the chromatographic separation tof hig
level liquid wasteJournal of Radioanalytical and Nuclear Chemis2§06, 269,
119-128.

E.P. Horwitz; C.A.A. Bloomquist; D.J. Henderson; D.E. Nelson. Theaeton
chromatography of americium, curium, berkelium, and califnorium wi{B-
ethylhexyl)orthophosphoric acidlournal of Inorganic and Nuclear Chemistry
1969, 31, 3255-3271.

140



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

L. Bednarczyk; I. Fidelis. Determination of stability conssaoit U(VI1), Np(VI),
and Pu(VI) with chloride ions by extraction chromatograplgurnal of
Radioanalytical Chemistr§978, 45, 325-330.

Y. Wei; M. Kumagai; Y. Takashima; G. Modolo; R. Odoj. Studies tba
separation of minor actinides from high-level wastes by exbtmacti
chromatography using novel solica-based extraction reNnslear Technology
2000, 132, 413-423.

D.R. McAlister; E.P. Horwitz. Characterization of extrac of chromatographic
materials containing bis(2-ethyl-1-hexyl)phosphoric acid, 2-etyixyl (2-
ethyl-1-hexyl) phosphonic acid, and bis(2,4,4-trimethyl-1-pentyl) phosphinic acid.
Solvent Extraction and lon Exchange07, 25, 757-769.

J.S. Preston; A.C.D. Preez. The recovery of a mixed ratle-eaide and the
preparation of cerium, europium and neodymium oxides from a south W\frica
phosphoric acid sludge by solvent extractiblineral Processing and Extractive
Metallurgy Reviewl998, 18, 175-200.

F.L. Moore. New approach to separation of trivalent actiniéenehts from
lanthanide elements: selective liquid-liquid extraction witrcagrylmethyl-
ammonium thiocyanaténalytical Chemistryl 964, 36, 2158-2162.

P.K. Khopkar; J.N. Mathur. Complexing of californium(lll) and ottrvalent
actinides by inorganic liganddournal of Inorganic and Nuclear Chemistt980,
42, 109-113.

A. Landgren; J.O. Liljenzin. Extraction behavior of technetiurd actinides in
the aliquat-336/nitric acid systei@olvent Extraction and lon Exchan$®99, 17,
1387-1401.

E.P. Horwitz; M.L. Dietz; R. Chiarizia; H. Diamond; S.Maxwell, Ill; M.R.
Nelson. Separation and preconcentration of actinides by extraction
chromatography using a supported liquid anion exchanger: applicatidme to t
characterization of high level nuclear waste solutighsalytica Chimica Acta
1995, 310, 63-78.

O. Courson; M. Lebrun; R. Malmbeck; G. Pagliosa; K. RorBetSatmark; J.P.
Glatz. Partitioning of minor actinides from HLLW using the DIAMEprocess.
Part 1 Demonstration of extraction performances and hydraulevimeh of the
solvent in a continuous procesiadiochimica Act&2000, 88, 857-863.

C. Cuillerdier; C. Musikas; L. Nigond. Diamides as actinidgraetants for
various waste treatmentSeparation Science and Technold@p3, 28, 155-175.

141



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

C. Cuillerdier; C. Musikas; P. Hoel; L. Nigond; X. Vitart.aMnamides as new
extractants for nuclear waste solutioBsparation Science and Technold®g1,
26, 1229-1244.

C. Cuillerdier; C. Musikas. Extraction of actinides frorahdoride medium using
penta-alkylpropane-diamideSeparation Science and Technold®g@3, 28, 115-
126.

S.A. Ansari; P.K. Mohapatra; V.K. Manchanda. Synthesis of Mjhethyl-
N,N’-dibutyl malonamide functionalized polymer and its sorption afgsiti
towards U(VI) and Th(IV) ionsTalanta2007, 73, 878-885.

S.A. Ansari; P.K. Mohapatra; V.K. Manchanda. A novel malonamidéegra
polystyrene-divinyl benzene  resin for extraction, pre-conceotratand
separation of actinidedournal of Hazardous Materia®009, 121, 1323-1329.

Z. Kolarik; U. Millich; F. Gassner. Selective extiantof Am(lll) over Eu(lll)
by 2,6-ditriazolyl- and 2,6-ditriazinylpyridinesSolvent Extraction and lon
Exchangel999, 17, 23-32.

M.G.B. Drew; D. Guillaneux; M.J. Hudson; P.B. Iveson; C. Madiau&ial
complexes formed by the early lanthanides with 2,6-bis(5,6-dialkyl-1jazn-
3-yl)-pyridines.Inorganic Chemistry Communicatio@801, 4, 462-466.

S. Trumm; P.J. Panak; A. Geist; T. Fanghanel. A TRLF&dy5ton the
Complexation of CH and EU! with 2,6-Bis(5,6-dipropyl-1,2,4-triazin-3-
yhpyridine in Water/Methanol Mixture.European Journal of Inorganic
Chemistry2010, 3022-3028.

M. Steppert; C. Walther; A. Geist; T. Fanghanel. Directon&SI time-of-flight
mass spectrometric investigations on lanthanide BTP complexeas @xtraction-
relevant diluent 1-octandNew Journal of Chemisti®009, 33, 2437-2442.

M.A. Deneckel; P.J. Panak; F. Burdet; M. Weigl; A. Geist;, Kenze; M.

Mazzanti; K. Gompper. A comparative spectroscopic study of WAHjlll) and

Ln(lll) complexed with N-donor ligand€omptus Rendus Chima907, 10, 872-
882.

Z. Kolarik; U. Millich; F. Gassner. Extraction of Am(li&dnd Eu(lll) Nitrates by
2,6-di-(5,6-dipropyl-1,2,4-triazin-3-yl)pyridines Solvent Extraction and lon
Exchangel999, 17, 1155-1170.

M. Weigl; A. Geist; U Millich; K. Gompper. Kinetics of mericium(lll)

Extraction and Back Extraction with BTBolvent Extraction and lon Exchange
2006, 24, 845-860.

142



[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

H. Hoshi; Y.Z. Wei; M. Kumagai; T. Asakura; Y. Morita. Sepana of trivalent
actinides from lanthanides by using R-BTP resins and stabilR+BTP.Journal
of Alloys and Compound®06, 408-412, 1274-1277.

A. Zhang; E. Kuraoka; M. Kumagai. Preparation of a novel macooiscsilica-

based2,6-bis(5,6-diisobutyl-1,2,4-triazin-3-yl)-pyridines impregnated parigm
composite and its application in the adsorption of trivalent rareseddurnal of

Radioanalytical and Nuclear Chemist2@07, 274, 455-464.

C. Ekberg; A. Fermvik; T. Retegan; G. Skarnemark; M.R.S. irang M.J.
Hudson; S. Englund; M. Nilsson. An overview and historical look badkeat
solvent extraction using nitrogen donor ligands to extract and sepemgi®
from Ln(lll). Radiochimica Act2008, 96, 225-233.

M.J. Hudson; M. Foreman; C. Hill; N Huet; C. Madic. Studiesthe parallel
synthesis and evaluation of new heterocyclic extractantshépartitioning of
minor actinidesSolvent Extraction and lon Exchange03, 21, 637-652.

M. Nilsson; S. Andersson; F. Drouet; D. Eckberg; M. ForemanHiison; J.O.
Lillenzin; D. Magnusson; G. Skarnemark. Extraction properties of 656(556,-

dipentyl-[1,2,4]triazin-3-yl)-[2,2']bipyridinyl (C5-BTBP)Solvent Extraction and
lon Exchange006, 24, 299-318.

M. Nilsson; C. Eckberg; M. Foreman; M. Hudson; J.O. Lilien@nModolo; G.
Skarnemark. Separation of actinides(lll) from lanthanides(il) simulated
nuclear waste streams using 6,6'-bis-(5,6,-dipentyl-[1,2,4]triazih)-3-y
[2,2']bipyridinyl (C5-BTBP) in cyclohexanoneSolvent Extraction and lon
Exchange2006, 24, 823-843.

S. Andersson. Extraction properties of some nitrogen conta@xingctants and
determination of nitrate complex formation for lanthanides and selexttinides
using solvent extraction. Ph.D. Thesis, Chalmers University ohriaogy,
Goteborg, Sweden, 2005.

M.R.S. Foreman; M.J.Hudson; M.G.B. Drew; C. Hill; C. Madic. @teres
formed between the quadridentate, heterocyclic molecules 6;bislialkyl-
1,2,4-triazin-3-yl)-2,2’-bipyridine (BTBP) and lanthanides(lll): ingaltions for
the partitioning of actinides(lll) and lanthanides(lDalton Transaction2006,
1645-1653.

M.R.S. Foreman; M.J. Hudson; A. Geist; C. Madic; M. Weigl. Anektigation
into the Extraction of Americium(lll), Lanthanides and D-Blocktile by 6,6'-
Bis-(5,6-dipentyl-[1,2,4]triazin-3-yl)-[2,2’]bipyridinyl (C5-BTBR) Solvent
Extraction and lon Exchang#005, 23, 645-662.

143



[89] J. John, F. Sebesta, J. Kamenik, Jlakova, O. FiSera.On the Way to a
Chromatographic Process for Minor Actinides Partitioning from High Level
Liquid Wastes In Annual Report on Nuclear Chemistry; Czech Technical
University in Prague, 2007; p. 18.

[90] A. Zhang; X. Wang; Z. Chai. Synthesis of a macroporousadilased derivative
of pyridine material and its application in separation of palladAi@hE Journal
2010, 56, 3074-3083.

[91] A. Geist; C. Hill; G. Modolo; M. Foreman; M. Weigl; K.dgpper; M.J. Hudson.
6,6-Bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydrobenzo-[1,2,4]triazin-3-A)i&-
pyridine, an Effective Extracting Agent for the Separation ofeAaium(lll) and
Curium(lll) from the Lanthanidesolvent Extraction and lon Exchange06, 24,
463-483.

[92] D. Magnusson; B. Christiansen; J.P.Glatz; R. Malmbeck; @idib; D. Serrano-
Purroy; C. Sorel. Towards an optimized flow-sheet for a SANEXathstnation
process using centrifugal contactd®adiochimica Act2009, 97, 155-159.

[93] D. Magnusson; B. Christiansen; R. Malmbeck; J.P. Glatz. ligatsin of the
radiolytic stability of a CyMe4-BTBP based SANEX solvaRadiochimica Acta
2009, 97, 497-502.

[94] D. Magnusson; B. Christiansen; M.R.S. Foreman; A. Geist; JI&z;GR.
Malmbeck; G. Modolo; D. Serrano-Purroy; C. Sorel. Demonstrati@gn®ANEX
Process in Centrifugal Contactors using the CyMe4-BTBP Moleoulea
Genuine Fuel SolutiorSolvent Extraction and lon Exchange09, 27, 97-106.

[95] Rohm and HaasAmberlite® XAD-4 Product Data Shed®DS 0556 A; Oct.
2003.

[96] Rohm and HaasAmberlite® XAD-7HP Product Data She@&DS 0529 A; Oct.
2003.

[97] E.P. Horwitz; M.L. Dietz; D.E. Fisher. Separation and Precoragon of
Strontium from Biological, Environmental, and Nuclear Waste Sampies
Extraction Chromatography Using a Crown Etl#eralytical Chemistry1991, 63,
522-525

[98] E.P. Horwitz; R. Chiarizia; M.L. Dietz. A Novel Strontiunel8ctive Extraction
Chromatography Resisolvent Extraction and lon Exchan$y@92, 10, 313-336.

[99] S. Colette; B. Amekraz; C. Madic; L. Berthon; G. Cote; C. MouUse of
Electrospray Mass Spectrometry (ESI-MS) for the Study afogum(lll)
Complexation with Bis(dialkyltriazinyl)pyridines and Its Imgdtions in the
Design of New Extracting Agentkorganic Chemistry2002, 41, 7031-7041.

144



[100] T. Retegan; L. Berthon; C. Ekberg; A. Fermvik; G. Skamar&nN. Zorz.
Electrospray lonization Mass Spectrometry Investigation of BTBP
Lanthanide(lll) and Actinide(lll) ComplexesSolvent Extraction and lon
Exchange2009, 27, 663-682.

[101] Scifinder Scholgrversion 2007; Chemical Abstracts Service; Columbus, OH,
2007.

[102] E.P. Horwitz; D.R. McAlister; A.H. Bond; R.E. Barrans, Jr. Ndkgtraction of
Chromatographic Resins Based on Tetraalkyldiglycolamides: Gbaration
and Potential ApplicationsSolvent Extraction and lon Exchang605, 23, 319-
344.

[103] T. Retegan; C. Ekberg; I. Dubois; A. Fermvik; G. Skarnemarll; Wass.
Extraction of Actinides with Different 6,60-Bis(5,6-Dialkyl-[1,2,%ftazin-3-yl)-
[2,20]-Bipyridines (BTBPs)Solvent Extraction and lon Exchangé07, 25, 417-
431.

[104] D.L. Clark; S.S. Hecker; G.D. Jarvinen; M.P. Neu. Chaptetufoum. In The
Chemistry of the Actinide and Transactinide Eleme8fsedition; L.R. Morss,
N.M. Edelstein, J. Fuger, Eds.; Springer: Dordrecht, The Netherlands;, 260
2, pp. 813-1264.

[105] V. Hubscher-Bruder; J. Haddaoui; S. Bouhroum; F. Arnaud-Neu. Recoggiition
Some Lanthanides, Actinides, and Transition- and Heavy-Metabr@aby N-
Donor Ligands: Thermodynamic and Kinetic Aspebitsrganic Chemistry2010,
49, 1363-1371.

[106] H.W. Kauczor; A. Meyer. Structure and Properties of LevexResins
Hydrometallurgyl978, 3, 65.

[107] 1. Poinescu; V. Popescu; A. Carpov. Synthesis of Porousngtipwinylbenzene
CopolymersDie Angewandte Makromolekulare Cherhi85, 135, 21.

[108] K. Inoue; Y. Baba; Y. Sakamoto; H. Egawa. Adsorption of Nitke#nd
Cobalt(ll) from Aqueous Solutions on Levextrel Resin Containing Acidic
Organophosphinic  Extractant and Phosphorus-Based Chelating Resins:
Comparative Study on the Selectivity of the Resi@sparation Science and
Technologyl987, 22, 1349.

[109] K. Yoshikuza; Y. Sakamoto; Y. Baba; K. Inoue. Distribution Equdiln the

Adsorption of Cobalt(ll) and Nickel(ll) on Levextrel Resin Containibganex
272.Hydrometallurgy1990, 23, 309.

145



VITA

Graduate College
University of Nevada, Las Vegas

Christopher Lee Klug

Degrees:
Bachelor of Science, Chemistry, 2002
University of Maryland College Park

Bachelor of Science, Secondary Education: Science, 2002
University of Maryland College Park

Master of Life Science, Chemistry, 2006
University of Maryland College Park

Special Honors and Awards:
Eagle Scout
Next Generation Safeguards Initiative, Summer Fellowship in Nucleanios

Publications and Presentations:
Klug, Christopher L.; Sudowe, RalfPreparation and Characterization of N-
donor  Extraction-Chromatography Resins for  Actinide/Lanthanide
Separations Plutonium Futures 2010, September 19-23, 2010.

Klug, Christopher L.; Sudowe, RalfPreparation and characterization of a 2,6-
bis(5,6-diisobutyl-1,2,4-triazin-3-yl)pyridine (isobutyl-BTP) coated exinac
resin for actinide/lanthanide separatians 2010 Joint Topical Meeting of the
Nevada Local Section, April 19-23, 2010. Dec1102.

Klug, Christopher L.; Sudowe, RalfPreparation and characterization of a 2,6-
bis(5,6-diisobutyl-1,2,4-triazin-3-yl)pyridine (isobutyl-BTP) coated exinac
resin for actinide/lanthanide separatians Abstracts of Papers, 239th ACS
National Meeting, San Francisco, CA, United States, March 21-25, 2010.
NUCL-84.

Klug, Christopher; Alsobrook, Andrea N.; Djokic, Denia; Morris, Wesley;
Sudowe, Ralf; Williams, Ross.Comparison of Uranium and Plutonium
Separation Methods Using Multi-Collector ICP-MS on Spiked Heavy Metal
Solutions Abstracts, 42nd Western Regional Meeting of the American
Chemical Society, Las Vegas, NV, United States, September 230D8,
WRM-170.

Klug, Christopher L.; Bertoia, Julie; Sudowe, RalfExtraction studies of
americium and europium for development of extraction chromatographic

146



resins  Abstracts of Papers, 236th ACS National Meeting, Philadelphia, P
United States, August 17-21, 2008. NUCL-023.

Dissertation Title: Preparation and Characterization of Extraction Chognaghy
Resins Using N-donor Extractants for Trivalent Actinide and Lanthanide $iepara

Dissertation Examination Committee:
Chairman, Ralf Sudowe, Ph.D.
Committee Member, Kenneth Czerwinski, Ph.D.
Committee Member, MaryKay Orgill, Ph.D.
Committee Member, Patricia Paviet-Hartmann, Ph.D.
Graduate Faculty Representative, Steen Madsen, Ph.D.

147



	Preparation and characterization of extraction chromatography resins using N-donor extractants for trivalent actinide and lanthanide separations
	Repository Citation

	Microsoft Word - $ASQ89807_supp_undefined_A55B6AD0-6C66-11E0-8FB8-FA4EF0E6BF1D.docx

