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SYNOPSIS

Lanthanides and actinides have many applicationdivarse fields including nuclear
industry [1-4]. Individual separation of lanthansdeand actinides is challenging due to
similar chemical properties i.e. same charge amdlaity in size. Various separation
methods [5-8] were developed and reported in liteeafor separation of lanthanides
and actinides. Among these, high performance ligaidomatographic (HPLC)
technique [9] is more efficient and offers fastagpion for the isolation of lanthanides
and actinides. A major advantage of HPLC techniguis ability to provide rapid and
high performance separations with sensitive daiectiLiquid chromatographic
techniques based on ion exchange, ion pairing-intaraction have been developed for
the isolation of individual lanthanides. In all geestudies reported in literature, the
separation of individual lanthanides from each otwas not less than 8 min using
dynamic ion-exchange chromatographic techniquelf3o-

Lighter lanthanides (La, Ce, Pr, Nd, Sm and Eu)stirie about one fourth of
the total fission products produced in the nucliégssion of uranium or plutonium.
Individual separation of lanthanides and actinidss mandatory for burn-up
measurement on dissolver solution of nuclear redat. Lighter lanthanides such as
La and Nd were employed as burn-up monitors as fillélythe major requirements of
fission product monitor [14]. Thus accurate deteation of Nd or La in the dissolver
solution of spent fuel can be used to determinal tadmber of fissions. The burn-up
measurement on dissolver solution of nuclear redciel subjected to high burn-up,
poses a great challenge due to the associatioigbflével of radioactivity. Therefore,
isolation of lanthanides as well as actinides fribise solutions demands a rapid and
high-resolution separation to ensure minimizatidntlee radiation exposure to the
operator and minimisation of waste generation. fédersed phase HPLC separation



technique is a powerful chromatographic methodigofation of actinides from each
other [15-17]. The separation of actinides suclTlasand U was studied in literature
using reversed phase chromatographic technique.

The aim of the present study is to develop highfgperance separations of
lanthanides and actinides and to reduce the separtine. Therefore, the thesis is
focused on development of rapid separation of Emtles and actinides using various
liquid chromatographic techniques.

In this context, elution behaviour of lanthanidesl actinides was investigated
on small particle (1.8um) reversed phase supports and monolith basedses/ghase
supports. These methods were employed for the lppirmeasurement on dissolver
solutions of nuclear reactor fuels. A single statmible column chromatographic
technigue was developed and the same was applieduim-up measurement of
dissolver solution of PHWR (Pressurised Heavy W&eactor, MAPS, Kalpakkam,
India). The dynamic ion-exchange HPLC technique wawployed to estimate the
stability constant of lanthanides and actinidesairsingle run. Speciation data for
plutonium (in different oxidation states), and aiwiem were obtained witlx-hydroxy
isobutyric acid ¢-HIBA) from stability constant data. These studmere employed to
explain the elution behaviour of plutonium, amenni uranium and thorium during
their chromatographic separation. Elution behaviolutanthanides and actinides was
also investigated as a function of temperatureeietn behaviour of lanthanides and
actinides was investigated using task specificadiguids as mobile phase. This thesis
comprises of nine chapters and contents of thereifit chapters in the present thesis are
briefly given below.

Chapter-1: This chapter describes the history of developménthoomatographic

technique and principles of various chromatograph&thods and their applications.

The liquid chromatographic technique has revolusied separation chemistry due to



the invention of high performance liquid chromatggtic technique (HPLC). Historical

developments of HPLC, various types and its apptina in different areas are

discussed. Applications of lanthanides in varioid$ such as alloys, catalysts,
phosphors, lasers, batteries, chemicals, ceranglass, glazes, lighting, medical

imaging, thermal spray powders etc are discussegardtion and determination of
lanthanides is important for measuring the burmtipuclear reactor fuels and also in
geological studies. Various separation methodsnidividual separation of lanthanides
have been described. Developments and advancebeirfigld of lanthanides and

actinides separation by liquid chromatographic néqple have been discussed in detail.
Estimation of the stability constant of metal iarsshg chromatographic methods as well
as traditional methods (potentiometry, polarogramonductometry, pectrophotometry,

solvent extraction and ion exchange methods) isudised. An introduction to ionic

liquid and its applications in liquid chromatogrgph also briefed in this chapter.

Chapter-2: This chapter describes the experimental technignedsmethods that are

used in the present work. Instrumentation detdilsiBLC are discussed. The use of
post-column derivatisation method for the detecton determination of metal ions is
discussed. Preparations of standard solutions tdInmns such as lanthanides, uranium

and thorium are discussed.
Chapter-3: Particle size of the support materials employedHIRLC influences

separation efficiency and affects the back-press@ireolumn. The column efficiency
increases with decrease in particle size. It id@vi from van Deemter curve for particle
size versus resolution that packing materials \pabticle size less than @m provide
better resolution compared toun based supports for high speed separations. Téhe us
of small particle size e.g. 1.8 micron results imgh back pressure and needs systems to

deliver solvents at high pressures, typically ia tange of 500 bar with precise flow



rates. The separation of individual lanthanides actthides was investigated using 1.8
um based support as it offers high column efficiesoynpared to the fm support.
This chapter describes results on the use of sloduimns (3-5 cms long) with small
particle size (1.8um) for high performance liquid chromatographic sapan of
individual lanthanides, uranium from thorium as lwa$ uranium from plutonium.
Lanthanides could be separated from each other3r6-min, thorium-uranium in 1 ~
min and uranium from plutonium in ~ 4.2 min. A dyma ion-exchange
chromatographic separation technique was develogedy camphor-10-sulfonic acid
(CSA) as the ion-pairing reagent awmehydroxy isobutyric acid of-HIBA) as the
complexing reagent for the isolation of individlahthanides as well as the separation
of uranium from thorium. A reversed phase HPLC meghe was developed for the
isolation of uranium from thorium as well as lantlte group from uranium. The
reversed phase HPLC separation technique with spaticle based support was
demonstrated for separation of lanthanides as @pdrom uranium matrix. Lanthanides
(e.g. La, Nd) were separated and estimated in wmamnatrix of samples of LiCI-KClI
eutectic salt containing chlorides of lanthanidesinianium matrix (typical La to U ratio
of 1:2000). The results on the use of small patislupport for the burn-up

measurements are discussed later.
Chapter-4: Monolith support consists of a single piece of psyorigid material

containing mesopores and micropores, which profadeanalyte mass transfer. Higher
separation efficiency is obtained for higher perbigg and higher flow rates, which
leads to shorter separation times on monolith coakimompared to traditional HPLC
supports. This chapter describes the liquid chrographic behaviour of lanthanides
and actinides on monolith based support. A dynamrcexchange technique was
developed using monolith based reversed phase duppadhe individual separation of

lanthanides as well as actinides, and has leddcséparation of all 14 lanthanides in

iv



about 2.8 minutes and this is the fastest LC teglenreported as of now in literature.
The sorption behaviour of uranium and thorium waangned on a reversed phase
monolith support as well as modified (bis-2-ethylylesuccinamic acid (BEHSA))

monolith support. In these studiasHIBA as well as HN@ were employed as the
mobile phase. Rapid separation of uranium fromitimorcould be achieved in about 20
sec from a modified monolith support using 0.01 NM®4 as mobile phase. The
individual separation of lanthanides and actinides demonstrated for the burn-up
measurement on the dissolver solution of FBTR dmel fesults are discussed in

Chapter 5.
Chapter-5: This chapter deals with burn-up measurement oroldiss solution of

nuclear reactor fuels. Dynamic ion-exchange HPLChn&ue using small particle
support (1.8um) was developed for the determination of burn-tifast reactor spent
fuel (FBTR, India), discharged at 155 GWd/ton.Histmethod, U and Pu present in the
dissolver solution of FBTR fuel were removed byi@mexchange chromatography and
assayed subsequently. The fission product fracfter the removal of U and Pu was
subsequently injected into HPLC for the assay ahfup monitors i.e. La and Nd. A
reversed phase chromatographic techniqgue was eeléy the determination of
uranium and plutonium in the dissolver solution. Ll@Ptechnique using monolith
support was also demonstrated for the first timeth@ direct injection of dissolver
solution from fast reactor fuel without any pre-aegiion. The atom% fission was
determined based on these measurements and tls sreudiscussed. Reversed phase
chromatographic technique using monolith based atippas also developed for the
determination of uranium and plutonium in the digspsolution. A single stage double
column chromatographic technique was developeddanaonstrated for the separation
and determination of lanthanides fission produathsas La, Ce, Pr, Nd and Sm in the

dissolver solution of PHWR fuel without removal “ofiatrix uranium” for the burn-up

\'



measurements. In this technique, two columns wenaected in a series, first column
(reversed phase 5 cm length support) modified with-octylphosphine oxide (TOPO)
and the second one (reversed phase 10 cm lengtblithosupport) modified with an
ion pairing reagent for individual separation aitl@anides. Uranium was retained in the
first column and lanthanide fission products weamnsferred to the second column
during chromatographic runs. About 45 consecutiyections could be carried out for
the assay of lanthanides in uranium matrix, prmretution of uranium. Retention
behaviour of Pu(lll) and Pu(lV) was investigated ®®PO modified 5 cm length
reversed phase support. The elution behaviourssfdin products such as Zr, Mo, Cs,
Ba, Sr, Ru, Rh, Pd and Nd was also studied on TGd#fed reversed phase support and

the results are discussed.
Chapter-6: A method for the correlation of retention of lanifte and some actinide

complexes with the stability constant is descriledhis chapter. In these studies, an
ion-pairing reagent, e.g. camphor-10-sulphonic &Ci8A) was used as the modifier and
organic acids such as-hydroxy isobutyric acid o-HIBA) and lactic acid were
employed as complexing reagent for elution. Thentbdn times as well as capacity
factors of lanthanides and actinides were measasea function of CSA, organic acid
concentrations and mobile phase pH. From theseiestué correlation has been
established between capacity factor of a metalgoncentrations of ion-pairing reagent
and complexing agent with the stability constantaothanide/actinide complex. Based
on these studies, it has been shown that the isyabonstant of lanthanides and
actinides can be estimated using a single lantleazatibrant. The method was validated
by the estimation of stability constant of lantldes with the organic acids such as
HIBA, lactic acid, mandelic acid and tartaric acldhese studies have established that a
single chromatogram can be used for estimationtaiilgy constant at various ionic

strengths and the estimated data are found to beeiy good agreement with the

Vi



experimentally determined values. These studss @gémonstrated that the method can
be applied for estimation of stability constantagtinides with a ligand whose value is
not reported yet, e.g., ligands of importance ia nthanide - actinide separations,
chelation therapy etc. The chromatographic sejparatethod is fast and the estimation
of stability constant can be done in a very shamnet which is a significant advantage
especially in dealing with radioactive species. e Btability constant data was used to
derive speciation data of plutonium in differentidation states as well as that of
americium witha-HIBA. The elution behaviour of actinides such asdd Am from
reversed phase chromatographic technique coulkplaieed based on the speciation

data
Chapter-7: This chapter describes the effect of temperatus¢G2o 85°C) on the

retention of lanthanides and actinides on chromafdgc supports. Dynamic ion-
exchange and reversed phase chromatographic teesnigiere carried out using
reversed phase support of 25 cmu(d particle size) and 3 cm (1,8n particle size)
length. Influence of temperature was studied fpngacratic elution of lanthanides and
(b) separation of uranium and thorium. It was obsérfrom these studies that the
retention was reduced to approximately half ofrital time at 88C compared to that
at 258C for individual separation of lanthanides. A temgpere gradient was also
employed to separate the individual lanthanideannsocratic mode in ~ 16 min. The
retention of actinides such as uranium and thomnvas also investigated on a reversed
phase based support usingHIBA, mandelic acid and lactic acid as a functioh
temperature (25 to 86). Capacity factors of lanthanides, U and Th wesgelated
with temperature using van’t Hoff plot and linearrelation was established; from this
study, enthalpy of sorptionAlsopion Of lanthanides, uranium and thorium was

computed.
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Chapter-8: Task-specific ionic liquids such as 1-butyl-3-méitmdazolium
benzoate, protonated betaine bis(trifluoromethidsil)imide [Hbet][NTf] and its
precusor [Hbet] Cl, were employed as the mobilesphalong witha-HIBA using a
reversed phase support to study the sorption betawof uranium, thorium and
lanthanides. Individual separation of all 14 lamidas was studied using ionic liquid,
bis(trifluoromethylsulfonyl)imide. The separatioactors for U-Th as well as adjacent
lanthanide pairs were measured. In the case oétisal of uranium from thorium,
highest separation factor was achieved with 1-b8dglethylimidazolium benzoate as
an ionic liquid. For the first time, the use of ioniquids was demonstrated for

separation of lanthanides and also for the separafiuranium from thorium.
Chapter-9: This chapter summarises the highlights of studiasied out in the

present work. This includes, (a) development ofaiyit ion-exchange based HPLC
technique for the rapid separation of individuatthkenides using 1.8m as well as
monolith based supports (b) reversed phase asaweifiodified reversed phase methods
for the rapid separation of uranium and thorium) $eparation of uranium and
plutonium etc. The advantage of dynamic ion-exckateghnique for measuring the
concentrations of fission product lanthanides sashLa, Ce, Pr, Nd and Sm in the
dissolver solution of nuclear reactor fuel is highted. The advantage of dynamic ion-
exchange HPLC technique for stability constant meit@ation of lanthanides and
actinides is discussed. The potential applicatiosfs high temperature liquid
chromatographic technique and use of ionic liquids the development of high

performance separations are highlighted.
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Chapter-1
Introduction

1.1 Chromatography

Chromatography is a separation technique [1-2] wiscused for the isolation of a
pure sample component from a mixture. This techmigan analyse sample molecules
(gaseous, liquid or solid) in a range of simplectamplex mixtures. The principle of
separation by this method is based on the distabyadsorption, partition, ion exchange or
size exclusion) of sample molecules between tweghaOne is a stationary phase and the
other is a mobile phase, which moves over theostaty phase in a definite direction. The
stationary phase can be a solid or a liquid coatedn inert solid support, while the mobile
phase can be gas or liquid or a supercritical fluid

Quantitative as well as qualitative information abanalytes can be obtained from
chromatography. Qualitative information of analigeobtained from retention time data,
obtained experimentally. Quantitative informatioh analyte can be obtained from its
corresponding peak area or peak height of a chiagret using a calibration plot, which is

generally prepared using standard solutions ohatyte.

1.1.1 Applications of chromatography

Chromatographic methods were employed for the s#ipar and purification of
various samples in different fields such as chemicdustry, pharmaceutical industry,
biotechnology, forensic science and nuclear ingust8]. In chemical industry,
chromatographic methods are employed for the rehmlvpesticides and insecticides like

dichlorodiphenyltrichloroethane (DDT) and polychi@ted biphenyl (PCB) from the



groundwater. In pharmaceutical industries, chrognaphic technique is employed for
purification of materials that are required in nmakdrugs/medicines. This technique is also
employed for separation of enantiomers. Importqmiieations of chromatography are in
the field of food industry, where proper food maimnce is necessary to ensure quality.
Chromatography is used as a technique to sepdratadditives, vitamins, preservatives,
proteins and amino acids. In forensic science, roatography is a very popular technique
for investigations such as (i) to determine sulzstarthat are present in the human body, (ii)
to determine the presence of drugs or drug byprtsdacaurine/blood samples, (iii) analyse
samples of crime scenes and (iv) detect samplespdbsives.
1.1.2 Types of chromatography

Chromatographic methods are classified accordinthéonature of mobile phase,
stationary phase, and retention mechanism. Basedhennature of mobile phase,
chromatographic technique can be classified as da®matography (GC), liquid
chromatography (LC), and supercritical fluid chraography (SFC). In gas
chromatography, the mobile phase is gas and sdfidreent or a nonvolatile liquid coated
on a solid support is employed as the stationags@hSeparation of sample components
depends on the relative partial pressure of thepEmoomponents and their affinity onto the
stationary phase. In the case of liquid chromatgigyamobile phase is a liquid and a solid
support is used as the stationary phase. Separmtitnased on partition/adsorption of
sample molecule between a stationary phase and lengbiase. Supercritical fluid
chromatography is a separation technique in whieh mobile phase employed is a
supercritical fluid (to prepare a supercriticaliduits T>T, and P>R where T and R are

critical temperature and critical pressure respebt).



Depending on the separation mechanism, chromathgrapn be classified as
adsorption chromatography, partition chromatograpbly exchange chromatography and
size-exclusion chromatography. In adsorption chtography, mobile phase is a liquid or
gas that is adsorbed onto the surface of a saiibatiry phase. The separation of different
solute molecules depends on the equilibrium distidm of solute molecules between the
mobile phase and stationary phase, which in tupexds on their relative polarity. In
partition chromatography, the surface of a soligpsut is coated with a liquid stationary
phase. Solute molecules distribute between thelmphase and the stationary phase, based
on their relative solubility.

lon-exchange chromatography is a separation tegbnitpat is used for the
separation of ions based on their charge. In #dkrtique, stationary phase is a rigid matrix
(M), the surface of which carries positive or négatharges, providing ion-exchange sites
(R" or R). Counter-ions of opposite charge Of Y*) are associated with each site in the
matrix and these can exchange with similarly chaiigas in the mobile phase to be held on
the exchange sites. Sample ions¢XX") may thus exchange with these counter ion®(Y
Y™):

MR'Y + X & MR'X +Y
MRY"+ X o MRX"+Y"

If the process involves the exchange of negatiwtigrged ions, it is known as
anion-exchange. The complimentary process is kraswation-exchange.

In size-exclusion chromatography (SEC), molecutessaparated according to their
molecular size in solution. Separation is a resfithe exclusion of larger molecules from

smaller pores in the column packing [4].



1.1.3 Historical development of chromatography

The science of chromatography began as early asvidrgieth century [5-12], with
the Russian botanist, Mikhail Tswett, who employecium carbonate packed glass
column for the separation of plant pigments. In 390'swett coined the term
“chromatography”. In 1922 L. S. Palmer employed &#i® technique for separation of
various natural products, and in 1931, Richard Kemployed the same to separate the
isomers of ployene pigments. The chromatographithous were developed rapidly in the
years after the World War Il, and found their apgtfions in many environmental problems
with the invention of various detectors. Many reskbars have made substantial
contribution for the development of chromatogragbhniques.

Affinity chromatography was developed in the 1930&l was used to study the
retention of enzymes and other proteins. This teglanrelies on the adsorbent bed material
that has biological affinity for the substance deparated. Arne Wilhelm Tiselius, winner
of the Nobel Prize in 1948, was a main contributoperfect the affinity chromatography
through his development of many gel type resinssfigcific biochemical adsorption [13].
Partition chromatography was invented by A. J. RrtM and R. L. M. Synge in 1941 [8].
They established the principles and basics ofdblertique of partition chromatography, and
their work encouraged the rapid development of sév@her chromatographic methods,
e.g., paper chromatography, and gas chromatogrdph¥938, Russian scientists N. A.
Izmailov and M. S. Shraiber developed drop chrogratphy on horizontal thin layers [14].
In 1945, two American chemists, J. E. Meinhard Bind. Hall, employed this technique to
separate terpenes, which was found in essentigl mspired by their work, Justus G.

Kirchner and his co-workers in 1950 perfected Thatyer Chromatography (TLC) using



silicic acid with starch as a binder and appliedgtass plates, which acted as a stationary
phase.

In 1947, the first analytical adsorption (gas-@pkhromatographic technique was
developed by Fritz Prior, a graduate student urtter direction of Erika Cremer at
Innsbruck University. Archer John Porter Martin,omvas awarded the Nobel Prize for his
work in developing liquid-liquid (1941) and papet944) chromatography, laid the
foundation for the development of gas chromatogyaguid he later developed liquid-gas
chromatography (1950). Commercially available ghsomatographs were produced in
1955 by several companies including Burrell Cogrkih-Elmer, and Podbelniak.

In 1959, gel filtration chromatographic techniquasadeveloped for the separation
of molecules according to their molecular sizethe 1960s, in the conventional liquid
chromatography, improvement was made by developimgh pressure liquid
chromatography also referred to high performanapiidi chromatography (HPLC).
Towards the end of 70’s, the improvement on efficieof HPLC technique began by the
development of column packing materials and insénmnitation.

lon-exchange methods are in use since 1850, and@hbimpson and J. T. Way,
treated various clays with ammonium sulfate or cadbe solution to extract the ammonia
and release calcium. In 1927, the first zeolite erah column was employed to remove
interfering calcium and magnesium ions from solutio determine the sulfate content of
water. In 1940s, modern ion-exchange chromatograpiag developed during the
Manhattan project. In 1970, Small and co-workerdDofv chemical company used this
technique to determine low concentrations of ioois gnvironmental and water quality

studies [15-16].



Later development in chromatography led to the gwment of the micro chip
based chromatographic technique due to severalntaly@s such as rapid separations,
reduced sample and solvent consumption, increasedhlity, and the ability to integrate

pre-separation processes [17].
1.1.4 Principle of chromatography

In chromatography, main mechanism of separatiosamfiple components is the
sorption (adsorption/partition) between a statignanase and a mobile phase. Depending
upon the relative affinity of the substance forfrepbase, analyte is distributed between the
two phases. The differential migration of the seldepends upon the interaction of the
solute with the two phases. Sample molecule whi tore affinity for the moving or
mobile phase is carried rapidly through the colu@ample molecule which has a stronger
affinity for the stationary phase, on the otherdyamill spend more time in that phase, and

will take a longer time to elute out of the column.

Principle of separation in chromatography

Separation in chromatography

l

Differential migration

|

Difference in equilibrium distribution of solute
molecules between stationary phase and mobile phgse

l

Differences in charge, size, polarity, etc.




1.1.5 Retention in chromatography
In chromatography, when sample is introduced imtoolumn, it is distributed
between mobile and stationary phase. Analytes ptesehe mobile phase and stationary

phase are in equilibrium and this is expressed siynale equilibrium equation,

k = & (1.1)

where k is partition coefficient, €& Cp, are concentration of analyte in the stationary
phase & mobile phase respectively. If analyte “x&gent in stationary phase and mobile
phase can be written as number of molgsak be expressed as k’

~_ (moles of x in stationary pha}e

k . .
(moles of x in mobile phaje

Since the number of moles can be expressed aotieemtration multiplied by the

volume, k' (capacity factor) can be expressed as

where k is partition coefficient, ¥V and \j, are volume of analyte in stationary phase and

mobile phase respectively.

When sample molecules are completely unretainetidogtationary phase, they exit
the column at its void volume, which is one voluofemobile phase to pass through the
column. However, the total time taken by moleculespass through the column also
includes the time spent in the stationary phaseduiition to the time it takes to run one
void volume (M) and is expressed byn\K'. Therefore, the volume of eluent that passes

through the column before the sample elutes (retenblume, V) is expressed as:
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Ve = Ve (1 + k) (1.4)

The retention volume (Y is related to the flow rate {f and the retention time )t
Likewise, the void volume of the mobile phase, V6 related to the flow {F and the time

(to) that void volume takes to pass through the column

Values of variables such as& to are obtained from the chromatogram that is obthine
experimentally. Separation between two substarcebrectly related to the difference in
their k’ values. Therefore, first step is to acl@ev value ok’ for a sample that is neither
too small nor too large. For good separation, optimk’ falls in the range of the4 k <10
(for simple mixtures) and & k < 20 (for complex mixtures).

The selectivity &) of a column for a particular separation, e.ghstances A and B

(Fig. 1.1), is expressed as a ratio of their retention factice.,

L, -t
k - t
k’i - 4T ter—to
tO
_ trB ~ o
t, - to



Value of selectivity ¢) should be always greater than unity>{) to achieve good

separation.

[mn]
=]

054

04 % B

Abs

034

024

014

[= =]

5 n 15 2 25
Retention time (min)

Fig.1.1. Chromatogram of substances A and B].

1.1.6. Efficiency of chromatographic column

In chromatographic separation, column efficiencyasy important parameter and it
can be defined as separation power of a columncandbe defined in terms of number of
theoretical plates. Number of theoretical platevigtes number of separation stages and is
directly proportional to the length of the colunir) {n which analytes equilibrate between
two phases and is inversely proportional to thekiiness of the plate (H). Therefore, the

number of theoretical plates (N) can be expressed a
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L
N=——- ... 1
H (7)
Number of theoretical plates (N) can also be exgaeéss
t 2
N = 16(—r] .................. (1.8)
tW
2
t
or N =554 —L | ... (1.9)
t
W
2

where f, t, t ~ are the retention time, peak width, and peak widthhalf height
1

2
respectively.

The efficiency of a column varies with of severargmeters such as the particle
size of the packing material, uniformity of the kiag, the flow rate of eluent, length of the

column and the rapidity with which equilibrium istablished between the two phases etc.

The number of theoretical plates (N) is inversetgportional to the diameter of
packing material (g, i.e.,
N o q
p
Column efficiency can be increased by decreasingPHte height (H) depends on
particle size of support material and mobile ph#ses rate. Plate height “H” can be
expressed in terms of column parameters and isewréds an equation, called van Deemter

equation. Thiquation relates the height equivalent of theaakptate (H) of a column to

the linear mobile phase velocity (u).

10



where A, B, C, and u are eddy diffusion term, loudjinal diffusion term, mass transfer
term for mobile and stationary phases and lineabilmghase velocity respectively. The
column efficiency is influenced by these termsthey are related to “H”. Hence, all terms
such as A, B and C are to be minimised to reducg2H Plot of H vs. flow rate for several
columns of varied particle diameter is showrFig.1.2.1t is observed fronkig.1.2that as
the diameterd,) of the porous particles decreases from 10 a8 the plate height H
decreases, corresponding to an increase in coldfitieecy per mm of column length.
Therefore, for smaller particle, H is minimum anehbe column efficiency is high. The
type of particle and its particle-size distributiatan also affect column efficiency,
presumably by influencing the homogeneity of thekea bed. The effect of various terms
(eddy diffusion term, longitudinal diffusion terrand mass transfer term for mobile and
stationary phases) on the plot of height equivatéritheoretical plates (H) vs. flow rate (u)
is shown inFig. 1.3. It is observedFig. 1.3)that longitudinal diffusion term decreases and
mass transfer term for mobile and stationary phasggases with increase in flow rate.
Since H depends on both the terms B and C, H ve filde curve exhibits a minimum due
to the opposing effect of longitudinal diffusiontewith mass transfer term for mobile and
stationary phases. Hence, chromatographic columende operated at optimum flow rate

to achieve maximum column efficiency.
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Fig.1.2. Influence of particle size on HETPJ].
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Fig.1.3. Influence of mobile phase flow rate on HEFP-Contribution of eddy diffusion

(A), longitudinal diffusion (B), mobile phase, stabnary phase and stagnant mobile

phase mass transfer (C) terms to HETP; X is resulta plot [18]
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1.1.7 Resolution (B) in chromatography

The separation of two peakiSi§.1.4), 1 and2 is usually described in terms of their
resolutionRs= (difference in retention times) / (average peakthy. It can be expressed by

the following equation

—
=

Detector response

I | [
>

11"‘”’1‘*|\ /T*“’z*thme

Where trl, trz, are retention times arldle th arethepeak widths of the peak 1 and

peak 2 respectively. If peak Widtml, th are similar, Ris written as



and {,, from equation (1.8), can be written as

By substituting the value 6;1, trz, andl in equation (1.12), Rs expressed as

RS=%\/W(“‘1)( K’ ) .......... (1.16

a 1+ k'

Resolution (R depends on number of theoretical plate (N), seiec (o) and capacity

factor (k’). Necessary conditions for the good sapan of two analytes are (i) very high N

(i) o >>1 (iii) optimum value of k' (1< k' < 10 for simple mixture and 05k’ < 20 for

complex sample).

1.2 High Performance Liquid Chromatography (HPLC)

High performance liquid chromatography is a ligaldomatographic technique [2]
that can separate the constituents from a mixtbi@mpounds with very high speed and
efficiency. The name HPLC was coined by the Csabav&th in 1970. High pressure
pumps are required to force the eluent throughealgmacked small particle (e.g. ) to
obtain high performance separation. Recently, dgmneént of HPLC in the form of ultra
high pressure liquid chromatography (UPLC) has bhdmythe usage of small particle size
based € 2 um) support. HPLC due to its high speed and effcyenf separations is
employed in almost all fields of analytical chemystHPLC has become very useful
techniqgue to solve many separation problems in haoustry, environmental and

pharmaceutical industry, polymer and food chemisind many other areas [19-20].
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Preparative-HPLC is employed for the purificatidrgoam to kilogram level of substances

in various industries [21].

1.2.1HPLC column packing material

Particle size for column packing refers to the ager diameter of the packing
particles. In conventional column chromatographgrtiple size of column packing
materials is in the range of 100-206. Hence, eluent can flow under gravity. In theeca
of HPLC, diameters of column packing materials @reghe range of 1.8-5 um. HPLC
column has particles with narrow size distribut{erg., in case of 1.8m particles, mean:
1.889um, SD: 0.40um). Number of theoretical plates (N) obtained véithm particle size
is usually in the range of 50,000 plates/meteséparation of organic compounds [2u.B
particle size based support has been used fora@paf organic as well as inorganic
samples. Column lengths of 15 or 25 cm with patgike of Sum are generally employed

in HPLC.
1.2.2HPLC Separation modes

Depending upon the separation mechanism and thenootype, HPLC can be
divided into several related techniques. The mesful types for sample analysis are based
on normal phase liquid chromatography (NPLC), regdrphase liquid chromatography
(RPLC), and ion-pair chromatography (IC) [2].
1.2.2.1 Normal Phase Liquid Chromatography (NPLC)

In normal phase liquid chromatography, the colunackpng materials used are
polar in nature, e.g., silica and alumina; non-pelaents such as hexane or hexane mixed
with a slightly polar solvent are used as mobileaggh In this method, separation

mechanism is mainly based on adsorption; the néar-mmmpounds elute first while the
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polar molecules elute later. Retention of polar enale increases with the proportion of
nonpolar solvent in the mobile phase. In case bfesb gradient, chromatographic run is
initiated with the least polar solvent (e.g. heXyaraad gradually enhanced in polarity to
bring out the most retained, most polar compoubiferent class of compounds can be
separated on normal phase columns, e.g., polar lsamplecules (mono substituted

benzene), isomers, petroleum samples, lipid sangbtes
1.2.2.2 Reversed Phase Liquid Chromatography (RPLC)

In the case of reversed phase liquid chromatogeageichnique, nature of stationary
phase material and mobile phase are just oppositethe normal phase liquid
chromatography method, e.g., column packing materiaon-polar (modified silica, i.e.,
siloxane) and mobile phase is polar in nature. Kiedlisilica support material is prepared
by reaction between an organochloro silangS{Rl) with the surface -OH groups present
on the silica support (Si-OH). This leaves hydrboar chains, which may contain two,
eight, or eighteen carbons, bonded at their enasugiin Si-O- Si groups (siloxane) to the
surface of the support. These columns are desigratehe carbon number of the chains
attached, with the most frequently used columndpthie bonded octadecyl type, calleg.C
Surface functionalisation of silica can be perfodnmmea monomeric or a polymeric reaction
with different short-chain organosilanes to covamnaining silanol groups and this process
is called “end-capping”.

R R
¢ | ¢ |
M~si—™OH + Cl —Si—mR — * M S— O— S— R

$ d $ k

where R is carbon chain, (R%,Cg). Subsequently “end-capped”
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Since column packing material is non-polar in rattine main mode of retention is through
dispersion forces, i.e., van der waals forces. Thatolecules are attracted through induced
dipole induced dipole interaction. Separation ofjamic compounds using RP-HPLC is
based on the difference in their hydrophobicityrémersed phase liquid chromatography,
the most polar compounds elute first while the mush-polar compounds elute latter.
Reversed phase columns are employed for separafioorganic molecules, protein,

peptide, nucleic acid etc.
1.2.2.3 lon chromatography

In this method, buffered aqueous solution is usechabile phase and a resin matrix
is used as stationary phase. The retention in looncatography is based on the ionic
interaction between the charge on the stationaag@land oppositely charged sample ions.
This method can be used for separation of catjoason exchange chromatography) and
anions(anion exchange chromatograph@ation exchange resins contain acidic functional
groups which can be weak (e.g. CQOr strong (e.g. S§) and anion exchange resins
contain basic functional groups which can be wealk.(—NH) or strong (e.g. NR).

Conductivity detector is generally used in thisht@que for detection.
1.2.3 Chromatography with < 2um particle size

Performance of HPLC column material has been ingatairastically over a period
of time from irregular to spherically shaped pdeticand from large to small sized particles.
However, over the past decades, HPLC column pedonca has been optimized with

spherical and small sized patrticles.

Higher separation efficiency and faster sample yamlare two driving forces for

continued improvement in HPLC column technologydiérgion in the average particle size
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of HPLC column packing material, i.e., <yn has resulted in high speed separation of
analytesThetypical number of theoretical plates obtained with smaitiple size based (<

2 um) support material is ~2(@lates per meter [2]. However, HPLC technique eyiph
columns containing stationary phase materials ofllsiparticle size, e.g., 1.8 um
necessitates use of high operating pressuresas.digh as 500-1000 bar depending on the
flow rate and column length. Generally, column Eng@f 3-5 cm is employed for

separation of analytes with 1.8 um particle siagupsrts.
1.2.4 Separation using monolith based stationary @se

In the recent years, monolithic silica column haserb widely employed for
separation of analytes [22-26]. Compared to partghcked column, monolithic silica
column has high permeability and separation efficyewith better resolution. Monolith
column consists of a single piece of porous, rigiaterial Fig.1.5 containing mesopores
and micropores which provide faster analyte maasster [27, 28]. Based on the nature of
support materials, monolith column can be eithganic polymer or silica based. However,
column efficiency offered by polymer based monoiglgenerally lower compared to silica
based support. The higher column efficiency otaHbased monolith is due to the relatively
higher surface area (typically, surface area isesgvhundred fig) of mesoporous
skeletons compared to polymer-based monolith (saréaea typically lies in the range one
order of magnitude smaller than silica based mtmo[R9-30]. Monolith based supports
are employed for various applications, e.g., sdjmaraof biomolecules, organic acids,
inorganic anions, metal ions etc [31-32]. Porousatithic silica was used for efficient

separation of metal ions, e.glkaline-earth and transition-metal idR34-36].
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(b)

Fig.1.5 Electron micrographs of the (a) macroporousind (b) mesoporous structures in
a monolithic silica rod [28].

1.3 Separation chemistry in nuclear industry
1.3.1 Nuclear Power-an alternative clean source ehergy

In the modern world, electricity plays a crucialerin the development of society.
Natural sources of energy are fossil fuels (e@p),@il, natural gas), hydro-electric energy,
wind energy, solar energy etc. However, for largales electricity generation, fossil fuels
are used as primary sources of energy but the dagHimited supply of these resources.
When fossil fuels are used to produce electrighges such as carbon dioxide and nitrogen
oxide are emitted, leading to pollution in the asploere. Hence, nuclear power can be an

alternative source of energy, which can help tsg@nee many of the natural resources as
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well as protect environment against harmful by-picid e.g., carbon dioxide and nitrogen
oxide.

The main method of producing nuclear power is tlhonuclear fission, which is a
nuclear reaction where fissile element after akiegra neutron splits into smaller elements
by releasing large amount of energy [3The following equations are examples of the

different products that can be produced from nudisaions of U-235

235 1 92 142 1
o U +gn—- ;0 Kr+;:“Ba+ 25n+ Energy

23U +5n > 3> Rb+:2°Cs+ 3+ Energ

Isotopes such as U-235, Pu-239 and U-233 are sskebls in thermal reactors. The
nuclear fission of uranium or plutonium generatdarge number of fission products. The
dissolver solution of spent nuclear fuel is highdglioactive due to the presence of fission
products, plutonium and the minor actinides such aasericium and curium. The
determination of fission products and actinideshsag uranium, plutonium, americium etc
has great importance in nuclear waste managememtlass in the determination of burn-
up of spent nuclear fuel. The fission yield [38]wvairious fission products produced from a
fast and thermal neutron fission are giveifable.1.1
1.3.2 Chemistry of lanthanides

The lanthanides [39-41] consist of a unique sepfemetals in the periodic table.
The lanthanide series is defined by the progressileg of the 4f orbital. Electronic
configuration of lanthanides is [Xe] ‘#f5d'6s". Generally, lanthanides are present in +3
oxidation state, which is more stable compared tteerooxidation states. The chemical

properties of lanthanides are similar due to sintylan their charge and size, which makes
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it difficult to separate them from each other. Sapan of lanthanides in pure form is
mandatory for various applications.

The lanthanides have many applications imouarfields [40, 42-46]. Lanthanides are
employed in commercial applications such as alldgs aeronautical components,
permanent and superconducting magnets, catalystsppors, lasers, batteries, chemicals,
ceramics, glass, glazes, lighting, medical imagiteghnical ceramics, thermal spray
powders etc. Lanthanide oxides such as europiumyéndm oxides are employed as
phosphors in color television to produce red colors television screen. Lanthanide
compounds are used in streetlights, searchlight, ragh-intensity light that is generally

present in sports stadiums.

Table.1.1 Percentage (%) cumulative yield for somission products

Fission Isotopes of Fast fission | Fast fission | Thermal Thermal
Products fission yields for yields for | fission yields | fission
products U-238 Pu-239 for U-235 yields for
Pu-239
La 139 6.04 5.83 6.65 5.73
Ce 140, 142 10.93 10.16 12.22 10.58
Pr 141 6.76 5.62 5.81 5.34
Nd 143, 144, 145, 20.22 16.41 20.51 16.64
146, 148, 150
Sm 147, 149, 151, 3.26 3.00 4.15 5.06
152, 154
Eu 153, 155 0.55 0.72 0.19 0.61
Zr 91, 92, 93, 94, 25.55 18.24 30.99 19.03
96
Mo 95, 97, 98, 100 23.22 22.15 24.69 23.47
Ru 101, 102, 104 16.82 19.99 11.15 18.51
Rh 103 6.38 6.61 3.15 6.79
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Pd 105, 106, 107, 7.62 16.59 1.17 14.64
108, 110

Rb 85, 87 2.34 1.66 3.89 1.38

Cs 133, 135, 137 19.22 21.00 19.55 20.77

Ba 138 5.96 6.04 6.91 5.82

Sr 88, 90 5.14 3.33 9.45 3.51

Y 89 3.01 1.80 4.76 1.72

Tc 99 6.20 5.77 6.14 6.19

Xe 129, 131, 132, 22.68 24.23 21.75 24.76
134, 136

Kr 83, 84, 85, 86 3.23 2.22 4.79 2.11

In ceramic industry, lanthanide oxides are employedcolor the ceramic and
glasses. Optical lenses are used in binocularscantras which are made of lanthanum
oxide. Praseodymium and neodymium compounds ard umse@lass such as television
screens. Cerium oxide is used to polish glassthaaides are also employed in many
emerging technologies, including hybrid cars anthaegeable batteries. Neodymium and
dysprosium are used to manufacture magnets dueetohigh magnetic strength and low
molecular weight. Hence, they are used in electrators to produce higher power and
torque with smaller size and weight. These charsties make them very useful in the
development of hybride and electric vehicles ad alin the miniaturisation of hard disk
drives used in many applications. Lanthanides hisee important applications in nuclear
industry. Lanthanides (La-Eu) constitute about tmeth of total fission products that are
produced during nuclear fission of uranium or phiion. Lighter lanthanides, e.g., La/Nd

are used as fission monitors for atom percent bprigletermination of spent nuclear fuel
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[47-49]. For e.g., NH® is used as fission monitor for the atom percentniup
determination of PHWR spent fuel. Similarly, eleraryield of Nd was used as fission
product monitor [49].

1.3.3 Actinides
Actinide [40, 50] series covers 15 elements froninaan (atomic no 89) to

lawrencium (atomic no 103). As in the case of lanttles, the ionic radius of actinides also
decreases with increase in atomic numbég.(.6).

r/pm
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Fig.1.6. Variation of ionic radii of lanthanides ard actinides with atomic number B0

All elements in this series form a separate groithiwthe periodic table due to the
similarity in their chemical properties. The aadti@iseries derives its name from group
element actinium. Actinides with mass ro232 [38] can undergo nuclear fission and
release energy upon nuclear fission. Hence, aesnagle very important elements as nuclear

fuel materials.
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Actinides such as actinium, thorium, protactinitand uranium are found in nature
and other actinides in the series are produceficadtly in nuclear reactors. Uranium and
thorium have long half life and are present in élagth crust in a significant amount. Most
abundant thorium ores are thorimite, thorite anchazde. Main uranium ore in the earth
crust is uraninite which is also called as pitchdke It is a mixture of its oxides in the
minerals. Other uranium ores are carnitite andratguThe actinides such as neptunium,
plutonium and americium etc. are man-made and @@uped in nuclear reactions. Due to
the radioactivity of actinides as well as their omjance in nuclear energy, the chemistry of
most of these elements has been investigated 9ol [50-52].

The main application of actinides is the producttdmuclear energy and the most
important isotopes are uranium-235 and plutaniug-2B nature, uranium consists
primarily of two isotopes, U-238 (99.28%) and U-28672%). Other fissile isotopes are
U-233 and Pu-239. U-238 is fertile isotope and ulgfo neutron capture followed by beta
(B) decay, U-238 produces fissile isotope, Pu-239.

239 239

239 - -
2y )"y —L—s  Np—L> Pu
.0oMmin

2.35d

Thorium is three times more abundant in the easthst than uranium. Thorium-
232, which is also a fertile isotope, can be usgordduce U-233. Absorption of neutron by
Th-232 followed by betg3() decay produces the fissile isotope U-233 whiahlma used as
thermal reactor fuel.
2 233 233

232 (ny) 233 N a b |
Th — Th 22.3min P 27d U

Actinides also have other applications. Uranium pounds are employed in

photography for toning, in leather, wood industfi@sstains and dyes and also as mordents
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of silk [53]. Short lived isotopes are used fortpbte power batteries, smoke ionization
detector, treatment of crayfish and neutron radiplgy. Thorium is employed as light—
emitting material of gas mantles and as emittamonochromatic X-ray tube. Thorium is
also used in multicomponent alloys of magnesiumand. Th-Mg alloys are light, strong,
and of high melting point and ductility. Therefoteese are employed in aviation industry
and production of missiles. Thorium has good etecemission properties with long life
time and low potential barrier for the emissionablum and thorium isotopes are used to
estimate the age of various objects including stars

Americium is employed in smoke detectors. Califomi252 has application as a
strong neutron emitter [54]. Californium can be duge radiation therapy to treat certain
cervical and brain cancers. It also can be usedamadiography of aircraft to detect metal
fatigue, in neutron-activation detectors of explesi at airports. Pu-238 was used as the
energy source in heart pacemakers [55].

1.3.4 Burn-up (Atom percent fission)

The term burn-up is employed to denote total amofiehergy released by a known
guantity of fuel during its life-time in a nucle@actor. The burn-up is commonly expressed
in units of atom percent fission or megawatt dayi® (MWd/t) or gigawatt day/tonne
(GWd/t). Studies on dissolver solutions of nucleaactor fuels are essential for fuel
management, waste treatment, quantification ostreanium elements etc. Measurement of
atom percent fission or burn-up, an important otteréstic of fuel performance is an
outcome of the above studies [56-57]. Atom perdrmh-up is defined as the number of

fissions per 100 initial heavy element atoms, aadlwe expressed as
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7)
Aton®s fissions| — 2 [x100.............. (1.17

(H+(2)

where ‘A” is the number of atoms of fission product monitof; is the effective

fractional fission yield for A” and ‘H” is the residual heavy element (e.g., U+Pu) atoms in

the dissolver solution. The following are the maioperties of fission monitors

1.

They should have low capture cross-section andftomation and burn-out cross
section.

They should be stable (or should have a very |aiflife).

They should not migrate in the fuel matrix at tipem@ting temperature.

They should have large and well known fission ygel@he fission yield of the
fission product monitor should be similar for difat fissioning nuclides.

Chemical separation of fission product should lssifde. Fission monitors should
be available for accurate determination using chalfitadiochemical or mass

spectrometric methods.

Lanthanide fission products such as Nd or La satsbst of the requirements of fission

monitors. For the thermal reactor fuefé®Nd is used as fission monitor using mass

spectrometric technique; for fast reactor fuel, thenoisotopic'*La is used as fission

monitor for burn-up determination of dissolver smo of spent nuclear fuel using HPLC

technique [49].

1.3.4.1 Methods for atom percent burn-up determinabn

Various methods have been developed for the measmteof burn-up of dissolver

solutions of spent nuclear fuels and are desctiedalv [58-63].
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1. Heavy elements isotopic ratio methodIn this method, burn-up of spent fuel is
determined by measuring the isotopic ratio of healeynents (e.g., U and Pu) on an
unirradiated fuel specimen and dissolver solutiénfuzl after irradiation. This
method is applicable generally for fuel with an egmable burn-up.
2. Heavy atoms difference method: In this method, burn-up is determined by
measuring the total difference of heavy elemenmatontents of solution of both
un-irradiated and irradiated fuel specimens. Thethod again is employed for
relatively higher burn—up only, e.g., 5-10 atomgeeit burn-up
3. Fission product monitor method: In this method, fission product monitor and
residual heavy element contents of dissolver smiudf irradiated fuel are estimated
and then using fission yield data of fission prddeonitor, burn-up is calculated
using the equation (1.17). In this method, fisppooduct monitor is estimated using
radiochemical (if it is radioactive) or instrumentaechnique such as
spectrophotometry, X-ray, mass spectrometry [566B4and HPLC method [48-
49, 68]. This technique is applicable for low ashas high burn-up.
1.3.5 Importance of separation of lanthanides andcatinides

The separation of lanthanides is very important arious applications such as
geological applications [45, 69 nuclear industry [47-49] and other applicatiamsich
were discussed elsewhere in this chapter. In casgeaogical application, lanthanides
separation is very important for the investigatadirare earth mineral resources, isotopic
analysis for the clarification of the geologicaktoiry of the earth and analysis of living
samples for the investigation of natural distribatiof lanthanides in the biosphere.

Efficient separation of lanthanides e.g. La andidNcequired in a shortest possible time for
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the burn-up determination of dissolver solutiorspént nuclear fuel to minimize radiation
exposure to operator and also reduce liquid wastergtion.
1.3.5.1 Methods for lanthanides and actinides sepation

The classical methods for the separation of landesn were fractional
crystallization, precipitation and redox conversiomethod. These methods are time
consuming, laborious and not very efficient for ihdividual separation of lanthanides.
Afterward, more efficient separation techniqueshswas solvent extraction and ion-
exchange methods [70-76] were developed. For thayasf low level of lanthanides, an
efficient separation and preconcentration techrégare required to achieve accurate and
reliable results.

The classical method for actinide separation byurool chromatography using
Dowex-50 cation exchange resin withHIBA as complexing agent was crucial in
discovery and identification of actinides [77-78].

Different methods are available for determinatibadinides such as radiochemical
method [79], flame atomic absorption [80], neutemtivation analysis [81] and inductively
coupled plasma mass spectrometry [82].

Several analytical techniques have been develop®d the separation and
determination of lanthanides and actinides [47,8384]. Chromatographic techniques are
more efficient compared to other analytical teches and provide rapid separation of
individual lanthanides as well as actinides. Amarigese techniques, HPLC with on-line
detection is a well established method owing tdit$ speed, good sensitivity and multi-

elemental analysis capability using a single ingec{47-48]
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1.3.5.2 High performance liquid chromatography (HPLC) for the separation of
lanthanides

High performance liquid chromatography techniqugelleon dynamic ion-exchange
method was employed for the separation of lantlen@hd actinides. After invention of
HPLC in 1960s, separation of lanthanides was reported firstSissonet al [85] and
Schadelet al [86]. Initially, separation of lanthanides wasreat out using conventional
ion-exchange method [87-88]. However, these meth@i®e certain limitations such as
fixed capacity and poor mass transfer of analyé tesulted in longer analysis times and
poor column efficiencies. Weak organic acids such-aydroxy isobutyric acido-HIBA),
citric acid, lactic acid, tartaric acid amehydroxy-a-methyl butyric acid were employed as
complexing agent for separation of lanthanides §8793].

Dynamic ion-exchange HPLC technique [48-49, 67%8.97] was developed to
improve the efficiency for individual separation lahthanides due to several advantages
compared to conventional ion-exchange techniqueh sas variable capacity of the
dynamically modified column and high column effioogy.

In dynamic ion-exchange HPLC technique, a hydrophstationary phase, e.g.;{C
was employed with a suitable ion-pairing reagent fieetal ion separations. In this
technique, the stationary phase is converted intdoa-exchange support with suitable
modifier reagents. Some examples of ion-pairinggeess include pentane sulfonate,
hexane sulfonate, octane sulfonate, and camphtonsiié. Separation mechanisms using
these techniques are explained on the basis ofndgnan exchange, ion-pair and ion-
interaction models [98-102]. The schematic of tygasation models are shownRig.1.7.

In the dynamic ion exchange mode, the modifierssuaned to be sorbed onto a

reversed phase;gsupport to create an ion-exchange surface. Therlagld ion-pairing
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reagent (IPR) imparts a charge to the stationags@hcausing it to behave as an ion
exchanger. A constant interchange of ion-pairiregest (IPR) occurs between stationary
phase and mobile phase, leading to formation oadya ion-exchange surface. The sample
ions are then exchanged between stationary phakenabile phase by an ion exchange
mechanism Kig.1.7b). The total concentration of the ion-pairing reatgadsorbed on a
stationary phase is dependent on its concentratidrits hydrophobicity.

The ion-pair model suggests formation of an ion-pamplex between an analyte
ion and modifier; the ion-pair complex is subsedlygpartitioned between stationary phase
and mobile phaseF{g.1.79. Retention results mainly as a consequence @fdotion
taking place in the eluent between solute and @nfg reagent and the subsequent
partition of the complex to the stationary phadee @iegree of retention of ion-pair depends
on the hydrophobicity of the ion-pairing reagent.

The ion-interaction modell(7¢ is viewed as an intermediate between the dynamic
ion exchange and ion pairing models. It incorpardneth the adsorptive effects which form
the basis of dynamic ion exchange and the eleatiostffects, which are the basis of ion-
pair model. The ion-pairing reagent is considecetld in dynamic equilibrium between the
stationary phase and mobile phase, resulting irffdhmation of an electric double layer at
the surface of stationary phase. The adsorbedagmg reagent constitutes a primary layer
of charge to which a diffused secondary layer opagitely charged ions, i.e., mainly
counter ions of ion-pairing reagent are attracldw solute has to compete for a position in
the secondary charged layer from which it tendsitwe into the primary layer as a result

of electrostatic attraction.
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Fig.1.7. Schematic illustration of (a) the ion-pair(b) the dynamic ion-exchange and (c)
the ion-interaction models for the retention of anbnic solutes in the presence of a
lipophilic cationic ion-interaction reagent (lIR) [98, 101].

The presence of solute in the primary layer caasdscrease in the total charge of
this layer; to maintain charge balance, more ionrgareagent ion must enter the primary
layer. This indicates that the adsorption of a teolan having opposite charge to the ion

pairing reagent is accompanied by the adsorpticemabn pairing reagent ion. The overall
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result is that the solute retention involves a péiions, i.e., solute and ion pairing reagent
ions, but not necessarily an ion-pair. Though mahythese models define the solute
retention under certain conditions, the exact meisha could be the combination of
dynamic ion-exchange, ion-pair and ion-interactisechanisms.

1.3.5.3 Retention of actinides
Retention behaviour of actinides such as U, ThRuman reversed phase support as

well as modified reversed phase support was studretl reported [103-109]. Various
complexing agents were employed for the separatidhand Th. Haet al. [103] reported
retention behaviour of U and Th on reversed phappat usinga-HIBA as the mobile
phase. Complexing agent such as, glycolic acid,d®lan acid, lactic acids were also
employed for separation of U and Th [94-95, 110}111

Barkley et al reported separation of actinides and lanthanideslynamic ion-
exchange technique using n-octane sulphonate angmiring reagent and-HIBA as a
complexing agent [112]. Separation of uranium ahmoritm from other metal ions in
natural waters and geological materials was ingastd on ion chromatography using
cation-exchange resin [113-114].

Speciation of various actinides such as uraniuorjdim, americium plutonium and
neptunium in environmental samples, e.g., carboftaeeand carbonate-rich natural water
was investigated [115]. Speciation of plutoniumnetural water was also reported [116].
For understanding the behaviour of actinides ihdgjical system, speciation of actinides in
biological process was investigated [117]. Spemmatof actinides such as U, Th with

a-HIBA was also studied [103, 106].
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1.4 Methods for the determination of stability contant of lanthanides and actinides

Stability constant is a measure of the strengtthefinteraction between metal and
ligand that form the complex. A stability constamhich is also known as formation
constant or binding constant is an equilibrium tansfor the formation of a complex in
solution. Stability constants have many applicaiondifferent branches of science such as
in chemistry, biology and medicine. Methods foredetination of stability constant of
various metal complexes are potentiometry, condnetoy, polarography,
spectrophotometry, solvent extraction, ion exchardiferent chromatographic methods
(gel chromatography, ion chromatography, RP-HPLE) end capillary electrophoresis
[118-121].

The individual separation of lanthanides and adéisi depend on the stability
constants of the lanthanide and actinide complekasthanides/actinides are hard acids
and according to HSAB (hard soft acid base) priegipard acid interacts preferentially
with hard base, i.e., ligands containing oxygen @itrdgen. Lanthanides and actinides form
strong complexes with oxygen containing organicdsicsuch asu-HIBA, lactic acid,
glycolic acid, mandelic acid etc. The stability stant of lanthanides with these ligands are
key to identify the best complexing reagent forhhgerformance separation. The elution
pattern of lanthanides depends on the stabilitystaons of the lanthanide complexes
formed with ligands. The higher the stability c@mtof Ln—ligand complexes, faster will
be their elution during chromatography.

1.5 lonic liquid and its application in chromatogrgphy

lonic liquids (ILs) are substances that are entimprised of ions (cation and

anion). lonic liquid with melting point below 180 is referred to as room temperature ionic

liquid (RTIL). Properties of ionic liquid are highscosity, excellent thermal stability, low
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combustibility, low vapour pressure and large etmtiemical window. Due to their
distinctive properties, room-temperature ionic ittguare employed in various applications
such as in synthesis, catalysis [122-127], separa{i128], and electrochemistry [129-131].
The physical as well as chemical properties of i temperature ionic liquid can be
tuned by careful choice of cation/anion. Therefdhey are also referred to as designer
solvents. Recent advancements in ionic liquidsarh provide another route for achieving
task-specific ionic liquids (TSILs) in which a furanal group is covalently attached to the
cation or anion part of the ionic liquid. Growingteérest in ILs has been observed in
chromatographic method such as gas chromatogr&p@y, capillary electrophoresis (CE)
and liquid chromatography (LC). In gas chromatofgsapnic liquids are employed as
stationary phase for separation of volatile organampounds [132-135]. In liquid
chromatography, ionic liquids are employed as neolphase and also as modifier in
stationary phase material for separation of bioowks, natural products, amines, amino
acids, nuclei compounds, drugs etc. [136-139].
1.6 Scope of Present work

In the present work, individual separation of lamtides and actinides was
investigated on reversed phase supports such ak parécle (1.8 um) support and
monolith based supports. These methods were sudstyiemployed for the burn-up
measurement on dissolver solutions of nuclear oedoels. A single stage double column
chromatographic technique was investigated for lben-up measurement on dissolver
solution of PHWR (Pressurised Heavy Water Readi®tPS, Kalpakkam, India) and Fast
reactor fuel (FBTR, Kalpakkam, India). An HPLC tadue has been investigated for the
estimation of lanthanide impurities in uranium matfl in 1) using the dual column

technique.
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A method for the correlation of retention of lanmite and some actinide complexes
with the stability constant was investigated. Tatention times as well as capacity factors
of lanthanides and actinides were measured as atidonof CSA, organic acid
concentrations and mobile phase pH. From theseestua correlation has been established
between capacity factor of a metal ion, concemmnati of ion-pairing reagent and
complexing agent with the stability constant ofttemide/actinide complex. Based on these
studies, it has been shown that the stability @msof lanthanides and actinides can be
estimated for a ligand, whose value is not repoitediterature. Speciation data for
plutonium in various oxidation states were obtaimeth o-HIBA from stability constant
data. These studies were also employed to explanetution behaviour of plutonium
(various oxidation states), uranium and thoriume Bfution behaviour of lanthanides and
actinides was also investigated as a function wiperature using dynamic ion-exchange
and reversed phase chromatographic techniquesnti®etebehaviour of lanthanides and
actinides was examined using task specific iorqaitls as mobile phase. The individual
separation of lanthanides and separation of urarfrom thorium was investigated with
various ionic liquids.

Organization of the thesis

This thesis is organized into the following Chapter
CHAPTER 1: Introduction

CHAPTER 2: Experimental

CHAPTER 3: Rapid Separation of Lanthanides andmidgis on Small Particle
Based Chromatographic Suigpo

CHAPTER 4: Liquid Chromatographic Behaviour of Lzamtides and Actinides
on Monolith Based Supports

CHAPTER 5: Burn-up Measurement on Dissolver SoflutbNuclear Reactor
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Fuels using HPLC

CHAPTER 6: Correlation of Retention of Lanthaniadel é\ctinide Complexes with
Stability Constants and ti&peciation

CHAPTER 7: Influence of Temperature on the Elutgehaviour of Lanthanides
and Some Actinides on RegdrPhase Supports

CHAPTER 8: Task-Specific lonic Liquids in Liquid @matography-Studies on
the Retention Behaviout.ahthanides and Some Actinides

CHAPTER 9: Summary and Conclusion
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Chapter-2

Experimental

2.1 HPLC Instrumentation

The components of HPLC system employed in the pteserk consisted of the
following
(1) Mobile phase reservoir
(2) Solvent delivery pumps (Jasco PU-1580)

(3) Gradient mixer

(4) Sample injector (Rheodyne 7725).

(5) Reversed phasegxolumns

(6) Post-column delivery system (Jasco PU-1580)

(7) UV-VIS Spectrophotometric detector (190-900 rfdgsco UV-1570)
(8) Data acquisition system

Each component of HPLC system is described beldve. §chematic diagram
and photograph of HPLC system are showRign2.1andFig.2.2respectively.

The HPLCsystem was set-up in fumehood for studies involviadioactive
materials. High pressure pumps used for the dgligémobile phase and post-column
reagent were placed outside the fumehood. Howeklier Rheodyne sample injector,
columns, and detector were kept inside the fumehobde eluate from the
chromatographic experiments was collected insiéeftimehood. The data acquisition
(Borwin Software) from the UV-Vis detector was daheough cables, connected to a
computer through a Borwin interface, which was keptside the fumehood. The

schematic of the radioactive HPLC system is showkig.2.3.
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Fig.2.1. Schematic diagram of High Performance Ligid Chromatography (HPLC)
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2.1.1 Solvent (mobile phase) reservoir

Mobile phase reservoir is an essential part of HRL.C system. Glass reagent
bottles were employed as solvent reservoir. Focr&a applications using premixed
mobile phase, only a single reservoir was employdgetreas two reservoirs were
employed for gradient applications. Mobile phasksutd be free from particulate
matters which otherwise may damage the pumps bynagating at the top of the
column and cause plugging; mobile phase was heegasded using sonication to
remove the dissolved gases. After sonication, regfiilase was filtered through Quéh

filter prior to delivering solvent through a column
2.1.2 High pressure pump

The solvent delivery pumps are very important partdelivering mobile phase
that carries the sample component through statygplaase support. The most important
characteristic of the HPLC pump is its ability telider pulse-free flow of a solvent at
constant rate. A pressure up to 500 bar can beagedeby the solvent delivery systems
employed in the present work. In the present stuglgiprocating dual pistor(g.2.4)

pumping systems were employed for the deliveryobfents [2].

Cﬂ|umn
—
[ _; Pulse 1
Motor Seal \x ._dim._PEJ
#E— Ball

valves
Reciprocating

=—— Solveni

Fig.2.4 Schematic diagram of HPLC reciprocating purp [2]
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2.1.3 Tubing and fittings

Tubing and the fittings are required to connectiotey components of HPLC
system for transporting the mobile phase and samipérow bore stainless steel
tubings (outer dia ~ 1/16 inch; Inner dia ~ 0.1-0u8n) were employed for the

connections between solvent containers, pumpsno@and detectors.

2.1.4 Gradient mixer

In case of gradient elution, the mobile-phase amsitpn was altered during the
chromatographic run and hence on-line mixing o¥aels from two separate reservoirs
was employed. High-pressure gradient mixing systeas employed in the study for

gradient elution. Two pumps were employed for pgessure gradient mixing.

2.1.5 Sample Injector
In the present study, a Rheodyanple injector (7725/7125Fi¢.2.5 was used

with 20/100/200uL sample loop. This sample injector contained apsi® injection
valve with a sampling loop. Sample solutions weijedted into the column through a

20/100/20QuL sample loop injector.

Load sample Inject sample

To

Fig.2.5 HPLC Rheodyne sample injector 2]
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2.1.6 HPLC Columns

Column is the heart of the HPLC system. In the gmestudy, the following
reversed phase columns were employed [(a3. Z50 mm x 4.6 mm, fim (Hypersil);
(b). G, 50 mm x 4.6 mm, 1.8 um (Peerless); (C)s, B0 mm x 4.6 mm, 1.8 um
(Peerless); (d). Reverse phase monolith column$ wimensions, surface area,
macroporous and mesoporous structure of {(i). 10® x.6 mm, chromolith (Merck),
300 nfg?, 2pum, and 13 nm. (ii). 50 mm x 2 mm (Merck); 300-366€gth 1.5um, and
10 nm respectively}]

To enhance the life time of the reversed phasenuolua guard column was
placed before the column. The guard columns picknypparticulates that are present at
the exit of the pump.

2.1.7 HPLC Detector

Detector is the eye of HPLC system [140]. In thespnt work, it was positioned
after the column and detects sample molecules alfigion from the chromatographic
column. The main characteristics of liquid chrongaéphic detector used in the present
work are high sensitivity (measurable minimum abaace: 0.0005 ABU; Noise <
+0.000005 ABU; Drift: < 0.0002 ABU/h), ability teemain unaffected by changes in the
temperature and mobile phase flow rate, reliabilihe convenience for usage, linear
response with the amount of solute, and wide dyoaamge. Detection limits of some
lanthanides (La, Ce, Pr, Nd and Sm) and actiniddsatd Th) under typical
experimental conditions were measured and resudtgigen inTable.2.1

The UV-Vis detector works on principle of Lambered3s law which is written

as
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where A, lo, I, ¢ b, ¢ are absorbance, intensity of incident light, isign of the
transmitted light, molar absorptivity (or molar iextion coefficient) of the sample, cell

path-length in cm, and sample concentration in ftibtespectively.

Table.2.1. Detection limits of some lanthanides (L.&Ce, Pr, Nd and Sm) and some
actinides (U and Th)

25 cm length reversed phase support
Experimental Elements Detection limits
conditions
(n9) (ng)
La 0.011 11
0.01 M CSA + Ce 0.013 13
0.1 Ma-HIBA,;
pH:3; Flow rate: | Lanthanides| Pr 0.013 13
2 mL/min;
Nd 0.014 14
Sm 0.014 14
0.15 Ma-HIBA; Actinides U 0.027 27
pH:3; Flow rate:
2 mL/min Th 0.025 25

*Precision of the measurement: +1 to 2 %

* Detection was carried out using post-column detisation method with
arsenazo(lll) at 655 nm.

Due to the high sensitivity of this detector, tesfsng levels of analyte, e.g.,
lanthanide ions can be detected. The flow cellsdur absorption detectors are
designed to expose the maximum length of sampléhtidight to pass through, while
keeping the volume as small as possible, to ensbha¢ the resolution is not
compromised. The cell has'a” shape to provide the maximum path length witbedl

volume as low as BL.
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2.2 Post-column derivatisation method for detection

In the present study, post-column derivatisatiahmégue was employed for the
detection of lanthanides and actinides. In thit©itegue, the effluent from the column
was mixed with the colouring reagent, Arsenazo(l(®,2’-(l,8-dihydroxy-3,6-
disulfonapthalene-2,7-bisazo)bis(benzene-arsenit))aafter the column using a “T”
connector and the complex was sent to a UV-VisadeteThe lanthanide (La-Lu) and
actinide (U, Th, Am and Pu) complexes were dete@ed55 nm. The rapid and
efficient mixing of colour-producing reagent wittuent isessential and dead volume
must be minimised for achieving better resolutiad aensitivity. Colouring reagent, 4-
(2-pyridylazo)-resorcinol (PAR) was also employadhe present work for detection of
transition metal ions at 530 nm. The molar absomtioefficient of lanthanide-arsenazo
complex, e.g., La-arsenazo and uranium-arsenazpleass were found to be ~ 64,000
and 49, 000 lit-mot-cm* respectively under typical experimental conditig€1 M

CSA + 0.1 Ma-HIBA solution with pH: 3.5).

2.3 Preparation of standard solution of lanthanidesU, Th, Pu and Am

Lanthanide standards were prepared from their otispeoxides by dissolving
them in concentrated nitric acid medium, evapogato near dryness, re-dissolving in
0.01 N HNQ and standardising with EDTA. In this standardisafwocedure, initially,
standard solutions of EDTA were prepared by disaghsolid di-sodium di-hydrogen
ethylenediaminetetraacetic acid dihydrate with & teystals of sodium hydroxide in
deionised water. The EDTA solution was standardibgdtitrating with standard
magnesium solution at pH 10 using ammonium chleaickenonia (NHCI-NH3) buffer
using Eriochrome Black T as the indicator. Aliquatk lanthanides solutions were
standardised at a pH 6 with standard EDTA solutising hexamethylene tetramine

(HMTA) as buffer and methylthymol blue as indicajb41-142].
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Uranium standards were prepared frorgOb) by heating at 6(&C for 6 hrs
followed by dissolution in concentrated nitric acrebdium. The uranium solution was
evaporated to near dryness and re-dissolved in HN®s;. Thorium standards were
prepared by dissolving thorium nitrate in 1 N HN@edium. The solutions of thorium
and uranium were standardized by complexometrratitin with diethylenetriamine
pentaacetic acid (DTPA) [143] and gravimetry [14&4 }Og) respectively. Generally,
standard solution of lanthanides, U and Th in 0.ANOs; medium were injected into

HPLC system.

The plutonium solution was standardized by poteméimic titration. In this
method, plutonium was oxidised to +6 state withoailising reagent, e.g., silver oxide
in nitric acid medium and the excess oxidising exdgvas destroyed by treatment with
sulphamic acid. Subsequently, 0.1 M ferrous amnmarsulphate was added to convert
plutonium from +6 to +3 state. Plutonium solutioasatitrated with standard potassium
dichromate solution using calomel as referencetrelde and platinum as working

electrode.

Plutonium(lV) nitrate solution was reduced to PIy(lising hydroxylamine
hydrochloride. Pugi? was prepared by the addition of AgO to solutiorphftonium.
Similarly, NaNQ was added to a solution of plutonium for the prapan of Pu(lV)

sample.

Americium solution was standardised by countinghmét In this method, Am
stock solution was diluted with 1 M HN@nedium. The diluted americium solution was
planchatted in stainless steel disk and its agtiwias counted in alpha scintillation
detector. From the efficiency of the counter, agtivof standard americium was
calculated. Am solutions were also assayed by augirits 60 KeV gamma ray using

Nal (Tl) detector.
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Pu(lll), Pu(lV), Pu@*? and Am(lll) in 0.01 N HN@ medium were injected into

the HPLC system.

2.4 Calibration studies

For preparing calibration plots, lanthanide samplda-Eu) over the
concentration range of 2-50 ppm, U(2-150 ppm) amdIF (4-25) (injected amount, 20
uL) were introduced into the HPLC system using dyiafty modified (with ion-
pairing reagent, CSA) 3 cm length support of 1.8 pamticle size and 10 cm length

monolith support.

In the reversed phase chromatographic study, 10@®ppm), Pu(lV) (2-20 ppm)
and Pu(lll) (4-25 ppm) nitrate solutions were inget into the HPLC system for the
calibration studies. Sodium nitrite was added tsuea plutonium in its Pu(lV) oxidation
state. Pu(lll) was prepared from Pu(lV) nitrate usoins by the addition of
hydroxylamine hydrochloride. The correlation cogéfnts were found to be 0.999-0.996
for lanthanides and 0.999 and 0.997 for uraniumgatbnium respectively.

2.5 Mobile phase preparation

Mobile phase solutions were prepared using Millw&er. In the dynamic ion-
exchange chromatographic experiments, ion-pairgagent, camphor-10-sulfonic acid
(CSA) was mixed with complexing agent, e.@-HIBA and employed as the eluent.
Appropriate amounts of CSA with-HIBA were dissolved in water and the pH was
adjusted with dilute ammonia. In reversed phasernatographic experiments, mobile
phase was prepared by dissolving appropriate aracaintomplexing agent (e.qu;
HIBA) in HPLC grade water and its pH was adjustathvammonia. The post-column

reagent, Arsenazo(lll) (Tokyo Kasei) was preparedater (0.15 mM) and used as such
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throughout the study. The mobile phase and posirmol reagent solutions were

degassed and filtered through Q2 filter prior to use.

2.6 Preparation of “dynamically” coated columns

The reversed phase columns (3 cm length {in® 5 cm length (1.8m), 25 cm
length (5um), and 10 cm length monolith) were modified intdyamamic ion-exchange
support using water soluble modifier, e.g., iondpgi reagent, CSA. A mobile phase
solution (CSA+a-HIBA) was passed through the reverse phase suppastablish a
dynamic ion-exchange surface. About 25 mL of mopiase was passed through 3/5
cm length columns to establish a dynamic ion-exghasurface. In the case of 25 cm

length column, about 50 mL of mobile phase wasghgsior to sample injection.

2.7 Preparation of “Permanently” coated columns

In the present study, permanently coated columese prepared by passing a
solution of an extractant, e.g., TOPO through a&resd phase supports (5 cm and 25
cm) at a typical flow rate of 0.2 mL/min. TOPO dodns were prepared in a methanol-
water mixtures (typically, 75:25 v/v methanol tater). Higher methanol content was
employed in some studies to ensure complete digsolof TOPO. When the coating
was completed, the column was washed with abounRQvater. Appropriate mobile

phase was employed for separation of sample mascul
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Chapter-3

Rapid Separation of Lanthanides and Actinides on Sall Particle Based
Chromatographic Supports

3.1 Introduction

Advances and developments in the chemistry of &mtle separation by liquid
chromatographic techniques have been reviewedkirature [145-146, 84]. The procedures
for isolation of lanthanides from dissolver soluisoof nuclear reactor fuels for burn-up
measurements were discussed [48-49, 147]. Ligatghanides (La, Ce, Pr, Nd, Sm and
Eu) constitute about one fourth of the total fissproducts produced in nuclear fission of
uranium or plutonium [38]. Thus accurate estimatdérNd or La in the dissolver solution
can be used to determine number of fissions takatepn the spent nuclear reactor fuel
[48-49, 147-148].

Separation of lanthanides in about 9 min usings Gupport with sodium
octanesulfonate as the ion-pairing reagent arddIBA as the complexing reagent for
elution was reported [48]. In these studies, a dblength reversed phase column was
employed with 0.01 M sodium octanesulfonate as frevdiThea-HIBA concentration was
varied from 0.05 to 0.4 M in a gradient elution raodn another study, a mixture of
a-HIBA and sodiumn-octanesulfonate was employed for the separationnaividual
lanthanides, the total separation time of lanthesiid) and Th was found to be 11 min [95];
lanthanides were mutually separated from each athabout 8 min. In one of the studies,
mandelic acid was employed as the complexing raggemlution with octanesulfonate as
the ion-pairing reagent for the separation of lanttles [94]; using a gradient delivery of

mandelic acid, lanthanides were separated from esdbbkr in about 20 minutes. A
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separation procedure for the isolation of individiaathanides using camphor-10-sulfonic
acid (CSA) as the ion-pairing reagent was repoft&] 148]. In all these studies, the
separation of lanthanides using gradient elutios aehieved in not less than 8 minutes
using 15 or 25 cm length supports of 5 um parsce.

The separation of lanthanides from uranium matgnium from thorium etc in
various studies related to nuclear fuel cycle, datsaapid and high-resolution separation.
Reversed phase HPLC has become a powerful techmigquseparation of uranium and
thorium [94, 103, 110]. Retention behaviour of uwam and thorium on polystyrene
substrates modified with metal chelating reagenth sas dipicolinic acid, calmagite and
“PAR” was reported [113, 149]. In all these studietention of uranium and thorium was
investigated using 5 um patrticle sized supports.

3.1.1 Need for development of ultra-fast separatian

The development of HPLC based methods for rapidars¢ion of individual
lanthanides and actinides is important to redueadldiation exposure to the analyst during
the course of determination of burn-up of a dissolgolution of nuclear reactor fuel;
similarly, assay of lanthanides and actinides inous streams of nuclear fuel cycle e.qg.
high level liquid waste demands rapid separati@tgadures to minimize radiation exposure
and also helps in minimization of secondary wasteegation. The selection of appropriate
column length with suitable particle size is an aripnt factor for achieving rapid and high
resolution separations. The best possible way ¢cedse plate height and analysis time is to
decrease the particle size of the column packingemah The efficiency of a
chromatographic column as a function of mobile phié@w velocity can be described by
the van Deemter equation [2]; decreasing the parsize causes an improvement in

separation efficiency per unit column length. Tthes major motivation in the present study
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towards use of small particle size (1.8 micron suppnaterial) column is to enhance
separation efficiency with faster analysis for tb@ation of individual lanthanides as well
as actinides from highly radioactive solutions lboirn-up measurements on nuclear reactor
fuels and that could enable reduction in the raahagxposure to the operator

However, the use of small particle size i.e. 1liéram results in a high back pressure
and results in the need for systems to deliveresdds at high pressures, typically in the
range of 500 bar with precise flow rates. Thus UP{Q@tra high pressure liquid
chromatography) technique employing columns coirigirstationary phase materials of
small particle size e.g. 1.8 um necessitates usegbf operating pressures, i.e., 400-1000
bar depending on the flow rate and column lengththis chapter, results on the use of
small particle (1.8um) based reversed phase support for the developwemapid
separation of lanthanides and actinides were dssclsColumns with 1.8 pum based
supports were employed in the present work to obkégh column efficiencies for the
development of rapid separation procedures by usiagraditional HPLC pumping system
itself, i.e. with a solvent delivery system thativkers mobile phase up to 500 bar. In these
studies, efforts were made to investigate the tieienbehaviour of lanthanides under
various experimental conditions on 1.8 um columith 8 cm as well as 5 cm length to
effectively achieve the shorter separation timedieg to the development of rapid
separation methods. The results obtained were cempaith the traditionally employed
25 cm length column of 5 um particle size. Basedheninvestigations with 1.8 um particle
sized 3 cm lengtlsupport, a reversed phase HPLC method has alsodaesefoped for the

rapid and accurate analysis of lanthanide elementganium matrix.
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3.2 EXPERIMENTAL

In dynamic ion-exchange experiments, about 25 ndLim2 and 50 mL of mobile
phase was passed through 3 cm, 5 cm and 25 cmhleoegimns respectively prior to
sample injection. Similarly, in reversed phase omatographic separation of uranium and
thorium,a-HIBA was employed as complexing agent and abounROvas passed through
the 3 and 5 cm length columns, while 30 mL was gé@skrough 25 cm length colunfior
equilibration prior to sample injection. Linear ibahtion plots for lanthanides (1-25 ppm),
U (2-200 ppm) and Th (2-50 ppm) were obtained enahromatographic experiments.

3.3 RESULTS AND DISCUSSION
3.3.1 Lanthanide separations — gradient elution

In the present study, a 25 cm length reversed ptasenn with a Sum particle size
was initially employed for individual separation lahthanides. A CSA solution of 0.01 M
was employed as modifier. The concentration of HBAs altered from 0.05 to 0.15 M
(pH: 3.7). The lanthanides could be separated faah other in about 7.8 min, on par with
some of the studies reported earligig(3.1).

To reduce the separation time further, @ particle size based reversed phase
supports were investigated in the present worktHerisolation of individual lanthanides.
Various gradient profiles were employed by varying concentrations of CSA (0.01, 0.02,
and 0.025 M)a-HIBA and mobile phase pH (3.3-4). However, thecamtration of CSA as
well as pH was generally kept constant during therge of gradient run; onlg-HIBA
concentration was varied (0.05 to 0.15 M) in a gmatdmode to effect the separation. For
the 5 cm column length and 1.8 pm particle sizepstp under suitable experimental
conditions Table.3.1), a rapid separation of the individual lanthanidess achieved, the

typical separation time being 4.9 mifid.3.2).
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Fig.3.1. Separation of lanthanides using gradient elution. ) Present work: Mobile
phase: 0.01 M CSA3-HIBA varied from 0.05 M to 0.15 M; pH: 3.7; Flovate: 2 mL/min.
Detection: PCR with arsenazo(lll) at 655 nm; PCRwflrate: 1 mL/min. Sample:

53



lanthanides (20 ppm) in 0.01N HNO(B) Vasudeva Raoet al, 2005 work: Column:
Reverse phase;625 cm length with particle size ofyn). Mobile phase: 0.05 M CSA-
HIBA varied from 0.07 M to 0.3 M; pH: 3.8; Flow mt2 mL/min. Detection: PCR with
arsenazo(lll) at 655 nm; PCR flow rate: 1.5 mL/ifiid7]. (C) Cassidyet al, 1984 work:
Column: Supelco L&. Mobile phase: 0.01 M 1-octanesulfonateHIBA varied from 0.05
M to 0.4 M; pH: 4.6; Flow rate: 2 mL/min. DetectioRCR with arsenazo(lll) at 653 nm;
PCR flow rate: 1.5 mL/min. Sample: lanthanides gpén) [48].

Table.3.1 Gradient elution for separation of lanthaides- a comparison

Column type Experimental conditions Results
Length Particle | CSA (M) | a-HIBA (M) pH
(cm) size(um)
25 5 0.01 0.05-0.15 3.7| a good separation of

all 14 lanthanides;
Separation time -~
7.8 min.

5 1.8 0.01 0.05-0.1 3.7| a good separation of
all 14 lanthanides;
Separation time -~
4.9 min.

3 1.8 0.0225 0.05-0.25 3.4 Rapid separation of
all 14 lanthanides;
Separation time -~
3.6 min.

0.01 0.05-0.15 3.7| Good separation | of
all 14 lanthanides
Separation time ~
4.2 min.

The above studies indicated the advantage of resudh the particle size in
achieving faster separatiofurther studies were continued with shorter collemgth, i.e.,
3 cm length reversed phase support for the devedapiwf gradient elution method. CSA
solutions of 0.01 to 0.025 M were employed in inelggent experiments. In all these
experimentsg-HIBA concentration was varied from 0.05 to 0.25 Me pH of the mobile
phase was altered in the range, 3.5-3.8, thouglastkept constant in a particular gradient
run. Using a binary gradient, various gradientiefuprofiles were generated and employed

for isolation of lanthanides under various mobileage compositions. Under various
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experimental conditions, about 200 gradients wereetated and employed for the fast
separation of lanthanides on 3 cm length reverbaggsupport. Some gradient profiles are
listed in Table.3.2 In one of these studies, individual separationlasfthanides was
achieved in about 3.6 min; the optimum conditiorisG&A, a- HIBA and pH being
0.0225 M, 0.05 to 0.25 M and 3.4 respectivéhig(3.3. These results are summarized in
Table.3.1 & Table.3.2 Reduction of the patrticle size and column leng8ulted in a faster
separation of individual lanthanides; in generalidaseparations were achieved with 3 cm
length 1.8um support compared to the other supports. Thus patticle size and column
length play a key role in the development of faatsat efficient separation procedures.

The capacity factor for lanthanides decreases wdirease ir-HIBA concentration
and mobile phase pH and mobile phase flow rate.d¥ew capacity factor of lanthanides
increases with in concentration of modifier, CSAarMtion of capacity factor with
concentrations od-HIBA, CSA, mobile phase pH and mobile phase flaerare shown in

Fig.3.4, Fig.3.5, Fig.3.@&ndFig.3.7 respectively.

Table.3.2 Gradient programming for separation of lanthanides on 3 cm length
reversed phase support

No Gradients Experimental conditions Total
separation
Solvent Solvent Flow rate time of
composition | composition (mL/min) lanthanides
Input Solvent (A) (B) (min)
time | composition
(min) (A)
1| 0-1.9 100% 0.02 M CSA| 0.02 M CSA + 1 A good
2-3.6 40% +0.05 M 0.15M separation of al
3.7-8 0% a-HIBA; a-HIBA; pH: 14 lanthanides;
8.1 100% pH: 3.5 3.5 separation
time~ 8.62 min
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0-1 100% 0.02M CSA| 0.02 M CSA + A good

1.3 95% +0.05 M 0.15M separation of al

1.4 90% a-HIBA, a-HIBA; pH: 14 lanthanides;

1.7 75% pH: 3.5 3.5 separation time

2.4 70% ~6.38 min

2.6 60%

2.8 40%

3 30%

3.2 20%

3.3 10%
3.5-7.0 0%

7.1 100%

0-1 100% 0.02M CSA| 0.02 M CSA + A good
1.1-2.2 50% +0.05M 0.2 M separation of al
2.3-3.1 30% a-HIBA, a-HIBA; pH: lanthanides;
3.2-4.2 20% pH: 3.5 3.5 separation time
4.3-5.5 0% ~ 5.01 min

5.6 100%

0-0.5 100% 0.02 M CSA| 0.02 M CSA + A good
0.6-1.3 65% +0.05M 0.2 M separation of al
1.4-2.5 35% a-HIBA, a-HIBA; pH: lanthanides;
2.6-3.2 0% pH: 3.5 3.5 separation time

3.3 100% ~5.90 min

0-1.4 100% 0.02 M CSA| 0.02 M CSA + A good
1.5-2.9 70% +0.05 M 0.2M separation of al

3-4.8 25% a-HIBA; a-HIBA; pH: lanthanides;

4.9-6 0% pH: 3.5 3.5 separation time

6.1 100% ~5.80 min

0-0.5 100% 0.0225M | 0.0225 M CSA A good
0.6-1.4 65% CSA + +0.2M separation of al
1.5-2.5 35% 0.05 Ma- a-HIBA; pH: lanthanides;
2.6-3.2 0% HIBA; pH: 3.5 separation time

3.5 100% 3.5 ~3.77 min

0-0.5 90% 0.0225M | 0.025 M CSA A good
0.6-1.0 75% CSA + +02M separation of al
1.1-1.6 70% 0.05 M a-HIBA; pH: lanthanides;
1.7-2.6 50% a-HIBA,; 3.5 separation time
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2.7-3.3 0% pH: 3.5 ~3.83 min
3.4 100%

8 | 0-0.5 95% 0.0225M | 0.025 M CSA 2 A good
0.6-1.0 75% CSA + +0.2M separation of al
1.1-1.6 70% 0.05M a-HIBA; pH: lanthanides;
1.7-2.3 45% a-HIBA; 3.4 separation time
2.4-3.4 10% pH: 3.4 ~3.63 min

3.5 100%

] Eu Nd
T 2x10°+
§ w H Dy Ce
-
@ Tm
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0. \J
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Fig.3.2. Separation of lanthanides on a 1.8 um particle sizef 5 cm length column

using gradient elution. Mobile phase: 0.01 M CSA4-HIBA varied from 0.05 to 0.1 M;
pH: 3.7; Flow rate: 2 mL/min; PCR flow rate: 1 mlifm Detection: 655 nm; Sample:
lanthanides (~ 5 ppm) in 0.001 N HNO
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Fig.3.3. Separation of lanthanides on a 1.8 um particle sizef 3 cm length column
using gradient elution. Mobile phase: 0.0225 M CSAp-HIBA varied from
0.05 to 0.25 M; pH: 3.4; Flow rate: 2 mL/min; PCRW rate: 1 mL/min; Detection 655
nm; Sample: lanthanides (10 ppm) in 0.001 N HNO
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lanthanides (10 ppm) in 0.001 N HMNO
The decrease in solute retention with increase abil® phase pH on-HIBA

concentration is attributed to the better complgxability of a-HIBA with lanthanides. The
increase in solute retention with increase in C®centration was due to enhanced
retention of lanthanides as there are more RSO moieties sorbed on to the reversed

phase support. Separation facta) Of adjacent lanthanides was also calculated under

various experimental conditions and the resultshogvn inTable.3.3.
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Table.3.3 Separation factors for adjacent lanthanids on 3 cm length (1.@m) column
under various experimental conditions

Lanthanides

Separation factor ()

0.05 Mo-HIBA | 0.05 Ma-HIBA | 0.05 Ma-HIBA 0.075 Ma-

+0.01 M CSA, | +0.02 M CSA, | +0.01 M CSA, | HIBA +0.01 M

pH :3.5, Flow pH :3.5, Flow | pH:3.5, Flow | CSA, pH 4,

rate : 2 mL/min | rate : 2 mL/min rate : 0.5 Flow rate : 0.5

mL/min mL/min

La:Ce 1.48 1.50 1.47 1.48
Ce:Pr 1.28 1.31 1.28 1.28
Pr:Nd 1.18 1.18 1.19 1.17
Nd:Sm 1.61 1.70 1.59 1.55
Sm:Eu 1.21 1.22 1.20 1.21
Eu:Gd 1.16 1.18 1.15 1.18
Gd-Tb 1.38 1.40 1.36 1.38
Th-Dy 1.28 1.30 1.26 1.27
Dy-Ho 1.21 1.25 1.24 1.23
Ho-Er 1.27 1.24 1.23 1.25
Er-Tm 1.28 1.23 1.26 1.24
Tm-Yb 1.22 1.28 1.23 1.26
Yb-Lu 1.20 1.16 1.18 1.15

3.3.2. Lanthanide separations — isocratic elution

The results on the isocratic elution of lanthasideom different supports are

compared inTable 3.4 The retention time and capacity factor obtainech\@itcm length

(1.8 um) support was found to be less than the one addawith 5 cm (1.&m) and 25 cm

(5 um) length columns under similar experimental caondg, with more or less similar

resolution between adjacent lanthanides. The sesulisocratic elution obtained with 3 and

5 cm length supports are also shownFig.3.8 and Fig.3.9 respectively.The column

efficiency of small particle (1.8m) supports in terms of number of theoretical [defter

separation of lanthanides was computed and thétseme compared with the efficiency of

the 5um based reversed phase suppbatfe.3.9.
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Table.3.4lIsocratic elution for separation of lanthanides — acomparison

D

n

o

o

11

1Y

Column type Experimental conditions Results
Length Particle CSA (M) | a-HIBA (M) |pH

(cm) size um)

25 5 0.01 0.1 3.28All lanthanides
separated; Separatic
time ~ 51 min.

0.01 0.1 3.55 All lanthanides well
separated in ~ 19min.

5 1.8 0.01 0.05 3.5 All lanthanides w
separated ~ 45min.

0.01 0.05 3.78 All lanthanides well
separated in ~ 16min.

0.01 0.1 3.5| La-Tb well separated|i
~ 8min.

0.01 0.1 3.75 La separated from othe
13 lanthanides in
3.5min

3 1.8 0.01 0.05 3.5 Al lanthanides w:
separated in ~ 12min.

0.01 0.05 3.78La-Ho0  were  well
resolved in 6min. Er-Lu
were not base-ling
separated.

0.02 0.1 3.8| La-Gd could be we
resolved in ~ 2.5minj
La could be very wel
separated from Ce an
other La fission
products.
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Fig.3.8. Separation of lanthanides by isocratic etion from 1.8 um, 5 cm length
reversed phasecolumn. Mobile phase: 0.05 Mi-HIBA + 0.01 M CSA; pH: 3.78; Flow
rate: 1.5 mL/min; PCR flow rate: 1 mL/min; Detectic655 nm; Sample: Lanthanides (20
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Fig.3.9. Separation of lanthanides by isocratic etion from 1.8 pm, 3 cm length
reversed phaseolumn. Mobile phase: 0.01 M CSA + 0.05 MHIBA, pH: 3.5; Flow rate:

2 mL/min; PCR flow rate: 1 mL/min; Detection: 65linSample: lanthanides (20 ppm) in
0.001 N HNQ.
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Table.3.5Column efficiency of lanthanides-a comparison

Columns | Experimental Number of theoretical plates (plates per meter)
with conditions
various La Ce Pr Nd Sm
particle
size
3 cm length 0.05 M 94512 96286 102517 86516 86873
(1.8 um) a-HIBA +
0.01 M CSA,;
pH: 3.50; Flow
rate: 2 mL/min
5 cm length 0.05 M 70680 67702 65598 65680 62362
(2.8um) a-HIBA +
0.01 M CSA,;
pH: 3.78; Flow
rate: 1.5
mL/min
25cm 0.1 Ma-HIBA 37854 36480 36736 33642 29607
length +0.015 M
(5um) CSA,; pH:
2.90; Flow
rate: 3 mL/min

Interesting consequences of these studies aredd¢hkelopment of an isocratic elution
procedure for the separation of lighter lanthaniflessGd). They could be resolved from
each other in about 2.55 min using L@ support Fig.3.10. Lanthanum could be very
well separated from cerium and other lanthanidésgua mobile phase consisting of 0.02
M CSA and 0.1 Ma-HIBA with pH adjusted to 3.8. Since the assay afithanum is
essential in the experiments involving burn-up meaments of nuclear reactor fuels,
where it is employed as the fission product moniteese experimental conditions can be
employed for its determination. The results ongbparation of lanthanide fission products
from dissolver solution of fast reactor fuel arsatdissed in Chapter 5. Detection limits

(3sigma) for lanthanides were found to be ~ 10-@hrthese experiments.
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Fig.3.10. Separation of lanthanum from other lanthaides on 1.8um, 3 cm length
reversed phasecolumn in about 2.55 min.Mobile phase: 0.02 M CSA + 0.1 MHIBA,
pH: 3.8; Flow rate: 2 mL/min; PCR flow rate: 1 mlifm Detection: 655 nm; Sample:
lanthanides (20 ppm) in 0.001 N HMNO
3.3.3. Retention behaviour of uranium and thorium
3.3.3.1. Retention behaviour without modifier

The results on the retention behavior of uraniurd #rorium on a 3 cm length
column of 1.8 pum particle size are showrFig.3.11 and Fig.3.12vith 0.1 M and 0.15 M
a-HIBA as a function of pH. The capacity factors fmth uranium and thorium decreases
with increase ino-HIBA concentration, but increase with increasemnobile phase pH.
Speciation of uranium and thorium at 0.05 M andb0M a-HIBA were computed from
stability constant data and results are showign3.13 and Fig.3.14The complexation of
uranyl ion bya-HIBA can result in the formation of species, el4lQ, (IBA)]*, [UO,

(IBA);] and [UQ (IBA)3]. Similarly, Th(lV) with a-HIBA forms species such as

Th(IBA)*, Th(IBA),"?, Th(IBA);", and Th(IBA). The fraction of each species is
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dependent on pH andHIBA concentration [103, 106]. Higher retentiorr faranyl ion at

pH: 4 is due to the species, [L@A)3], which has 3 HIBA moieties and hence results in
strong hydrophobic interaction with;£support through induced dipole induced dipole
interaction. The species, [UQ@IBA)]" has the lowest retention on the reversed phase
support. The lower retention of Th(IV) comparedXV/1) is due to the possible formation

of anionic species e.g. [Th(IBADH),]*, which is expected to have a lower retention on a
hydrophobic support. Thorium which is in +4 oxidatistate is prone to hydrolysis at pH>
3. Similar separation studies were performed omblength reversed phase support of
1.8 um particle size with 0.1 M, 0.15 M-HIBA as a function of pH and results are shown

in Fig.3.15, and Fig.3.16
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Fig.3.11. Retention behaviour of U and Th on 1.8 um, 3 cm lgth reversed phase
column with 0.1 M a-HIBA as a function of pH. Mobile phase: 0.1 Mi-HIBA; Flow
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detectid®B5 nm; Sample: U (33 ppm), Th (25
ppm) in 0.01 N HNG.
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Fig.3.12. Retention behaviour of U and Th on 1.8 pm, 3 cm Igth reversed phase
column with 0.15 M a-HIBA as a function of pH. Mobile phase: 0.15 M-HIBA; Flow
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detectid@85 nm; Sample: U (33 ppm), Th (25
ppm) in 0.01 N HNGQ.
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Fig.3.13. Speciation of (a) uranium-HIBA and (b) thorium-HIBA complexes as a
function of mobile phase pH.Mobile phase: 0.05 M-HIBA
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Fig.3.14. Speciation of (a) uranium-HIBA and (b) thorium-HIBA complexes as a
function of mobile phase pH.Mobile phase: 0.15 M-HIBA
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Fig.3.15. Retention behaviour of U and Th on 1.8 um, 5 cm lgth reversed phase
column with 0.1 M a-HIBA as function of pH. Mobile phase: 0.1 M-HIBA; Flow rate:
2 mL/min; PCR flow rate: 1 mL/min; Detection: 655nSample: U (33 ppm), Th (25
ppm) in 0.01N HNQ.

68



2x10°

g

N
o
T
D
o
o

1x10°

=5
(o)}
OC
N

Th(l 11) U pH: 3.50

scale)
=) ?\

E\ 4x10° : ‘

o 0gs 135 pH: 3.00

é 2x10°

S

o 7 I 3

) 1x10°4

< 0 76 U(0.98) pH: 2.80
Th U(0.83)

H

Retention time(min)

Fig.3.16. Retention behaviour of U and Th on 1.8 um, 5 cm lgth reversed phase
column with 0.15 M a-HIBA as a function of pH. Mobile phase: 0.15 M-HIBA; Flow
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detectid®B5 nm; Sample: U (33 ppm), Th (25
ppm) in 0.01N HNQ.

Lanthanides as a group can be isolated from urardach thorium in a minute,
enabling the development of a rapid separation quoe for determination of these
elements in samples such as lanthanides in uramatnix, monazite sand etc. However,

under these conditions, all 14 lanthanides elugettter. A typical study involving isolation

of Nd from U and Th is shown iaig. 3.17
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Fig.3.17.Retention behaviour of Nd, Th and U on 1.8 um, 3 criength reversed phase
column at pH 3. Mobile phase: 0.15 M-HIBA; Flow rate: 2 mL/min; PCR flow rate: 1
mL/min; Detection: 655 nm; Sample: U (33 ppm), b ppm) and Nd (25 ppm) in 0.01N
HNOs;.

The separation factors for U/Th obtained using an8 25 cm length columns are
shown inFig.3.18 Separation factoraf is the ratio of capacity factor of U to Thy™is
obtained from k) / k’tn. Capacity factor of uranium is obtained from follogiexpression:
Ku = (t-to) / t,, where k {; is capacity factor for uranium,is retention time of uraniumg t
is time taken by a “non-retained solute. Similakyof thorium was measured. The highest
retention for uranium and thorium was observed whih of 25 cm length column. The 25
cm length column relatively offers more number gfdtophobic sites for interactions
compared to the 3 and 5 cm length supports. Howsetier separation factors for U/Th
obtained from these columns are found to be moldess similar. A marginal increase in

separation factor was observed with 3 cm lengthimoal when a solution af-HIBA with

pH: 4 was employed. The number of active siteshefreversed phase support increases
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with increase of column length. Hence, the relatetention of both U and Th increase with

column length and hence similar separation facogbtained in all these cases.
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Fig.3.18.Separation factor of U/Th. Separation factors as &unction of mobile phase
(a-HIBA) pH and its concentration for 3 (1.8 um), 5 1.8 pm) and 25 cm (qum) length

reversed phase columns.

A good reduction in separation time was achieweth 3 cm length support
compared to 5 and 25 cm length columns without ecomgsing the separation factor for
U/Th and these experimental conditions are crufmal designing ultra-fast separation
procedures. For e.g. when U and Th are preserdriparable quantities, an excellent base
line separation is obtained in one minute with 3length support and these conditions can
be used for analyzing solutions of uranium anditimrin samples of nuclear fuel cycle.
However, analysis of uranium in thorium matrix che better carried out under the

experimental conditions, 0.15 M-HIBA at pH: 4, because under these conditions, the
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separation period is long enough to enable the templution of matrix thorium followed
by the elution of uranium.
3.3.3.2 Separation of U from Th using dynamic ion»&hange technique
Fig.3.19andFig.3.20shows the separation of uranium from thorium udir@um
reversed phase supports of 3 and 5 cm length régglgan the presence of camphor-10-
sulfonic acid (CSA) as modifier; a good base-liepagation was achieved in these studies.
Interesting separation behaviour was observed wheiBA concentration was reduced to
0.05 M, where uranium eluted ahead of thoriuRig.3.20H, contrary to the earlier
observation. The retention for both uranium anditim decreases with increase in mobile
phase pH. The influence of mobile phase compositiothe retention behaviour of U and
Th is shown inFig.3.21 The retention for uranium decreases with increase-HIBA
concentration and mobile phase pH, as observed inraexchange mechanism. However,
a very marginal increase in retention was obsewi¢ld 0.1 and 0.15 Mx-HIBA solutions
of pH above 3.5. The marginal change is possibly tduuranium sorption by hydrophobic
interaction, i.e., van der waals interaction oneaersed phase support as the CSA
concentration of only 0.01 M was employed in thegglies. Thus beside an ion-exchange
mechanism, a hydrophobic interaction can also plagle in enhancing the retention of
uranium. Retention for Th(IV) was higher than tledturanium (UQ™) because of its
charge and hence strong interaction with CSA laatlinhigher retention. Th(IV) was not
eluted from 0.05 as well as 0.1 &HIBA solutions when the mobile phase pH was less
than 3. The retention for thorium decreases wittréase ino-HIBA concentration; the
reduction in Th retention became significant whea inobile phase pH was raised above 3
because of the strong complexation of Th withlIBA. Under these conditions, a good

fraction ofa-HIBA dissociates to form stronger complexes witi(IV). The reversed phase
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HPLC technique also showed promising featuresHerassay of plutonium in its various

oxidation states and these results are discusseétdapter 6.
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Fig.3.19.Separation of U and Th on 1.8m, 3 cm length support using dynamic ion-

exchange chromatography.
Column: 1.8 um, 3 cm length reversed phase supptwhile phase: 0.05 Mi-HIBA +
0.01 M CSA,; pH: 3.64; Flow rate: 2 mL/min; PCR flgate: 1 mL/min; Detection: 655 nm;

Sample: U (33 ppm) and Th (25 ppm) in 0.01 N BNO
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Fig.3.20. Separation of U from Th on a 1.8 um, 5 criength reversed phase column
using dynamic ion-exchange chromatographyMobile phase: (a) 0.1 M-HIBA+0.01 M
CSA, pH: 3.75; (b) 0.05 Mi-HIBA+0.01 M CSA; pH: 3.42, Flow rate: 1.5 mL/miRCR
flow rate: 1 mL/min; Detection: 655 nm.
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Fig.3.21. Influence ofa-HIBA concentration and pH on the retention behaviar of
U and Th in the presence of CSAColumn: 3 cm length, 1.8 um support; Mobile phase:
0.01 M CSA + 0.05 - 0.15 M-HIBA,; flow rate: 2 mL/min.

3.4 Application of small particle based support (m length with particle size of 1.8
Hm)
3.4.1 Determination of lanthanides in uranium matrk

The efficiency of the pyrochemical process is eatdd by the analysis of cathode
deposit, which requires the determination of laniti@s in low levels in uranium matrix
[150]. Based on the studies with 3 cm length 1.8qumpport, an analytical characterization
method has been developed for the rapid and aecaralysis of lanthanide elements in
uranium matrix, i.e. typical ratios (La:U) being,2,000.

Several samples were analysed for lanthanides linnsarix. The salt matrix
composition was MgGH NaCl + KCI + UQCI, + lanthanides. The salts were dissolved in

HNO3z; medium prior to HPLC analysis. Uranium contentstloése samples were also
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determined directly or with suitable dilution. Feg. Nd (1-3 ppm) as well as La (1-3 ppm)
were separated from U matrix (e.g. 5 mg/mL) ancemeined by HPLC. The results of
these investigations were compared with standaatl/&cal methods. For e.g. in one study,
the lanthanide contents were measured using ICP#&eEremoving uranium matrix with
solvent extraction. The lanthanide values measwidtdHPLC technique were found to be
in good agreement (x3%). The concentration of wranivas also measured by the titration
method, Davies and Gray [151] and compared with datained by HPLC. For example,
in typical experiment, the uranium content measwsidg Davies and Gray method was
found to be 5.22 mg/mL and the result was comparidia the uranium values measured
with HPLC technique, which was 5.20 mg/mL, resoft$ runs (5.28, 5.17, 5.19, 5.23, 5.12
mg/mL). In another experiment, uranium value estanaising Davies and Gray was found
to be 3.42 mg/mL and uranium value estimated usl®gC method was 3.41 mg/mL,
results of five runs (3.44, 3.39, 3.47, 3.36, NFmL). These studies established that the
rapid separation method developed with B8 support is found to be fast, reliable and
provide accuracy required for a typical regularlgsia. An added advantage is that the
HPLC technique does not require pre-separation afrirn uranium for the assay of
lanthanides unlike other analytical techniques, ieliebecomes a pre-requisite.

Rapid separation methods were also employed foregtenation of uranium,
plutonium and lanthanides fission products fronsalger solution of spent fuel and these

results are discussed in Chapter-5 in detail.

3.5. Conclusion
A dynamic ion-exchange HPLC based technique hasn bdeveloped and

demonstrated for the rapid separation of individaathanides using 1,8m supports. The
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selection of appropriate column with suitable mdetisize with gradient elution technique
has been identified as an important factor for edhg rapid and high resolution
separation. Lanthanides could be separated fromh e#er in about 3.6 min. Uranium
could be rapidly isolated from thorium in one mmuBimilarly, lanthanides can be isolated

from uranium and thorium in about a minute.
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Chapter-4

Liquid Chromatographic Behavior of Lanthanides andActinides on
Monolith Based Supports

4.1. Introduction

In the recent past, chromatographigpsupmaterial using monolith material has
been studied extensively. A monolith column cosst a single piece of porous, rigid
material containing mesopores and macropores, whiockide fast analyte mass transfer
[27]. Macropores form a dense network of pores evthe mesopores form the fine porous
structure of the columrMajor chromatographic features of monolithic coluamse from
this mesopore/macropore structure. A monolith collwan be an organic polymer or silica
based. Hjertemt al [152] introduced polyacrylamides based supportpfotein separation.
Preparation of polyacrylates or poly(styrene-casdilbenzene) based support material in
the presence of porogen was reported in literafi53]. Monolith based supports are
employed for various applications, e.g., separatiomomolecules, organic acids, inorganic
anions, metal ions etc. Porous monolithic silicapsut was used for efficient separation of
alkaline earth and transition metal cations [31lieCto several advantages such as high
mechanical strength, high stability and inertnegiga based monolith material can be used
as the column material for conventional applicatigimilar to microparticle packed HPLC
column. Tanakat al developed silica based monolith support matefidid]. Minakuchiet
al [155] reported the preparation of a monolith sil@plumn using a sol-gel process. This
process involved hydrolysis and polycondansatioalkdxysilans in the presence of water
soluble polymer. The mechanism of formation of mhiz silica gel column with bimodal

pore structure was reported in literature [156pRration of monolithic support column
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with high column efficiency and low back pressuraswdemonstrated [29, 157]. It is
evident from the van Deemter plot that monolithicail provides significantly higher

separation efficiency than particle-packed coluifiig.4.1) [158-161].
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Fig.4.1. Plate hight (H) vs flow rate (u) for monath and particle packed HPLC columns R§]

A clear advantage of monolith material is thataih be operated at higher flow rates
but with lower back pressure. Higher column pernigglvesults in higher operating flow
rate, which drastically reduces analysis time amdides high separation efficiency [162].

N, N-dialkyl amides have shown promising propertiesdotinide recovery due to
presence of acidic as well as amide functional tresie[163-165] and their solubility in the
aqueous phase is also very low. In the presenkwms-2-ethylhexyl succinamic acid
(BEHSA), which possesses both acidic as well asdanfunctional moieties, was
investigated on monolith support in the extractatmomatography mode for its potential

towards actinides separation. Use of H¥® the mobile phase was also investigated for the

79



isolation of U and Th from BEHSA modified monolithsupports. In these studies, the
retention of lanthanides and actinides was invastiyon monolith supports under dynamic
ion-exchange as well as reversed phase experimeomalitions. These techniques were
employed to determine lanthanides such as Nd andreaium, as well as plutonium in the
dissolver solution for the determination of atomgeat fission and results are discussed in
Chapter-5 in detail.
4.2. EXPERIMENTAL
4.2.1 Modification of monolith column

The compound, BEHSAF{g.4.2 was synthesised and characterized as reported
[106, 166]. The required amount of BEHSA was digsdlin 100 mL methanol-water
mixture (e.g. 60:40) and passed through the 10<mel as 5 cm length monolith column
at a flow rate of 0.5 mL/min. When the coating wasnpleted, the columns were washed
with 25 mL water. After the completion of studiegttwa particular coating, the BEHSA
was washed and removed completely with 50 mL metharhe same 10 and 5 length
monolith columns were reused for all studies cdraet in the present work.
O ™~

) VAN

~

Fig.4.2. Structure of bis-2-ethylhexyl succinamic@d (BEHSA)

HO
O
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4.2.2 Determination of the BEHSA content on monolitic column

The exact contents of BEHSA in the modified suppegre determined using the
HPLC techniqueTable.4.1). A separate monolithic column (10 cm length) witlethanol
as the mobile phase was employed. Standard satubbBEHSA (10-1000 ppm) were
prepared and injected into HPLC system and deteatt@d5 nm £ig.4.3. The amount of
BEHSA coated on to the 10 and 5 cm length monaltlumns was determined using the

calibration plot.

Table.4.1 Modifier content on 10 cm and 5 cm lengtmonolith coated support

Monolith BEHSA Actual amount
column Passed coated (mmol)
(mmol)
0.38 0.36
10 cm length 119 0716
3.41 1.47
5.14 1.93
5 cm length 1.34 0.143
5.35 0.218
10.99 0.477
11.92 0.544

BEHSA dissolved in 60% methanol - 40% HO mixture, coating was carried out at a flow rate &
0.5 mL/min. 100 mL of solution employed for coatinghe column
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Fig.4.3. Calibration plot for bis-2-ethylhexyl suctnamic acid (BEHSA) using HPLC
with UV-Vis detection (Det: 215 nm).

4.3. RESULTS AND DISCUSSION
4.3.1 Separation of lanthanides using a monolith column fo 10 cm length
4.3.1.1 Gradient elution

A gradient elution procedure for isolation of mdiual lanthanides was studied
extensively using monolith support under dynamitéxchange conditions. Large number
of gradient profiles were generated by varying ¢bacentrations of CSA (0.01, 0.02, and
0.03 M), a-HIBA (0.05 — 0.2 M), mobile phase pH (3.3-3.9) amdbile phase flow rates
(2-7 mL/min). In a typical gradient run, the contation of CSA and mobile phase flow
rate were kept constant and only télIBA concentration was varied (0.05 to 0.2 M).
Some gradient profiles employed are listedl'able.4.2 Based on these studies, a binary

gradient elution method has been developed forapiel separation of lanthanides from La
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to Lu in about 2.8 min, wherein the mobile phase @&A,a-HIBA and pH being 0.03 M,

0.05 to 0.15 M and 3.5-3.8, respectivefyg.4.4).

Table.4.2 Gradient programming for separation of lanthanides on 10 cm length
monolith support

No Gradients Experimental conditions Total
separation time
Solvent Solvent Flow rate of lanthanides
composition | composition (mL/min) (min)
Input Solvent (A) (B)
time composition
(min) (A)

1 0-1.0 100% 0.01MCSA| 0.01 M CSA + 2 A good
1.1-1.4 70% +0.05 M 0.1 M separation of all
1.5-1.8 50% a-HIBA; a-HIBA; pH: 14 lanthanides;
1.9-2.2 30% pH: 3.3 3.3 separation
2.3-2.6 10% time~7.39 min
2.7-10.0 0%

10.1 100%

2 0-1.0 100% 0.01M CSA| 0.01 M CSA + 2 A good
1.1-1.4 80% + 0.05 M 0.1 M separation of all
1.5-1.8 60% a-HIBA; a-HIBA; pH: 14 lanthanides;
1.9-2.2 40% pH: 3.54 3.7 separation
2.3-2.6 20% time~5.90 min
2.7-9.0 0%

3 0-1.0 100% 0.01M CSA| 0.01 M CSA + 2 A good
1.4-1.7 80% + 0.05 M 0.1 M separation of all
1.8-2.1 60% a-HIBA, a-HIBA; pH: 14 lanthanides;
2.2-2.6 40% pH: 3.7 3.7 separation time
2.7-3.0 20% ~5.64
3.1-6.0 0%

6.1 100%

4 0 100% 0.02 M CSA| 0.02 M CSA + 4 A good
0.5 80% +0.05M 0.15M separation of all
1.0 70% a-HIBA, a-HIBA; pH: 14 lanthanides;
2.5 30% pH: 3.40 3.52 separation time
3.0 20% ~4.42

3.6-5.0 0%

51 100%
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0 100% 0.02M CSA| 0.02M CSA + A good
1.2 90% +0.05M 0.15M separation of all
2.0 80% a-HIBA; a-HIBA; pH: 14 lanthanides;
2.5 60% pH: 3.45 3.52 separation time
2.7 40% ~4.17
3.0 30%
3.6-4.5 0%
4.7 100%
0 100% 0.02M CSA| 0.02 M CSA + A good
1.0 90% +0.05 M 0.15M separation of all
1.7 80% a-HIBA; a-HIBA; pH: 14 lanthanides;
2.1 60% pH: 3.45 3.5 separation time
2.3 40% ~3.40
3-3.8 0%
4.0 100%
0 100% 0.02 M CSA| 0.02M CSA + A good
1.0 70% +0.05M 0.15M separation of all
1.2 90% a-HIBA, a-HIBA; pH: 14 lanthanides;
1.6 50% pH: 3.51 3.51 separation time
2.1 30% ~3.12
2.3 35%
2.9-3.8 0%
4.0 100%
0 100% 0.02 M CSA| 0.02 M CSA + A good
1.0 70% +0.05M 0.15M separation of all
1.2 90% a-HIBA; a-HIBA; pH: 14 lanthanides;
1.6 50% pH: 3.51 3.51 separation time
2.1 30% ~3.01
2.3 35%
2.5-3.8 0%
4.0 100%
0 100% 0.03M CSA| 0.03MCSA + A good
0.4 90% +0.05M 0.15M separation of all
0.8 70% a-HIBA, a-HIBA; pH: 14 lanthanides;
1.0 80% pH: 3.5 3.8 separation time
1.6 50% ~2.8
2.0 40%
2.5-3.2 0%
3.3 100%

These studies have established that monolith stgopould be operated at higher flow rates

with lower back pressure resulting in a higher oolupermeability, which drastically
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reduced separation time and at the same time atsodpd higher separation efficiency.
HPLC separation procedure developed for isolatiomdividual lanthanides using 1.8 pm
support resulted in a separation time of about 8168(Chapter-3) and the use of monolith
support has resulted in a further reduction of #separation time, i.e. 2.8 min. The
efficiency of monolith based support was studiedarnvarious experimental conditions for

separation of lanthanides and the results are siowable.4.3
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Fig.4.4. Separation of lanthanides on a monolith ¢@mn using dynamic ion exchange
chromatography. Column: 10 cm length monolith; Mobile Phase: (A)DM CSA, 0.05
M a-HIBA (pH: 3.5) + (B) 0.03 M CSA, 0.15 M-HIBA (pH: 3.8); flow rate: 7 mL/min;
Post-column reagent (PCR) flow rate: 1 mL/min; R&ta: 655 nm; Sample: lanthanides
(16 ppm) in 0.01 N HN@ 20 pL injected.
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The capacity factor for lanthanides decreases witease ir-HIBA concentration
and mobile phase pH-ig.4.5 and Fig.4.% which is attributed to the better complexing
ability of a-HIBA with lanthanides under these conditions. Heere capacity factor
increases with increase in concentration of C&#4y.4.7). Separation factors of adjacent
lanthanides were calculated under various expetaheonditions and results were shown

in Table.4.4-4.6

Table.4.3Efficiency of 10 cm length monolith column for sepeation of lanthanides

Experimental Number of theoretical plates (plates/m)
conditions

La Ce Pr Nd Sm

0.05M 41443 40529 43719 41225 44417
o-HIBA+
0.01 M CSA;
pH: 3.5; Flow
rate: 2 mL/min

0.075 M 39333 40960 38302 38729 35286
a-HIBA+
0.01 M CSA;
pH: 3.2; Flow
rate: 7 mL/min

0.1M 42725 39705 43916 42087 44501
a-HIBA+
0.01 M CSA;
pH: 3.3; Flow
rate: 2 mL/min
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Fig.4.5. Variation of capacity factor of lanthanides as a function of a-HIBA
concentration on a monolith column.Column: 10 cm length monolith column; Mobile
phase: 0.01 M CSA #-HIBA, pH: 3.5; Flow rate: 2 mL/min; PCR flow rat8:5 mL/min;
Detection 655 nm; Sample: lanthanides (10 ppm)@DN HNQ.

Table.4.4. Separation factor of adjacent lanthanide as a function of a-HIBA

T
0.06

Concentration of a-HIBA(M)

concentration from 10 cm length monolith support.
Experimental condition: 0.01 M CSAw+HIBA, pH: 3.5, Flow rate: 2 mL/min

Lanthanides| 0.05 Ma-HIBA 0.075 Ma-HIBA 0.1 M a-HIBA

Separation factor | Separation factor Separation
(o) (o) factor (a)
La :Ce 1.47 1.45 1.44
Ce :Pr 1.29 1.25 1.24
Pr :Nd 1.18 1.17 1.16
Nd :Sm 1.66 1.59 1.58
Sm :Eu 1.29 1.28 1.25
Eu :Gd 1.23 1.18 1.18
Gd :Tb 1.46 1.38 1.38
Tb :Dy 1.29 1.33 1.30
Dy :Ho 1.21 1.17 1.19
Ho :Er 1.25 1.27 1.21
Er:Tm 1.22 1.27 1.31
Tm:Yb 1.19 1.21 1.17
Yb :Lu 1.20 1.18 1.12
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Fig.4.6. Variation of capacity factor of lanthanides as a function of mobile phase pH
on a monolith column. Column: 10 cm length monolith columMobile phase: 0.01 M
CSA + 0.1 Ma-HIBA; Flow rate: 2 mL/min; PCR flow rate: 0.5 mLim Detection 655
nm; Sample: lanthanides (10 ppm) in 0.001 N HNO

Table.4.5. Separation factor of adjacent lanthanide as a function of mobile phase pH

from 10 cm length monolith support.

Experimental condition: 0.01 M CSA + 0.1 MHIBA, Flow rate: 2 mL/min

Lanthanides

Separation factor (@)

pH 2.6 pH 2.7 pH :2.8 pH 2.9 pH :3 pH :3.2
La:Ce 1.22 1.26 1.31 1.35 1.39 1.41
Ce :Pr 1.16 1.18 1.21 1.23 1.24 1.25
Pr :Nd 1.11 1.11 1.13 1.14 1.15 1.16
Nd :Sm 1.40 1.41 1.49 1.54 1.58 1.60
Sm :Eu 1.22 1.20 1.26 1.28 1.28 1.29
Eu :Gd 1.12 1.12 1.14 1.15 1.16 1.17
Gd :Tb 1.38 1.34 1.44 1.44 1.45 1.45
Tb :Dy 1.28 1.25 1.30 1.31 1.30 1.30
Dy :Ho 1.17 1.16 1.20 1.20 1.21 1.22
Ho :Er 1.21 1.18 1.22 1.23 1.23 1.23
Er:Tm 1.20 1.17 1.21 1.22 1.22 1.23
Tm:Yb 1.23 1.18 1.22 1.23 1.22 1.22
Yb :Lu 1.13 1.11 1.14 1.14 1.16 1.17
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Fig.4.7. Variation of capacity factor of lanthanides as a function of CSA concentration
on a monolith column. Column: 10 cm length monolith columMobile phase: CSA +

0.1 Ma-HIBA; pH: 2.7; Flow rate: 2 mL/min;

PCR flow rat8:5 mL/min; Detection 655

nm; Sample: lanthanides (10 ppm) in 0.001 N HNO

Table.4.6. Separation factor of adjacent

lanthanide as a function of CSA

concentration from 10 cm length monolith support.
Experimental condition: CSA + 0.1 MHIBA, pH: 2.7, Flow rate: 2 mL/min

Lanthanides Separation factor (@)

0.0025M | 0.0035 M 0.0045M | 0.0055M | 0.0065M | 0.0075M | 0.0085M | 0.01 M

CSA CSA CSA CSA CSA CSA CSA CSA
La:Ce 1.25 1.26 1.25 1.26 1.26 1.26 1.26 1.26
Ce :Pr 1.17 1.17 1.17 1.18 1.18 1.18 1.17 1.18
Pr:Nd 1.10 111 1.11 111 1.11 1.12 11 111
Nd :Sm 1.38 1.41 1.40 1.42 1.42 1.43 1.46 141
Sm :Eu 1.19 1.21 1.20 1.22 1.22 1.23 1.22 1.20
Eu :Gd 1.09 1.11 1.12 1.11 1.12 1.12 1.13 1.12
Gd :Tb 1.31 1.34 1.35 1.38 1.38 1.38 1.40 1.35
Tb :Dy 1.23 1.25 1.26 1.27 1.27 1.28 1.29 1.26
Dy :Ho 1.15 1.16 1.16 1.17 1.17 1.18 1.18 1.16
Ho :Er 1.17 1.19 1.201 1.20 1.21 1.21 1.21 1.18
Er:Tm 1.16 1.17 1.18 1.19 1.19 1.20 1.21 1.17
Tm :Yb 1.17 1.19 1.20 1.20 1.21 1.21 1.22 1.18
Yb :Lu 1.11 1.10 111 1.12 1.12 1.17 1.13 1.1p
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4.3.1.2. Isocratic elution

In an isocratic elution method, individual lanthdes were separated from each
other on a 10 cm length monolith support and tlselte are summarized ifable 4.7 In a
typical experiment, the separation time was verlf reeluced to about 5 mir{g.4.8) with
good resolution between adjacent lanthanides aisdctiuld be achieved with the use of
higher operating flow rates as the pressure dropsache column was found to be lower
compared to um based columns. In another study, lanthanum wparated from other
lanthanides in about 1.77 miidble 4.7). Hence, experiments were also carried out with
dissolver solution to determine lanthanum concépotra under these experimental

conditions and the results are discussed laterjn.€hapter-5.

2.8x10°
Eu
2.1x10° -
)
© DyTbGOI
> H
0
E 1.4x10° 4 sm
5
) = Nd Ppr
9 Ce
Tm
< 7.0x10" - La(5.0)
Yb
Lu \1 KJ
0.0 4
1 ' 1 ' 1 1 ' 1

0 1 2 3 4 5
Retention time(min)

Fig.4.8. Separation of lanthanides by isocratic etion from 10 cm length monolith
column.

Column: 10 cm monolith; Mobile phase: 0.01 M CSA.85 Ma-HIBA, pH: 3.7; flow
rate: 7 mL/min; PCR flow rate: 1 mL/min; Detectid@@s5 nm; Sample: lanthanides (16
ppm) in 0.01 N HN@, 20 pL injected.
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Table.4.7 Gradient and isocratic elution for separaon of lanthanides using monolith

T

T

column
S. No. Monolith Elution Experimental conditions Results
ﬁeor']‘;m” profile CSA | oHIBA | pH | Flow rate
(cm) (M) (M) (mL/min)
1. Gradient Fast separation of all 14
10 elution 0.03 | 0.05-0.15| 3.5- 7 lanthanides; separation time
3.8 2.8 min.
2. Isocratic All lanthanides separated,;
elution 0.01 0.1 3.2 2 separation time ~ 15 min.
Most of the lanthanides well
0.01 0.1 3.2 6 resolved from each other;
separation time ~ 5 min.
All lanthanides are well
0.01 0.05 3.7 7 separated from each other;
separation time ~ 5 min.
“La” well resolved from other
0.01 0.1 3.6 5 lanthanides; heavier
lanthanides not resolved,;
separation time ~ 1.8 min.
3. 5 Gradient Separation of all 14
elution 0.05 | 0.01-0.1 4 2 lanthanides; separation time
4.8 min.
4, Isocratic All lanthanides separated,;
elution 0.03 0.05 3.2 2 separation time ~ 8.9 min.
La-Sm fractions resolved;
0.03 0.05 35 2 heavier lanthanides not

resolved completely;
separation time ~ 2.4 min.

4.3.2 Lanthanide separations using monolith suppordf 5 cm length

4.3.2.1 Gradient elution

The separation of lanthanides was also investightam a 5 cm length monolith

support with a surface area of 300-318gm with 1.5 pm macroporous and 10 nm

mesoporous structure. These studies were carrietb@ompare the performance with the

10 cm length monolith support described abdvg.4.9 shows gradient elution separation

91



of lanthanides from the 5 cm length support; Lanitikes could be isolated from each other
in about 4.77 min. Under the experimental condgiohthe present work, faster separation
was achieved with 10 cm length support (surfaca afe860 mg* with 2 um macroporous
and 13 nm mesoporefif.4.4) over a 5 cm length support (surface area of 38§ with

1.5um macroporous and 10 nm mesopoFey 4.9).

5 Ce La4.77)

4.0x10"
) Yb Dy Tb
8 1 ™m g, ” Pr
] Lu Ho sm NG
)
= . Gd EU
O 2.0x10°
©
N
7))
o
< N \

00 4= '—'—J T T T T T T T T

0 1 2 3 l 4 5
Retention time(min)

Fig.4.9. Separation of lanthanides on a 5 cm lengtimonolith column using dynamic
ion-exchange chromatographyColumn: 5 cm length monolith; Mobile Phase: (A)®M
CSA, 0.01 Ma-HIBA + (B) 0.05 M CSA, 0.1 Mu-HIBA; pH: 4; flow rate: 2 mL/min; PCR
flow rate: 1 mL/min; detection 655 nm, sample: kartides (16 ppm) in 0.01 N HNO
20 pL injected.
4.3.2.2 Isocratic elution from 5 cm length support

The results of the isocratic elution are showTable 4.7.The back pressure with
5 cm length (1.50um macroporous and 10 nm mesoporous structure) ntiorvehs much

higher (back pressure: 67 bar with mobile phase flate: 1 mL/min) compared to 10 cm

length support (2m macroporous and 13 nm mesoporous structure) (m@ssure: 19 bar
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with mobile phase flow rate: 1 mL/min); hence thecd length support could not be
operated at higher flow rates compared to the 10leergth support. The 10 cm length
monolith support provided a faster and more effitiseparation under the experimental
conditions of the present study compared to themSlength support. For example, the
separation factors obtained with 10 cm length stipjoo adjacent lanthanides e.g. Pr-Nd,
Ce-Pr and La-CeT@able.4.9 were similar or marginally higher compared to thee
obtained with 5 cm length support. Typical chrongadon for isocratic elution of
lanthanides using 5 cm length support is showrFig4.1Q Faster separations were
achieved with 10 cm length monolith suppoFig(4.8) over the 5 cm length column
(Fig.4.10.

Table.4.8. Separation factor of adjacent lanthanide from 5 and 10 cm length monolith
support.

Lanthanides 10 cm length 5 cm length
monolith support monolith support
Separation factor | Separation factor
(o) (o)

La:Ce 1.48 1.40

Ce Pr 1.28 1.28

Pr :Nd 1.19 1.17

Nd :Sm 1.62 1.61

Sm :Eu 1.25 1.24

Eu :Gd 1.17 1.17

* e.g., Separation factar)(for La:Ce = K’ /K’ ce -k'= Capacity factor
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Fig.4.10. Separation of lanthanides by isocratic efion from 5 cm length fast gradient
monolith column. Column: 5 cm monolith; Mobile Phase: (A) 0.03 M CSA05 M
a-HIBA; pH: 3.2; flow rate: 2 mL/min; PCR flow ratet mL/min; detection 655 nm,
sample: lanthanides (16 ppm) in 0.01 N H)\N@D pL injected.
4.3.3. Retention studies on uranium and thorium fran 10 cm length monolith column
4.3.3.1. Retention behaviour under dynamic ion-ex@mnge condition

The separation of wuranium from thorium using dyrmamion-exchange
chromatography is shown Fig.4.11 At lower pH (pH: 2.3), higher retention of thamus
observed compared to uranium due to the higheigehair Th (Th in +4 state) compared to
uranium (UQ*?), indicating cation exchange mechanism. As pkaised, complexation of
U and Th with HIBA is enhanced, leading to the yatution of both U and Th. However,
at higher pH (pH:4), most of the uranium existsdprainantly as [UQBA)3]" complex,

which has higher reversed phase affinity (through der waals interaction) compared to

thorium complex, [Th(IBAYOH);]? , which has lower affinity on the support. This is
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because, the concentration of modifier, CSA emmoyas only 0.01 M and hence uranium

complex can be sorbed on the support through vawalal interaction as well.
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Fig.4.11. Retention behaviour of U and Th on dynarsally modified 10 cm length
reversed phase monolith column as a function of mde phase pH.Column: 10 cm
length monolith; Mobile phase: 0.01 M CSA + 0.15NHIBA; Flow rate: 2 mL/min; PCR
flow rate: 1 mL/min; Detection: 655 nm; Sample: ddaTh in 0.01 N HN@ 20 pL
injected.

The separation factor (¢ /k'y) accordingly decreases with increaseatiIBA

concentration and mobile phase pHg(4.12. Retention of Th (IV) is higher than that of



uranium (UQ"®) because of its strong interaction with CSA duétschigher charge. The
retention of thorium decrease with increaseiHHIBA concentration; the reduction in Th
retention becomes significant when the mobile plpkéés above “3” because of the strong
complexation of Th witha-HIBA. Under these conditions, a good fraction .eHIBA
dissociates to form stronger complexes with Th ([Vhorium is eluted prior to uranium
when the pH ob-HIBA solution is at 4, possibly indicating strongtention of uranyl ion

with the support through reversed phase interactiery induced dipole-dipole interaction.

1:0.05M a-HIBA+0.01 M CSA
3 2:0.1 M a-HIBA+ 0.01 M CSA
3:0.15M oa-HIBA + 0.01 M CSA

Th/kU)
SN

|

o

Separation factor (k
N
|

2.5 ' 3.0 ' 3.5 4.0
Mobile phase pH

Fig.4.12. Separation factor for Th/U as a functiorof mobile phase pH and

concentration from 10 cm length monolith support.

4.3.3.2. Retention of U and Th without CSA modifier reversed phase condition
Elution of uranium and thorium from 10 cm lengthrdoanonolith support was also

studied usingi-HIBA solutions of 0.05, 0.1, and 0.15 M (pH: 2& 4). In these studies,

mobile phase pH was chosen in the range betwee pHind 4 for the following reasons.
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The as- prepared solution of 0.1dvHIBA in water has a pH of 2.6 and hence this prswa
the lowest studied in the present work; pH > 4 alas not used due to large retention time
at higher pH. The retention for both uranium anakitim increase with increase in mobile

phase pH. Typical results are showrfig.4.13
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ik 1.852.28
g —_— - 7 7
D 2 4 6
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4x10°
0 v 1 v 1
0 2 4
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Fig.4.13. Retention behaviour of U and Th on 10 criength reversed phase monolith
column as a function of mobile phase pHColumn: 10 cm length monolith; Mobile phase:
0.1 Ma-HIBA; PCR flow rate: 1 mL/min; Detection: 655 ni@ample: U and Th (25 ppm)
in 0.01 N HNQ; 20 pL injected.
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The capacity factor and separation factor of unanand thorium were calculated

under various experimental conditions and resukssammarised iTable 4.9 Highest

separation factors were obtained with 0.15¢NHIBA. The separation of U and Th as

function of mobile phase flow rate under typicapesmental conditions are shown in

Fig.4.14 In this study, mobile phase flow rate was vafiedn 2 to 6 mL/min using 0.15 M

a-HIBA solution of pH: 3. Uranium and thorium coubé separated in about 50 sec in these

studies.

Table.4.9. Separation factor for U and Th as a furton of mobile phase pH and
concentration from 10 cm length monolith support.

Mobile phase @-HIBA)

0.05 M 0.1 M 0.15M
pH Capacity factor Separation Capacity Separation Capacity factor Separation
factor(k u/K 1) factor factor(k u/k 1) , , factor(k u/k 1)
((l) ’ ((l) (k U) (k Th) ((l)
(ku) | (k)
Ku) | (Km)
As | 091 | 1.18 0.77 0.820.82 1 0.56 0.56 1
it is
pH
3 145 | 1.45 1 1.40 0.95 1.48 1.15 0.63 1.82
35| 459 | 1.92 2.40 4.481.26 3.57 3.96 1.07 3.68
4 10.14 | 2.71 3.74 9.68| 1.97 4.90 7.68 1.47 5.23

e As it is pH of 0.15 Ma-HIBA solution: 2.63, as it is pH of 0.1 Ma-HIBA
solution: 2.72, as it is pH of 0.05 M-HIBA solution: 2.81,
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Fig.4.14. Retention behaviour of U and Th on 10 crength reversed phase monolith
column as a function of mobile phase flow rateColumn: 10 cm length monolith; Mobile
phase: 0.15 Mu-HIBA; pH: 3; PCR flow rate: 1 mL/min; Detection56 nm; Sample:
U and Th (25 ppm) in 0.01 N HN$20 pL injected.
4.3.3.3. Retention of U and Th on modified monolitrsupport: Studies on BEHSA
coated monolithic column

The retention of U and Th was investigated fromHBA modified monolith
reversed phase support to investigate its prefiataetention of U over Th. The separation
of U from Th as a function of mobile phase flowerdtom 1.19 mM BEHSA coated

monolith is shown irFig.4.15 Rapid separation of U from Th was demonstrated under

30 sec with good base line separation.
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Fig.4.15. Retention behaviour of U and Th on BEHSAmodified reversed phase
column as a function of mobile phase flow rate.Column: 10 cm length monolith coated
with 1.19 mM BEHSA,; Mobile phase: 0.15 84HIBA; pH: 2.8; PCR flow rate: 1 mL/min;
Detection: 655 nm; Sample: U and Th (25 ppm) il ONOHNG;; 20 pL injected.
4.3.3.3.1 Influence of BEHSA concentration

The capacity factord=(g.4.16 and separation factorki¢.4.17) for U/Th from bare
and BEHSA modified monolith supports are shown. Tighest separation factor was
obtained at 5.14 mM BEHSA coatings for 0.15 dvHIBA solution. The retention or
capacity factor of Th (IV) was lower compared to(\) from BEHSA support when
a-HIBA was used as eluent. Thorium would form maialyionic species witlu-HIBA,

e.g., [Th(IBAX(OH),]*, especially at pH > 3, which has a lower affitigmpared to that of

uranium species, [USIBA)]".
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Fig.4.16 Capacity factor (k) of U and Th on BEHSAmodified support. Column:
BEHSA modified 10 cm length monolith support; M@bphase: 0.15 M-HIBA; pH: 3,
flow rate: 2 mL/min
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Fig.4.17. Influence of BEHSA concentration on theeparation factor of U/Th. Column:

BEHSA modified 10 cm length monolith support; Mabhase: 0.15 M-HIBA; flow
rate: 2 mL/min.
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These complexes are mainly sorbed qa @lumn through van der waals interaction. The
highest separation factor was obtained when the BkEbntent on the coated support was
high, clearly indicating the influence of the amidmiety in selectively complexing and
retaining uranium over thorium
4.3.3.3.2 Uranium and Thorium separation with HNQ as mobile phase

The retention of U and Th on the BEHSA coated nitmgupport with HNQ as
eluent was also investigated. The absence of a leaing agent, e.g.¢-HIBA in the
mobile phase will be of great use for collecting ffure fractions of metal ions especially
when the system is scaled up for preparative sBpasa Thorium did not elute with
0.001 N HNQ, whereas “U” eluted with severe tailing. EmployiH§lO; as mobile phase
(pH: 2.4), U (t 0.88 min) and Th (t 9.3 min) were separated from each other. However

with HNO; (pH: 2), the separation was achieved in about B8 Fig.4.18A).

U(0.18 min)

2x10° A

Th(0.38 min)

M.Phase: HNO, (pH: 2); flow rate: 9 mL/min
Column: 10 cm monolith coated with 5.25 mM BEHSA

J

Th(0.18 min)

3x10° -

U(0.34 min)

Abs (arbitrary scale)
o

M.Phase: 0.15 M HIBA, pH:3.9; flow rate: 3 mL/min
Column: 5 cm length monolith coated with 11.92 mM
BEHSA

T T T T T I T T T
0.0 04 0.8 12 16 20

Retention time(min)

Fig.4.18. Retention behavior of U & Th on a BEHSA rmdified 10 cm and 5 cm length
monolith support
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With HNO; as mobile phase, uranium elutes prior to thoriungicating the dominance of
cation-exchanging ability of BEHSA. In another stuthe elution behavior of uranium and
thorium was investigated on 5 cm length monolithpart modified with BEHSA. In these
studies, BEHSA solutions of 1.34 to 11.92 mM wemgpkoyed for column modification.
The separation of “U” from “Th” was demonstratedi84 min with the modified monolith
(Fig.4.18B) support. The use of HNQ(pH: 2.18) from 5 cm length BEHSA modified
monolith resulted in a separation time of 0.41 min.
4.3.4. Comparison of performance of monolithic colonn with 1.8 micron particle
based column during dynamic ion exchange chromatogphic studies

The column efficiency (N) of monolithic column ermagéd in the present work is
about 1,10,000 plates per meter for the separatiarganic compounds. However, when
monolithic column was modified with ion-pairing gEmt, CSA, the column efficiency in a
typical experiment reduced to about 44,000 (maximumserved in the present study).
Similarly, the column efficiency of 1.8 micron bdssupport is 1,80,000 plates per meter
for isolation of organic compounds. This column wheperated under dynamic ion
exchange mode has provided in a typical experinadayt 1,00,000 plates per meter. Thus
modification of both monolith as well as 1.8 microssed supports with ion-pairing reagent
has resulted in only about 40-50% of the total neindd original plates / column efficiency.
Still the total number of plates available are isightly large enough for significant
reduction in separation times of individual lantid@s/ actinides. Though the number of
plates observed with monolith column in dynamic iexchange experiments is less
compared to 1.8 micron support, the fact that tlaadtiths can be operated at much higher
flow rates with lower back pressure has resultedvierall reduced separation time. Under

typical experimental condition, various parametarsh as capacity factor (kseparation
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factor @), number of theoretical plates (plates/meter)fetcseparation of lanthanides on

different supports (25 cm length &), 5 cm length (1.8m), 3 cm length (1.8m) and 10

cm length monolith reversed phase supports) argaced Table.4.10.

Table.4.10. Comparison of column parameters for sgpation of lanthanides

Experimental conditions: Mobile phase: 0.1oMHIBA + 0.01 M CSA, pH: 3.5, Flow rate:

2 mL/min
Lanthanides Capacity factor (k") Lantha- Separation factor (@)
25cm| 5cm 3cm 10 cm niqle 25cm 5cm 3cm 10 cm
length | length | length length pairs (5pm) | (1.8um) | (1.8um) | monolith
(5um) | (1.8um) | (1.8um) | monolith
La 9.81 28.32 15.27 7.33 La:Ce 1.39 1.46 1.41 1.44
Ce 7.04 19.36 10.80 5.10 Ce:Pr 1.22 1.27 1.23 1.24
Pr 5.75 15.19 8.75 4.10 Pr:Nd 1.14 1.18 1.17 1.16
Nd 5.03 12.88 7.48 3.54 | Nd:Sm 1.49 1.59 1.51 1.54
Sm 3.37 8.07 4.93 2.29 Sm:Eu 1.23 1.26 1.21 1.25
Eu 2.74 6.40 4.09 1.83 Eu:Gd 1.14 1.16 1.12 1.18
Gd 241 5.50 3.56 1.55 Gd:Tb 1.33 1.44 1.44 1.36
Tbh 1.81 3.80 2.48 1.14 Th:Dy 1.27 1.26 1.11 1.17
Dy 1.42 3.00 2.23 0.97 Dy:Ho 1.16 1.21 1.20 1.35

Capacity factor, k' (K'stto/to); t, observed with 25 cm, 5 cm, 3 cm and 10 cm length
columns are 1.31, 0.41, 0.32 and 0.80 respectively.

* Maximum pressure tolerance of monolithic columP80 bar
* Pressure for the delivery of mobile phase abavftate of 2 mL/min:

210 bar for 25 cm length (@m),
290 bar for 5 cm length (1,8n),
180 bar for 3 cm length (118n) and
38 bar for 10 cm length monolith reversed phaseacis.
* Approximate number of theoretical platgdates/metel):

37,000 for 25 cm length (@m),
70,000 for 5 cm length (1,8n),
1,00,000 for 3 cm length (118n) and
44,000 for 10 cm length monolith supports.
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Based on the total number of plates that are aleilahe 25 cm length column is
expected to give marginally better separation factoimpared to the other two columns.
This is because, the total number of separatiarestaplates computed from a 25 cm length
column (~ 9250 plates in total) are higher than ohserved with monolith (~ 4400 in
total) as well as with one obtained on a 1.8 midneased 3 cm length column (~ 3000 in
total). However, it has been observed that the ragipa factors observed with both
monolithic and 1.8 micron based 3 cm length colurares in general, marginally higher
compared to the one observed with the 25 cm lehgtiicron based suppoftdble 4.10.
Further studies are required to understand thiprisimg trend, i.e. column behaviour
during dynamic ion-exchange chromatographic expemisn The separations with 3 cm
length (1.8um) as well as 10 cm length monolith columns areegaty faster compared to
25 cm length (5um) column; this is because the separation factbresed with 25 cm
length could be achieved with use of only 3 cmalumn length by the reduction in particle
size to 1.8 micron.

The capacity factor, of lanthanides observed froom3as well as 5 cm length (1.8
um) columns is higher compared to the one observtédtine 25 cm length (Bm) column
(Table.4.1Q. This is due to the lower void volume)(bbserved with both 3 and 5 cm
length (1.8um) columns compared to the 25 cm lengthuth column.

4.4 Conclusion

Monolithic columns were employed in a dynamic io@igange mode for the
development of rapid separation of individual lamtidles using a monolith support in about
2.8 min, possibly the fastest liquid chromatograpprocedure developed till date in
literature. The BEHSA modified monolith support$eoéd rapid separation, excellent base-

line resolution and higher separation factor foatdl Th, compared to the bare monolithic
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support. The development of rapid separation prae=dusing monolith based supports
offer new avenues for detection and estimationamtHanides and actinides in various

stages of the nuclear fuel cycle.
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Chapter-5

Burn-up Measurement on Dissolver Solution of NucleaReactor Fuels
using HPLC

5.1 Atom percent determination of burn-up on dissaler solution of a fast reactor fuel
5.1.1 Introduction

Estimation of burn-up is an important parameterthear study of fuel performance,
an indication of energy production from unit mass feel [57, 63, 167-169]. The
measurement of burn-up on dissolver solution df f@actor fuel subjected to high burn-up
is challenging due to the high levels of radiodattivassociated with the fuel. Various
methods have been developed to measure the burshdipsolver solution of spent nuclear
fuels. Among these, isotope dilution mass specttocneéechnique (IDMS) is a well
established technique and is a classical methothomeasurement of burn-up on nuclear
reactor fuels [56, 64-66]. The schematic diagrawticating various steps of the IDMS
technique is shown ifig. 5.1 HPLC based technique has also been developecfat
and accurate determination of burn-up of nucleacta fuels [47-48, 68, 170].

In this chapter, results on burn-up determinatidnFast Breeder Test Reactor
(FBTR) spent fuel using HPLC based rapid separatiethods are discussed. The dynamic
ion-exchange HPLC technique using small particleedasupport (1.8im) as well as
monolith based support was employed for the firsetfor the determination of lanthanides
and actinides and hence burn-up of FBTR spent €listharged at a burn-up of a

~ 155 GWwadt.

107



Stage-|

Fuel solution Load U, Pu are Elute y f6 C:_/ (. 10 %V |
1:1 HNO > : raction > residua
3 Dowex Retainec 35M
Valency adjusted:; 1x8 HNO3
Fe(ll) éulfajlmate Effluent TIMS 0.35M
& NaNoO, HNO3
A
*CV: Column Volume Fission products +
Trivalent Actinides 20 Cv
* TIMS: Thermal ionisation Pu fraction
mass Spectrometry
IDMS (TIMS)

Stage-ll

\ 4

Eluate from stage | of ion-

exchange separation contains

Treat with 0.5 mL of 7.5 M
HNO3 and dry under IR

Rare Earths, Alkaline earths and
trivalent actinides. Evaporate
this solution to dryness.

Dissolve the cooled
residue in 0.5 mL of
the loading solution.

Add 0.2 mL of H,O,when

lamp

A 4

Add 1.0 mL of 30% H,O,+ 1
mL of 1M HNO ; and heat

A

(90% Methanol +
10% 7.5 M HNG;)

dry.

A 4

Load this solution
on to a conditioned

effervescence is seen and thern<

under IR lamp

column and start
washing with 1.5
mL of loading
solution.

volume at a time

Elute with eluting solution.
(90% Methanol + 10% 0.075 M
HNO:,) transferring 1 column

Collect 11.5-30
column volume as

Y

A

Ce fraction and
preserve.

Reject first 6.75
column volumes

Collect 6.75-8.5

column volume as Nd

Collect 8.5-11.5 column
volume as second Nd
fraction and reserve it.

IDMS (TIMS) of Nd

Fig.5.1. Schematic of mass spectrometric techniqu®r burn-up determination on

nuclear reactor fuels
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In the initial studies, U and Pu present in thesaliger solution of FBTR fuel were
removed by an ion-exchange chromatography. Thefiggroduct fraction after removal of
U and Pu was subsequently injected into HPLC sys$tenthe assay of burn-up monitors
i.e. La and Nd. Reversed phase chromatographicniggodh was employed for the
determination of uranium and plutonium in the digso solution. Subsequently, HPLC
technigue using monolith support was demonstraiethe first time for the direct injection
of dissolver solution from FBTR without any pre-aegtion of matrix uranium and
plutonium. The atom percent fission was determipasked on these measurements and the
results are discussed.

5.1.2 EXPERIMENTAL
5.1.2.1 Studies involving dissolver solution of spefuel (FBTR)

The U-Pu mixed carbide pellets from the fuel pmadiated in FBTR with a nominal
burn-up of about 1,55,000 MWd/t were dissolved thM HNO; medium [48]. In some
experiments, U and Pu present in dissolver solwtiere separated from fission products on
an anion exchange column (Dowex Anion exchange;2Z0@0mesh, 1x8 mm) using 1:1
HNO3z; medium. Uranium and plutonium were eluted from ¢b&umn subsequently using
3 N HNG; and 0.5 N HNGQ® respectively. Lanthanide fission products, uraniuand
plutonium fractions were brought into 0.01 N HN@edium as a feed for their individual
separation using HPLC. In a few experiments, tissalver solution containing U, Pu, and
lanthanides and other fission products in HN\@&dium was evaporated to near dryness, re-
dissolved in 0.01 N HN&Xor a-HIBA medium) and directly injected into the HPL{stem

for the assay of lanthanides, uranium and plutoniutin appropriate dilutions.
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5.1.3 RESULTS AND DISCUSSION
5.1.3.1 Estimation of lanthanides in dissolver solion of fast reactor fuel using small
particle (1.8 um) based support

The lanthanides present in dissolver solution & Hpent fuel were mutually
separated using dynamic ion-exchange with 3 cmtheagiumn (1.8um) and the resultant

chromatogram is shown Kig.5.2 All lanthanides were eluted in about 4.2 min.

] Nd(1.86)
3.2x10°
- 1 not identified
Qo
S 2.4x10° - /
n
>
S 1 Sm(1.17) Ce(2.84)
2 16x10°
8
2 | Pr(2.24)
<
8.0x10" Eu(0.94)[| Am La(4.23)
\\ (1.63)
L) l L) l L) l L) l L)
0 1 2 3 4 5

Retention time(min)
Fig.5.2. Separation of individual lanthanide fissia products from dissolver solution
using 1.8pm based support.Column: 3 cm length 1.8m reversed phase. Mobile phase:
0.1 M a-HIBA and 0.02 M CSA; pH: 3.6; Flow rate: 4 mL/miDetection: PCR with
arsenazo(lll) at 655 nm.
5.1.3.2 Separation and determination of lanthanidesn dissolver solution of fast
reactor fuel using monolith support

In the initial studies, the lanthanide fractioteafthe removal of U and Pu by anion

exchange chromatography was employed for the detation of Nd or La concentration in
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the dissolver solutions. However to reduce the aVeeparation time, direct injection of

dissolver solution was also investigated and tkalte are shown ikig.5.3
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Fig.5.3. Direct injection of dissolver solution (bm-up~ 155 Gwd/ton) using monolith
support. Column: 10 cm length monolith; Mobile Phase: 0.03C8A + 0.06 Ma-HIBA;

pH: 3.61; flow rate: 4 mL/min; PCR flow rate: 1 mmhih; Detection: 655 nm; Sample:
dissolver solution evaporated and re-dissolvedHiiBA medium.

The lanthanides present in the dissolver soluti@rewmutually separated as well as
resolved from uranium and plutonium under dynanoo-éxchange conditions from
monolithic column. The concentration of La, Ce, Rd, and Sm were determined in the
dissolver solution using a calibration plot. Thesfon product monitor, lanthanum present
in dissolver solution was well separated from waniand Pu(lV) in about 1.8 min under
the experimental condition with 0.01 M CSA + 0.1dvHIBA; pH: 3.6 and flow rate:

5 mL/min (Fig.5.4). The concentration of lanthanum measured undeseticonditions

agreed well with the results of the experimentaldtbons used ifFig.5.3
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Fig.5.4. Separation and estimation of lanthanum fro uranium and plutonium present
in dissolver solution in 1.8 min using monolith suport. Column: 10 cm length monolith;
Mobile Phase: 0.01 M CSA + 0.1 MHIBA,; pH: 3.6; flow rate: 5 mL/min; PCR flow rate:
1 mL/min; Detection: 655 nm; Sample: Dissolver $iolu in 0.1 Ma-HIBA. Inset: La (&
1.77 min) isolated from U, Pu and other fissionduats in the dissolver solution.

The concentrations of lanthanides (La, Ce, Pr, htl@m) and actinides (U and Pu)
in the dissolver solution of fast reactor fuel wesgimated using (A) small particle based
and (B) monolith supports and the results are showiable.5.1 Data on the atom percent
burn-up determined using La and Nd as fission meosiare also included. These studies
established that the dynamic ion exchange HPLCnigqale using reversed phase supports

can be used for direct assay of lanthanides préséiné dissolver solution without the need

for pre-separation of the matrix component, U and P
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Table.5.1. Estimation of lanthanides, uranium and jutonium in dissolver solution
using (A) small particle and (B) monolith supportsfor measurement of atom percent
burn-up

(A) (B)
Estimation on small particle (3 cm Estimation on monolith
length with particle size 1.8um) (20 cm length) based support
based support
Element
Concentration (per | Atom percent | Concentration | Atom percent
gram of dissolver burn-up (per gram of burn-up
solution) dissolver
solution)
La 144ug/g 15.7 166.6u9 16
Ce 251ug/g 283.1ug
Pr 139ug/g 152.4ug
Nd 410ng9/g 15.4 474.5ng 15.7
Sm 122ug/g 133.7pg
U 8.0 mg/g 9.05 mg
Pu 14.7 mg/g 16.7 mg

* A and B: Two different aliquots of dissolver solution

Lanthanide fission products such as Nd and Lafgatie major requirements of a fission
monitor, as they are stable, do not migrate apabégiin the fuel and have large and well
known fission yields [38]. The fission yield of lfar Pu-239 and U-238 fast fission differs
by about 3.53%'¢%La yield for the fast fission of Pu-239 and U-2385.83 and 6.04
respectively; the yields are expressed as the nuoflession product atoms formed in one
hundred fissions). Thus neglecting the contribubgrnU-238 in the formation of La would

result in only a maximum error of about 3—4 % ia fission yield calculation. Hence, La is
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an ideal fission monitor despite of its yield beioge third of that of Nd. Moreover, the
fission product “La” is essentially monoisotopi¢*%a) and thus allows use of chemical
techniques for its assay. The use of Nd as fissnamitor demands calculation of the
individual yields both from U-238 and Pu-239 asytligfer by about 23 % i.e. total Nd
yield for Pu-239 and U-238 fast fission is 16.41d &0.22 respectively. As the fuel
employed in the FBTR is plutonium rich (70 % Pu@ &® % UC), the La and Nd yields
corresponding to Pu-239 were employed to compwebthin-up. The atom percent fission
obtained for fast reactor fuel using total La, essentially***La as fission monitor showed
good agreement with the use of total N&Nd, **/Nd, ***Nd, **Nd, ***Nd and**Nd) as
fission monitor.
5.1.3.3 Separation and determination of U and Pu idissolver solution of fast reactor
fuel using small particle (1.8um) based support

The uranium present in dissolver solution of tipersd fuel was separated from
plutonium using reversed phase HPLC with 3 cm lerogiumn (1.8um) and the resultant
chromatogram is shown kig.5.5 and Fig.5.6 U(VI) is well separated from Pu(lll) as well
as Pu(lV). The concentrations of total uraniumhe tlissolver solutionT@ble.5.1) were
determined using calibration plots. The retentiomes for Pu(lll) as well as Pu(lV) were
identified by individually injecting these samplgsure Pu(lll) and Pu(lV)) in reversed
phase HPLC system. The retention of Pu(lll) is atrmomparable to that of lanthanides.
These studies indicated that Pu(lV)-hydroxy isolatsy complexes are more hydrophobic
compared to Pu(lll) complexes and hence Pu(lV) listed later. However for the
guantitative analysis, Pu was reduced to Pu(lltj @& concentration in dissolver solution

was obtained using a calibration plot, which waspgred using plutonium standards.
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Fig.5.5. Injection of dissolver solution into smallparticle (1.8 pm) based reversed
phase support after separation from fission product by anion exchangeColumn: 3 cm
length 1.8um reversed phase; Mobile phase: 0.bIBA, pH: 3.5, flow rate: 2 mL/min;
Detection: PCR with arsenazo(lll) at 655 nm (fracticollected, redissolved in 0.01 N
HNO3).

However, the retention or capacity factors of PY(&ve lower compared to U(VI)
which is possibly due to the formation of anionpesies e.g. [Pu(IBAJOH),]%, similar to
thorium, which is expected to have a lower retentom a hydrophobic support. These
studies indicated that uranium-hydroxy isobutyratemplexes are more hydrophobic
compared to Pu(lll) as well as Pu(lV) complexese Tdoncentration of uranium in the
dissolver solution was also estimated by the D@&rsy technique [151]. The HPLC results
were found to be withintl% with Davis-Gray method. The reversed phase HPLC

technique also showed promising features for th&ayasof plutonium in its various

oxidation states.
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Fig.5.6. Direct injection of dissolver solution inb small particle (1.8um) based without
any pre-separation.Column: 3 cm length 1.8m reversed phase support; Mobile phase:
0.1 Ma-HIBA, pH: 3.5, flow rate: 2 mL/min; Detection: FOwith arsenazo(lll) at 655 nm
(dissolver solution was diluted in 0.01 N HNO
5.1.3.4 Separation and determination of uranium andplutonium using monolithic
column

Uranium and plutonium present in dissolver solutiwere determined by both
dynamic ion-exchange and reversed phase chromatugreechniques. Uranium as well as
plutonium were not determined in the same run aleitly lanthanides since the U and Pu
peaks showed near saturation during the assay eoflaithanide fraction. Hence, the
dissolver solution was directly injected after agprate dilution for thedetermination of

uranium or plutonium. Experimental conditions, mgaimilar to one employed iRig.5.3

were used for the assay of uranium, Pu(lV) andIB#ig.5.7).
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The reversed phase HPLC technique using monolpipat was also employed in
the present study for the determination of uraniiig.5.8) and Pu(lll) (Fig.5.9. The

results are found to be in good agreemefi#4) with the one obtained using the dynamic

ion-exchange technique.
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Fig.5.7. Direct injection of dissolver solution foruranium and plutonium assay by
dynamic ion exchange.Column: 10 cm length monolith; Mobile Phase: 0.0308A +
0.06 M o-HIBA; pH: 3.61; flow rate: 2 mL/min; PCR flow ratd mL/min; Detection:
655 nm; Sample: dissolver solution (in 0.01 N HN® hydroxylamine hydrochloride (Pu

reduced to Pu(lll)).
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Fig.5.8 Direct assay of uranium present in dissolver solubn using reversed phase
monolith support. Column: 10 cm length monolith; Mobile Phase: 0.1cNHIBA; pH:
3.2; flow rate: 2.5 mL/min; PCR flow rate 1 mL/miDgtection: 655 nm; Sample: Dissolver
solution in 0.01 N HN®medium; 20 pL injected. (NaNQvas added to keep Pu in Pu(lV)
state)
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Fig.5.9 Direct plutonium assay from dissolver solution usig reversed phase monolith
support. Column: 10 cm length monolith; Mobile Phase: 0.1oNHIBA; pH: 4.2; flow
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detectid55 nm; Sample: dissolver solution in
0.01 N HNQ + hydroxylamine hydrochloride (Pu in Pu (111)).
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5.1.3.5 Identification of americium in dissolver slution

Americium, the minor actinide, present in the digsr solution was identified by
injecting pure Am(lll) and measuring its retentitome (Fig.5.10. The “Am” fraction was
also collected and analysed using a HP Ge detedtoese studies established the potential

application of the LC technique for “Am fractionlleztion” as well as its assay in dissolver

solutions, HLW etc.
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Fig.5.10. Identification of Am from dissolver soluton. Column: 10 cm length monolith;
Mobile Phase: 0.015 M CSA + 0.1 MHIBA; pH: 3.4; flow rate: 3 mL/min; PCR flow
rate: 1 mL/min; Detection: 655 nm. (In these expents major amount of U and Pu was
removed prior to identification of Am)
5.1.3.6 Minimisation of radiation exposure and wast

The contact radiation dose for about 0.1 g dildsdolver solution was found to be

~ 0.3 mSv (0.1 g of the dissolver solution wastaming 17 pg La, 47 pg Nd, 900 pg of U

and 1670 pg of Pu). In this part of work, typicalyl g of the dissolver solution was diluted
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with HNOs / HIBA medium and directly injected into the HPU@ the determination of
lanthanide fission products, uranium, and plutoniufile development of the rapid
separation technique using monolith, which resultadolation of “La” from the dissolver
solution in about 1.8 min, Pu(lll) from other aaties and fission products in 1.18 min, and
that of UQ*? from other actinides and fission products in abb@5 min resulted in the
minimization of radiation exposure to the personmébugh it is difficult to quantify at this
stage, the reduction in separation times of U,dPd, La’s achieved in the present work,
would probably reduce the overall exposure edsilpbout 10 times. The overall reduction
in separation time also reduces the waste thatersergted during the course of the
campaign.
5.1.4 Conclusion

The rapid separation techniques using small partidsed (1.8um) as well as
monolith based supports were demonstrated for #sayaof uranium, plutonium, and
lanthanides present in the dissolver solution &ish reactor fuel discharged at about 155
GWwd/ton. The dynamic ion-exchange technique was l@yad for measuring the
concentrations of fission product lanthanides sagha, Ce, Pr, Nd and Sm in the dissolver
solution of fast reactor fuel.

Uranium and plutonium concentrations were measacadirately in the dissolver
solution of fast reactor fuel using reversed phasevell as dynamic ion-exchange based
HPLC techniques. A dynamic ion exchange chromafdgcatechnique was also developed

for the identification of the minor actinide, anuim.
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5.2 Determination of lanthanides in uranium matrix using single stage double column

chromatography and its application to burn-up measwement of nuclear reactor fuels

5.2.1 Introduction

The most common method for the determination ofhi@nides in uranium matrix
involves removal of uranium by a suitable technigueh as solvent extraction [171-172],
extraction chromatography [100nd anion-exchangdollowed by determination of
lanthanides using liquid chromatography, ICP-AES. dh one of the studies [100],
lanthanide fission products present in dissolvdutem of nuclear reactor fuel were
separated from uranium matrix using a di-(2-ethyjth@hosphoric acid) (HDEHP) coated
column. In some studies, lanthanides and uraniuesegmt in comparable levels was
separated and determined [68, 112, 173]. Separatiolanthanides as group i.e. total
lanthanides in uranium matrix of salts from pyradi@al studies using extraction
chromatographic technique was also reported [1@3-10

In the determination of lanthanides in uranium mate.g. lanthanide impurity in
the pellets of U@demands development of HPLC technique where umagulanthanides
ratio could be 101 to as high as 0. Moreover, loading analytical column with large
amounts of uranium during HPLC run results in largeneration times for subsequent
analysis. In one of the technique reported inditere [174], uranium matrix was removed
on a semi-preparative reversed phase column (210 xnm, reversed phasegCand
lanthanides were separated subsequently on a oatidmange column using single stage
chromatographic method. In these studies, uranimmaming solution with a concentration
as high as 5 mg/mL was injected into the liquidoohatographic system; using 20 mg

uranium loading onto the column, lanthanide impesitin uranium matrix were
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determined. To avoid use of expensive preparatslenins and also for the multiple
analysis of lanthanide fission products such as Brmand Nd in uranium matrix, a single
stage dual column chromatographic technique has Heeeloped in the present work to
overcome the difficulties associated with uraniumeiference.

Organophosphorous compounds are attractive caegidiatr the extraction of
actinides [175-182] and their extraction efficienocy ascending order is phosphates,
phosphonates, phosphinites and phosphine oxidesmibist widely used neutral extractants
are tri-n-butylphosphate (TBP) and tri-n-octyl ppbime oxide (TOPO). TOPO offers a
very high distribution ratio for uranium and lowdistribution ratio for lanthanides and
other fission products [183] and hence a promistagdidate for pre-concentration of
uranium by extraction chromatographic techniquec&its agueous phase solubility is very
low, it is an attractive candidate for holding urtan during extraction chromatographic

technique. Extraction of uranium with TOPO can &eresented as

UO,(NO,), + 2TOPG= Ug Nf), 2TOF

This chapter also deals with the separation andriehgtation of lanthanides in
uranium matrix using single stage dual column HPEChnique. In these studies, two
columns were connected in a series, first colummen(blength reversed phase support)
modified with TOPO for holding uranium and the set@ne, an analytical column (10 cm
length monolithic reversed phase support, modiiiol a cation exchange column by ion-
interaction chromatography, with an ion pairinggesat, CSA) for individual separation of
lanthanides. During a chromatographic run, uraniametained in the first column by
complex formation with TOPO and lanthanides arespd®n to the second column, where
they get isolated from each other. Samples of &mtes in uranium matrix of various

proportions were injected into the coupled dualioot for separation and determination of
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lanthanides in uranium matrix. Studies were carpatto study the factors affecting the
retention of uranium, lanthanides and other fisgmducts such as Zr, Mo, Cs, Ba, Sr, Ru,
Rh, and Pd on the TOPO modified column. Based egetlstudies, a single stage coupled
column chromatographic method has been developedtte rapid and accurate
determination of lanthanides in uranium matrix. Taehnique was demonstrated for the
determination of atom percent burn-up on the digsokolution from a PHWR nuclear
reactor fuel (MAPS, Kalpakkam, India) and the resudre discussed. The retention
behavior of Pu(lll), Pu(lV), and Am(lll) was alsomestigated on the coupled column.
Subsequently, the lanthanide fission products wssparated and determined from a
dissolver solution of a fast reactor fuel (FBTRyldhese results are discussed.
5.2.2 EXPERIMENTAL
5.2.2.1 Column-1:
5.2.2.1.1 Preparation of TOPO modified reversed plse (5 cm length) support

TOPO modified supportwas prepared by passing a solution of TOPO (100 mL)
through a reversed phase support at a typical fédevof 0.2 mL/min. TOPO solutions were
prepared in a methanol-water mixtures (typicall§5:25 v/v methanol to water). Higher
methanol content was employed in some studies sarercomplete dissolution of TOPO.
Acetone-water mixture was also employed in one hefs¢ studies to prepare TOPO
modified support. When the coating was completeel ,column was washed with about 20
mL water. After the completion of studies with atpaular TOPO sorbed support, the same
was washed and removed completely with ~ 25 mL efthanol. The same 5 cm length
column was reused for all studies carried out engresent work. All the experiments were
carried out at 2%2. The amount of TOPO sorbed / coated onto thpastwas determined

by gravimetry Table.5.2)
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5.2.2.1.2 Preparation of TOPO modified 25 cm (4.6 m dia) length reversed phase
support

TOPO coated 25 cm length reversed phase supporpreasared by passing 3.91
mmol TOPO (TOPO dissolved in 500 mL of methanol%jiwater (29%) mixture)
through a 25 cm length reversed phase support #ow rate of 0.25 mL/min. Actual
amount of TOPO coated on to the column was estariategravimetry Table.5.2.

Table.5.2. Preparation of TOPO modified 5 cm and 2%m length support: coating
solutions and % sorption

Reversed Coating Amount of Amount of TOPO % TOPO
phase solution TOPO passed coated (mmol) sorbed on
supports (%) (mmol) column
MeOH-Water 1.33 0.16 12.2 %
(84: 16)
MeOH-Water 1.13 0.21 18.6 %
(75 : 25)
MeOH-Water 1.44 0.28 194 %
5cm (75 : 25)
MeOH-Water 1.85 0.43 23.2 %
(70 : 30)
MeOH-Water 2.20 0.54 24.6 %
(70 : 30)
Acetone-Water 2.20 0.12 55%
(65 : 35)
25 cm MeOH-Water 3.91 1.60 40.92%
(71 :29)
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5.2.2.2 Column-2: Modification of 10 cm length revesed phase monolithic support
into a dynamic ion-exchange column

The reversed phase monolith support was modifiéal @andynamic ion-exchange
column using water soluble ion-pairing reagent, C&Amobile phase solution (CSA+
a-HIBA) was passed through the reversed phase suffypically 30 mL) to establish a
dynamic ion-exchange surface, after which sample® witroduced into the HPLC system
for separation.
5.2.2.3 Dissolution of spent fuel (PHWR)

The fuel pellets (U@ from the PHWR fuel pin were dissolved in boili8@gM
HNO3z; medium [49]. The dissolver solutions containing RYy, and fission products in
HNO3z; medium were evaporated to near dryness, re-dsdotv1 N HNQ medium. The
dissolver solution was directly injected into th®IEC system with appropriate dilutions
using 0.01 N HN@medium for assay of lanthanides, uranium and plutuo.
5.2.3 RESULTS AND DISCUSSION
5.2.3.1 Separation of lanthanides in U matrix on aadytical column

In dynamic ion-exchange chromatographic technidathanides such as Sm and
Nd could be well separated from uranium, only iitlkenide to uranium ratio does not
exceed 1:500. When lanthanide to uranium ratio ree®d to 1:1000, lanthanides such as
Sm, Nd and Pr could not be resolved from matrixiuma (Fig.5.13). Thus for samples
with higher uranium to lanthanide ratio, e.g. 2@Q0ndividual lanthanides could not be
separated from each other and determined in aesidgtomatographic run because of
uranium interference. This will be the case fosdiger solutions from PHWR subjected to
a burn-up of around 5000 MWd/ton, where uraniumeodymium ratio could be ~ 2000:1.

Considering these aspects, a coupled dual columomatographic technique has been
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developed in the present study to overcome thdcdifies associated with uranium
interference during the quantitative determinatadnanthanide fission products such as

Sm, Pr, and Nd in the uranium matrix.
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Fig.5.11. Separation of individual lighter lanthandes on a monolithic column in the
presence of uranium.Column: 10 cm length reversed phase monolithic rmaluMobile
phase: 0.1 Mi-HIBA + 0.015 M CSA; pH: 3.52; Flow rate: 2 mL/miRCR flow rate: 0.5
mL/min; Detection: 655 nm; Sample: Lanthanides (Ce, Pr, Nd, Sm and Eu; 10 ppm
each) and U (up to 50 mg/mL) in 0.01 N HN@0O0OuL sample injected.
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5.2.3.2 Separation of lanthanides from uranium maix using single stage double
column chromatographic method

Individual separation of lanthanides from each o#sewell as from uranium matrix
was studied using single stage double column chiagmaphic technique. In this technique,
TOPO coated 5 cm length reversed phase supporcoragected in a series ahead of an
analytical column, which was dynamically modifieda a cation exchanger using CSA.

In this method, uranium & lanthanides solutionsrevenjected directly into the
HPLC system containing the dual (coupled) columrsénies. The schematic of double

column chromatography for separation of lanthanilesn uranium matrix is shown in

Fig.5.12
U+ Lanthanides
Injection Column.2

Monolithic C 15
) column dynamically
: l Column.1 Lanthanides modified to cation-
Mobile phase TOPO modified 5 cm exchange with CSA;

(CSA+HIBA) length Cyg support HIBA for elution

“Uranium retained as

UO,(NOg),. 2TOPO” Individual separation of
lanthanides

bl
Fig.5.12. Schematic of single stage dual column @dmatographic technique for
separation of lanthanides in uranium matrix

Separation of individual lanthanides on a mondittolumn using dynamic ion-exchange
chromatographic technique was studied with and amithuse of TOPO coated column

(Fig.5.13. A mobile phase consisting of CSA (0.015 M) aaeHIBA (0.1M) was
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employed for isolation of individual lanthanidesitially lanthanide separation was carried
out on dynamically modified monolithic column (watlit TOPO coated column) and total
separation time was 8.63 min. Under similar expental conditions, separation of
lanthanides was studied by connecting two columrseries, i.e. TOPO sorbed support was
the first, followed by dynamically modified analgail column. The total separation time of
lanthanides was marginally enhanced and was foore 19.02 min. The separation factor
of some adjacent lanthanides was calculated andethéts are given iffable.5.3 These
studies have established that TOPO coated suppdrhat affect the performance of
analytical column and hence TOPO coated column ecgasected ahead of a monolithic

analytical column for the separation and deternonabf lanthanides in uranium matrix.

4x10° With TOPO modified column

)
©
b
> Yb
® 0 -
S 4x10° Eu Without TOPO modified column
)
»
'<?: La
Ho Nd Pr Ce

(8.63)

T T T T T T T T
0 2 4 6 8 10
Retention time (min)

Fig.5.13. Separation of lanthanides using dynamion-exchange chromatography with
and without connecting TOPO coated columnColumns:5 cm lengthTOPO coated
column (0.21 mmol sorbedAnalytical column: 10 cm length reversed phase rtno
support;Mobile phase: 0.1 M-HIBA + 0.015 M CSA; pH: 3.5; Flow rate: 2 mL/miRCR
flow rate: 0.5 mL/min; Detection: 655 nm; Samplanthanides (~ 10 ppm) in 0.01 N
HNOg3; 20 uL injected.
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Table.5.3. Separation factors for some adjacent ldimanides on a monolithic column
with and without TOPO coated column

Lanthanides Separation factor)
Monolithic Dual column
column (TOPO coated
only column +
monolithic
column)
La:Ce 1.44 1.45
Ce:Pr 1.26 1.27
Pr:Nd 1.17 1.16
Nd:Sm 1.59 1.60
Sm:Eu 1.26 1.27
Eu:Gd 1.14 1.15
Gd-Th 1.37 1.37
Th-Dy 1.29 1.29

Columns usedStudy.1. 10 cm monolith support onhyStudy.2: Column.1: 0.21 mmol
TOPO sorbed 5 cm length support+Column.2: 10 cngtlermonolith; Mobile phase:
0.1 Ma-HIBA + 0.015 M CSA; pH: 3.5; Flow rate: 2 mL/min.

5.2.3.3 Breakthrough studies on TOPO coated column

Initially uranium loading capacity on the TOPO azhtcolumn was investigated.
Breakthrough studies were carried out on a 0.21mMMAPO loaded support and a profile
under typical experimental condition is showrFig.5.14.In this study, a uranium solution
of 25 pg/mL in 0.01 N HN@medium was passed through the column at a floevah0.5
mL/min. 100% breakthrough was observed after pgssibout 260 mL of solution. About
6.3 mg of uranium could be loaded on to the colwuaring these studies. These studies
have established that lanthanides in uranium matix be directly injected for selective
sorption of uranium during chromatographic runsifir studies were also carried out with
0.54 mmol TOPO sorbed support and the uranium hgackhpacity was found to be ~15 mg

under the above experimental conditions.
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Fig.5.14. Breakthrough profile of uranium on TOPO ©ated support.
U(VI) solution (25 ppm in 0.01 N HN§) was passed through a TOPO sorbed 5 cm length
reversed phase support. Flow rate: 0.5 mL/min; @dcamount of TOPO sorbed on the
reversed phase support was 0.21 mmol.
5.2.3.4 Separation of lanthanides from uranium maix: Influence of TOPO content on
the separation

The separation of individual lanthanides from unamimatrix was studied using
coupled column method. In these studies, the unamdading capacity of 0.12, 0.16, 0.21,
0.39, 0.44 and 0.54 mmol TOPO sorbed columns werestigated. Samples of lanthanide
(e.g. 4 pg/mL) in uranium matrix were injected (gQ) consecutively into the HPLC
system, i.e. after the elution of last lanthanldaethanum, the next sample was injected and
so on. The results of these studies are showhalme.5.4 For example, when sample

solutions containing lanthanides (4 pg/mL) withnivan (10 mg/mL) were injected into the

HPLC with coupled column consisting of 0.54 mmolrbeml TOPO support and a
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monolithic column, 27 consecutive injections coudd performed for separation and
determination of lanthanides in uranium matiig(5.195. Uranium elution was observed
during the 28 injection of the sample, i.e. the overloaded uramfrom the first column
(TOPO sorbed support) was transferred to the analytolumn (second column), from
where it was eluted. Thus, 7, 15, 16, 24, 25 ands@dcessive injection of samples
(lanthanides 4 pg/mL and uranium 10 mg/mL) coulccaried out with 0.12, 0.16, 0.21,
0.39, 0.44 and 0.54 mmol TOPO sorbed supports casply. As expected, uranium was
retained on the modified reversed phase supportedmed at different time intervals
depending upon the amount of TOPO sorbed ontoetlersed phase support.

In a typical experiment, 45 successive injectiohsample (lanthanide to uranium
ratio 1000, where lanthanide concentration was 4mjigand that of uranium was
4 mg/mL) were carried out prior to matrix uraniurtuten in the determination of
lanthanidesKig.5.16. The following results were observed from couptetbmn method
containing 0.21mmol TOPO sorbed support. When #tie of lanthanide to uranium was
1:2500 (lanthanides: 4 pg/mL, U:10 mg/mL), 16 sssoge chromatographic runs could be
carried out; similarly, when the ratio was 1:75Q@&g; 4 pg/mL, U: 30 mg/mL), five
consecutive samples could be separated and deeggstimivhen the ratio was raised to
1:12,500 (lanthanides: 4 pg/mL, U:50 mg/mL), thobeomatographic runs were carried
out; when La to U ratio was further raised to 1008, (lanthanides: 4 pg/mL, U: 60
mg/mL), two chromatographic runs could be succedgicarried out prior to uranium
elution. Samples with lanthanide to uranium raéis, high as 1: 25,000 (lanthanides: 4
pg/mL, U: 100 mg/mL) were also successfully deteedifor the lanthanides and uranium
interference was observed from the second run alsvdihe 10 % breakthrough data for

uranium loading on the TOPO sorbed column can bplamed for prediction on the
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number of samples that can be injected prior taniura elution during dual column
chromatographic studies on the determination ofhmdes in uranium matrix. Uranium
elution from experiments involving “successive otjen method” is mainly influenced by
amount of TOPO sorbed on the support and volumecandentration of HIBA that has
been passed through the column. It has been ettadlithat the prediction of uranium
elution from dual column is close to the experinaéigtobserved resultsF{g.5.17 and
Table.5.5.

Table.5.4. Separation of lanthanides in the preseemf uranium matrix. Influence of
uranium and TOPO contents on separation behaviour

Experimental: Column-1: 5 cm length TOPO coatedurmol; Column-2: 10 cm length

monolithic support; Mobile phase: 0.015 M CSA + MLHIBA; pH: 3.5, flow rate:
2 mL/min; Lanthanides: 4 ppm each

TOPO sorbed | Concentration of Results
on 5 cm length U injected
column (mmol) (mg/mL) into
HPLC
0.12 10 mg/mL Lanthanides resolved from each other
up to 7 injections; U elution begins |at
8" injection.
0.16 10 mg/mL Lanthanides resolved from each gther

up to 15 injections; U elution begins
at 16" injection.

0.21 4 mg/mL Lanthanides resolved from each other
up to 44 injections; U elution begins
at 48" injection.

10 mg/mL Lanthanides resolved from each other
up to 16 injections; U elution begins
at 17" injection

30 mg/mL Lanthanides resolved from each other
up to 5 injections; U elution begins |at
6" injection

50 mg/mL Lanthanides resolved from each other

up to 3 injections; U elution begins |at
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4" injection

60 mg/mL

Lanthanides resolved from each ot
up to 2 injections; U elution begins
3% injection

her
at

100 mg/mL
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for the first run; U elution begins
2" injection

her
At

0.39

10 mg/mL

Lanthanides resolved from each other

up to 24 injections; U elution begir
at 28" injection

NS

0.44

10 mg/mL

Lanthanides resolved from each other

up to 25 injections; U elution begif
at 26" injection

NS

0.54

10 mg/mL

Lanthanides resolved from each o
up to 27 injections; U elution begir

ther
1S
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coupled column chromatography.Column.1.: 5 cm length TOPO coated reversed phase
support (0.54 mmol TOPO sorption); Column.2: 10 mwnolithic column. Mobile phase:
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Fig.5.15. Elution behaviour of lanthanum in the presence of matrix uranium in a dual

0.015 M CSA+ 0.1 Mu-HIBA; pH: 3.5; Flow rate: 2 mL/min; PCR flow rat8:5 mL/min;
Detection: 655 nm; Sample: Mixture of U (10 mg/nad La (4ug/mL) in 0.01 N HNG;

20 L injected.
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Fig.5.16. Separation of lanthanides from uranium maix using single stage double
column chromatographic technique Column.1: TOPO coated reversed phase support of 5
cm length (0.21 mmol TOPO sorption); Column.2. Mdha& column modified to cation
exchange. Mobile phase: 0.1 MHIBA + 0.01 M CSA; pH: 3.3; Flow rate: 2 mL/min;
PCR flow rate: 0.5 mL/min; Detection: 655 nm; SaeapWixture of U (4 mg/mL) and
lighter lanthanides (dg/mL) in 0.01 N HNQ acid; 20uL injected.

The uranium sorption capacity in the dynamic modedhromatographic run mode
was studied on column-1 in the presence and absehd@SA using HIBA as the
complexing reagent for elution. Though the ion-pgireagent, CSA is expected mainly to
modify the column-2 i.e. reversed phase monolitdalmn into a cation exchange type, it
is expected that CSA may also sorb on to the TO&dDed column-1 by dispersion forces.

The results observed in the present study indictitatl uranium sorption capacity of the

column-1 has not been significantly altered ingghesence of CSA.
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00 01 02 03 04 05 06
Amount of TOPO sorbed on support (mmol)
Fig.5.17. Uranium loading on TOPO coated supportsColumn.1: 5 cm length TOPO

sorbed reversed phase support + Column.2: dyndgniceddified 10 cm length reversed
phase monolith support

Table.5.5 Predicted and experimentally observed nuber of injections on the TOPO
coated support

TOPO sorbed | Concentration of Number of injections
on 5 cm length U injected
column (mmaol) (mg/mL) into _ ]
HPLC Predicted from | Experimentally
plot obtained
0.16 10 mg/mL 12 15
0.21 4 mg/mL 39 44
10 mg/mL 15 16
30 mg/mL 6 5
50 mg/mL 3 3

135



5.2.3.4.1 Lanthanides in uranium matrix (1:16)

In some studies, a solution of lighter lanthani@es-Eu; 0.1 pg/mL) in uranium
matrix (100 mg/mL) was directly injected (1QQ) into the dual column HPLC system. In
these studies, a 25 cm length reversed phase caoned with 1.60 mmol TOPO was
connected in series with a 10 cm length monolitfliron (dynamically modified into cation
exchange) for the separation and determinatiommthhnides. Eleven sample solutions of
lanthanides in uranium matrix (1 in ®)@vere consecutively injected for the determination
of lanthanides Kig.5.18. These studies have demonstrated that lanthamgarities in
uranium matrix can be determined without matrix ogal. Regeneration of TOPO sorbed

25 cm length column was carried out using 100 mQ.2fM EDTA (pH: 6).
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Fig.5.18. Separation of lanthanide impurities in uanium matrix (~ 1 part lanthanide

in 10° part uranium) using dual column technique.Column.1.: 25 cm length reversed
phase support (1.60 mmol TOPO sorbed) + Columry2amhically modified 10 cm length
reversed phase monolithic column; Mobile phaseMd-HIBA + 0.02 M CSA; pH: 3.48;
Flow rate: 1.5 mL/min; PCR flow rate: 0.5 mL/mingf@ction: 655 nm; Sample: U (100
mg/g) and lanthanides (Oug/g of La, Ce, Pr, Nd, Sm and Eu) in 0.01 N HIN@O puL
injected. (Top figure shows individual lanthaniégparation in one particular run)

5.2.3.5 Significance of use of 5 cm length TOPO ded column
In the present study, 5 cm length TOPO coated coluas mainly employed for

the following reasons:
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(1) To maintain near similar total separation tiofelanthanides from (A) an analytical
monolithic column of 10 cm length and (B) dual eoly 5 cm length TOPO coated column
connected in series with an analytical monolithiz dm length column under given
experimental condition. Use of longer TOPO coat@dron, e.g. 25 cm length may lead to
longer separation time of lanthanides from dualicwls compared to the use of 5 cm length
column (higher void volume with 25 cm over 5 cmgémcolumn).

(2) Use of longer TOPO coated columns i.e. 25 cngtle over 5 cm one during dual
column chromatographic method should result in &igbranium loading as relatively
larger quantities of TOPO can be coated on a 250e¢er 5 cm length support due to
additional availability of sites for TOPO sorptitthrough dispersion forces).

3. However, in a particular study, we have also leggad a 25 cm length TOPO coated
column in series with a monolithic column for assdyanthanides in uranium matrix. In
these studies, uranium contents were far higher, 1i. part lanthanide in iQarts of
uranium. Thus to accommodate larger quantity ohiura, a longer TOPO coated column

(25 cm length) was employed over a smaller coluemgth (5 cm length).
5.2.3.6 Regeneration of “uranium sorbed TOPO coatedolumn”

After completion of set of chromatographic expemtse regeneration of TOPO
sorbed column was carried out usingfllIBA or EDTA as the complexing agent to remove
the sorbed uranium from the support. In the ingtaidies, uranium from the support was
eluted with 0.15 Mu-HIBA solution (pH: 2.8). Uranium was eluted witbvere tailing from
the TOPO coated support. Subsequently, 0.2 M soludf EDTA (pH: 6) (50 mL) was
employed as the complexing reagent for the elutfouranium. A severe tailing, which was

observed with HIBA, was not observed when EDTA veasployed as a complexing
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reagent. The column was subsequently washed withrviallowed by methanol and the

same was recoated for different TOPO loading studie

5.2.3.7. Retention behavior of fission products, Fll), Pu(lV) and Am(lll) on TOPO
coated reversed phase support

The elution behaviour of various fission productaswnvestigated on a TOPO
coated reversed phase support. In the initial efyda simulated fission product solution
containing 250 pg/mL of each of these metal ioms,Mo, Sr, Ba, Ru, Zr, Pd, Rh, Nd and
Cs were injected (injected amount ~ 40-50 pg) inhes HPLC system containing TOPO
coated column. A mobile phase solution of 0.01 NO4Mas used for elution. In total, ten
eluted fractions of 2 mL each were collected are@ldlements such as Sr, Ba, Cs, Rh Zr,
Mo, Ru, and Pd were analysed using ICP-AES tecleriguthe fission products.

The elution of fission products from TOPO coatetumn from HNQ medium is
shown inFig.5.19a Fission products such as Nd, Sr, Ba, Ru, Rh,Gswdiere eluted in the
first fraction; the metal ions, Mo and Pd were etlunder six fractions; however Zr could
not be eluted with 0.01 N HNOmedium. The elution behaviour was subsequently
investigated using 0.1 M-HIBA (pH: 3.5) as the mobile phase and the resarésshown in
Fig.5.19h It was observed thamost of the fission products such as Mo, Sr, Ba,ZRURh,

Nd and Cs were eluted in the first fraction (i.enR) and Pd elution was observed till four
fractions. The experiment was also carried outhi@ presence of matrix uranium and
similar elution behaviour was observed for the a&bbssion products. Uranium however

did not elute from the TOPO coated column undesdtexperimental conditions.
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Fig.5.19. Elution behaviour of fission products on TOPO coated reversed phase
support. Column: 5 cm length reversed phase support madifigh 0.21 mmol TOPO;
5.19a. Mobile phase: 0.01 N HN(b5.19b. Mobile phase: 0.1 M-HIBA; pH: 3.5; Flow
rate: 2 mL/min; PCR flow rate: 0.5 mL/min; Detectidc55 nm; Sample: simulated fission
products (each metal ion ~ 200-250 pg/mL; 200 pécition; injected amount 40-50 pg of
each element) in 0.01 N HNO

The retention of actinides species such as Pu@mylll) and Pu(lV) was also
investigated on TOPO coated reversed phase colsmg 0.1 Ma-HIBA (pH 3.5) as the

mobile phase. The ions, Pu(lll) / Am(IIl) (0.42 miand Pu(lV) (0.50 min) were eluted



close to dead volume, i.ey tndicating their poor affinity on TOPO coated qoiu
(Fig.5.20. However, uranium was strongly complexed andimethon the TOPO coated

support.
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Fig.5.20. Retention behaviour of Pu(lll), Pu(lV) ard Am(lll) on TOPO coated
reversed phase supportColumn: 5 cm length reversed phase support (0.2bIfMOPO
sorbed); Mobile phase: 0.1 MHIBA; pH: 3.5; Flow rate: 2 mL/min; PCR flow rat@.5
mL/min; Detection: 655 nm; Sample: Am(~4ppm), P@nd Pu(lV) ~ 20 ppm in 0.1 M
HIBA; 20 uL injected.
5.2.3.8 Burn-up determination of PHWR fuel by singt stage double column
chromatography

Lanthanide fission products such as La, Ce, PrabhiSm in the dissolver solution
of PHWR fuel were separated and estimated withentowal of “matrix uranium” using
single stage dual column chromatographic technidhe. initial studies were carried out
with a simulated dissolver solution. A mobile phasade of 0.015 M CSA with 0.1 M

a-HIBA (pH: 3.4) was employed for individual sepaoat of lanthanide fission products. In

these studies, 30 consecutive injections wereethout and lanthanides (~ 3 pg/mL) were
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separated and determined prior to elution of matranium (5 mg/mL)Kig.5.21). Thus the
support has been qualified for 30 successive aisalys sample of dissolver solution.
Subsequently, dissolver solution from PHWR fuel wiggcted into HPLC system for
individual separation of lanthanides fission pradu§ig.5.22. Plutonium present in the
dissolver solution was converted to Pu(lV) by addiaNGQ prior to sample injection. The
concentration of La, Ce, Pr, Nd and Sm were eséichah the dissolver solution using
calibration plots and the results are showi able.5.6. Reversed phase HPLC technique
was employed for the estimation of uranium andgulistm using monolithic column with
0.1 M a-HIBA (pH of 3.5) as the mobile phase. Americiutne tminor actinide present in
the dissolver solution was identified by injectipgre Am(lll) as well as spiking with
dissolver solution Kig.5.23. The atom percent burn-up of the dissolver sotutivas
determined using La, Pr and Nd as fission monif88. The atom percent burn-up of
dissolver solution of PHWR fuel was found to be43.Qvith La as fission monitor; 0.967
with Pr as fission monitor and 0.961 with Nd asibs monitor. These studies established
that the TOPO coated single stage dual column cliimgnaphic technique can be used for
direct assay of lanthanide fission products presemissolver without pre-separation of
“matrix” uranium. These studies also can be appt®destimate the lanthanide fission
products in dissolver solution of nuclear reactal fsubjected to a very low burn-up (when

Nd to U ratio as low as ~ 1:10,000).
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Fig.5.21. Separation of simulated dissolver solutio containing lanthanides from
uranium matrix using single stage double column chomatographic support.
Column.1.: 5 cm length reversed phase support (h&bl TOPO sorbed)+ Column.2:
dynamically modified 10 cm length reversed phasadtith support; Mobile phase: 0.1 M
a-HIBA + 0.015 M CSA; pH: 3.4; Flow rate: 2 mL/miieCR flow rate: 0.5 mL/min;
Detection: 655 nm; Sample: Mixture of U (5 mg/g)dalanthanide fission products
(3ug/g) in 0.01 N HNG@; 20 uL injected.
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Fig.5.22. Direct assay of lanthanide fission prodig present in the dissolver solution of
PHWR spent fuel using single stage double column mmatographic technique.
Columns: (1). 5 cm length reversed phase with On@&tol TOPO sorption + (2).
dynamically modified 10 cm length reversed phasadtith support; Mobile phase: 0.1 M
a-HIBA + 0.015 M CSA; pH: 3.35; Flow rate: 2 mL/mi,CR flow rate: 0.5 mL/min;
Detection: 655 nm; Sample: dissolver solution oMARIspent nuclear fuel; 3 injected.

Table.5.6 Estimation of lanthanides and actinidesiidissolver solution of PHWR spent
fuel - determination of atom percent burn-up

Element Concentration Burn-up
(per gram of (atom
dissolver percent)
solution)
La 10.0ug 0.943
Ce 19.2ug
Pr 9.3ug 0.967
Nd 32.0ug 0.961
Sm 7.9u9
Eu 0.6 ug
U 29.2 mg
Pu 116ug

e Approximately 50% fissions were from U-235 and 50%m Pu-239 towards the
total fission; the same was arrived by measuringSNd ratio from HPLC
experiments. The value of fractional fission yi€¥g employed in the determination
of atom% fission was Nd (18.58/100); La (6.19/180) Pr(5.57/100)38]

Uncertainties in the measurement + 2-3 %
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Fig.5.23. Identification of Am(III)/Pu(lll) from di ssolver solution of PHWR spent fuel
using single stage double column chromatographic pport. Columns: 5 cm length
reversed phase support coated with 0.21 mmol TOB@hamically modified 10 cm length
reversed phase monolith support; Mobile phaseM)dtHIBA + 0.015 M CSA; pH: 3.35;
Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; [@etion: 655 nm; Sample: dissolver
solution of PHWR spent nuclear fuel in 0.01 N HN#@id; 20uL injected.

5.2.3.9 Elution behaviour of U, Pu, Am and lantharde fission products present in the

dissolver solution of fast reactor fuel

The coupled column chromatographic technique wss @mnployed to separate and

estimate lanthanide fission products from dissosadution of a fast reactor fuel subjected

to a burn-up of ~ 155 GWd/F(g.5.249.
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Fig.5.24. Elution behaviour of plutonium and lanthanide fission products present in

the dissolver solution of fast reactor fuel by sing stage double column
chromatography: Columns: 5 cm length reversed phase support coaited0.21 mmol

TOPO + dynamically modified 10 cm length reversdthge monolith column; Mobile
phase: 0.1 Mi-HIBA + 0.015 M CSA; pH: 3.45; Flow rate: 2 mL/miRCR flow rate: 0.5
mL/min; Detection: 655 nm; 20L injected.

Plutonium present in the dissolver solution wasistdid to +4 oxidation state prior
to sample injection. The dissolver solution frorstfeeactor was directly injected into the
HPLC system, containing TOPO coated column condertea series with dynamically
modified reversed phase monolith support. Uraniuas worbed on first column, whereas
plutonium, americium and lanthanide fission produwtere transferred to the second
column, where lanthanide fission products were 1s#ed from each other. The
concentrations of lanthanide fission products & dmssolver solution were estimated and

the results are shown ihable.5.7. In the measurement of lanthanides fission praguct
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interference of Pu (in +4 oxidation state) was oleserved due to early elution of Pu(lV)

(1.8 min) compared to lanthanide fission products.

Table.5.7. Estimation of lanthanide fission produd, U and Pu in dissolver solution of
Fast Reactor Fuel

Element Concentration Burn-up
(per gram of (atom
dissolver solution) percent)
La 33ug 15.9
Ce 56 ng
Pr 30ug
Nd 95ug 15.7
Sm 2719
U 1800ug
Pu 3350ug

e Uncertainties in the measurement + 2-3 %

5.2.3.10 Advantages of burn-up measurements with HIZ technique

The determination of atom percent burn-up has lysgwerally carried out using a
well established Isotope Dilution Mass SpectromelidMS) techniqug65]. Estimation of
lanthanide fission products as well as uraniumg@uatbnium for the determination of atom
percent burn-up using HPLC technique is less timeseming compared to the steps
involved in the method using IDMS technique. Foe tbMS method, fission monitor
(Nd-148 is generally used as burn-up monitor) asavter elements (U and Pu) are purified
and obtained in multiple separation stages. Ihtatanium and plutonium will be isolated
from fission products from 1:1 HNOnedium using an anion exchange column. Uranium is
later eluted using 3 N HN{and plutonium is subsequently eluted using 1 N BINKDe

fission products containing lanthanide fractionl g isolated from each other in a second
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stage using an anion exchange column using meti#d@s medium for the isolation of
pure neodymium fraction. Thus the isolation of WU,dd fission product monitor demands
multiple separation steps. However, in the pres#?itC method of study, separation and
determination of uranium, plutonium and lanthanfidsion products was carried out in a
single step. The precision and accuracy of themhtographic technique with post-column
derivatisation technique employed in the presemtysis generally found to be = 2-3 %.
Earlier studies from our laboratory [49] have eksled that atom percent results obtained
by HPLC are + 2-3 % of mass spectrometry results.
5.2.4 Conclusion

A single stage dual column chromatographic techmiguas developed and
demonstrated for the separation and determinatidanthanides in uranium matrix. The
uranium loading capacity on the TOPO coated coluvas studied in detail and it was
established that the use of supports with high€dPD load” resulted in higher uranium
loading. Successive injection of lanthanide sampiesranium matrix was demonstrated
and lanthanides were separated and quantitativetBrmined. Lanthanide fission products
such as La, Ce, Pr, Nd and Sm in the dissolvetisalof PHWR fuel were separated and
determined without removal of matrix uranium forethburn-up measurements. The
retention behaviour of Am(lll), Pu(lll), Pu(lV) arfésion products such as Zr, Mo, Cs, Ba,
Sr, Ru, Rh, Pd was also investigated on the dullintm Samples with lanthanide to
uranium ratio, as high as 1 in®1@ere directly injected into the HPLC system foe th
guantitative separation and determination of lamthes. The single stage chromatographic
technique can also be extended for the determmafidanthanide impurities in samples of

UQO; pellet without removal of uranium matrix.
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Chapter-6

Correlation of Retention of Lanthanide and Actinide Complexes with
Stability Constants and their Speciation

6.1 Introduction
One of the important factors governing the sepamagfficiency of individual

lanthanides/actinides is the stability constanttlud metal-ligand complex. Therefore,

stability constant data of lanthanide/actinide ctaxes are important in the development of
high performance separation procedures. A widestsaof techniques are available for the
determination of stability constant. However, them® in most cases amenable for
measurements of a single metal ion only. Chromapgc methods on the other hand
provide the interesting possibility of computing thtability constant of several metal ions
in one single experiment or set of experiments.o@latographic and electrophoretic
methods have been studied for the estimation bflgyaconstant of metal complexes from

the retention data [120, 184-188]. Retention madehetal ions using ion chromatography
were reported in literature [189-190]. In chrongrphic techniques, stability constants of
metal complexes were determined through the measnteof changes in either capacity
factor (chromatography) or the distribution rationfexchange) of the analyte upon a
change in complexing agent concentration. In mgstesns investigated in literature, the
dependence of reciprocal values of capacity faqtbiis) on the ligand concentration [L]

was carried out and a linear plot of 1/k’ vs ligandncentration was obtained. The
assumption involved in these studies is the presaica single predominant complex.

Typically six different ligand concentrations waieed to obtain the plot in these studies
[189-190]. A gel chromatographic method was alsporeed for the determination of

stability constant of metal complexes [191]. Thetaheomplex was eluted prior to free
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metal ion and stability constants were determimethfconcentrations of free metal ion and
metal complex. The stability constant of metal ctexes has been traditionally determined
experimentally, using methods such as potentiom§t82-194], polarography [195],
conductometry [196-197], spectrophotometry [198))vent extraction [199] and ion
exchange [200-201].

In the present work, the correlation of retentadnanthanide and some actinide
complexes with their respective stability constsnattempted. A large set of data on the
capacity factor of lanthanides and some actinidaseated under various experimental
conditions of mobile phase composition was inveséd in detail. From these studies, a
correlation has been established between the i@teoft the complexes of lanthanides (e.g.
lanthanides with HIBA) and the concentrations ofreaf the individual species, i.e. free
metal ion [M*], dipositive [ML]**, monopositive [ML]*, neutral [MLs] and anionic species
[ML,4]. From these correlations, the stability constanotber lanthanides and actinides
were estimated.

Based on these studies, a correlation has beerlogede which recognizes the
competition for the metal ion between the organid,ae.g.,a-HIBA and an ion-pairing
reagent, RSeH (CSA) with that of stability constant. The chraomgraphic runs were
carried out at two different pH at lower ligandJA&oncentrations, and these results were
employed to correlate capacity factor with stapiltonstant i.e. the capacity factors
obtained in two different runs were correlated W] and p; and , were estimated by
solving two simultaneous equatiorfis was subsequently estimated by carrying out the
chromatographic run at relatively higher pH. Stadiere also taken up to employ a single

chromatogram for the estimation of stability constat various ionic strengths.
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After validation of the correlations, studies wegeried out to develop a procedure
for the estimation of stability constant of lantites / actinides with a ligand, whose value
is not reported. A reversed phase chromatograpblnique was investigated for individual
separation of some of the actinides. The speciatata obtained from stability constant
determination was employed to explain the retenbemaviour of actinide complexes.

6.2. EXPERIMENTAL

The dynamic ion-exchange separation of lanthanigled some actinides was
investigated by varying the concentration of iofipg reagent (CSA), complexing agent
(e.g.,a-HIBA), mobile phase pH and mobile phase flow rak.chromatographic studies
were carried out at 26. Experiments were performed withHIBA, mandelic acid, lactic
acid and tartaric acid as the complexing agentséparation of individual lanthanides and
some actinides.

6.3. RESULTS AND DISCUSSION
6.3.1. Estimation of capacity factor of lanthanidesind actinides based on their species

The retention of lanthanides and actinides wasiatuds function of CSA and
a-HIBA concentrations; similarly, retention was alstodied as a function of mobile phase
pH. In a typical study, the pH of the mobile ph#34 M o-HIBA and 0.01 M CSA) was
increased from 2.5 to 3.5. The capacity factor l&thanides, Pu(lll) and Am(lll) was
found to decrease with increase in @Hg(6.1). In another study, the CSA concentration
was varied from 0.0025 to 0.01 M at a mobile phpbe2.7. The capacity factor for

lanthanides and actinides increases with the isereaCSA concentratiorfrig.6.2).
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Fig.6.1. Retention of lanthanides, Am(lll) and Pu(lll) as a function of mobile phase
pH. Mobile phase: 0.1 M HIBA + 0.01 M CSA; Flow raten#/min; PCR flow rate: 0.5
mL/min; Detection: 655 nm; Sample: lanthanides gp2n), Pu(lll) (~10ppm) and Am(lII)
(~4 ppm) in 0.01 N HN®
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Fig.6.2. Retention of lanthanides, Am(lll) and Pu(ll) as a function of CSA
concentration. Mobile phase: 0.1 M HIBA + CSA (0.0045M-0.0085M)Hp2.7; Flow
rate: 2 mL/min; PCR flow rate: 0.5 mL/min; Detectio655 nm; Sample: lanthanides
(12 ppm), Pu(lll) (~ 20ppm) and Am(lll) (~ 4 ppmm 0.01 N HNQ.

The capacity factor for metal ions decreases withease iru-HIBA concentration.

For a fixed concentration of CSA, the capacity dacdf an analyte decreases with an

increase in the concentration @HIBA and pH. Under a given set of conditions, lsas

pH and concentration of the eluent (exgHIBA), the analytes can be present in mobile

153



phase in the form of various species. Each of tibesgplex stoichiometries does not yield
separate peak in the chromatogram, but all of tmepiexes together produce a single peak.
However, as the relative proportions of these cengsd change, for example, by changes in
pH, the capacity factors are altered. For lanttes)i fractions of various species were
calculated using stability constant data from cpomding metal-ligand equilibrium
equations (6.1-6.8). It was seen from the calcdl&taction of species that at one particular
pH, fraction of uncomplexed species is more for™idnereas, fraction of anionic species
is more for “Lu”. Hence for each lanthanide, distition of relative proportion of the
species will mainly decide the retention time.

The concentration of each of the species is giwethé corresponding metal-ligand

equilibrium, which is summarized as follows:

[ LiR] =k[ CA][ A e (6.1)
[ wa] =xx[ ][

[ tnd = KK, [Ln®] [AT (6.3)
[ tA] =k & & K[ ®][A] ....6.4

where [LA?] and [A] are the concentrations of the uncomplexed metdl lgand anion
respectively. K K Ks K, are the stepwise stability constants. The ovestlbility

constantsp; are defined as follows:

P=Ky Br=KK; Ba=KKKjzandf,=KKKK 4. (6.5,
The total metal ion concentrationy{)I can be written as
To =[] + [LnA? ] +[ 0™ | +[LnA] +[ LA ] .o (6.6)

which can be expressed in terms of the stabilihstant as
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T, =[] {1 K[ A] + K[ AT + KKK AT + KKK K[ AT} .................... (6.7
From a knowledge of [A K1, Ko K5 and K, the free metal ion concentration [Ehcan be
calculated from equation 6.7..F> Fna™, F o™, Fiaas and Fuaas ™ were calculated by
using equations (6.8), with the use of literaturglue of stability constant, ligand
concentration [A, and total metal ion concentration{)Tfor each pH. [A was calculated

from the knowledge of the pKa [103, 202-203] of #ued eluent and pH of the solution.

F 5= Ln"3*100/T, ; oeeeereeeieeennns (8)
— +2 % .
F .2 = LnA™*100/T, ;
— +1 % .
F a1t ™ LA 100/T,, ;

FLnA3 = LnA;*100/T,,;
— -1
FLnA4_1— LnA, *100/T,
From these studies, a correlation was establiskédden capacity factor and metal-ligand

species, which was derived from stability constiata and is shown in equation - 6.9
K= F g ¥% F oo ¥% F L #% F % F
% as =ATH pH

Species, Fn™, F 1A F a2’ F ias and Fnae™ are fractions of uncomplexed,

dipositive, monopositive, neutral and anionic specrespectively of lanthanides with

a-HIBA. X1, X, X3, X4, @and % correspond to coefficients representing uncompulexe
dipositive, monopositive, neutral and anionic speeespectively.
Capacity factor, k' were different for differentnidanides. Five lanthanides were

chosen to solve the equation (6.9). For each lambave have one equation, hence for five

lanthanides, five equations were obtained. Solfimg simultaneous equations by matrix
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method, the values ofi X0 X were obtained. These coefficients / constantsrpa pH,
hence x to x were plotted against pH and fitted linear plotardeters Aand B were
obtained from these plots. Subsequently, the téAn+ B; pH) was calculated, which is
same for all lanthanides but vary as a functioptéf By substituting the values of (A B;
pH) and Fn™, Faa™ Fiaaz™, Fioas, Fnas™ at particular pH for various lanthanides, the
capacity factors were estimated@aple.6.). The estimated retention (k') data for all
lanthanides with the exception of La (especiallypkt 2.6) agreed very well with the
experimental one.

The following expression was developed in the gmestudy for the prediction of

retention i.e. capacity factor (k’) of metal ion:

k' = (A1+ Bl pH) FLn+3 + (A2+ BZ pH) FLnA+2 + ( %4_ % pH) FL”P2+1 +
(As+ By pH) F g *+ (As+ Bs pH) F gy 1o (6.10)

A =10.722 ,B =-3.305

A,= -0.498 B =0.236

A,= -0.015 ;B =-0.016

A,= 1.871 4B =-0.596

A= -2.605 B = 0.868

* pH employed : 2.6, 2.7, 2.8, 2.9 and 3
* Stability constant data foPr, Sm, Gd, Dy, and Yb were used to obtain coefficients in the

equation 6.10 by matrix method.
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Table.6.1. Comparison of experimentally measured gacity factor (k') of lanthanides

and some actinides with the predicted one

Lanth pH: 2.6 pH:2.7 pH:2.8 pH 2.9 pH:3.0
anides Exp. k' | Pred. | Exp. k' | Pred. k' | Exp. k' | Pred. k' | Exp. k' | Pred. k' | Exp. k' | Pred. kK
K

La 73.30 83.65 61.28 61.12 42.69 43.86 33.70 30.42 9%23) 20.54
Ce 59.46 62.99 48.36 46.67 32.51] 34.79 25.31 25.65 7417 18.81
Pr 51.40 53.35 40.87 38.37 27.04 27.7% 21.00 19.72 5814 13.84
Nd 46.60 44.29 36.64 32.67 23.99 24.53 18.45 18.30 8312 1351
Sm 33.91 34.49 25.78 24.00 16.34 16.89 12.55 11.63 98.% 7.80
Eu 28.31 30.74 21.35 21.28 13.30 14.93 10.15 10.23 669 6.79
Gd 25.67 27.21 18.95 18.49 11.80 12.57 8.97 8.477 6.13 5.32
Th 19.18 18.89 13.97 12.95 8.61 9.01 6.5 6.02 452 61 3.
Dy 15.40 15.29 11.10 10.86 6.83 7.77 5.21 5.27 3.64 17 3.
Ho 13.31 13.88 9.52 10.02 5.85 7.25 4.46 4.9Y 3.13 9 3.0
Er 11.21 10.00 7.96 7.80 4.95 5.53 3.75 3.72 2.6b 2.3
Tm 9.50 9.29 6.75 6.51 4.22 4.52 3.19 3.07 2.28 2.3
Yb 7.90 8.07 5.64 5.38 3.58 3.58 2.71 2.52 1.97 2.4
Lu 7.14 4.79 5.07 2.60 3.20 1.35 2.42 1.02 1.76 1.8
Am 41.33 42.41 32.86 30.20 21.29 21.2 16.38 1465 3111] 9.89
Pu 43.94 42.88 34.20 30.33 22.28 21.32 17.12 1491 9311 10.26

6.3.2 Estimation of stability constant and its vatlation (method-1)

The above studies have established a correlatiotweka retention of
lanthanides/some actinides and stability constana @hromatographic support. Hence an
attempt was made in the present study to relatalistaconstant directly with capacity
factor of lanthanide / actinide, concentrationaf-pairing reagent, [RSQ and [A]. In this
study, equations were derived for the capacityofattased on a model, describing a
competition for lanthanide complexation betweenitire pairing reagent, RS8, namely
CSA and the hydroxyacid ligand. These equationseviken used for estimating the
stability constants of the lanthanide-hydroxya@dplexes.

Acid dissociation constant of the ion pairing restg€SA is given as:..

RSQH=RSQ +H K :[ FEigg L]H] OO (& §
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Similarly, the dissociation of the weak hydroxydsce.g. HIBA is given as:

HA & H' +A
The equation depicting the equilibrium constanthef metal complexes with ion pairing

reagent can be written as:.

_[RsQ M]

............ 6.12)

The equilibrium for the first stepwise stabilitynsgant (K) for the lanthanide complexes

with the hydroxyacid is written as follows

_ [MA]
[M[~]

M+A < MA K

which yields

[MA] =Ky [M][A] i (6.}

It is thus asserted that the capacity factor of dhelyte is inversely proportional to the
concentration of the analyte complex with the hygracid (MA;) and directly proportional

to the concentration of the complex with the ioiripg reagent, RS@. This is based on the

fact that the larger the concentration of metal glem with the ion-pairing reagent, the
more strongly bound the lanthanide ion onto theistary phase resulting in a higher
capacity factor. Conversely, a higher concentratod the analyte complex with the
hydroxyacid implies a larger fraction of the analyh the mobile phase resulting in a
shorter retention. The capacity factor actuallyevted therefore results from a competition

between these two factors and is expressed as:
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, RSQ M
Ka —[ q :l
[MA]
., X|RSQM
or, K :—[ 9 :l
[MA]
where X is a proportionality constant that depemlsnstrumental factors such as length of
the column, flow rate, etc.

Substituting for the concentration of [RE and [MA;] from Eq. 6.12 and 6.13, we can

write k' as

X {k [rsq] [ M}
{ka M1~ ]}

where the constants, X (from Eg. 6.14) and(iKom Eq. 6.12) have been replaced by a

single constant, “Y” wheref = XK, .

It must be recognized that in equation 6.14a fer ¢apacity factor, only the first
stability constant, K of the metal complex with the hydroxyacid, has beensidered.
Equation 6.14a is therefore applicable only undgpeemental conditions where the
equilibrium involving the first stability constarg exclusively operative or dominant. This
is the case when the concentration of j very small at lower pH or lower concentrations
of the hydroxyacids. As the [Ais increased, there is a progressive involvenoéritigher
order equilibria. Under conditions where bothafd K are important, Eq. 6.14a must be

expanded as follows:
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R | L) 615

{Kl [A] +K, K, [A‘]Z}

It can be seen that k' is inversely proportiomatite concentrations of both MAand MA,

and the sum of MAand MA concentrations together yield the amount of thelyama
present in the mobile phase. Equation 6.15 careweitten to yield an equation where
(k') is expressed as a polynomial inJjAwhere the coefficients of the polynomial involve
the overall stability constants.
@ i[85 [T # s [AT # 5[ A] o 616

In the execution of the fitting procedure for thetetmination of the stability
constants, first consider experimental conditiomfiere only [MA] and [MA;] are
dominant and hence only the terms involvia@ndp, in equation 6.16 need to be retained.
With a-HIBA, this condition is achieved by maintainingetipH of the eluent solution to
values below 2.8. Chromatograms were recordeddaous values of pH over the range
2.5 to 3.2 for the reasons explained in the estonatf 3. In a chromatographic run at a
given pH of the eluent, the capacity factor, k' veletermined for each of the lanthanides.
The value of [RS@)] at a given pH is determined from the pKa valuethed ion-pairing
reagent. A fit of the terms of the left hand sideéhe truncated Eq. 6.16, against][Aields
both3; andp, for a given analyte.

Y[Rs@]

- A K]+ B[AT (6.17

However, in order to perform the fit, knowledgetbé value of “Y” is necessary and its

determination is discussed below.
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“Y” is given as

Y = XK
where X is an instrumental parameter anrdskhe stability constant of the analyte complex
with the ion pairing reagent, CSA. The values gfdf the different analytes with CSA are
not available in the literature and hence “Y” havé determined experimentally, for which
the following method was devised. A lanthanidéjol we shall refer to as the “calibrant
analyte”, was chosen, for which the stability canst K; and K for the complexes with the
hydroxyacid is known. At a given pH, [R@Dcan be calculated from its pKa value. From
the experimentally determined capacity factor Fos tanthanide, the constant “Y”, the only
unknown, was determined. Using this value for tdomstant Y, fit to Eq. 6.17 was

performed to determine the stability constantgterother lanthanides and actinides.

6.3.2.1 Estimation offi

The higher order stability constants become sicanit as the concentrations of TA
increases, which in effect was achieved as the pblincreased. Chromatograms recorded
at pH greater than 3.0 therefore allow for the weteation of B3 and evenf,. Using
experiments performed at low pH values (e.g. 28;B; and, were first determined. The
values for lower order stability constants werentifexed at these values during the
determination ofs.

The method was validated by the estimation of Btalmonstant of lanthanides and

actinides witho-HIBA using a single calibrant, Sm and the resatts shown imable.6.2
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Table.6.2. Stability constant of lanthanides withe-HIBA estimated for 0.2 M ionic
strength at 25C (method-1)

Chromatographic exp. conditionsHIBA: 0.1 M; CSA: 0.005 MpH: 2.6 & 2.7 used for
logB; & logPz, pH: 3 for lo@s.

*Lit.data (R. Portanovat al, 2003, [192]): for 0.2 M ionic strength at%¢5

Calibrant: Sm.

Lanthanides log(B1) log(B2) log(Ba)
& Actinides

“Lit. Present | Lit. Present | Lit.Data| Present

Data study Data study study
La 2.3 | 2.55(10.8) 4.04 |4.03(0.25) ** #
Ce 2.55 | 2.58(1.17) 4.08 |4.35(6.61)] 5.49 |5.91(7.65)
Pr 2.59 |2.60(0.38)] 4.37 |4.54(3.89) 5.60 |5.53(1.25)
Nd 2.74 | 2.64(3.65) 4.42 | 4.58(3.62)] 5.98 |6.26(4.68)
Sm 2.75 | 2.70(1.82), 4.77 |4.85(1.68) 6.17 |6.37(3.24)
Eu 2.79 | 2.76(1.07)] 4.86 |5.00(2.88) 6.34 |6.67(5.20)
Gd 2.79 | 2.81(0.72), 4.98 |5.01(0.60) 6.50 |6.71(3.23)
Tb 2.92 | 2.89(1.03)] 5.24 |5.15(1.72)] 6.86 | 7.05(2.7)
Dy 2.94 | 3.04(3.4)| 5.45 |5.20(4.59) 7.29 |7.13(2.19)
Ho 2.98 | 3.06(2.68) 5.54 |5.30(4.33)| 7.44 | 7.10(4.56)
Er 3.01 |3.08(2.32) 5.70 |5.41(5.09) 7.58 | 7.35(3.03)
Tm 3.1 |3.12(0.64)] 5.79 [5.51(4.83) 7.71 |7.37(4.41)
Yb 3.13 | 3.14(0.32)| 5.87 |5.63(4.09)] 7.94 |7.66(3.52)
Lu 3.18 | 3.16(0.63)| 6.05 |5.69(5.95)| 8.07 |7.75(3.96)
Pu o 2.66 i 4.60 i it
Am o 2.7 i 4.61 i it

** Not available in literature.
# unable to estimate from fit.
Parenthesis: % Deviation from literature data.
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The percentage deviation in the estimates oBlodpg 2 and logps using the single

calibrant is generally found to be + 5% with fewceptions. It is clear from this study that

this method is not restrictive and use of singlécant yield good estimates of the stability

constants of entire lanthanides and some actirsdels as Pu(lll) and Am(IIl). The method

was also validated by estimation of stability cans$ of lanthanides with lactic acid

(Table.6.3 and mandelic acidT@ble.6.4. The results are again in good agreement with

the literature data. The approach was employedtimate stability constant of lanthanides

with tartaric acid for which most of the data i4 agailable in literatureTable.6.5.

Table.6.3. Stability constant of lanthanides withdctic acid estimated for 2 M ionic
strength at 25°C (method-1)
Chromatographic Ex®.008 M CSA + 0.05 M Lactic acid, pH 2.6 & 2.7 fogp; & logp,,
pH: 2.8 for logs.

Lit.data(R. Portanovat al, 2003 [192]): for 2 M ionic strength at Z%

Calibrant: Sm.
Lanthanides log B1 log B2 log B3
(1) Lit.data Present Lit.data Present stud Lit.data Present study
study
La 2.27 2.29(0.88) 3.95 3.89(1.52 5.06 5.35(5.73)
Ce 2.33 2.31(0.86 4.10 4.09(0.24 5.21 5.96(14.39)
Pr * 2.49 o 4.01 * 6.01
Nd 2.47 2.43(1.62) 4.37 4.51(3.20 5.60 6.07(8.39)
Sm 2.56 2.50(2.34 4.58 4.65(1.53 5.90 #
Eu 2.53 2.56(1.18 4.6 4.63(0.65 5.88 #
Gd 2.53 2.55(0.80 4.63 4.66(0.65 5.91 5.97(1.00)
Tb o 2.70 i 4.74 o 5.77
Dy 2.72 2.71(0.37) 4.77 4.88(2.31 6.77 6.72(0.74)
Ho 2.71 2.73(0.74) 4.97 4.87(2.01 6.55 6.63(1.22)
Er 2.77 2.83(2.16) 5.11 5.06(0.98 6.70 6.82(1.79)
Tm * 2.82 o 5.19 * #
Yb 2.85 2.79(2.10) 5.27 5.3(0.57) 6.9 6.85(0.72)
Lu o 2.81 o 5.7 o 7.45

** Data not available in literature.

# unable to estimate.
Parenthesis: % Deviation from literature data.
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Table.6.4. Stability constantof lanthanides with mandelic acid estimated for 0.M
ionic strength at 25C

Chromatographic exp. conditions: mandelic acid5O0) CSA: 0.006 MpH: 2.52.
Lit.data(R. Portanovat al, 2003[192]) in parenthesis: 0.1 M ionic strengtB%C
Calibrants: Eu (method-I); La, Nd, Ho, Yb (method-I1)

Lanthanide A B
(1) Lanthanide
log(B1) log(B2) log(B) log(B2)
La 2.57(2.55)| 4.74(4.14) La 2.53(2.55)| 4.13(4.14
Ce 2.68(*) 4.90¢*) Ce 2.63t*) | 4.40¢*)
Pr 2.79(2.76)| 5.09(4.65) Pr 2.70(2.76) 4.56(4.65
Nd 2.80(2.83)| 5.11(4.77) Nd 2.75(2.83)| 4.66(4.77
Sm 2.84(2.90)| 5.15(4.75) Sm 2.86(2.90) 4.88(4.75
Eu 2.88(2.95)| 5.17(5.07) Eu 2.93(2.95) 5.01(5.07
Gd 2.90(2.88)| 5.18(5.01) Gd 2.98(2.88) 5.10(5.01
Tb 2.96(3.01)| 5.21(5.25) Tb 3.06(3.01)] 5.27(5.25
Dy 3.01(3.03)| 5.23(5.29) Dy 3.10(3.03)| 5.37(5.29
Ho 3.03(3.05)| 5.26(5.35) Ho 3.11(3.05)| 5.44(5.35
Er 3.07(3.15)| 5.27(5.41) Er 3.16(3.15)] 5.53(5.41
Tm 3.08(3.20)| 5.30(5.56) ™m 3.19(3.20)| 5.60(5.56
Yb 3.13(3.29)| 5.30(5.76) Yb 3.30(3.29)| 5.75(5.76
Lu 3.15(3.25)| 5.31(5.83) Lu 3.32(3.25)| 5.80(5.83

A: Estimation of stability constant (method-1)

B: Estimation based on Speciation data (method-2)

** data not available in literature.

% Deviations are found to be 0.32% to 8.92% frdrddita.
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Table.6.5. Stability constant of lanthanides with artaric acid estimated for 0.015 M
ionic strength at 25C (method-1)

Chromatographic exp. conditions: tartaric acid50M; CSA: 0.003 MpH: 2.5 & 2.7 for
logps & logP,, Chromatographic temp: 45

Lit.data (V. V. Nikonorowet al, 2010 [186]): for 0.015 M ionic strength at’g5

Calibrant: Pr

Lanthanides log B1 log B2

(1) Lit.data | Presentstudy Lit.data Present study
La 3.89 4.19 7.31 7.33
Ce 3.96 4.25 7.45 7.47
Pr 4.04 4.38 7.6 7.58
Nd 4.02 4.48 7.56 7.64
Sm 4.05 4.50 7.63 7.73
Eu * 4.50 o 7.73
Gd * 4.56 * 7.67
Tb * 4.53 ** 7.64
Dy * 4.52 ** 7.64
Ho * 4.53 ** 7.64
Er * 4.62 o 7.67
Tm * 4.64 o 7.71
Yb * 4.78 * 7.78
Lu * 4.89 ** 7.80

** data not available in literature.
6.3.2.2 Influence of column length, mobile phasedilv rate, RSQ, [ATon Y
v[rsq]

{Kl K]+, [A-]z}

The constant in equation 6.14a, Y, is composednof terms, “K’, the stability

Capacity factork =

constant of the analyte CSA complex and “X”, whiglan instrument dependent parameter.
For a fixed concentration of &And RS@ concentration, X can be expected to increase with
increase in the length of the column. The valuthefconstant, X, was found to be ~2 times

larger when experiments were run using 25 cm lengtiersed phase column compared
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with that observed with a 10 cm length monolithuecoh. At fixed A concentration and
fixed column length, X (instrument parameter congtahould not vary with increase of
RSG;" concentration; hence Y which is the product @XK(Ksis constant) will not vary as
well. However, capacity factor increases with iase of RS@ concentration, keeping the
ratio of [RSQ™)/ k' constant, Y remaining unchanged. This wasneixed by carrying out
an experiment with varying concentrations of CSA #re capacity factor was proportional
to RSQ" concentration, keeping the Y constant. Similaclyncentration of Awas varied
in some experiments, and Y remained constant widnges in Aconcentration (changes
in A" was altering the capacity factor, e.g., increas@’ireducing the capacity factor and
vice versa). In some studies, Y value was also aredsunder various mobile phase flow
rates (1-5 mL/min) and exponential variation of alue from 1 mL/min to 5 mL/min was
observedTable.6.6.

Table.6.6. Variation of Y (Ks.X) as a function of mobile phase flow rates for ddorant,
Sm

Chromatographic exp. conditionsa-HIBA: 0.1 M; CSA: 0.005 M, pH: 2.6;
Chromatographic temp: 26

Flow rate | Y (KsX) value of
(mL/min) calibrant, Sm

1 52367

2 26183

3 17455

4 13094

5 10512
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Thus Y, product of instrument factor, X and ¥mains constant and can only be
altered by varying the mobile phase flow rate,raitethe column length, type of column

i.e., relative hydrophobicity etc.
6.3.3 Estimation of stability constant of unknown omplexing agent with metal ion

Equation 6.14a for two different complexing ages#n be written as
Y [ RSC}"]

K1(acid1) [A_]
Y [ ng']

K1 (acid2) [A-]

On rearrangement of equation 6.18 and 6.19 reftlts lower pH e. g. pH: 2.6) the

Klacid1) ~

Klacid2) =

following:

< _ Kacid1) K1(acid1) (6.20
1(aCid2)_ k, ----------- .
(acid2)
where K @cid 1) & K (@acia 2) are capacity factors of metal ions with acidl awid2

respectively; K acid1) &K1 aciaej are stepwise stability constants of metal ionthscidl &
acid2 respectively. From relative retention data &gB; with known systemstability
constants of metal ions with unknown ligands caredtenated. The validity of the method
was tested using HIBA as well as lactic acid arel résults are given ifable.6.7 This
method can be applied to estimate stability consibactinides with ligands, which are of
importance in the chelation therapy, e.g., in tteatment of internal contamination of
actinides. Similarly, successful design of newnidg for individual separation of actinides /
lanthanides, demands knowledge of stability coristawl the chromatographic technique

developed in the present study offers an altermatthod of quick estimation.
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Table.6.7. Estimation of stability constant of lanhanides with a ligand (method-1)
whose data is not reported: Validation of the methd

Chromatographic data with HIBA | Chromatographic data with lactic acid
used to estimate Ifig with lactic acid| used to estimate I@g with HIBA and
Lanthanides and mandelic acidX) mandelic acidB)
(D) logB, with | Estimated| Estimated| logB, with | Estimated | Estimated
a-HIBA at | data with | data with | lactic acid atf data with | data with
2Mionic | lactic acid | mandelic | 0.1M ionic HIBA at mandelic
strength at 2M acid at 2M| strength | 0.1 Mionic | acid at
ionic ionic strength 0.1 M
strength | strength ionic
strength
logBs logB, ** | log By*** log B1 logB, ** logB,***
La 2.31# 2.6 (2.27) 2.20(1.98) 2.44* 2.04 (2.3) | 1.83(2.55)
Ce 2.43* 2.69 (2.33) 2.24 (2.17) 2.23# 2.17 (2.55) 1.78 (NA
Pr 2.51# 2.74 (NA) 2.27 (2.30) 2.69* 2.19 (2.59)| 1.85(2.76)
Nd 2.62* 2.84 (2.47) 2.34 (2.43) 2.38# 2.26(2.74)| 1.88 (2.83)
Sm 2.75* 2.88 (2.56) 2.37 (2.47) 2.49%# 2.45 (2.75) 1.97 (2.90)
Eu 2.70* 2.78 (2.53) 2.24 (2.25) 2.90# 2.82 (2.79) 2.37 (2.95)
Gd 2.82* 2.86 (2.53) 2.35 (2.42) 2.96* 2.86 (2.79)| 2.39 (2.88)
Tb 2.83* 2.81 (NA)| 2.30(2.52 2.96# 2.98 (2.92)] 2.45(3.01)
Dy 2.94# 2.89 (2.72) 2.35 (2.57) 3.09* 3.08 (2.94)| 2.49 (3.03)
Ho 3.05* 2.97 (2.71) 2.43 (2.54) 3.09# 3.17 (2.98) 2.55 (3.0%)
Er 3.07* 2.97 (2.77) 2.40 (2.68) 3.21* 3.27 (3.01)| 2.60 (3.15)
Tm 3.05* 2.94 (NA)| 2.34 (NA) 3.26# 3.36 (3.1) 2.6520)
Yb 3.07# 2.97 (2.85) 2.32 (2.72) 3.41# 3.51(3.13)] 2.76 (3.29)
Lu 3.12# 3.01 (NA)| 2.35(2.77) 3.40* 3.62 (3.18)| 2.85(3.25)
(A):

Lit.data (R. Portanovat al, 2003 [192]) in parenthesis.
* Literature data available only for Ce, Nd, Sm, Bd, Tb, Ho, Er, and Tm at 25

# Estimated using method-1 at %5 lit.data not available for La, Pr, Dy, Yb and Lu

**

Estimated stability constant compared wittdata at 2 M ionic strength and 25

** Estimated stability constant compared with lit.dat& M ionic strength at 26;
NA- lit. data not available.

(B):

Literature data (R. Portanoeaal, 2003 [192]) in parenthesis.
* Lit.data available only for La, Pr, Gd, Dy, Ercahu at 25C

# estimated by method-I, present study 25

*%*

M ionic strength and 2& as lit.data at 0.1 M ionic strength is not avaia
*** Estimated stability constant at 0.1 M ionic stréngbmpared with stability constant of
lit. data at 0.1 M ionic strength at @&
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6.3.4 Estimation of stability constant from speciabn data (method-2)

The well known lanthanide contraction can be uswmdtlie prediction of stability
constants of metal complexes, for a given ioniergjth. The precision of the method
depends on the use of 4 or 5 or 6 calibrants fereitimation of stability constant of other
lanthanides. A study was also taken up in the pteserk for the estimation of stability
constant with use of three or four lanthanide calils for any given ionic strength. In this
method, it is recognized that for a given set afditons, such as pH and concentration of
the eluents, a lanthanide has a characteristiccagdactor. It has been established that, a
given capacity factor uniquely fixes the relativeoncentration of the various
stoichiometries, e.g., [, LnA* etc. which in turn can be used to determine thilita
constants.

In order to establish a correlation between thetiva of various species and the
capacity factors, four representative lanthaniegeg.(Lu, Ho, Gd and Pr) are chosen for a
given concentration of the eluents and pH. Foretkigerimental conditions adopted in this
study, each of the lanthanides manifest differesattion of each of the stoichiometries, due
to their differences in the stability constarftig.6.3ashows the plot of [LF¥] vs. capacity
factor (k’) for the lanthanides, while each of tig.6.3b-e show the plot of the fractions of
the complexed species for each of the lanthanidash of the plots demanded a different
functional form to provide the best fit. While ig.6.3g the data fits into a straight line
fit, Fig.6.3b and csought a polynomial of order 2, whifégs.6.3d and 6.3avere best fit
using an exponential. It is reiterated that all filke figures constitute a single experiment.
These plots provide the fractions of each of tlwécktometries of the complexes of other
lanthanides, once their capacity factors are kndwom a knowledge of the fractions of

each stoichiometric species, the calculations . BR-6.5 can be reversed to obtain the
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stability constants. Likewise, from the observegazity factors of PU and Ant*, the
corresponding stability constants were also detegthi In the fitting process, the linear fit
incorporates two fit parameters, while the secorttiopolynomial and the exponential fit
required three fit parameters, which demands tkeeofiat least four data points. Hence four
lanthanides, e.g. Pr, Gd, Ho and Lu spanning thgeaf entire lanthanide series were
chosen for the purpose of the fit. The validatibithe method was tested bye estimation
of stability constant of entire lanthanides,®*Pand Anf* with o-HIBA (Table.6.9.
Similarly, the method was validated by estimatidrstability constant of lanthanides with
mandelic acid Table.6.4. The method was also validated by estimation of ilgab
constant of lanthanides with lactic acifaple.6.9. It is established that the Ipgalues
estimated from this method are generally in vergdgagreement with the literature data

(£5%).
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Fig.6.3. Plot of uncomplexed (M), dipositive (MA*?), monopositive (MA:"), neutral
(MA3) & anionic (MA ;%) species of lanthanides (Pr, Gd, Ho, Lu)-HIBA comiexes

against capacity factor (k’).
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Table.6.8. Stability constant of lanthanides withu-HIBA (method-2), estimated for
0.2 M ionic strength at 25C

Chromatographic exp. conditions: HIBA: 0.1 M; CSA005 M,pH: 2.6.

*Lit.data(R. Portanovat al, 2003 [192]): for 0.2 M ionic strength at%5
Calibrants: Pr, Gd, Ho and Lu.

Lanthanides log(B) log(B2) log(Bs) log(Ba)
& Actinides
“Lit. | Present | Lit. Present | Lit. Present | Lit. Present
Data| study |Data| study |Data| study | Data study
La 2.3 | 2.32(0.87) 4.04 | 4.08(0.99) ** 5.23 * #
Ce 2.55| 2.50(1.96)| 4.08| 4.15(1.71) 5.49| 5.63(2.55) ** #
Pr 2.59| 2.58(0.38)| 4.37 | 4.35(0.46) 5.60| 5.67(1.25) 6.38 #
Nd 2.74| 2.63(4.01)| 4.42| 4.50(1.81) 5.98 | 5.76(3.68) 6.58 | 6.22(5.47)
Sm 2.75| 2.74(0.36)| 4.77| 4.81(0.84) 6.17 | 6.22(0.81) 7.38| 6.33(14.2)
Eu 2.79| 2.78(0.36)| 4.86 | 4.94(1.64) 6.34 | 6.43(1.42) 7.59| 6.95(8.43)
Gd 2.79| 2.81(0.72) 4.98| 5.01(0.60) 6.50 | 6.54(0.61) 7.65| 7.25(5.23)
Tb 2.92| 2.86(2.05)| 5.24 | 5.20(0.76) 6.86 | 6.88(0.29) 8.09| 8.02(0.86)
Dy 2.94| 2.91(1.02)| 5.45| 5.35(1.83) 7.29| 7.12(2.33) 8.5 | 8.51(0.12)
Ho 2.98|2.94(1.34) 5.54| 5.45(1.62) 7.44| 7.29(2.01) 8.74| 8.81(0.80)
Er 3.01|2.97(1.33)| 5.70| 5.59(1.93) 7.58 | 7.48(1.32) 9.03| 9.13(1.11)
Tm 3.1 | 3.02(2.58) 5.79| 5.73(1.03) 7.71| 7.68(0.39) 9.33| 9.44(1.18)
Yb 3.13| 3.11(0.64)| 5.87 | 5.97(1.70) 7.94| 7.93(0.13) 9.72| 9.79(0.71)
Lu 3.18| 3.19(0.31)| 6.05| 6.09(0.66) 8.07 | 8.10(0.37) 9.99| 10.01(0.20
Pu o 2.65 il 4.61 ok 5.94 i #
Am o 2.67 i 4.60 ok 6.00 i #

** Not available in literature.
# unable to estimate from fit.
Parenthesis: % Deviation from literature data.
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Table.6.9. Stability constant of lanthanides withdctic acid (method-2), estimated for
2 M ionic strength & 0.1 M ionic strength at 25C

Chromatographic Exp: 0.008M CSA+0.05M lactic a@H; 2.6
Lit.data: for 2 M & 0.1 M ionic strength at 25;
La, Sm, Ho and Yb- calibrants(2 M ionic strength) & a, Gd, Lu - calibrants (0.1 M
ionic strength)

lanthanides 2 M ionic strength lanthanides| 0.1 M ionic strength
log(B) | log(B2) log(B3) log(B1) log(B-)
La 2.26(2.27) | 3.92(3.95) 5.09(5.06) La 2.23(2.44)| 3.60(4.32
Ce 2.38(2.33) | 4.18(4.10Q) 5.41(5.21) Ce 2.23¢*) | 3.95¢*)
Pr 2.46F%) 4.35¢*) | 5.64 ¢*) Pr 2.33(2.69)| 4.08(4.96
Nd 2.50(2.47) | 4.44(4.37) 5.78(5.60) Nd 2.38¢*) | 4.10¢*)
Sm 2.58(2.56) | 4.63(4.58) 6.04(5.90) Sm 2.49¢*) | 4.57¢)
Eu 2.59(2.53) | 4.67(4.60) 6.10(5.88) Eu | 2.90¢*) | 4.86¢%)
Gd 2.59(2.53) | 4.67(4.63) 6.10(5.91) Gd 2.90(2.96)| 4.86(5.09
Tb 2.63t*) 4.76(*) 6.24(*) Tb 2.960*) | 4.98¢*)
Dy 2.68(2.72) | 4.87(4.77) 6.40(6.77) Dy 3.03(3.09)| 5.32(5.38
Ho 2.71(2.71) | 4.95(4.97) 6.50(6.55) Ho 3.09¢*) | 5.37¢*)
Er 2.75(2.77) | 5.05(5.11) 6.64(6.7Q) Er | 3.17(3.21)| 5.49(5.57
Tm 2.78t*) 5.14¢*) | 6.78() Tm 3.26(*) | 5.61¢*)
Yb 2.83(2.85) | 5.26(5.27) 6.95(6.90) Yb 3.41¢*) | 5.79¢*)
Lu 2.86(*) 5.32(*) 7.03¢) Lu 3.51(3.40)| 5.91(5.82

Literature data R. Portanovat al, 2003[192] in parenthesis.
** |iterature data not available.
% deviations from lit.data: 0.44 to 6.48%.

6.3.4.1 Influence of RSGH on retention

Increase in the proportion of uncomplexed spedié¥][of a metal ion increases

capacity factor while, formation of complexed spscie.g., with organic acid-HIBA,

reduces the capacity factor in general for a giR&0;" concentrationKig.6.4). These

studies clearly established thag Hanthanide stability constant with R&@ e.g. CSA)
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increases from La to Lu. However for a given metaland [A], capacity factor increases

proportionally with increase in Rg@oncentration.

120 — [

100

80 —

Capacity factor (k )

T T T T T T T T
0 10 20 30 40

% lanthanide metal ion uncomplexed [M +3]

Fig.6.4. Plot of uncomplexed [M?] against capacity factor for all the lanthanides.
Mobile phase: CSA (0.01 M) andHIBA (0.1 M). Experiment was carried out in thel p
region of 2.6 to pH 3.1 at 0.1 increments.
6.3.5 Correlation of retention with stability constint — estimation of stability constant
at different ionic strengths

Most of the chromatographic studies were carrigdrothe present work at an ionic
strength ~0.1 M. The same chromatogram was usee@diimating stability constants at
different ionic strengths, e.g., 0.5 Migble.6.1Q. A good agreement was established with
the literature values, i.e., estimated stabilitpstants were for an ionic strength, similar to
that of the calibrants. Similarly, lanthanide sepians were also performed in the present

study ata-HIBA concentrations of 0.05 M. Stability constanftcalibrants at 0.2 M/ 0.5 M
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ionic strength were employed for estimation of sifgtconstants of unknownsrable.6.11

& Table.6.12).

Table.6.10. Stability constant of lanthanide - HIBAcomplexes (method-1), estimated

at 0.5 M ionic strength at 25C
Lit.data (R. Portanovat al, 2003 [192]): for 0.5 M ionic strength and°25

Exp: 0.005 M CSA + 0.1 M HIBA; pH 2.6 & 2@25°C).

Sm-calibrant.
lanthanides log B1 log B2
Lit.data Present Lit.data Present
study study
La 2.22 2.36(6.30) 3.67 4.01(9.26)
Ce 2.37 2.40(1.26) 4.01 4.25(5.98)
Pr 2.48 2.44(1.61) 412 4.38(6.31)
Nd 2.54 2.48(2.36) 4.32 4.45(3.01)
Sm 2.63 2.55(3.04) 4.60 4.68(1.74)
Eu 2.71 2.60(4.06) 4.92 4.81(2.23)
Gd 2.71 2.63(2.95) 4.97 4.87(2.01)
Tb 2.87 2.75(4.18) 5.21 5.02(3.64)
Dy 2.95 2.85(3.39) 5.32 5.13(3.57
Ho 2.98 2.91(2.35) 5.42 5.20(4.06)
Er 3.03 3.02(0.33) 5.54 5.27(4.87)
Tm 3.13 3.09(1.28) 5.62 5.33(5.16)
Yb 3.18 3.20(0.63) 5.76 5.39(6.42
Lu 3.21 3.27(1.87) 5.85 5.42(7.35
Am* ok 2.54 *ox 4.58
Pu™ ok 2.51 *ox 4.56

** |it data not available.
Parenthesis: % Deviation from literature data.
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Table.6.11. Stability constant of lanthanide -HIBAcomplexes (method-1 & method-2),
estimated at 0.2 M ionic strength at 2%C

Lit.data (R. Portanovat al, 2003[192]): for 0.2 M ionic strength and’25
Exp: 0.008 M CSA + 0.05 M HIBA.
Sme-calibrant (method-1) & Pr, Gd, Ho and Lu- calibrants (method-2

Lanthanide method-1 method-2
(1 Lanthanide
log(B.) log(B-) log(B1) log(B.) log(Bs) log(B)
La 2.60(2.30)| #(4.04) La 2.28(2.30)| 4.28(4.04) 4.98¢*) | # ()
Ce 2.61(2.55) #(4.08) Ce 2.46(2.55) 4.27(4.08) 5.34(5.4D) # (**)
Pr 2.65(2.59)| #(4.37) Pr 2.57(2.59)| 4.35(4.37) 5.62(5.60) #(6.38)
Nd 2.76(2.74)| 3.98(4.42 Nd 2.63(2.7#) 4.45(4.42).236.98)| #(6.58)
Sm 2.74(2.75)] 4.80(4.77 Sm 2.76(2.75) 4.77(4.77) 6.48(6.17) 6.18(7.38)
Eu 2.76(2.79)] 4.95(4.86 Eu 2.81(2.79) 4.95(4.86)56@.34)| 6.80(7.59
Gd 2.78(2.90) 5.01(4.98 Gd 2.84(2.79)| 5.03(4.98) 6.69(6.50) 8.11(7.45)
Tb 2.81(2.92)| 5.21(5.24 Tb 2.90(2.9) 5.27(5.24).0376.86)| 7.92(8.09
Dy 2.85(2.94)| 5.35(5.45 Dy 2.94(2.94) 5.44(5.45).2717.29)| 8.47(8.50
Ho 2.90(2.98)| 5.40(5.54 Ho 2.97(2.98)| 5.53(5.54) 7.40(7.44) 8.74(8.14)
Er 2.88(3.01)] 5.54(5.70 Er 3.00(3.0) 5.66(5.70).5877.58)| 9.13(9.03
Tm 2.90(3.10)| 5.63(5.79) m 3.03(3.1p) 5.77(5.79).73(7.71)| 9.42(9.33
Yb 2.91(3.13)| 5.74(5.87 Yb 3.07(3.18) 5.89(5.87).8917.94)| 9.74(9.72
Lu 2.93(3.18)| 5.79(6.05 Lu 3.09(3.18)| 5.96(6.05) 7.98(8.07) 9.89(9.99)
Am* 2.63¢*) | 4.93¢*) Am* 2.60(*) | 4.55¢*)
Pu" 2.706%) | 4.73¢*) Pu™ 2.67¢*) | 4.68¢*)

Literature data R. Portanovat al, 2003 in parenthesis.
** data not available in literature.
# unable to estimate from fit.

% deviations from lit.data: 0.36 to 13.00 % (metHg 0.18 to 16% (method-2).
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Table.6.12. Stability constant of lanthanide-HIBA omplexes (method-1 & method-2),
estimated at 0.5 M ionic strength at 2%C

Lit.data (R. Portanovat al, 2003 [192]): for 0.5 M ionic strength and®25
Exp: 0.008 M CSA + 0.05 M HIBA.
Sme-calibrant (method-1) & La, Gd, Ho and Lu- calibrants (method-2)

Lanthanide method-1 method-2
(1 Lanthanide
log(B.) log(B.) log(B.) log(B2) log(Bs)
La 2.40(2.22)] 3.94(3.67 La 2.21(2.22)| 3.61(3.67) #(**)
Ce 2.42(2.37) 4.23(4.01) Ce 2.37(2.37) 4.17(4pL) (*)
Pr 2.45(2.48) 4.37(4.12 Pr 2.47(2.48) 4.41(4.102)# (*)
Nd 2.46(2.54)| 4.46(4.32 Nd 2.52(2.58) 4.53(4.82)# (**)
Sm 2.56(2.63) 4.67(4.60 Sm 2.66(2.63) 4.82(4.60) # (**)
Eu 2.61(2.71)] 4.82(4.92 Eu 2.72(2.71) 4.95(4.p2} (5.91)
Gd 2.64(2.71)] 4.86(4.97 Gd 2.75(2.71)| 5.02(4.97) # (6.01)
Tb 2.76(2.87)] 5.04(5.21 Tb 2.84(2.8]) 5.20(5.21)# (6.19)
Dy 2.87(2.95)| 5.16(5.32 Dy 2.90(2.95) 5.33(5.32).42(7.16)
Ho 2.91(2.98)| 5.22(5.42 Ho 2.94(2.98)| 5.40(5.42) 7.55(7.41)
Er 3.00(3.03)| 5.27(5.54 Er 3.00(3.0B) 5.51(5.54).7477.56)
™m 3.08(3.13)| 5.34(5.62 m 3.06(3.1B) 5.61(5.62).87(7.84)
Yb 3.20(3.18)| 5.40(5.76 Yb 3.13(3.18) 5.72(5.76).0388.02)
Lu 3.27(3.21)| 5.42(5.85 Lu 3.17(3.21)| 5.78(5.85) 8.10(8.21)
Am*® 2.51¢+) | 4.40¢*) Am™ 2.56¢*) | 4.41¢%)
Pu™ 2.54¢+) | 4.43¢*) Pu” 2.54¢*) | 4.37¢*) | 5.28(*)

Literature data R. Portanovat al, 2003192]) in parenthesis.

** data not available in literature.

# unable to estimate from fit.

% deviations from lit.data: 0.63 to 8.10 % (metHgd.12 to 3.63% (method-2).
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A good agreement has been established with theatlitee data in both the cases.
These studies established that, even though thelutd®svalue of capacity factors is a
function of ionic strength, the trend of relativariation of capacity factor with mobile
phase composition remains more or less similar l@adt affected by ionic strength
variation.Fig.6.5 depicts stability constant of lanthanide-HIBA cdexes at two different
ionic strengths. An important and significant obva¢ion established in these studies is that
the same chromatogram can be used to estimatditgtabnstants of metal ions at various

ionic strengths and a single chromatogram is gdgerdequate.

324 stability constant of Ln with o-HIBA Ybl‘loJ
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Fig.6.5. Stability constant of lanthanide-HIBA compexes (log;) at two different ionic
strengths [192].

6.3.6 Estimation of stability constant of transitiom metal ions, Th(IV) and Pu(1V)

Method-2 approach was also employedstimate stability constant of transition

metal ions such as Mf) F€2, Co, Ni*?, Cu? zn'™ and Cd? with HIBA. Calibrants

178



chosen from this group e.g. MnNi*2, and Cii? enabled the estimation of stability constant
of transition metal ions onlyTable.6.13. Th(IV) retention and stability constant dataZ19
was used to estimate stability constant of Pu(iv) Zr(1V) [204]. The lo§: and log, for

Pu(IV)-HIBA complexes were estimated and founded®b8 and 8.72 respectively.

Table.6.13. Stability constant of transition metacomplexes with HIBA (method-2),
estimated for 1 M ionic strength

Lit.data: for 1.0 M ionic strength at %5

Chromatographic exp. conditions: HIBA: 0.1 M; CSR001 M,pH: 2.49; (25C)
Calibrants: Mn, Ni, Cu

log(B1) log(B2) log(Bs)
Transition

metals | Lit.data| Exp. |Litdata| Exp. |Litdata] Exp.

data data data
Mn(Il) 0.96 1.3 1.54 2.00 1.74 2.14
Fe(ll) ** 151 ** 2.75 ** 3.14
Co(ll) 1.45 1.46 2.43 2.62 2.73 3.02
Ni(ll) 1.67 1.51 2.80 2.75 3.20 3.14
Cu(ll) 2.74 2.75 4.34 4.36 4.74 4.75
Zn(Il) 1.70 1.57 2.97 2.88 3.39 3.28
cd(m 1.24 1.26 2.16 2.3 2.4 2.14

* Literature data ( Portanova et al, 75 (2003)495(1).

** |it. data not available

The stability constant of Zr-HIBA complexes are riduto be in good agreement with the
literature data (£10%). Kwhich is the stability constant of the analytdhWCSA, varies
significantly for the +2, +3 and +4 oxidation statand hence demanded a different

calibrant. These studies established that the agstm of stability constant is generally
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applicable within a group of metal cations with g&m properties, e.g. lanthanides and
actinides of +3 oxidation states and demands eiffiecalibrant for different group of metal

ions.

6.3.7 The advantages and limitations of estimatioof stability constant by
chromatographic retention correlation
The stability constant values estimated in the gmestudy are found to be in very

good agreement with the experimental data repantelde literature. The chromatographic
method is fast and estimation of stability constart be done in a very short time, which is
an additional advantage, especially in dealing witldioactive elements. A single
chromatogram can be used for estimation of stgbilitnstant at various ionic strengths.
The experimental data also demonstrate that theadetan be applied for the estimation of
stability constant of metal ions with a ligand, wbovalue is not reported. The estimation of
stability constant of actinide biological complexes of great importance and liquid
chromatographic technique developed in the presemty offers an alternate method of
estimation.

One calibrant data is required for tteerelation of retention with the stability
constant. These studies established that the egimmaf stability constant is generally
applicable within a group of metal cations with &&m properties, e.g., lanthanides and
actinides of +3 oxidation states and demands eiffiecalibrant for different group of metal

ions.
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6.3.8 Speciation of actinides and their retention dhavior on reversed phase
chromatography

Estimated stability constants data using presentysivere employed for speciation
of Pu(lll), Pu(lV) and Pug? with a-HIBA as a function of pHFig.6.6). In the case of
Pu(lll), dominant species are, dipositive spec[@si(IBA)*?] at pH 2.8, monopositive
[Pu(IBA),'] from pH 3 to 3.5 and neutral species, [Pu(IgAjt pH 4. The anionic species,
[Pu(IBA),] increase from 0.3 to about 9.6% when pH was altémm 2.8 to 4. In the case
of Pu(lV), dominant species is the neutral one(lPA) 4] from pH 2.8 to 4. In the case of
PuQ*?, dominant species are, monopositive [RUBA)*] at pH 2.8 and neutral species,
[PuGy(IBA),] from pH 3 to 4. The anionic species [PAIBA)3] increase from 4.4 to 35%
when pH was raised from 2.8 to 4. The speciationbehaviour of Am(lll)-HIBA
complexes was more or less similar to Pu(lll) /INY(the neutral species content increases
when pH was raised to #if.6.7).

Retention of Pu(lll), Pu(lV) and Pu8, Am(lll) along with UGQ*, and Th(IV)
species was investigated on reversed phase basedlitncsupport. In this study, 0.1 M
a-HIBA solutions of pH 2.8, 3, 3.5 and 4 were em@das the mobile phase and the results
are shown irFig.6.8 Retention of all species in general increasel midbile phase pH. It
was observed that at pH: 4, Pdithas higher retention compared to Th(IV), £Pu(1V)
and Pu(lll). Elution behavior of these elements banexplained based on the speciation
diagram generated from the stability constant dataas observed that the percentage of
uncomplexed species decreases and that of iomigtfal species increases with increase of
pH. The total percentage of anionic and neutratigs for Pug? Pu(IV) and Pu(lll) with

a-HIBA are 90, 96 and 58 % respectively.
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Table.6.14. Percentage of total species (neutralanionic) of Nd(Il)-HIBA, Am(ll1)-
HIBA, Pu(Ill)-HIBA, Pu(IV)-HIBA, Th(IV)-HIBA, UO  ;%HIBA and PuO;"-HIBA —
elution sequence of lanthanide and actinides

pH %Neutral + % Anionic species of actinides and lathanide Elution order
with HIBA

Nd™ | Am™ | Pu™ | Pu™ | Th™ | UO,” | PuO,” | Elution Sequence

2.8 9.3 8.9 8.7 76.0| 75.7| 457 48.2] (BuAm™, Nd™),

PuG*?, UO,™,
Th™ & Pu™

3 175 | 159 | 14.8| 82.2| 58.0] 5840 58.8] (BrAm™, Nd™),
(Pu™, Th™), PuQ™
& U0,

35 | 469 | 39.2 | 384 | 921| 921 835 80.7l (BurAm™, Nd™),
(Pu+4, Th+4), PUQ+2
& U0,

4 68.1 | 56.9 57.8 95.5 95.5 93.0 90.2l (BurAm™, Nd),
PU™* Th" UO,™,
& PuQ,™

* Separation carried out on a monolith support; 0.1 M a-HIBA- used for eution.
* (Pu™, Am™, Nd")-have least retention during reversed phase chromatographic
experiments and elute together

The retention of actinides e.g., plutonium on tlewersed phase support was
attributed to the formation of both neutral andoait species with HIBA {able.6.19,
e.g., in the case of PuB3-HIBA complexes, both species, [PHBA),] and [PuQ(IBA) 3]
become dominant with the increase of pH from 2.8 tdespite, [PugfiBA)3]" being
anionic, it is sufficiently hydrophobic (higher &@n moiety) and exhibit reversed phase
retention through dispersion forces (i.e., vanWeal forces) on a hydrophobigdurface.
The monopositive species, [Py@A)]" has the least retention compared to the other two

species on a hydrophobic support. The retentioRugl ™ / Pu(lV) is higher compared to
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Pu(lll) species in the reversed phase chromatografimough percentage of total species
i.e. neutral for Pu(lV) is marginally higher comed to Pu@?, the lower retention of

Pu(IV) was observed possibly due to hydrolysis wfi¥?)-HIBA complex.

6.4 Conclusion
A chromatographic method has been demonstrateth&ircorrelation of capacity

factor with the stability constant of lanthanidaed some actinide complexes. The stability
constants estimated using chromatographic studefoand to be in very good agreement
with the established experimental methods of litee,a The chromatographic method is
fast and estimation of stability constant can beedm a very short time which will be an

added advantage in dealing with radioactive elemeiihe experimental data also
demonstrate potential application of the methodtlier estimation of stability constants of

metal ions with a ligand whose value is not repghrte
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Chapter-7

Influence of Temperature on the Elution Behaviour 6 Lanthanides and
Some Actinides on Reversed Phase Supports

7.1 Introduction

Temperature plays an important role in liquid chatographic technique for
improving the separation efficiency [205-206]. Gelg, mobile phase viscosity decreases
with increase in temperature, leading to reductionolumn back pressure. Knowledge of
temperature effect on thermodynamic and kinetieetspof chromatographic separation is
also essential for method development. The effédemperature on solute retention of
metal ions such as alkali, alkaline-earth and itienms metals was studied and reported
[207-208]. Effect of temperature on ion chromatpdia separation of lanthanides was also
investigated [209-211].

In chromatography, temperature effect on solutent&in can be expressed by
simplified van’'t Hoff equation [212-214] and it egés the capacity factor (k') of solute to

the temperature via enthalpy and entropy of excharfgsolute between two phases. The

modified version of van’t Hoff equatioE In k '= — AH + AS + In ¢ ] has

RT R

been derived from relation between capacity fa¢kdr and thermodynamic equilibrium
constant (K) [215] and is shown in equation 7.1
In k'=InK +1Iné¢.............. (7.1)
where
k’= Capacity factor (k'= #tto/to),

K= Equilibrium constant for the distribution of st between mobile and
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stationary phase,

¢= Phase ratio (volume of the stationary phase dd/iay the volume of mobile

phase).

Parameters, such as enthalpy and entropy, can taeeth from van't Hoff plot,
In(k’) vs. 1/T. These parameters can determine siigtion process of solute between
mobile phase and stationary phase during chromapbgr separation. van’'t Hoff plot can
be linear as well as nonlinear depending on thamaters such asH and phase ratio on
temperature. Linear plot of In kK’ vs. 1/T was obsel when phase ratio is constant adtl
is independent of temperature. However, nonlindatr gf In k’ vs. 1/T was reported with
assumption of temperature dependent behaviouxtbfand changes in phase ratio [216-
221].

This chapter describes the influence of temperg6eC to 85°C) on the retention
of lanthanides and some actinides on dynamic iam&xge and reversed phase based
chromatographic systems. The retention of uraniwma thorium was investigated on a
reversed phase based support usif§BA, mandelic acid and lactic acid as a functafn
temperature. Capacity factors of lanthanides, UEnd/ere correlated with the temperature
using van't Hoff plot. The enthalpy of sorptionHsorption Of lanthanides, uranium and
thorium was calculated and these results are discus
7. 2 EXPERIMENTAL

The HPLC column was kept inside a thermostat cotnpart/oven (HPLC
technology) and allowed to equilibrate to the dasitemperature (+ iC) for at least 30
min prior to sample injection. Mobile phase emphkbywas also heated to desired
temperature using an oil bath. The post columneeagas cooled to ~ 10 to reduce the

temperature of column effluent before reachingdéiector.
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7.3 RESULTS AND DISCUSSION
7.3.1 Effect of temperature on chromatographic sepation of lanthanides and some
actinides on reversed phase support
7.3.1.1 Isocratic elution of lanthanides on 25 cmb5(um) and 3 cm (1.8um) length
reversed phase supports

In these studies, retention of lanthanides wassinyated on 25 cm length (&m)

and 3 cm length (1.8m) reversed phase supports under dynamic ion-egehaonditions
as a function of temperature. Influence of tempeeabn the separation of lanthanides was
studied in the temperature range of@%o 8%C. In a typical study, mobile phase employed
for the individual separation of lanthanides wasolution made ofi-HIBA (0.1 M) and
CSA (0.015 M) with pH 2.9 and 3.4. Under typicapermental condition, total separation
time of lanthanides was about 62 min al@%nd 36 min at 8& (Fig.7.1). A reduction of
retention time of lanthanides by a factor of 1.8i@s was observed with increase of
temperature, from 25 to 85. This is due to faster analyte mass transfer igihehn
temperatures as viscosity of mobile phase decreaghsincrease in temperature. Peak
broadening was noticed in the case of some liglatethanides, e.g., Nd-La especially
above 68C; splitting of peak, e.g., for La-Gd was obseree®5C. A linear variation of

In(k’) vs 1/T plot was obtained at pH 2.9 and 34 4dll lanthanidesKig.7.2).
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* Retention time of broader peak (i.e., lighter lamides peak at higher temperature) was
measured from the center of the top of the peak

Fig.7.1. Isocratic elution of lanthanides on 25 cm length saport as a function of
temperature. Mobile phase: 0.1 Mi-HIBA + 0.015 M CSA; pH: 2.9; Column: 25 cm
length (5um) reversed phase support; Flow rate: 3 mL/min; RIOR rate: 2 mL/min;
Detection: 655 nm; Sample: lanthanides (20 ppn®.@1 N HNQ; Injected volume: 2QL
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Fig.7.2.Plot of In(k’) vs 1/T for lanthanides from a 25 cmlength column. Mobile phase:
0.1 Ma-HIBA + 0.015 M CSA,; (a) pH: 2.9 and (b) pH: 3.40lGmn: 25 cm length (fm)
reversed phase support; Flow rate: 3 mL/min; PGRv frate: 2 mL/min; Detection:

655 nm; Sample: lanthanides (20 ppm) in 0.01 N HNQected volume: 2QL
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van't Hoff plot was linear with positive slope fall lanthanides indicating

exothermic sorption process for these ions betwstehonary phase and mobile phase.

Exothermic behaviour indicates favorable desorppoocess compared to the adsorption

process at elevated temperatures. Enthalpy of isarf\Hsorption Of lanthanides was

obtained from slope of van't Hoff plots and theued are shown ihable.7.1

Table.7.1 Slope from van’t Hoff plot and enthalpy 6 sorption of lanthanides on 25 cm
and 3 cm length supports

Lanthanides

25 cm length (5um) support

3 cm length (1.8um) support

U7

U

pH:2.9 pH:3.4 pH:3.2
Slope from Enthalpy of Slope from Enthalpy of Slope from Enthalpy of
van't Hoff plot sorption van't Hoff plot sorption van't Hoff plot sorption
(-AH/R) (AH sorption) (-AHIR) (AH sorption) (-AH/R) (AH sorption)
(K) (kJ/mol) (K) (kJ/mol) (K) (kd/mol)
La 1353+124 -11.0£1.0 1033+£89 -8.6+£0.7 1573+105 -1801G3
Ce 1328+119 -11.1+#1.0 872182 -7.2+£0.7 15506 -12.95%0.
Pr 1320+135 -11.0+1.1 800+92 -6.6+0.7 1496196 -12.8+0
Nd 1301+129 -10.8+1.1 621+73 -5.2+0.6 14881124 -12.8+1
Sm 1222+120 -10.2+1.0 568+100 -4.7+£0.7 13124267 -1P.9+
Eu 1152+117 -9.6x1.0 442480 -3.7+0.6 12244210 -10.8+1
Gd 1092+105 -9.14+0.9 373166 -3.1+0.5 116369 -9.7+0.
Tb 895+125 -7.4+£1.0 356+138 -2.9+1.1 870420 -7.2£3.5
Dy 781+124 -6.5£1.0 293483 -2.5+0.7 746397 -6.2+3.
Ho 707+135 -5.9+1.1 264+39 -2.240..3 661+416 -5.5+1.
Er 604+121 -5.0+1.0 # # 664+235 -5.5+3.5
Tm 549+126 -4.6+1.0 # # 639160 -5.310.5
Yb 473+105 -3.940.9 # # 6194297 -5.1+2.5
Lu 383191 -3.240.7 # # 580+3 -4.82+0.0

# could not calculated
* Error in slopeAH estimated from the error of linear fit of In(k/$ 1/T
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It can be seen frormable.7.1that at pH: 2.9, the enthalpy of sorption\Kkorption
decreased from 11.0+1.0 kJ/mol for lanthanum te@.2 kJ/mol for lutetium. The decrease
in AHsorpiionfrom La to Lu with the decrease in capacity fadtom La to Lu correlates well
with the increasing ionic potential of lanthanidgions, from La to Lu. Increase in ionic
potential across the lanthanide series resultsnivareced complexation with complexing
agent, e.ga-HIBA across the series, i.e., from'tdo Lu™,

Separation of individual lanthanides on dynamicatigdified 3 cm length (1.8m)

support was also studied as function of temperatndethe results are shownhig.7.3

. T: 70°C
i Lu
B -
a 4 /X
a T T T T T T
% D 10 20 30
s {mg’ T:25°C
7] \\EI‘ :
< ™Y lov
7 L Tb
Gd Eu
- Sm
Nd  pr Ce La(58.53)
- /\_ T —~—
! I ! I ! I ! I ! I ! I
0 10 20 30 40 50 60
Retention time(min)

Fig.7.3. Elution behaviour of lanthanides on 3 cmength support as a function of
temperature. Mobile phase: 0.05 M-HIBA + 0.01 M CSA,; pH: 3.2; Column: 3 cm length
(1.8 um) reversed phase support; Flow rate: 2 mL/min; P rate: 2 mL/min;
Detection: 655 nm; Sample: lanthanides (=20 ppmd.biL N HNQ; Injected volume:
20puL

Total retention time was reduced to approximatedif bf its initial time at 76C

compared to one at %5. In this study, at temperature >°Z5 broadening of lighter
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lanthanides peak was also observed. The mobileeptraployed was a mixture of solution
of CSA (0.01 M) as ion-pairing reagent antHIBA (0.05 M, pH 3.2). Enthalpy of sorption

(AHsorpiion Of lanthanides on dynamically modified 3 cm lén@l.8 um) reversed phase
support was calculated from slope of van't Hofftpl@-ig.7.4). Table.7.1 shows the value

of AHsorption fOr lanthanides. These values are varying from1-2:80.03 kJ/mol (LE) to

-4.82+ 0.03 kJ/mol (LL).

] La
3.6
] Ce
) Nd | = La
2.8 4 o Ce
J S ® Pr
. 24 Em P
T L] A Gd|s
= 204 A RN
. Th | by
1.6 /_/ﬁ//KDy & Ho
i ® Er
124 /ﬁ/%/—'/HO NIV
4 /0/_0//6—‘Er X Lu
0.8 - ’T_,_g///ﬂ"Tm
. ’/_L//Yb
. W Ly

) ' ) ' ) ' ) ' )
0.00288 0.00297 0.00306 0.00315 0.00324
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Fig.7.4. Plot of In(k’) vs 1/T for lanthanides from a 3 cm &ngth (1.8 pm) column.
Mobile phase: 0.05 Mi-HIBA + 0.01 M CSA; pH: 3.2; Column: 3 cm length.§lum)

reversed phase support; Flow rate: 2 mL/min; PGRv frate: 2 mL/min; Detection:
655 nm; Sample: lanthanides (12 ppm) in 0.01 N HNO

A temperature gradient was also employed to sepandividual lanthanides in an
isocratic mode. In this method, with a constant meophase composition, i.e., isocratic
mode, temperature of the column was altered frof€ 26 85C during a chromatographic

run. Lanthanides were separated from each othedsont 17 minKig.7.5 in these studies.
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In another study, separation of lanthanides wa® alarried out at lower
temperature, i.e., £G. Mobile phase employed for separation of indigidanthanides was
a mixture of solution of CSA (0.01 M) andHIBA (0.05 M) with pH of 3.2. However,

there was no noticeable change in separation tim@ared to the one obtained af@5

5
3.0x10° - Ho

Eu
2.5x10°

2.0x10° 1 Er sm
Tm

1.5x10° Nd

Yb Pr

Abs(arbitrary scale)

1.0x10° - Lu

Ce
5.0x10" - La(16.86)

0.0 4

—7T1 - 1 - r - T 1 1T 1T = 1T ° 1
o 2 4 6 8 10 12 14 16 18

Retention time(min)

Fig.7.5. Elution of lanthanides using temperaturgradient (25°C-90°C). Mobile phase:
0.05 Ma-HIBA + 0.01 M CSA,; pH: 3.2; Column: 3 cm length.8lum particle) reversed
phase support; Flow rate: 2 mL/min; PCR flow r&enL/min; Detection: 655 nm; Sample:
lanthanides (~20 ppm) in 0.01 N HNOnjected volume: 2QL

*Temperature was raised from 28C to 9PC in a span of 9 minutes (& raise per min)
7.3.1.2 Separation of U & Th on 25 cm (mm) and 3 cm (1.8m) length reversed phase

supports as a function of temperature

The effect of temperature on retention of actinidesh as uranium and thorium on
reversed phase support was also investigated irethperature range of 45 to 85C. A
solution of 0.1 Ma-HIBA with pH 3.25, 3.60 and 4.00 was used as dlf@enseparation of

U & Th on a 25 cm length reversed phase colufig.7.6).
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Fig.7.6. Retention of U & Th - HIBA complexes on a 25 cm legth reversed phase
support as a function of temperature.Mobile phase: 0.1 Mi-HIBA; pH: (A) pH: 3.25,
(B) pH: 3.50 and (C) pH: 4.00; Column: 25 cm lengitum) reversed phase support; Flow
rate: 2 mL/min; PCR flow rate: 2 mL/min; Detectiddb5 nm; Sample: U (65 ppm) & Th
(75 ppm) in 0.01 N HN@ Injected volume: 2QL.
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It was observed that the retention of uranium reduappreciably with raise in
column temperature whereas retention of Th almasenor less unchanged with raise in
temperaturelig.7.7 shows van't Hoff plots of U and Th with 0.1 MHIBA with pH 3.25,
3.50 and 4.00. In the case of uranium, van’'t Haétt pvas observed with positive slope,
indicating exothermic behaviour of sorption procé$swever, slope of van’t Hoff plot was
negative for thorium, indicating endothermic bebaviof sorption process. Enthalpy of
sorption AHsorption for uranium and thorium was also calculated frslope of van't Hoff
plots and the values are showrilable.7.2

The elution behviour of uranium and thorium wa®atidied on a 3 cm length (1.8
um) reversed phase support as function of tempera@8C-75C). In these studies,
retention of uranium decreased with increase optrature whereas retention of thorium
marginally increased with raise in temperatuegy(7.8). In these studies, van’t Hoff plots
of In(k’) vs 1/T for U and Th were observed withgittve and negative slope respectively
(Fig.7.9. Enthalpy of sorption AHsorption Of uranium and thorium was calculated from

slope of van’'t Hoff plots and the values are shawhable.7.3
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Fig.7.7.Plot of In(k’) vs 1/T for U and Th for 25 cm lengthcolumn. Mobile phase: 0.1
M a-HIBA; pH: 3.25, 3.50 & 4.00; Column: 25 cm lendth um) reversed phase support;
Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; Detien: 655 nm; Sample: U (65 ppm) &
Th (75 ppm) in 0.01 N HN®

Table.7.2 Enthalpy of sorption of U & Th on 25 cméngth reversed phase support

Actinides 0.1M a-HIBA
Enthalpy of Enthalpy of Enthalpy of
sorption sorption (AHsorption) | sorption (AHsorption)
(AHsorption)(kdJ/mol) | (kd/mol) at pH:3.5 | (kJ/mol) at pH:4
at pH:3.25
U -7.2+0.5 -16.2+0.6 -16.1+£1.1
Th 2.64+0.02 0.25+0.06 0.9+0.7

197



o Th(253) T:75°C . Th (3.38) T 75%
20 ] U @01
5 U (4.63)
| Th(252) T.65°C Th (3.37) T.65°C
] U@E3)
] » U (5.32)
o
% 2
watf T.55°C G
2 @49 B o ™ e T:55°C
£ > U(360) 2
e | = w0 U(612)
C w0 =
@ =
g o4 \ctj_/ /L
4a0°4 0 f ’
Th(241) T4C | 3 Th(3.22) T: 45°C
20 240°
U(3.99)
) - U (7.02)
‘m h31) T 25°C s Th (3.17) -
U (4.69) 5
. a0 U (7.59)
o 1 2 3 4 5 7 0 2 4 6 8
Retention time(min) Retention time(min)
(A)pH: 3.5 (B) pH:4.0

Fig.7.8.Retention of U & Th — HIBA complexes on 1.8 microrreversed phase support
as function of temperature.Mobile phase: 0.1 Mi-HIBA; pH: (A) pH: 3.5, (B) pH: 4.0;
Column: 3 cm length (1.8m) reversed phase support; Flow rate: 2 mL/min; RIOR
rate: 2 mL/min; Detection: 655 nm; Sample: U (65np@& Th (75 ppm) in 0.01 N HN¢)

Injected volume: 2Q@L
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Fig.7.9.Plot of In(k’) vs 1/T for U and Th for 3 cm length 1.8 micron reversed phase
column. Mobile phase: 0.1 Mi-HIBA; pH: 3.50 & 4.00; Column: 3 cm length (118n)

reversed phase support; Flow rate: 2 mL/min; PGRv frate: 2 mL/min; Detection:
655 nm; Sample: U (65 ppm) & Th (75 ppm) in 0.0HNO3

Table.7.3 Enthalpy of sorption of U & Th on 3 cm lagth (1.8um) reversed phase

support
Actinides 0.1 M a-HIBA 0.1 M mandelic acid | 0.1 M lactic acid
Enthalpy of Enthalpy of Enthalpy of Enthalpy of
sorption sorption Sorption Sorption
(AH sorption) (AH sorption) (AH sorption) (AH sorption)
(kd/mol)at | (kJ/mol) at pH:4 (kJ/mol) (kJ/mol)
pH:3.5 at pH:2.79 at pH:4
U -8.0+0.5 -14.1+1.4 -3.2+1.2 -9.0+0.8
Th 5.81+0.8 ~0.2 1.2+0.1 5.240.3
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In some experiments, mandelic and lactic acids \ase employed as complexing
agents for elution of uranium and thorium. In tleses of mandelic acid (0.1 M with pH
2.80), retention of thorium-mandelate complexes feaad to be higher than that of uranyl-
mandelate complexe&i.7.10. Higher retention of Th compared to U could belamed
from speciation of U and Th- mandelate compleXgg.7.11). Complexation of uranyl ion
(UO,"®) with mandelic acid results in formation of varsospecies such as U®
[UOy(mandelate)], [UOx(mandelate) and [UQy(mandelate]”. Similarly, thorium ion
(Th**) can also form species such as*Th[Th(mandelate)f, [Th(mandelate]*?,
[Th(mandelate]® and [Th(mandelatg) In the case of U, dominant species is,
monopositive species, [WOnandelate)] at pH 2.8 and pH 3.0, neutral species,
[UO,(mandelate) at pH 3.5 and anionic species, [k(andelate] at pH 4.0. In case of
Th, dominant species is, neutral species, [Th(matelg at pH 2.8, 3.0, 3.5 and 4.0. At
pH 2.8, higher retention of Th is due to the spefid(mandelatq) (77.60%), which has 4
mandelate moieties resulting in stronger hydrophabieraction, i.e. induced dipole-
induced dipole with the reversed phase support. |®Wer retention of uranium is due to
[UOy(mandelate] species (49.93%), which has only one mandelatietnoesulting in
relatively lower hydrophobic interaction with theversed phase support. Total separation
time of uranium and thorium was 41.7 min at pH:02.8 and Th separation was also
investigated at pH: 3.5, U elution was observedlaut 7 min. However, Th was not eluted
from the column even after 100 min. Hence, expeanisi@n the effect of temperature on
retention of uranium and thorium were carried dyikh 2.80. The retention of uranium was
reduced from 3.4 to 2.9 min with increase in terapee (28C to 75C), whereas, retention
time of thorium increased from 41.7 min to 45.1 raimd more or less remained constant

after that. Linear correlation of van't Hoff plof in(k’) vs 1/T with positive slope was
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observed in case of U and negative slope in the cB3h €ig.7.12. Enthalpy of sorption
(AHsorption Of uranium and thorium was calculated from slopean’t Hoff plots and are

shown inTable.7.3

o] U292 T 7800 a3
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Fig.7.10.Retention of U & Th — mandelate complexes on a rexsged phase HPLC as a
function of temperature. Column: 3 cm length (1.8m) reversed phase support; Mobile
phase: 0.1 M mandelic acid; pH: 2.79; Flow ratanmin; PCR flow rate: 2 mL/min;
Detection: 655 nm; Sample: U (65 ppm) & Th (75 ppm®.01 N HNQ; Injected volume:
20puL
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Fig.7.12.Plot of In(k’) vs 1/T for U and Th with mandelic add. Mobile phase: 0.1 M
mandelic acid; pH: 2.79; Column: 3 cm length ({irB) reversed phase support; Flow rate:
2 mL/min; PCR flow rate: 2 mL/min; Detection: 65\nSample: U (65 ppm) & Th (75
ppm) in 0.01 N HN@
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The retention of uranyl-lactate and thorium-lactaienplexes is more or less similar
to retention behaviour of U & Th-HIBA complexes. déntypical experiment, 0.1 M lactic
acid (pH 4.00) was employed for the separationrahwm and thorium. Uranium-lactate
complex retention was higher than that observeth Wie Th-complex. In these studies,

retention of uranium and thorium was investigatethe temperature range of’25to 75C

(Fig.7.13.
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Fig.7.13. Retention behaviour of U & Th-lactate complexes oma reversed phase
chromatography as a function of temperature.Mobile phase: 0.1 M lactic acid; pH: 4;
Column: 3 cm length (1.8m) reversed phase support; Flow rate: 2 mL/min; RIOR
rate: 2 mL/min; Detection: 655 nm; Sample: U (65np@& Th (75 ppm) in 0.01 N HN¢)
Injected volume: 2Q@L

Retention time of uranium was reduced from 4.28.81 min, whereas that of Th

was increased from 1.72 to 2.09 min with raise2BC-75°C). Linear correlation of van't
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Hoff plot of In(k’) vs 1/T was also observed witlogtive slope in case of U and negative
slope in case of TH{g.7.14. Enthalpy of sorptionAHsorption Of uranium and thorium was

calculated from slope of van’'t Hoff plots and theues are shown in tabl&gble.7.3.
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Fig.7.14.Plot of In(k’) vs 1/T for U and Th with lactic acid. Mobile phase: 0.1 M lactic
acid; pH: 4; Column: 3 cm length (1;8n) reversed phase support; Flow rate: 2 mL/min;
PCR flow rate: 2 mL/min; Detection: 655 nm; Samgle(65 ppm) & Th (75 ppm) in
0.01 N HNQ
Dybczynski et al has studied elution sequence of lanthanides usorg

chromatographic system [209]. In these studiesnemn@ase in retention of lanthanides with
increase in temperature was reported with citricd a&s well as tartaric acid as the
complexing agents. Use of nitrilo triacetic acidsuked in the reduction in overall
separation time with increase in temperature [268jwever, in our studies an overall

reduction in separation time was observed at edevegmperature when HIBA has been

employed for the isolation of individual lantharsde
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7.4. Conclusion

Influence of temperature on the retention of lanith@s in a dynamic ion-exchange
mode and retention of uranium and thorium complex@s a reversed phase
chromatographic mode was investigated in detane&r correlation of van't Hoff plot of
In(k’) vs 1/T for lanthanides and actinides suchlasind Th was observed. Enthalpy of
sorption of lanthanide and actinides were calcdlalédne results of these studies indicated
potential use of high temperature liquid chromaaphy for the development of high
performance separations. Use of small particle eupfe.g. 1.8 micron) at elevated
temperatures can be employed to reduce the oveseglaration time. Dynamic ion-
exchange studies at elevated temperature resulted overall reduction in separation time
of individual lanthanides as well as U from Th bfaator of ~ 2. The back pressure reduces
considerably at higher temperatures and the coluransalso be operated at much higher
flow rates compared to one at room temperaturegdducing the overall separation time.
Use of temperature gradient also provides new aenfor altering the separation
efficiency. Further studies are required to un@derdtthe endothermic behaviour of sorption

process for thorium.
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Chapter-8

Task-Specific lonic Liquidsin Liquid Chromatography-Studies on the
Retention Behaviour of Lanthanidesand Some Actinides

8.1 Introduction

The cationic or anionic part of room temperaturaidoliquids functionalized
covalently with organic moieties that perform agtdrspecific application are known as task
specific ionic liquids (TSILs) [222]. The presenmieorganic moiety in TSILs results in the
unique and synergistic properties of both room temaure ionic liquid and organic
functionality. TSILs are suitable for wide variaty applications in synthesis, catalysis and
separation technology [223]. Protonated betaine(trifisoromethyl-sulfonyl)imide
[Hbet][NTf,] (Fig.8.1A) is a task specific ionic liquid, reported to besalvent for
dissolving oxides of some lanthanides and actinjg23-224]. The carboxyl group attached
to the cationic moiety of [Hbet][NTf2] binds with etal ion through mono- or bidentate
coordination, which is reported to facilitate theswblution of oxides. Similarly, 1-butyl-3-
methylimidazolium benzoate (bmim benzoate) is aLT& it contains carboxylate ion in
the anionic part of ionic liquid as shownFkig.8.1B.

In the present study, retention of uranium, thorimd lanthanides was investigated
on reversed phase support modified with TSIL wHHIBA as the complexing reagent for
elution of metal ions. Elution profiles of uraniuthprium and lanthanides were studied as a
function of the ionic liquid concentration;HIBA concentration and its pH. Task-specific
ionic liquids such as bmim benzoate, [Hbet][MTand its precusor [Hbet] CI, were
employed along witlu-HIBA on a reversed phase support to study thetorgpehaviour

of uranium, thorium and lanthanide ions. The separafactors for U-Th as well as
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adjacent lanthanides were measured under variopsriexental conditions. For the first
time, ionic liquids were investigated for chromatgghic separation of individual
lanthanides and also for the isolation of uranivomfthorium.

CHj

‘N(SO,CF,), —
; [ NN,

Hy,C—N _N_=N
| HsC
CHj 0)
o

HO

3

(A) o

(B)

Fig.8.1. Structure of ionic liquids, (A) Betaine NTf, (B) Bmim-benzoate

8.2. EXPERIMENTAL
Standard solutions of U and Th were injected ith® HPLC system for preparing

the calibration plots. For e.g., in a typical studymobile phase consisting of 0.01 M
betaine chloride, 0.05 M-HIBA (pH: 2.42) was employed; a mobile phase flate of

2 mL/min was used for preparing calibration pldisy(8.2).

207



PY U
8.0x10° o Th “
Th

@
8 6.0x10°
(%0} [ J
-
©
5 6
= 4.0x10
T
o
@
X
S 6
$ 20x10

0'0 L) I L) I L) I L) I L) I L)

0 20 40 60 80 100 120

Concentration of U & Th (ppm)
Fig.8.2. Calibration plot for U and Th using ionic liquid as mobile phase. Mobile phase:
0.01 M betaine chloride + 0.05 MHIBA; pH: 2.42; Column: 25 cm length (@m) Cs
support; Sample: U & Th (5-100 ppm) in 0.01 N HN@et: 655 nm, Sample injected:
20 puL
8.3RESULTSAND DISCUSSION

8.3.1 Retention behavior of U and Thin the presenceof TSIL+ a-HIBA system
Retention of uranium and thorium was investigatsith@ ionic liquids, e.g., betaine

chloride, betaine NEfand bmim-benzoate as the mobile phase. In a typiqaeriment,
mobile phase employed was a solution of 0.001 Mibetchloride and 0.05 M-HIBA. A
good base-line separation of U-Th was establisigd.g83). Retention of uranium and
thorium was also investigated using ionic liquidtdine NT$ on a modified reversed phase
support Fig.8.4). U and Th separation using ionic liquid, bmim-beate was also studied

under various experimental conditions and the tesuk shown iifrig.8.5.
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U-Th separation factors for TSILs in the presenten-#1IBA as a function of
mobile phase pH are shown kig.8.6. Highest separation factor is achieved with bmim-

benzoate. The separation factors increase witleaser of mobile phase pH.

4x10°
U (3.29)

3x10°

2x10° - Th (5.19)

Abs(arbitrary scale)

1x10° -

0 )

T | T | T | T
0 2 4 6 8

Retention time (min)

Fig.8.3. Separation of uranium from thorium (~25 ppm) using ionic liquid, betaine
chloride. Column: 25 cm length (m) reversed phase support; Mobile phase: 0.001 M
betaine chloride + 0.05 M.-HIBA; pH: 2.94; Flow rate: 2 mL/min. PCR flow rate

1 mL/min; Sample: U & Th (25 ppm) in 0.01 N HMetection: PCR with arsenazo(lll)
at 655 nm; Loop: 2QL
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Fig.8.4. Separation of uranium from thorium (25 ppm) using ionic liquid, betaine
NTf,. Column: 25 cm length (bm) reversed phase support; Mobile phase: 0.001 tiiriee
NTf, + 0.05 M HIBA; pH: (a) 3.0 (b) 3.5 and (c) 4.0pkl rate: 2 mL/min. PCR flow rate:
1 mL/min; Sample: U & Th (25 ppm) in 0.01 N HMMetection: PCR with arsenazo (ll1)

at 655 nm; Loop: 2QL
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Fig.8.5. Separation of uranium from thorium (~ 50 ppm) using bmim-benzoate +

a- HIBA. Column: 25 cm length (m) reversed phase support; Mobile phase: 0.001 M
bmim- benzoate + 0.15 M-HIBA, pH: (a) 2.6 and (b) 3.5; Flow rate: 2 mL/mi&ample:

U & Th (50 ppm) in 0.01 N HN@) Detection: PCR with arsenazo(lll) at 655 nm.
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Fig.8.6. Separation factorsfor U-Th asa function of mobile phase pH.

8.3.1.1 Retention mechanism of U and Th in the presence of TSIL on the reversed
phase support

Retention for uranium and thorium — hydroxyl isolvate complexes on a baresC
reversed phase column decreases with increaseliBA concentration, but increases with
increase in mobile phase pH. At lower pH (pH <Banium and thorium elute together as
these complexes are mainly of positively chargestigs; at pH 3, retention of uranium is
much higher compared to that of thorium complexesder these conditions, the
predominant complex of uranium withHIBA is the anionic species, [W0BA)3]” which
has higher hydrophobicity than the correspondingitim complex, [Th(IBA)(OH),]*".
This results in enhanced affinity for uranium coexpbver thorium species on the reversed
phase support, mainly through induced dipole-indudipole interactions. When TSILs are
used in the mobile phase along witftHIBA, retention of U and Th complexes increases

when mobile phase pH were raised from 3 to 4. Higlseparation factor was observed
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when Bmim benzoate was employed in the mobile pHassome cases, early elution of
uranium over thorium was observed, especially winenmobile phase pH was kept at or
below 3 in experiments where betaine NTbetaine chloride were employed witfHIBA.
This is possibly due to the dominance of cationhaxge mechanism over hydrophobic
interaction (induced dipole interaction).

8.3.2 Retention behavior of lanthanides using ionic liquid, betaine NTf, as mobile

phase
The retention of lanthanides was also examinedgu3iSILs, betaine chloride,

betaine NT§ and bmim benzoate with-HIBA as a complexing agent for elution. The
retention of lanthanides with ionic liquid, betaiN&f, is shown inFig.8.7. Unlike with the

dynamic ion exchange system, lanthanides wereas#line resolved from each other.

2x10°

Abs. (arbitrary scale)

Retention time(min)

Fig.8.7. Separation of lanthanides using ionic liquid [Hbet][NTf;] with a-HIBA as
mobile phase on reversed phase support. Column: 25 cm length (mm) reversed phase
support; Mobile phase: 0.002 M betaine NH 0.05 M HIBA, pH: 2.68; Flow rate:
2 mL/min. Sample: lanthanides (20 ppm) in 0.01 N @4N Detection: PCR with
arsenazo(lll) at 655 nm.
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The reason for the shift in baseline has not betabished and further studies are
required to understand this profile. However, wheit alone was injected, the baseline of

chromatogram has not been affected significariiy.8.8).

1x10°
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' I ' I
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Fig.8.8. Retention behaviour of lutetium using ionic liquid [Hbet][NTf;] with a-HIBA
as mobile phase on rever sed phase support. Column: 25 cm (um) length reversed phase
support; Mobile phase: 0.002 M betaine NFH 0.05 M HIBA, pH: 2.68; Flow rate:
2 mL/min. Sample: Lu (20 ppm) in 0.01 N HMetection: PCR with arsenazo(lll) at
655 nm.

The separation factors for adjacent lanthanidesewealculated and shown in
Table.8.1. The elution order observed is similar to one ol in a dynamic ion-exchange
system where L is eluted first and L& is eluted last. This could be due to strong
complexation of L{F-HIBA system over LE-HIBA system. It is possible that TSIL, betain
NTf, through cation exchange would have complexetf ppueferentially over L&. The
stability constant of LIF-HIBA complex is far higher compared to that of {-&lIBA

complex; hence L - complex eluted first and Facomplex eluted at the end. These

studies clearly established strong influence oicidiquid, betaine NTf in its complexation
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with lanthanides. The absence of ionic liquid ia thobile phase, i.e., only withHIBA in

the mobile phase, resulted in a single peak witkaathanides eluting together. The use of
TSIL offers new avenues for improving the separatiactors by introduction of task
specific ionic liquids into the chromatographicteys.

Table.8.1 Separation factorsfor adjacent lanthanides

Lanthanides Separation

factor
La:Ce 1.19
Ce:Pr 1.13
Pr:Nd 1.07
Nd:Sm 1.24
Sm:Eu 1.13
Eu:Gd 1.06
Gd-Tb 1.20
Th-Dy 1.15
Dy-Ho 1.09
Ho-Er 1.11
Er-Tm 1.10
Tm-Yb 1.10
Yb-Lu 1.07

Mobile phase: 0.002 M [Hbet][NZfwith 0.05 Ma-HIBA, pH:2.68

8.4 Conclusion

Preliminary investigations were carried out in gresent work using TSIL as the
mobile phase. These studies indicated potentialicgipon of ionic liquids for the
development of separation procedures for isolatibmdividual lanthanides and also for
the isolation of uranium from thorium. These stgdestablished that TSIL can be employed
for selective sorption of uranium over thorium. Kaspecific ionic liquids can be
synthesized and anchored on a chromatographic dugpo selective sorption and

separation metal ions of interest.
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Chapter-9

Summary and Conclusion

This chapter summarises the results of the invasbigs carried out in the present

work. Following studies were carried out for thevelepment of high performance

separation of lanthanides and actinides.

Development of rapid separation methods for thdaigm of individual
lanthanides and some actinides on small partic(th) based reversed phase
and monolith based supports. These methods wereorddrated for the
measurement of atom percent burn-up of nucleatoe fuels.

A single stage coupled column HPLC technique hasnbdeveloped and
demonstrated for separation and determinationrdhémides in uranium matrix.
This method was applied for the determination afmatpercent burn-up of
nuclear reactor fuels; the method can be employgedstimate lanthanide
impurities in samples of U1 in 1¢) without removal of uranium matrix.

The retention of lanthanides and actinide complexas correlated with their
stability constant; based on these investigatien$]PLC technique has been
developed for estimation of stability constant iglahds with lanthanides and
actinides. Stability constants were also estimdoeddifferent ionic strengths.
Speciation of lanthanides and actinides was cawigdusing stability constant
data; the retention behavior of actinide complexiesing reversed phase

chromatographic technique has been explained lmas#te speciation data.
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e Influence of temperature on the elution behaviodr lanthanides and
actinides was investigated. It was observed in gresent study that use of
elevated temperature (40-8) resulted in overall reduction in separation time

e Retention of lanthanides and some actinides wasstigated using task-specific
ionic liquids. Separation of uranium from thoriunasvdemonstrated; similarly,

individual separation of lanthanides was also edrdut using TSIL.

9.1 Rapid separation of lanthanides and actinides on small particle based reversed
phase supports

High performance liquid chromatographic separatbrindividual lanthanides as
well as uranium from thorium was investigated toe first time on small particle (1.8 pm)
based reversed phase supports. Based on theseesstumi dynamic ion-exchange
chromatographic separation technique was developied camphor-10-sulfonic acid as the
ion-pairing reagent and-HIBA as the complexing reagent for the isolatidniraividual
lanthanides as well as for the separation of uranftom thorium. Capacity factor of
lanthanides was measured as a function of CSA, H3#RA mobile phase pH. Based on
these studies, separation factor of adjacent laidea was measured under various
experimental conditions. The lanthanides couldséated from each other in 3.6 min from
1.8 um based support using gradient elution. Use ofriid@on particle column resulted in
faster separation of individual lanthanides comgdcethe use of 5 micron particle of 25
cm length support, which has resulted in 7.9 mime Tolumn efficiency observed with 1.8
pm based 3 cm length reversed phase support (N3@@Jates per meter) is much higher
than the column efficiency of om based 25 cm length reversed phase support (NO@7,

plates/meter). Thus use of shorter column lengttin wmaller particle support has been
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demonstrated in the present study to achieve ra@pdrations maintaining more or less
similar separation factor between adjacent lanttemi

Reversed phase HPLC technique was demonstratéldefagolation and quantitative
determination of uranium from thorium as well astleanide group from uranium. Rapid
separation of lanthanide group from thorium anchiun@ was achieved in about a minute.
The rapid separation technique was demonstratedsdparation and determination of
lanthanides in uranium matrix (typically La:U~1:2000f salts of pyrochemical process
samples.
9.2 Liquid chromatographic behavior of lanthanides and actinides on monolith
supports

The retention of lanthanides, and soméidets was studied on a reversed phase

monolith supports. Individual separation of lantld@s was carried out using a dynamic
ion-exchange technique in isocratic and gradienticgi modes. Capacity factor and
separation factor of lanthanides was measuredfasciion of a-HIBA, CSA and mobile
phase pH. A Rapid separation of individual lantdasi(2.77 min) was demonstrated using
monolith support and this could be the fastest échnique reported as of now in literature,
to the best of my knowledge. The column efficierdymodified monoliths is ~44,000
plates per meter. The back pressure observed wiaholith supports is far too low
compared to the one observed with small partiggpstts. Hence monolithic columns were
operated at higher flow rates in the present stodgchieve rapid separation of individual
lanthanides.

The reversed phase retention behaviour of uranamd thorium was also
investigated on the reversed phase monolith sup@drtO0 cm length column as well as 5

cm length column. The retention behavior was alseestigated on monolith support
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modified with bis-2-ethylhexyl succinamic acid (BEH), usinga-HIBA as well as HNGQ

as the mobile phase. Elution profiles of uraniurd #rorium were studied as a function of
the BEHSA concentration, mobile phase compositenm] its flow rate. The separation
factor for U/Th was determined under various experital conditions. Uranium could be
isolated from thorium in about 0.34 min using 0IHNO; as the mobile phase. Thus
modified monolith supports were employed in thesprg study for the rapid separation of
lanthanides and actinides.

9.3 Burn-up measurement on nuclear reactor fuelsusing HPLC

The dynamic ion-exchange techniques using smallicpabased support as well as
monolith support were demonstrated for determinihg concentrations of lanthanide
fission products such as La, Ce, Pr, Nd and Srhendissolver solution of nuclear reactor
fuels. Direct injection of dissolver solution onm@nolithic support was demonstrated for
the first time for the determination of atom pertdenrn-up without pre-separation of matrix
uranium and plutonium.

Uranium was separated from Pu(lll) as well as Pufdy reversed phase as well as
dynamic ion-exchange HPLC technique. A reversedg@lthromatographic technique has
been developed for the assay of uranium and plumomiresent in the dissolver solution of
nuclear reactor fuels.

9.4 Single stage coupled column HPL C technique for separation and deter mination of
lanthanides in uranium matrix - application to burn-up measurement on nuclear
reactor fuel

Single stage coupled column chromatographic methad demonstrated for the
first time towards separation and determinatiodaothanides in uranium matrix. Tri-n-

octylphosphine oxide modified reversed phase coluocomnected in series with a
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dynamically modified cation exchange monolithic woh accomplished the task of
individual isolation of lanthanides from uranium tnda The proposed method eliminates
the step of uranium matrix removal for the deteation of lanthanides. Samples with
lanthanide to uranium ratio, as high as 1° Mere directly injected into the “coupled
double column” for the quantitative determinatidnlanthanides without uranium matrix
removal. Samples of lanthanides in uranium matowl@ be injected as much as 45 times
consecutively into the HPLC system for determirmatd lanthanides without any uranium
elution. The retention behaviour of Pu(lV), Pu(liBm(lll) and various fission products
such as Zr, Mo, Cs, Ba, Sr, Ru, Rh, Pd and lantlesnwas also studied on the TOPO
modified reversed phase support. The single stamepled column chromatographic
technigue was also demonstrated for the separatidrdetermination of lanthanide fission
products in the dissolver solution of PHWR and fasactor spent fuels for the
determination of atom percent burn-up.
9.5 Correlation of retention of lanthanide and actinide complexes with stability
constantsand their speciation

Correlation on retention of lanthanide and someina® complexes on a
chromatographic column with their stability condthave been investigated in the present
study. Large number of chromatograms were recordeder various experimental
conditions. From these studies, a correlation leas lestablished between capacity factor of
a metal ion, concentration of ion-pairing reagemti @omplexing agent with the stability
constant of metal complex.

Based on these studies, it has been shown thattdbéity constant of lanthanide
and actinide complexes can be estimated usingglesianthanide calibrant. Validation of

the method was carried out with the complexing &gsach as-HIBA, mandelic acid and
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lactic acid. It was also demonstrated that datenfeosingle chromatogram can be used for
estimation of stability constant at various iorti@sgths and the estimated stability constant
data are found to be in very good agreement wighetkperimentally determined values.
These studies also demonstrated that the methothecapplied for estimation of stability
constant of actinides with a ligand whose valuaads reported yet. The chromatographic
separation method is fast and the estimation bilgtaconstant can be done in a very short
time, which is a significant advantage especiallgliéaling with radioactive elements. The
stability constant data was also employed to comgpeciation of plutonium in different
oxidation states as well as that of americium witiIBA. The elution behavior of
actinides such as Pu and Am from reversed phasemettographic technique could be
explained based on these studies.
9.6 Influence of temperature on the elution behaviour of lanthanides and
some actinidesusing HPLC

The effect of temperature (25°C to 85°C) on thentton of lanthanides and some
actinides on chromatographic supports was investigaDynamic ion-exchange and
reversed phase chromatographic techniques wereogatpfor the individual separation of
lanthanides and actinides such as uranium andutinoti was observed from these studies
that total retention time was reduced to approx@iyahalf of its initial time at 8%
compared to the one at %5 for individual separation of lanthanides. A temstere
gradient was also employed to separate the individuthanides in an isocratic mode in ~
16 min. The retention of actinides such as urargunth thorium was also investigated on a
reversed phase based support usit$iBA, mandelic acid and lactic acid as a functafn

temperature from 2& to 85C.
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Capacity factors of lanthanides, U and Th were edated as a function of
temperature using van’t Hoff plot and linear caatiein has been established; from this
study, enthalpy of sorptionABsopion Of lanthanides, uranium and thorium has been
computed. These studies demonstrated potential afsecarrying dynamic ion-
exchange/reversed phase chromatographic technaguesvated temperature for achieving
rapid separations.

9.7 Task-specific ionic liquids in liquid chromatography-Studies on the
sorption behaviour of lanthanides and some actinides

Task-specific ionic liquids such as 1-butyl-3-méitmydazolium benzoate (bmim-
benzoate), protonated betaine bis(trifluoromethigsyl)imide ([Hbet][NTf]) and its
precursor betaine chloride ([Hbet] Cl) were exardifier the first time as mobile phase
along with complexing reagent, i.ex-hydroxy isobutyric acid to study the sorption
behaviour of uranium, thorium and lanthanides omerged phase chromatographic
supports. Retention behavior of uranium and thorwas investigated with ionic liquids,
1-butyl-3-methylimidazolium benzoate and betainkitle. The separation factors for U-
Th as well as adjacent lanthanide pairs were medswmnder various experimental
conditions. Highest separation factor for sepamatib uranium and thorium was obtained
with 1-butyl-3-methylimidazolium benzoate as ani@fiquid. Individual separation of
lanthanides was observed with task specific ioniquid, protonated betaine
bis(trifluoromethylsulfonyl)imide [Hbet][NT4], though the separation efficiency was not on

par with the one achieved with dynamic ion exchasige

Future Studies
The results obtained in this present study ind@t@®@me promising research areas

for the future work. They are listed below.
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1. The stability constant of lanthanides and adégsiwith new ligands can be estimated in
shortest possible time. Precisely predicting rédantof actinides, e.g. curium and
americium can be employed to collect their valudidetions during their isolation from
various stages of nuclear fuel cycle.

2. Single stage dual column chromatography can roplayed to estimate lanthanide
poisons in the samples of YQwithout the removal of uranium matrix. Similarly,
development of extraction chromatographic methodsbhg of immense interest and use
for the determination of various metal ion imp@®iin plutonium matrix.

3. Preliminary experiments on the use of ionic iiguas mobile phase for separation of
lanthanides and actinides indicated promising testonic liquids as well as task specific
ionic liquids can be incorporated into the statrgnphase for isolation of specific metal
ions.

4. The use of high temperature liquid chromatog@apachnique can be examined for
development of superior isolation procedures fatHanides and actinides.

5. The dynamic ion-exchange techniques can be @eterfor the preparative scale
purification of actinides such as Am and Cm; sinlylabulk scale isolation of uranium

from thorium matrix can be examined.

These studies eventually may pave way for the deweént of superior isolation

procedures of lanthanides and actinides.
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