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Synopsis



Chromatography is an analytical method that separates the components in a mixture
based on the differences in their partitioning between a mobile phase and a stationary
phase.When the mobile phase used is a liquid, the method is known as liquid chromatography
(LC)which is useful for separation, identification and determination of ions or molecules that
are present in a solution.The interaction of the solute between mobile and stationary phases
can be controlled through different choices of solvents and stationary phases. As a result, LC
acquires a high degree of versatility as compared to other chromatographic systems and it
also has the ability to adapt to a wide variety of mixtures by proper selection of solvents.The
understanding that the use of small particles and high pressures is mandatory to improve the
separation efficiency in LC, led to the development of high performance liquid
chromatography (HPLC).Improvements in instrumentation, column technology and theory
paved the way to rapid and high resolution LC separations. Application of HPLC with on-line
detection has reduced the analysis time from days to a few minutes because of its speed, high
sensitivity and multi-elemental analysis capability using single injection. However, LC
system using on-line spectrophotometric detection has a limitation for co-eluting species
having similar or no absorption in the UV-VIS range.

Separation and determination of lanthanides, Th and U is of great importance in
geochemistry, environmental sciences, material science, nuclear technology etc. In nuclear
technology, separation of individual lanthanides, Th and U is required to minimize the
isobaric / spectral interferences during the quantitation or atom ratio measurements by mass
spectrometry.Individual separation of lanthanides is a challenging task in view of their
similar electronic configuration and nearly same ionic radii. The use of complexing agents as
eluents in the ion exchange chromatography helps to amplify the slight differences in the
stability constants of the Ln-eluent complexes and leads to better separations. In the present
work, reversed phase (RP) chromatography was used for the separation of Th and U as they

form hydrophobic complexes with ligands used as eluents.Effects of different parameters



such as concentration of eluent and ion interaction reagent (IIR), pH of mobile phase etc.
were studied systematically for the optimization of separation procedure for a given type of
sample. The aim of the present thesis was to develop the LC based methods for the trace level
determination of lanthanides, U and Th. Several HPLC techniques have been reported for the
determination of lanthanides and actinides in a variety of samples relevant to nuclear industry
and geological studies. In view of its high efficiency, ion interaction chromatography was
preferred over bonded phase ion exchangers for the individual separation of lanthanides. The
IIRs employed are not easily destroyed by chemical treatments and their presence in the
separated lanthanide fractions lowers the ionisation efficiency during subsequent isotope ratio
measurements by thermal ionisation mass spectrometry (TIMS). An IIR which would remain
sorbed on the column for a considerably long time and thus subsequently, need not be added
to the mobile phase when running the samples is desired. Also better resolution would imply
higher decontamination factor and more accurate atom ratio measurements for the separated
fractions. The reported HPLC methods for the determination of burn-up involve preliminary
separation of lanthanides or fission products from the bulk of the fuel matrix elements. The
separation steps to isolate the fission product(s) pose the risk of contamination of the sample
and also make the process cumbersome. Direct HPLC methodology for the determination of
burn-up of irradiated thoria-based fuels, without involving any pre-separation of matrix
elements U and Th is, therefore, needed. Though a number of HPLC methods have been
reported for the separation of U and Th, majority of thesedeal with samples containing
similar amounts of U and Th. Hence, it is required to develop LC method for determination
of U in samples containing large amounts of Th in view of its importance to thorium based
nuclear fuel cycle.The determination of U in natural water systems is of interest since
seawater is considered as an alternative potential source of uranium. Reported LC methods
were performed using spiked samples containing large amounts of U added externally

compared to the amount present in seawater. LC methods for the selective pre-concentration



and determination of U in seawater and process water were, therefore,developed in the
present work. LC separation me can be easily elucidated if the species responsible for the
adsorption / elution from a given stationary phase are understood. Hence, an attempt was
made to studythe solution equilibrium between UO,?*and hydroxyl carboxylic acid ligands
typically used for the separations. Speciation studies of actinide elements are also important
from the point of their migration under the waste immobilization conditions. Due to the soft
nature of ionization, Electrospray ionization mass spectrometry (ESI-MS) is suitable for
studying the solution equilibria of metal-ligand system.
Hence, the objectives of the present thesis were:

¢ Individual separation of lanthanides with a high degree of resolution

e Separation and determination of lanthanides in presence of large amounts of Th or U

e Quantification of small amounts of U in bulk of Th

e LC method for the determination of U in seawater and process samples

e Study the speciation of UO,**-a-HIBA and UO,**-mandelate systems

The work described in this thesis is divided into five Chapters.

Chapter 1

This Chapter gives an introduction to lanthanides and actinides, particularly Th and U
with respect to their role in nuclear science and technology. Brief review is presented on the
various analytical methods for the separation and determination of lanthanides and actinides.
Broad classifications of liquid chromatography and the relevance of reversed phase
chromatography and ion interaction chromatography which are used in the present work are
also described. LC coupled with a diode-array UV-Vis absorption spectrometer was
employed for major part of the work presented.Isotope dilution-thermal ionisation mass
spectrometry (ID-TIMS), a well-recognised analytical methodology, was employed for

validating the HPLC methodology developed for the determination of U in seawater samples



and process samples. An ESI system coupled to tandem mass spectrometer system was
employed for studying the complexation of UO,** withhydroxyl carboxylic acids. Analytical
techniques such as high performance liquid chromatography (HPLC), thermal ionisation
mass spectrometry (TIMS) and electrospray ionization mass spectrometry (ESI-MS) used in
the present work are described in this Chapter. Finally, the scope of the present work is

described.

Chapter 2

This Chapter deals with the studies carried out for the separation of lanthanides using
HPLC based on ion interaction chromatography. High resolution separation of lanthanides is
important in nuclear technology for the burn-up determination of irradiated fuels and for the
characterization of nuclear fuels with respect to trace constituents.

Mobile phase parameters such as nature of the complexing agents, pH, solvent
strength etc. play significant role in deciding the interaction of a given lanthanide ion with the
stationary phase. In the present work, the objective was to bring out the influence of ion
interaction reagent on the resolution of lanthanide separations. Another objective was to
identify a suitable IIR offering long term adsorption onto the reversed phase (RP) column,
thereby obviating the need to introduce the IIR in the mobile phase during the separation of
lanthanides. This avoids the rigorous treatment of purified fractions before their mass
spectrometric analyses. Hence, comparative study of ion interaction reagents (IIRs) was
carried out under identical experimental conditions.

IIRs viz. n-octane sulphonate, n-octane sulphate, n-octadecane sulphonate and eicosyl
sulphate were selected for the study. Separation efficiency was assessed on the basis of

resolution, which is related to the number of theoretical plates. The resolution between two

th B Rtl .
(\N(uz)l +W(1/2)2)

adjacent peaks of lanthanides was calculated using the equation: R=1.18



where, R, and R,,are the retention times of the two adjacent peaks 1 and 2, respectively and

W’s denote their peak widths at half maximum heights. Volume and composition of the IIR
and volumes of washings with water and mobile phase etc. for the proper equilibration of the
column were optimized for each IIR. Separation of lanthanide mixtures was carried out using
a concentration gradient of a-hydroxy isobutyricacid solution of pH 5.0. The long term
adsorption of these IIRs onto the stationary phase was also studied. Among different IIRs
studied, n-octadecyl sulphonate showed the highest resolution for the 14 lanthanides (Fig. 1)

and provided good long term adsorption stability.
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Fig. 1: Separation of 14 lanthanides on a C18 column coated with C18-sulphonate

The coating of n-octadecyl sulphonate over the stationary phase was found to be quite stable
as indicated by the reproducibility (RSD 2-8%) of resolution data among lanthanide peaks
over a period of two months. Applicability of the method for the real life samples was
demonstrated by analyzing lanthanides in a geological reference material viz. SY-3.Under the
dynamic cation exchange conditions employed for the individual separation of lanthanides,

presence of Th and U can cause interference in the separation. The problem becomes more

vi

Solvent (%)



severe when Th or U is present in large amounts as the matrix element peaks can mask some
of the lanthanides. The possibility of separating the lanthanides without involving any pre-
separation of the matrix elements, U and Th was explored.

The pH of the eluent and concentration of ion interaction reagent were found to play a
vital role in deciding the capacity of the column to retain Th. A dual gradient elution
condition was employed for the direct determination of lanthanides in presence of large
amounts of Th using single column. This was achieved by employing concentration gradient
of a-HIBA (pH 6 or above) for separating individual lanthanides and for retaining Th and U
onto the stationary phase. After their separation, low pH a-HIBA was introduced for the
elution of Th and U. Since the elution of matrix elements takes place after the elution all the
lanthanides, the method allows the use of a minor fission product (Tb) as an internal standard
for the precise quantification of fission monitors, La and Nd, along with other lanthanide

fission products (Fig. 2).

_ U N
0.8 Th ~ 100
E Ce a
0.7 4
E Tb = 80
] Nd
0.6 (Int. Std.)
0.5 - g
E 60
g 0.4é g
= E La ; £
2 03 SN
= E Pr “
0.2 :
E o0 20
0.1 4 UUL ¥
0.0 - 0
HH‘\\H‘HH‘HH‘HH‘HH‘HH‘\H\‘HH‘\\H‘HH‘HH‘HH‘HH‘HH‘HH‘HH
0 2 4 6 8 12 14 16

Retention Time (min)
Fig.2: Separation of lanthanides, Th and U in simulated 1 atom% burn-up solution using

dual (concentration and pH) gradient elution.
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The simulated samples of thoria with burn-up of 0.5, 1 & 2 atom% fissions were
repeatedly analysed over a period of two weeks and the overall precision for the
determination of La and Nd concentrations by internalstandard method was found to be ~2%.

The methodology exploits the advantages of the internal standard approach as well as
direct injection method.Since no preliminary separation is involved, analysis is faster and is
less prone to contamination. Since internal standard was used for quantification, it takes care
of majority of the fluctuations and uncertainties during the sample handling. The method can
be used as a quick substitute for mass spectrometric analysis of the burn-up determination
with reasonable precision and accuracy using Tb as an internal standard. Coupled column
LC method was also explored for the determination of lanthanides in bulk of thorium. The
method employed a RP column and a cation exchange column, connected in series. Mandelic
acid was used as the eluent for the on-line matrix removal as well as for the separation of
individual lanthanides. Under the optimized conditions, thorium-mandelate was retained in
the RP column whereas less retaining lanthanide ions were transferred into the cation
exchange column for their individual separation. The method was used for the separation of

synthetic samples with Th/Ln amount ratios up to 10,000.

Chapter 3

This Chapter discusses the separation of thorium and uranium by HPLC. Due to
similar chemistry, the separation and accurate determination of U in presence of a large
excess of Th is difficult. Th based nuclear fuel cycle demands quantification of small
amounts of U in presence of large amounts of Th. Objective of the present work was to
develop an HPLC method for the determination of U in samples with Th/U amount ratios as
high as 100,000 without involving any pre-separation of the matrix element. When mandelic
acid was used as the elunt, elution of U occurred prior to Th contrary to that observed with o-
HIBA as the eluent. Hence, it was also of interest to understand the mechanism of adsorption

of metal-mandelate complexes onto the stationary phase.
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Since both Th and U form hydrophobic complexes with the eluting ligands, the
separation was carried out on unmodified RPcolumn. The parameters such as pH& methanol
content of the mobile phase and concentration of the eluentwere studied to optimise
separation between Th and U on the RP column.The parameters controlling the Th retention
capacity were taken into consideration while optimizing the gradient conditions. Synthetic
samples were introduced in multiple injections since the amount of U per injection (100 pL)
would be below the quantification level. Concentration of Th in the synthetic mixture
solution was restricted to ~ 3,000 ppmw as it shows turbidity on standing over a period of
time (1 hr to overnight) due to the precipitation of Th(OH)s,.

The developed method allowed reliable determination of small amounts of U in the
presence of large amounts of Th. Monolith columns could be used for samples with Th/U
amount ratios up to 3,000 whereas for samples with higher Th/U ratios, i.e., up to 100,000,
particulate column could be used. Fig. 3 shows the chromatogram obtained for a mixturewith
Th/U amount ratio >100,000 on a particulate column.
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Fig 3: Separation of U and Th in a mixture with Th/U amount ratio of 106,479 on a
particulate RP column

To understand the mechanism of adsorption of mandelate complexes of Th and U

onto the RP stationary phase, two different [IRs viz. sodium n-octane sulphonate and tetra-n-
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butyl ammonium bromide were introduced into the mobile phase at varying concentrations
and the corresponding changes in the retention times of Th and UO, were monitored.Results
from the experiments support the charge neutrality of thorium mandelate complex and the
anionic nature of uranyl-mandelate complex. The difference in nature of the major species of
Th and Uexplained distinct elution pattern observed when mandelic acid was used as the

eluent.

Chapter 4

This Chapter deals with the development of HPLC methods for the determination of
U at ultra trace levels from seawater and process samples.Recovery of U from seawater is an
option for increasing its availability to meet the future energy requirements. A method for the
determination of U at different stages of pre-concentration and separationwas required for
assessing the feasibility of recovering U from seawater. In addition, determining the fate of U
in natural water systems including seawater is important for environmental monitoring.
However, U determination in seawater is a challenging task because of the high salt content,
presence of bio-fouling agents and low concentrationsat ppb levels of U.

Low Uconcentrations and largeamounts of other dissolvedspecies in seawater
necessitate chemical separation of U prior to its determination. In the first approach, a-
HIBAwas used as a chelating agent for the separation of U on a monolith RP column. The
same column was employed for the pre-concentration and separation of U. The acid treated
seawater sample was mixed with 0.025 M a-HIBA and the pH of the solution was adjusted to
6 — 7. This solution was pumped through the column for the pre-concentration. The adsorbed
Uwas eluted from the column by using (a-HIBA+MeOH) gradient and was detected
spectrophotometrically after post-column reaction. Under the optimized conditions, metal
ions viz. V, Ni, Ti, Mo were not retained on the column and hence showed no interference

during the elution of U.



However, during the determination of U in processed samples containing high levels
of Fe(lll), the method was found to be unsuitable due to the clogging of the pre-concentration
column by the precipitate formed in the feed solution. Hence further studies were carried out
with the objectives to obtain: (i) good separation between U (V1) and Fe (111) (ii) possibility
to introduce the samples at pH < 4to avoid the formation of turbidity and (iii) quantitative
recovery of U during the pre-concentration procedure.Use of mandelic acid (pH ~4) as a
chelating agent allowed the pre-concentration of U without hydrolysis of other metal ions like
Fe (I11). Two separate columns were employed for pre-concentration and separation. Elution
conditions were optimized by studying the effect of concentration of mandelic acid, MeOH
content in the mobile phase etc. for separation of U(VI) from Fe(lll) and other impurities.
The method offered quantitative pre-concentration of U(VI) and linear response was
obtained for U concentration in the range of 0.5 to 500 ppb. The methodology was applied for
the determination of uranium in seawater and process samples from different stages of the
recovery process of uranium from seawater. This method was found to be robust as the U
peak area was not affected by the presence of Fe (111) in the sample upto Fe/U amount ratio of
3000. Figs. 4(a) &(b) show the chromatograms obtained for the separation of U from
seawater sample and process sample, respectively. Both the methods were applied to
seawater samples and the precision was in the range 5 - 9%. In both the cases, the developed
methodologies were validated by comparing the results with those from internationally

accepted technique of isotope dilution-thermal ionization mass spectrometry.
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Fig. 4: Chromatograms obtained for U separation from (a) seawater sample and(b) processed
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Chapter 5

This Chapter discusses about the electrospray ionization mass spectrometric studies
on the complexation of UO,?* with a-hyydroxy carboxylic acids.These chelating agents are
extensively used as the eluents in the LC separation of lanthanides and actinides. Studying
the nature of different species of the metal-ligand complexes would provide an insight to the
various mechanisms responsible for the chromatographic separations.

ESI-MS was used to follow the complexation of uranyl ion with two hydroxy
carboxylic acids viz. a-hyydroxy isobutyric acid and mandelic acid. The different peaks
corresponding to the free UO,?* as well as complexed uranyl-ligand [UO,?*-(L),] species
were identified by comparing the theoretically calculated isotopic pattern or by MS/MS
analysis. Appropriate experimental parameters were chosen by monitoring the effect of
capillary voltage and dry gas temperature on the intensities of the important species.
Calibration curve was obtained for the ESI response of uncomplexed UO,?* ions in the
concentration range of 1x10° M to 2x10”° M. Fig. 5 shows the typical ESI-MS spectrum in
positive ionization mode obtained for uranylnitrate dissolved in methanol. For monitoring the
overall trend in complexation, the reaction was studied as a function of ligand-to-metal ratios
ranging from 1 to 10. Uranyl nitrate and ligand solutions prepared in methanol were mixed

on volume basis to give the complex solution with the required M/L ratios. In order to follow
Xii



the equilibrium using ESI-MS, uncomplexed UO,*" ions and UO,?*-ligand complex ions
were monitored in the positive mode. Concentrations of complex species, [UO,**-(L)], were
determined based on the intensity of the free UO®". Distribution of ‘free metal’ (M) and
metal-ligand complex species (ML;, ML, and ML3) as a function of L/M molar ratio was
determined. Stability constant of the UO,**-ligand reaction was determined based on the
distribution data as well as the ESI calibration curve of the free UO?*,

The studies helped in the identification of different species of uranyl-a-HIBA and
uranyl-mandelate complexes in methanol medium. In the case of uranyl-a-HIBA system, the
stability constant data obtained (logP; = 3.5) were comparable to those reported in literature
(3.2) for the ML, type complexes. However, for ML, and ML, the stability constant values
obtained were higher than the reported data. This could be attributed to the fact that most of
the associated species of ML, and ML; exist as negative ions, which could not be taken into
account in the present study. In the case of uranyl-mandelate system, stability constant data
obtained for the uranyl-mandelic acid system (logB1 = 2.9 and logf, = 4.0) were comparable

to the literature data (2.6 and 4.1, respectively).
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Fig. 5: ESI-MS spectrum for uranylnitrate in methanol in positive ionization mode.

In summary, the important highlights of the work are as follows:
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LC method based on the use of n-octadecyl sulphonate as ion interaction reagent
provided efficient separation of lanthanides. The IIR offers good long term adsorption
onto the RP column, thereby obviating the need to introduce the IIR in the mobile
phase during the separation of lanthanides.

. A novel dual gradient elution was developed for the determination of lanthanides
without involving any pre-separation of matrix elements U and Th. The method was
used for the quantification of La and Nd in simulated irradiated thoria samples.

. A method was developed for the trace level determination of U in samples containing
large amounts of Th using mandelic acid as the eluent. The studies were extended to
understand the mechanism of adsorption of mandelate complexes of Th and U onto
the RP stationary phase.

HPLC methods for the determination of ppb levels of uranium in seawater and
process samples were developed.The method offers determination of U in the
concentration range of 0.5 to 500 ppb and could tolerate the presence of Fe (111) in the
process sample up to Fe/U amount ratio of 3000.

Electrospray ionization mass spectrometric studies on the UO,**-a-hyydroxy
carboxylic acid systems were carried out with an objective to determine the
distribution of different species of the metal-ligand complexes. The data on the
stability constants for uranyl-o-HIBA system and uranyl-mandelic acid system were

obtained.
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Chapter 1

Introduction



1.1 Introduction
1.1.1 Relevance of Trace Determination of Lanthanides, Thorium and Uranium

Recent years have seen a growing importance in the role of trace elemental
determination in different domains such as energy sector, environmental monitoring, material
science, geochemical characterization etc. Thorium (Th) and uranium (U) are used as fertile
and fissile elements, respectively, in nuclear reactors and these are also of great technological
value. In view of the radiation protection also, determination of natural radionuclides such as
Th and U in the environmental samples is important. During the nuclear fission of the fissile
nuclides like 2°U or #°Pu, different lanthanide elements are produced along with different
fission products. Because the fission yields of selected lanthanides are known, analysis of
dissolved irradiated fuel elements for their lanthanide content can be used to determine the
extent to which the fuel was ‘burned’ in the reactor [1-3]. In view of the analogy with
actinides, concentrations of lanthanides in ground water is considered as an indicator for
modeling the leaching of actinides from nuclear waste repositories [4]. The geochemical
behavior of lanthanides, Th and U are relatively close to one another when compared to other
elements in the geological environment. Lanthanide abundance has proven to be extremely
useful to understand and to improve knowledge on the composition, structure and evolution of
earth’s upper mantle [5]. Similarity in their chemical properties and low solubility make these
elements useful as geochemical indicators in sediments. Thus lanthanides profiles are
extensively used as a signature of water-rock interactions in various aquatic systems [6].
Suitable methods for accurate and rapid determination of lanthanides, Th and U in geological
and nuclear samples are, therefore, required [7]. However, the complex nature of the matrices
makes the trace determination of lanthanides and actinides complicated. Challenges posed by
the above samples include matrix effect, spectroscopic interference, high salt concentration,

relatively low levels of analyte concentrations in the sample etc. Liquid chromatography
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(LC)is a powerful and cost effective tool for trace analysis. In combination with element
selective detection techniques, LC provides low limits of detection and overcomes spectral
interferences and matrix effects. The application of chromatographic techniques to highly
radioactive samples offers several unique challenges. Hyphenation of LC with selective and
sensitive techniques like mass spectrometry is important for identifying and characterizing
different species in complex samples [2,3]. In this thesis, studies were carried out for
developing LC methods for the separation and determination of lanthanides, Th and U in

different types of samples.

1.1.2 Nomenclature

Lanthanides consist of fourteen elements following La (Z = 57) to Lu (Z = 71) and
occupy a special location in the Periodic Table. The ending 'ide' normally indicates a negative
ion, and therefore according to IUPAC, the name ‘Lanthanoid’ (meaning 'like lanthanum') is
preferred for this class of elements [8]. However, lanthanide and actinide are still allowed
owing to wide current use. Together with the elements scandium and yttrium, the lanthanoids
are known also as rare-earth elements (REEs). All the REEs have similar outer electronic
configuration and their oxides are collectively termed as rare earths. The actinide elements are
a group of chemically similar elements with atomic numbers 90 to 103 and are placed below

lanthanides in the Periodic Table.

The discovery of the lanthanides began in 1788 when B. Geijer reported the analysis
of a stone found near Ytterby, Sweden. This mineral was called yttria and its composition was
analyzed by Gadolin and Arrhenius. The word lanthanum is originated from the Greek word
lanthanein which means “to lic hidden” as it hid in cerium ore and was difficult to separate
from the mineral. The term lanthanide is aptly given as it took over a century to discover all

the 15 elements belonging to this family. In 1804, J. J. Berzelius and W. Hisinger discovered



Ce and in 1947 Marinsky et al. discovered Pm [9]. Thorium was discovered in 1828 by J. J.
Berzelius and later, he named his discovery after Thor, who is the ancient Scandinavian God of
thunder and weather. In 1898, G. Carl Schmidt and Marie Curie independently established the
radioactive nature of Th. Uranium was first isolated from pitchblende in 1789 by M. Klaproth
who named it after ‘Uranus’ which was a newly discovered planet at that time. In 1896, H.
Becquerel discovered the phenomenon of radioactivity while studying the spontaneous emission

of a uranium-bearing crystal.
1.1.3 Occurrence

REEs occur in more than 100 minerals and are widely distributed in low
concentrations throughout the earth’s crust. Except for Promethium (Z = 61), all rare-earth
elements have at least one stable nuclide and occur naturally. The term ‘rare-earth’ may not be
correct as some of the Lanthanides are present in the earth’s crust in greater quantities than
lead. Cerium, the most abundant REE, is also the 25" most abundant element, similar to
copper. The particular chemical properties of rare earth elements make them difficult to
extract and these elements are rarely found at concentrations that allow them to be processed
in economically viable manner and hence are named rare earth elements. The principal source

of rare earth elements includes the minerals known as monazite, bastnaesite and xenotime.

Actinides, on the other hand, have only three naturally occurring elements out of 14.
Only actinium, thorium and uranium occur naturally. The most common ore of thorium is
monazite which contains up to 12% of thorium oxide and is also the primary source of rare
earth elements. The principal uranium minerals are uraninite, pitchblende etc. U also occurs in
significant amounts in oceans though at very low concentration levels. Protoactinium,

Neptunium and Plutonium are found in uranium ores at very low concentrations. All of the



elements beyond Pu do not occur naturally. Each of these elements has a number of isotopes,

mostly synthetic in origin, and all are radioactive.

1.1.4 Electronic Configuration

Table 1.1: Electronic configuration and oxidation states of lanthanides

Atomic Element Ele_ctroni_c Oxidation
number configuration state
57 La 5d* 65 +3
58 Ce 4f* 50" 65° +3, +4
59 Pr 4f 3 6s° +3
60 Nd 4f * 6s° +3
61 Pm 4f ° 6s° +3
62 Sm 4f ° Bs° +3
63 Eu 4f 7 6s° +2, +3
64 Gd 4f " 5d" 6s° +3
65 Tb 4f 9 6s? +3, +4
66 Dy 41 6s? +3
67 Ho 4™ 657 +3
68 Er 4" 652 +3
69 m 4" Bs? +3
70 Yb 4F* 652 +2, +3
71 Lu 4 54" 6s° +3

In the lanthanide series, fourteen 4f electrons are added beginning formally with
cerium (Z = 58) and ending with lutetium (Z = 71). The first member of the lanthanides series
(La) does not have any 4f electron, and has electronic configuration, 6s? 5d*. In the case of
lanthanides, the 4f orbital becomes appreciably lower in energy compared to 5d orbital

immediately after La. Consequently the electrons fill the 4f orbitals in a regular manner
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among the lanthanides (except in the case of half filled 4f shell). The electronic configuration

of lanthanides is presented in Table 1.1.

In the actinide series, successive electrons are added to the inner 5f shell beginning
with Thorium and ending with Lawrencium. In the case of actinides, the difference between
energies of 5f and 6d orbitals is very small for the first four elements viz. Th, Pa, U and Np.
Consequently, electron may occupy either 5f or 6d or both. Only in the latter actinides, the 5f
orbital gets appreciably lower in energy than 6d and hence from Pu onwards, 5f shell is filled

regularly. Table 1.2 shows the electronic configuration and oxidation states of actinides.

Table 1.2: Electronic configuration and oxidation states of actinides

Atomic Element Ele_ctronl_c Oxidation state
number configuration

89 Ac 6d* 7s2 +3*

90 Th 6d? 7s2 +4

91 Pa 5 f2 6d* 75 +4, +5*

92 U 5f° 6d* 7s? +3, +4, +5, +6*

93 Np 5f* 6d* 752 +3, +4, +5% +6, +7

94 Pu 5° 752 +3, +4*, +5 +6, +7

95 Am 5f 752 +3% +4, 45, +6

96 Cm 5f 6d* 7s? +3%, +4

97 Bk 5f° 752 +3% +4

08 Cf 5f10 752 +3

99 Es 5f!! 752 +3

100 Fm 5f12 752 +3

101 Md 513 752 +3

102 No 5f4 752 +3

103 Lr 5f4 6d'7s? +3

* Most stable oxidation state



1.1.5 Oxidation State

In solution, +3 is the most common oxidation state exhibited by all the lanthanides. In
the lanthanide series, while moving from La** to Lu®", the 4f orbital situated inside the 5sand
Sporbitals, is being filled from 0 to 14 electrons. The 4f electrons do not play a role in
chemical bonding as they are shielded by the 5s and 5pelectrons. The chemical properties of
the lanthanides are, therefore, very similar. The 4f° (empty f orbital), 4f" (half—filled f orbital)
and 4f** (filled f orbital) configurations are the most stable. Therefore, besides the trivalent
state, some ions also occur in the divalent and the tetravalent states under favourable
conditions. Examples are Ce** (4f%), Eu** and Tb** (4f") and Yb?* (4f**). Cerium is referred to
as cerous in the +3 oxidation state and ceric, in the +4 oxidation state. The common oxidation

states exhibited by lanthanides in solution are also listed in Table 1.1.

Due to the low and comparable binding energies of 5f, 6d, 7s and 7p electrons in early
actinides, these elements show variable oxidation states. With progressive filling of electrons,
the 5f orbitals become more stable and their energy is lowered compared to that of 6d and 7s
orbitals. Hence elements from Americium onwards exhibit +3 as the most stable oxidation
state and their behavior is similar to that of lanthanides. The most common oxidation states of

actinides are also included in the Table 1.2.

U is usually present in the form of UO,*" ion in its compounds. A similarity between
the lanthanide and actinide elements was recognized in 1944 on the basis of chemical studies
of Np and Pu [10]. There is a strong correlation between properties of the elements in the
pairs: Eu - Am, Gd - Cm, Tb - Bk [11]. Because of their high similarity in electronic structure,
valence and ionic radii, REEs have been used to predict the behavior of actinide-series

elements in solutions [12].



1.1.6 Chemistry of Lanthanides and Actinides

Both lanthanides and actinides are called 'f' block elements’ because the differentiating
electron or extra electron enters (n-2)f orbitals. Since the (n-2)f orbitals lie inside the
penultimate shell, these elements are also called inner-transition elements. Since the f orbitals
are not spherically symmetric, the nuclear charge is not effectively screened by the additional
electron. As a result, each successive element exhibits a slightly greater nuclear attraction over
the electrons, leading to the contraction of the outer valence orbitals. Thus, atomic/ionic
radius should gradually decrease as one move through the lanthanide series and is known as
lanthanide contraction. The change in the ionic and atomic radii of lanthanides as a function
of atomic number is presented in Fig. 1.1. Such a contraction is also observed for the actinides
and is termed as actinide contraction. It amounts to approximately 0.2 Angstrom over the

entire lanthanide series or an average of about 0.014 Angstrom between elements [13].
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Figure 1.1:  Atomic and ionic radii of lanthanides as a function of atomic number.

The chemical homogeneity of the lanthanides results from the relatively small radial
extension of the 4f valence orbitals, which are buried beneath the spatially more extended 5d

and 6s orbitals. Since 4f electrons are buried so deep within the atom, they have little



opportunity to participate in chemical bonding. Hence the addition of another f electron to the
valence shell has little effect on the overall bonding character or reactivity of the element.

Thus, all the lanthanides tend to behave chemically the same [13].

In the case of actinides, the 5f orbitals are very close in energy to the 6d’s. The
ground-state configuration of the thorium atom is 6d*7s?, indicating that the 6d orbital is lower
in energy than the 5f orbital. With the progressive filling up of the electrons, 5f becomes
lower in energy than the 6d, and the gap between the 5f and 6d orbitals begins to widen [14].
This leads to the split in behavior between light and heavy actinide elements. While lighter
actinides exhibit rich and varied chemistry, the heavy actinides exhibit fewer oxidation states
and simpler behavior. The differences between the light actinides and light lanthanides are due
to the greater radial extension and diffused nature of 5f orbitals compared with 4f orbitals.
Thus in the early part of the actinide series, electrons find relatively easy to switch between 5f
and 6d configurations. Hence, these elements exhibit multiple and higher oxidation states

similar to transition elements.

Generally the size of atom increases down a group in the Periodic Table. A
consequence of lanthanide contraction is the similarity in the size of the elements in the
second and third transition series. For example, radii of Zr (Z = 40) 1.59 A° and Hf (Z = 72)
1.56 A°are nearly the same, though they belong to the 5" and 6™ periods of the Periodic
Table, respectively. The increase in mass and the unchanged radii lead to a sharp increase in

the density of elements from period5 to 6 in the transition elements [15].

According to Pierson, the metal ions are classified into hard and soft acids based on
their polarisability [16]. Generally both lanthanides and actinides are considered as hard acids
and show preference for bonding with oxygen donor ligands. However, actinides show

relatively more soft character due to the diffused nature of the 5f orbitals and this difference is



being used in their selective separation known as actinide partitioning. Thus the properties of
lanthanides and actinides are quite distinct and this has resulted in their increasing use in
technologically important applications. REE are often used for their highly specific properties

and wherever substitutes are unknown [17].
1.1.7 Importance of Lanthanides, Th and U

The chemical, physical and nuclear properties of the lanthanides make them ideal for a
number of high technology applications. Importance of lanthanides was significantly
enhanced after the discovery of the high-temperature superconductors with rare earth and
cupric oxide as major constituents [18]. Due to their paramagnetic and ferromagnetic nature,
they are extensively used in magnetic and electronic devices. Moreover, in many of these key
applications, no substitute exists for lanthanide elements. Lanthanides, in pure form, or in
mixtures, are key components of magnets used in hybrid cars, catalysts used for petroleum
cracking, batteries, plasma television sets, mobile phones, wind turbines, computer memories,
defense applications like propulsion system and radars used in warships etc. High-purity
individual lanthanides are used increasingly as major components in lasers, phosphors,
refractive index lenses, medical imaging, fiber optics, and superconductors etc. In view of
their high thermal neutron absorption cross-sections, Gd and Dy are used as burnable poisons
in nuclear fuels [19,20]. Radioactive isotopes of lanthanides are finding growing applications
in nuclear medicine. e.g. “*Tb (T = 4.2 hrs) is used in radioimmunotherapy. These key
applications of lanthanides have made them strategically important materials for many nations

across the world.

Though the existence of lanthanides was known for a long time, the difficulty
associated with their processing and separation limited their usage. Separating REE from one

another is challenging and requires sophisticated methods because of similarities among REE.
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In recent years, however, due to the development of efficient separation methods, the
applications of lanthanide elements have grown immensely. In 2010, the world demand for
REE was ~136,100 tons and it is predicted that by 2015 the global demand for REE may rise

to 210,000 tons per year [21].

In India, instead of depleted uranium, thorium is being used for flux flattening during
the initial start up of a nuclear power reactor. In view of the large scale availability of Th,
India has planned utilisation of thorium for large-scale energy production as a major goal in
its nuclear power program [22].Uranium is commonly used in nuclear power plants to
generate energy. Apart from its nuclear related applications, U also finds use in material for

armor and armor-piercing projectiles, as shielding material (depleted uranium) etc.

Other than their direct use in industry, lanthanides, Th and U are of importance to
many branches of science e.g. the abundance of REE is used as a tool for elucidating the
origin of rocks. The geochemical behavior of thorium, uranium and rare earth elements is
relatively close to one another while compared to other elements in a geological environment
[23]. Rare earth elements (REEs) are important indicators in many geochemical cycles. The
lanthanides show characteristic behaviour as a group during geochemical processes. The
ability to distinguish between geochemical and cosmochemical processes based on REE
abundances has proven to be extremely useful for understanding the physico-chemical
processes involved in the formation of early solar system solids [5]. REE concentration in
waters was studied quite extensively in the last decade. Investigations were done utilizing
REE patterns as signatures of water-rock interactions in various aquatic systems [24]. Similar
chemistry of REE and low solubility make these elements useful as geochemical indicators in
sediments and sedimentary rocks.

In view of their appreciable neutron absorption cross-sections, there are specified

limits on the impurity content of different lanthanide elements (Gd, Sm, Eu, Dy etc.) in
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different nuclear materials. For instance, the specifications on some of the lanthanides
concentrations in nuclear grade uranium is as low as 0.1 ppm [25]. In the destructive method
for the determination of atom percent fission or ‘burn-up’ of irradiated nuclear fuels, stable
fission product ***Nd is used as a burn-up monitor in view of the possibility to determine
burn-up with high accuracy and reliability[2,26-28]. Elemental concentrations of La and Nd
are also being used as markers for determining the extent of fissions in the nuclear fuels [29].
The fact that these elements are finding increasing importance in specific applications
demands availability of different analytical methods for their accurate characterization and

meaningful interpretation of the data.

1.1.8 Analytical Methods for the Determination of Lanthanides

Though element-specific detection techniques are sometimes adequate for lanthanides
analysis, they are prone to suppression of the trace elements signal by high concentration of
the matrix elements. Further, various isobaric/spectral overlaps restrict the direct
determination of trace levels of lanthanides. All lanthanides have similar absorption spectra
when they are reacted with a chromogenic agent. Hence, it is difficult to determine the
individual lanthanides by spectrophotometry, unless a proper separation technique is
employed. The most common techniques used in the determination of REE are atomic
absorption spectroscopy (AAS), isotope dilution-thermal ionisation mass spectrometry(ID-
TIMS), inductively coupled plasma-mass spectrometry (ICP-MS), inductively coupled plasma
emission spectrometry (ICP-OES), X-ray fluorescence (XRF) and neutron activation analysis
(NAA). NAA is a very sensitive and multi-elemental analysis technique; but depends upon the
availability of a nuclear reactor and sometimes involves chemical separations [24,30,31]. If a
more accurate determination is required, ID-TIMS can be employed but a chemical separation

is mandatory as the technique is prone to isobaric interferences in the case of certain
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lanthanides. Further, the technique cannot be used for mono-isotopic lanthanides viz. Pr, Tb,
Ho & Tm. Though AAS allows accurate and precise determination, the technique suffers
from poor sensitivity and is a single element analysis technique. ICP-OES has the capability
of multi-element determination over a wide concentration range. However, the concentrations
of REE in environmental samples are usually much lower than detection limits of this
technique, and major constituents, such as organic compounds and inorganic salts, can cause
some matrix effects [32].XRF offers the possibility of direct analysis of solid materials and
provides multi-elemental capability. In view of the serious spectral interference problems in
XRF, wave length dispersive (WDXRF) spectrometers are applied for REE determination
rather than energy dispersive (EDXRF) instruments. However, the typical detection limits for
REE are in the ppm range, which may not be useful for the analysis of environmental or
biological samples. ICP-MS is one of the most powerful techniques for the trace
determination of lanthanides due to its high sensitivity, large dynamic range, multi-element
capability and possibility to perform isotopic measurements. Compared to ICP-OES, ICP-MS
provides simpler spectra and lower detection limits which are beneficial to bypass extensive
sample preparations in certain cases. Nevertheless, isobaric interferences are still a major
constrain in ICP-MS analysis [24]. The different approaches to solve the interference in
various detection techniques are high resolution or chemical separation [33].Often, high
resolution is obtained at the expense of sensitivity and mathematical corrections cannot be
easily applied to samples which have seen the nuclear reactor as the true isotopic composition

of the analyte element may not be known.

Most of the limitations of the elemental specific techniques can be overcome by the
judicious selection of separation methods [3]. Separation methods are useful to remove the
matrix elements, minimize spectral interferences and improve the overall sensitivity by their

ability to pre-concentrate. Thus improvements in separations of lanthanides led to the
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development of analytical methods for their rapid and sensitive determination in different

matrices [34].
1.1.9 Separation of Lanthanides and Actinides

Lanthanides exhibit similarity in their properties due to common oxidation of +3 and
the small differences in the sizes of their hydrated ions. The similarity in properties makes the
separation of individual lanthanide elements one of the most challenging tasks in separation
science. The mutual separation of actinide elements also poses similar challenge especially if
they are present in their most common trivalent state. On the other hand, U and Th exhibit
rather different chemical properties and offer relatively lesser difficulty from the separation
point of view. Procedures for mutual and group separation are widely used in mineral
exploration, geochemistry, material science, environmental science and in the nuclear
industry[35].Separation of lanthanides is important in different fields of science. The
lanthanides are obtained industrially by treating their ores monazite and bastnastite with
sodium hydroxide and hydrochloric acid. The resulting aqueous solutions of chlorides of the
lanthanide ions are then subjected to column chromatography or solvent extraction to separate
them according to decreasing atomic number. In the ID-TIMS method for the experimental
determination of burn-up, separation procedure is employed to minimize the potential isobaric
interferences by *Ce, %Sm, %Sm at *Nd, *®Nd and '™°Nd, respectively [26,27].
Separation of individual lanthanides is also essential in the production of carrier free
radionuclides for their use in medicinal applications. In this case, the radioactive species must
be separated from excess amounts of its nearest neighboring stable Ln [36].In nuclear
technology, separation and quantification of individual lanthanides is a challenging task, since

it should be done in a short time and in a simple way.
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Though the elemental specific detector like ICP-MS offers good sensitivity and multi-
elemental capability, in the case of rare earths, there are problems associated such as signal
suppression, the formation of polyatomic ions (MO*, MOH") and doubly charge ions (M?*)
generated in the plasma, which interfere in the quantification of the isotopes of interest. Such
problems can be overcome by using separation procedures, such as ion-exchange, liquid
chromatography and solvent extraction [37].Interfacing the separation procedure with ICP-
MS would enhance the accuracy for the determination of lanthanides by employing isotope

dilution methodology.

The development of lanthanide and actinide chemistry is strongly dependent on the
status of separation science at any given time. The isolation of these elements and
investigation of their properties, not only required sophisticated separation methods, but often

inspired the introduction of new separation methods, resulting in further advances [38].
1.1.10 Methods for the Separation of Lanthanides and Actinides

The key factors responsible for different separation methods are given in Table: 1.3.

Table 1.3:  Comparison of different separation methods

Sr. Method Basis
No.
1. | Masking Making interferent as a nonreactive complex

2. Mechanical phase separation

a. Precipitation Difference in solubility
b. Distillation Difference in volatility
C. Extraction Difference in solubility in two immiscible solvents

Difference in the rate of movement of a solute through

3. | Chromatography | iionary phase

4. Electrophoresis Difference in the migration rate in an electrical field gradient
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A number of methods were employed in the past for the separation of lanthanides but
these methods required long separation times or gave only partial resolution between the
neighboring lanthanides. Before 1940s, the task of separating lanthanides was accomplished
using laborious fractional procedures like fluoride, oxalate, phosphate and hydroxide
precipitations, partial decomposition, dissolution etc. These classical processes were time
consuming, required significant sample size and suffered from the possibility of lanthanides
losses [39,40]. Onset of World War Il imposed an urgent need for the development of more
effective separation procedures. Several groups were engaged to develop faster methods for
separating lanthanides due to their analogy with actinides and also due to the fact that these
elements are produced in the nuclear fission. Liquid chromatography, solvent extraction,
capillary electrophoresis etc. are the commonly employed analytical scale separation methods
for lanthanides. Though ion exchange was the originally developed method for the separation
of lanthanides in 1940s, the selectivity was not satisfactory. Later the selectivity was
improved with the introduction of complexing agents like citrates. Subsequently, the use of
ethylene diamine tetra acetic acid (EDTA) and a-hydroxyisobutyric acid (HIBA) resulted in
better separation efficiency among the lanthanides. However, large scale applicability of ion
exchange methods at those times was limited by the low solubility of lanthanide-carboxylates
in aqueous solutions [41].Solvent extraction is more often applied for the pre-concentration of
rare earths as a group from the matrix elements or in the treatment of a large amount of rare
earth ore. Solvent extraction process requires large volumes of solvent and the separations are

not clean[42].

Capillary electrophoresis (CE) separations rely on differences in the electrophoretic
mobility of analyte species under the influence of an applied electric field. CE offers
unparallel resolution for the separation of cationic, anionic and neutral species covering both

the small and the large molecules. The separation efficiencies are sometimes an order-of-
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magnitude better than the competing HPLC methods. However, the differences in the
mobilities of the aqua cation alone are not sufficient enough to bring about the individual
separation of lanthanides by CE. Introduction of chelating agents forming complexes with the
ions leads to improved separation [38,43]. Though competitive chelation strategy achieved
individual separation in CE, in many cases, quantitation of a few lanthanides was affected
adversely e.g. Eu—Gd pair [44].Now it has been fairly established that LC and CE are
complementary techniques especially with respect to their separation selectivity and the type

of applications.

Neither gas chromatography nor supercritical fluid chromatography has influenced the
separation of lanthanides in a significant manner [45]. Fluorinated B-diketones and their
derivatives were investigated for the GC separation of lanthanides but their success was
restricted by the non-volatility and thermal lability of the complexes in addition to the poor
resolutions and absorption [46].Among the analytical-scale separations techniques for
lanthanides, the most widely used methods are based on liquid chromatography[46,47]. For
the better appreciation of the various liquid chromatographic methods used for the separation
of lanthanides and actinides, a brief introduction is given about the classifications of

chromatography and further sub-grouping of liquid chromatography.

1.1.11 Classifications of Chromatography

Chromatography refers to a group of techniques in which the components of a mixture
are separated based on the differences in the distributions of components between a stationary
phase and a mobile phase. As a result, the components would elute out from the stationary
phase in the reverse order of their preference (distribution coefficient) with respect to the
stationary phase. Based on the state of the mobile phase employed, chromatographic

technique can be broadly categorized as gas chromatography (GC), super critical fluid
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chromatography (SFC) and liquid chromatography (LC). The first criterion for any type of
chromatography is that the sample must be soluble in the mobile phase employed. Due to the
limited volatility and thermal labile nature, only a limited number of compounds are amenable
to GC and SFC. Thus LC has been widely recognized as a powerful method for the separation
of different compounds — inorganic, organic and bio-molecules. The stationary phase in
chromatography can be a solid or a liquid adsorbed or chemically bonded to a solid support.
Thus liquid chromatography can be further divided into liquid-solid chromatography and
liquid-liquid chromatography. Depending upon the physical means by which the stationary
phase and mobile phase are brought into contact i.e. geometry, liquid chromatography can by

categorized as column chromatography or planar chromatography.

Column Chromatography: The stationary phase is held in a narrow tube through which the
mobile phase is passed either by gravity or by the application of pressure. Examples are

classical column chromatography, high pressure liquid chromatography (HPLC).

Planar Chromatography: The stationary phase is supported on a flat plate or in the fibers of
a paper. Here the mobile phase moves through the stationary phase by capillary action. e.g.

paper chromatography, thin layer chromatography (TLC).

Liquid chromatography using column can be further differentiated based on the types

of equilibrium involved in solute transfer between the phases, as shown in Table 1.4.
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Table 1.4: Classification of liquid chromatography based on the nature of equilibrium

Specific method Stationary phase Type of equilibrium
Liquid-solid ) ]
) Solid Adsorption

(adsorption)

Liquid-Liquid - . Partition between two

(Partition) Liquid sorbed on a solid immiscible liquids

Liquid-bonded ] ) ] . o

phase Organic species covalently bonded to solid | Partition between liquid
surfaces and bonded surface

(Reversed Phase)

Stationary phase contains ionic groups

lon exchange . ) lon exchange
(-N"R3, -SO3)
. Reversed phase (lonic sample molecules are o
lon-pair . Partition
masked by a counter ion)
Size exclusion Liquid in interstitials of a polymeric solid Sieving
Affinity Stationary phase contains group or molecules | Specific ~ biochemical

with specific orientation interactions

Reference [48]

The most useful column chromatographic techniques that have been applied for
lanthanides are the following:
Adsorption Chromatography: Separation is based mainly on the differences between the
adsorption affinities of the sample components for the surface of an active solid. The
stationary phase used in this type of chromatography is generally more polar than the mobile

phase and was termed as normal phase (NP) chromatography.

Partition Chromatography: The stationary phase consists of a liquid either adsorbed or
chemically bonded onto the solid support. Separation is based mainly on the differences
between the solubilities of the components in the mobile and stationary phases. When organic
liquids covalently bonded to solid surfaces are used as the stationery phase and its polarity is

less than the mobile phase employed, then it is termed as reversed phase (RP)
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chromatography. Adsorption chromatography relies on the uptake of lanthanide ions by silica
or alumina as a solid phase transfer medium whereas aqueous chelating agents are employed

as mobile phase in partition chromatography.

Extraction Chromatography: It involves the application of conventional solvent extraction
chemistry in chromatographic mode. The lipophilic extractant immobilized on a solid support
is used as a stationary phase to achieve separation without the addition of water-soluble
chelating agents. Adaptation of solvent extraction reagents to chromatographic applications

resulted in significant improvements in the analytical chemistry of the REEs [49,50].

lon-Exchange Chromatography: Separation is based on the differences in the ion exchange
affinities of the sample components. lon exchange resin is used as a stationary phase and
aqueous chelating agent is used as the eluent. Mainly sulfonated polystyrene-divinylbenzene
copolymers have been used as the stationary phase. Anion exchange chromatography is also
employed for lanthanides but with less frequency. A variation of ion-exchange
chromatography employing limited capacity columns is known as ion chromatography (1C). It
employs techniques for suppressing the background conductivity of the mobile phase and is

based on conductivity detection [51].

Exclusion Chromatography: Separation is based on exclusion effects, such as differences in
molecular size, shape or charge. The terms Gel filtration and Gel-permeation Chromatography
were used earlier to describe this process when the stationary phase is a swollen gel. The term
lon-Exclusion Chromatography is specifically used for the separation of ions in an aqueous

phase.

Affinity Chromatography: This method refers to the particular variant of chromatography in

which the unique biological specificity of the analyte and ligand interaction is utilized for the
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separation. The stationary phase must contain specific group or molecules which can absorb

the analyte species only if certain steric and charge conditions are satisfied [52].

lon Interaction Chromatography: It uses long-chain alkyl groups covalently bonded to
silica as the stationary phase. An aqueous solution containing a mixture of chelating agent and
an ion interaction reagent is used as a mobile phase. Because of the excellent resolution, this
method is one of the most successful methods for lanthanide quantitation [53-55].The ion-
exchange method using complexing agent as an eluent is the best known method, but it is time
consuming with respect to elution and quantitation. Use of high performance liquid
chromatography (HPLC) along with on-stream detection methods has shortened the analysis
time from several days to a few minutes [56]. The progressive development of different

chromatographic techniques is discussed below with special emphasis on HPLC.

1.1.12 Historic Perspective of Liquid Chromatography

Liquid chromatography (LC) was the first type of chromatography to be discovered
and was originally used in the late 1903 by the Russian botanist, Tswett [58] to separate and
isolate various plant pigments. The colored bands produced on the adsorbent bed evoked the
term ‘chromatography’ (meaning ‘color writing’) for this type of separation. In the late 1930s
and early 1940s,A. J. P. Martin and R. L. M. Synge introduced a form of chromatography by
using silica gel as the stationary phase for the separation of some amino acids [59]. They
suggested the replacement of the liquid mobile phase with a suitable gas for improving the
mass transfer between the two phases and for efficient separations. Thus, the concept of gas
chromatography was born. They also proposed the use of small particles and high pressures in
LC to improve the separation which later led to the development of high performance liquid

chromatography (HPLC).
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Developments in different areas of science and technology have prompted scientists to
develop efficient methods for the separation of lanthanides. The introduction of the use of
complexing eluents in the ion exchanger has made possible the repetition of the same
chemical reaction many thousands of time, amplifying the slight difference in the stability
constants of the Ln-eluent complexes and this has led to better separation methods. The use of
complexing agents offers added advantage of minimizing the hydrolysis of metal ions in the
operating pH range imposed by the stability of the bonded stationary phase. The first
chromatographic separation of lanthanides was carried out using cation-exchange resin
Dowex 50 under controlled pH elution with citric acid at 100 °C and this resulted in the

separation of 5-6 rare earth elements in about 42 hours[60].

The conventional chromatography methods were originally applied using gravity fed
columns. But these methods have poor resolution and are time consuming with respect to
elution and quantification [61].Application of HPLC with on-line detection has reduced the
separation time from days to a few minutes because of its high resolution [62]. Some of the
important milestones in the history of LC leading to the development of HPLC are given

below:

1.1.13 Milestones in Chromatography

e 1903 M. Tswett - plant pigments separated on chalk columns

e 1931 Lederer & Kuhn - LC of carotenoids (natural products) by normal phase
chromatography was performed by passing a gravity-fed solvent through small glass
tubes packed with pellicular adsorbent beads

e 1938 Introduction of TLC and ion exchange

e 1945 First chromatographic separation of lanthanides by Kettele and Boyd

e 1940s Gas chromatography (GC)
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e 1950 Introduction of reverse phase LC

e 1950s Paper chromatography, reversed-phase partition chromatography (RPC), and
hydrophobic interaction chromatography (HIC)

e 1952 HETP concept by Martin & Synge (Nobel Prize)

e 1959 Gel permeation chromatography

e 1960s Affinity chromatography

e 1965 Instrumental LC by Waters

e 1970 The acronym HPLC, coined by Prof. Csaba Horvath -a pressure capability of up
to 35 bar

e 1973 First HPLC Conference in Switzerland

e Mid — late 1970s HPLC instruments up to 400 bar pressure, and incorporated injectors,
detectors, and columns

e Late 1980s Polymeric monoliths

e 1990s 3um particulate columns

e 2001 commercial availability of Silica monolith columns

e 2004 Columns with smaller particles [1.7 micron] and holistically developed
instrumentation with pressure capabilities ~ 1,000 bar (UPLC)

e Research is being conducted with columns containing sub 1-micron-diameter particles
and instrumentation capable of performing at 6,800 bar

e 2013 HPLC conference (40™)in Hobart, Australia

1.1.14 Advantages and Limitations of LC

Though GC was a later development, it overtook LC due to inherent advantages of fast
separation and resolution. However, GC cannot be applied to a large number of compounds /
elements as they are not sufficiently volatile or undergo decomposition upon heating to
temperatures at which the separation occurs. It has been estimated that about only 20% of the
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known compounds can be successfully used in GC. Thus LC is capable of separating a wide

variety of ionic, organic, polymeric compounds and labile natural products. The development

of column technology and instrumentation has made LC the preferred choice for many

separation problems. Further, the option for selection of stationary phase and mobile phase

and use of relatively lower temperatures in LC has made it easier to solve a given separation

problem as compared to GC. Table 1.5 presents the comparison between GC and LC.

Table 1.5:  Comparison between GC and LC
Parameter GC LC Significance
. . . Less viscosity leads to
Viscosity of mobile Less More less resistance in the
phase .
mobile phase flow

Diffusion coefficient Faster mass transfer helps
of the solute in the Large Small . . P

. in fast separation
mobile phase
Number of . . Faster and/or better
theoretical plates Very high High separations are possible
Separation High Low Adgptable for thermally
temperature labile compounds
Optional

chromatographic
phases

Stationary phase

Stationary phase
and mobile phase

Amenable for complex
separation problems

Type of column

More possibilities for

Interactions possible
for chromatographic
separation

Sample molecule &
stationary phase

stationary phase

as well as sample
molecules &
mobile phase

i Limited Versatile )
packing separation
Sample
molecules & Additional variable for

controlling and improving
the separation and hence
easy adaptation

Less choice but

More choice and

Selection to be decided by

Detectors offer_ more hence selectivity | the nature of the sample
sensitivity
Recovery of T Convenience for further
. . Readily isolated .
fractions after Less convenient e use or analysis by
. and quantitative .
separation supplementary techniques

Restrictions

Lack of volatility,
thermal
decomposition

Insolubility

Less adaptability
constraints
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Developments in modern LC are mainly due to the advancements in the
instrumentation, column technology and understanding the principles governing the
separation. Concepts of GC theory were understood first and later, these were extended to LC
and this finally led to the development of HPLC. For the better appreciation of the topic, the

basics of chromatography are presented in a concise form below:

1.1.15 Concepts in Liquid Chromatography

When a mixture of different components is introduced into a chromatographic system,
the separation occurs by the differential migration of various components. This result in the
formation of different bands corresponding to each component and leads to separation.
However, differences in the migration of different molecules of the same component would
lead to spreading and this can hamper the effective separation of different bands. Different
processes contributing to molecular spreading in a chromatographic process are discussed

below:

1.1.15.1 Eddy Diffusion

It arises from the different microscopic flow paths that the mobile phase takes while
flowing between different stationary phase particles inside a column. Figurel.2 demonstrates
the different flow streams taken by three different molecules of the same solute. Due to Eddy
diffusion, different molecules of the same solute may travel unequal distance and thus reach
the detector at different times and this leads to broadening of peak. The extent of broadening
by eddy diffusion (Term A) may be represented as A = Adp where, dp indicates the diameter
of the particle and Adepends on the quality of the packing and its value is less for uniform

packing.
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Figure 1.2:  Illustration of eddy diffusion.

1.1.15.2 Longitudinal Diffusion

Due to the concentration gradient, the solute molecules in the mobile phase would
diffuse out randomly in all the directions and cause the broadening of solute band. This effect
is more prominent at low flow velocities as the solute spends more time in the mobile phase.
The term has less significance in LC as compared to GC because of the relatively lower
values of the diffusion coefficient of the solute in the mobile phase. Longitudinal diffusion of
the solute and the resultant change in the pattern of the solute band with the progress of time

spent in the column (to< t;<t;) are presented in Figures1.3(a) and (b), respectively.

t1

Concentration

Mobile phase === * e

\ ®

Solute band

Distance along X asxis

(@) (b)
Figures 1.3: Illustrations of (a) longitudinal diffusion of a solute band and (b) change in the
pattern of solute band as a function of time spent in the mobile phase.
Longitudinal diffusion (term B) can be represented as B = 2yDywhere, v indicates the
hindrance factor which depends on the quality of the packing and can take values from 0.7 for
packed column to 1 for open column. Dy indicates the diffusion coefficient of the solute

molecule in the mobile phase.
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1.1.15.3 Mass Transfer Effects

Mass transfer effects causing band broadening can be sub-divided into three
components viz. flow distribution (Cg), mass transfer in the stagnant mobile phase (Cy) and

mass transfer in the stationary phase (Cs).

1.1.15.3.1 Mobile-phase Mass Transfer

This refers to differing flow rates of a single flow stream at different points between
surrounding particles. Figurel.4 shows that the mobile phase layer adjacent to the particles
moves very slowly, whereas the one at the centre would move fast. The intermediate layers
would have a gradation of flow rates due to viscosity. Thus the solute molecule [X3]moving
along the central layer is expected to exit the column first while the molecule [X;] of the same
solute moving close to the particles would come out last and this leads to spreading of the

solute band (term Cg).

Stationary Phase
Particles N

Mobile Phase

Figure 1.4:  Band broadening due to flow distribution.

1.1.15.3.2 Stagnant Mobile-phase Mass Transfer

Irrespective of the flow rates or pressure applied externally, the mobile phase is
stagnant in the pores of the stationary phase. Solute molecules move in and out of these pores
by diffusion. As shown in Figure 1.5, a solute molecule (Xi1)which has diffused only to a

small distance into the pore and then move out into the mobile phase, would travel a longer
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distance in the column compared to a solute molecule (X3) diffused to a longer distance into

the pore.

Figure 1.5:  Mass transfer in the stagnant mobile phase.

The broadening due to mass transfer in the stagnant mobile phase can be represented

d2
asC,, =—2

M where, dp is the particle diameter and Dy is the coefficient of mass transfer in

the mobile phase.

1.1.15.3.3 Stationary-phase mass transfer

During diffusion into the stationary phase, a given solute molecule can attach to the
periphery of the particle (X;) or penetrate deep inside the stationary phase (X;). The
molecule which has diffused deep inside the particle would spend more time in the stationary
phase and hence travel lesser distance in the column as compared to a loosely bound
molecule. Figure 1.6 shows the relative movement of solute molecules X; and X, as a result

of mass transfer in the stationary phase.

> X1

>X2

Figure 1.6:  Mass transfer in the stationary phase.
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. i . d
Mass transfer in the stationary phase is expressed as C; = —

S

where, Csis the coefficient of mass transfer in stationary phase; dsis the stationary phase film
thickness and Ds is the diffusion coefficient of analyte in the stationary phase.

The combined mass transfer contribution may be represented as C = Cg + Cy + Cs
1.1.154 Van Deemter Model of Band Broadening

In this approach, the contributions of important band broadening mechanisms are
combined as a function of mobile phase velocity in order to evaluate the efficiency of a given

separation. The efficiency of a separation condition is represented in terms of height

equivalent to a theoretical plate (HETP), H, written as: H = A+E+Cu
u

The constants A, B, and C vary from one column to another, and to some extent also
depend on the sample, mobile-phase and separation temperature. A popular way of
quantifying the efficiency of separation is based on ‘theoretical plates’. Theoretical plate is a
conceptual quantity which corresponds to that portion of a column where the solute is in
equilibrium with the mobile phase and stationary phase. The chromatographic column
contains a large number of such ‘plates’ as indicated in Fig.1.7. H is the height (or length) of
one such plate and it is used as a measure of the efficiency of a given column. The solute

moves down the column by transfer of equilibrated mobile phase from one plate to another.

Column

Theoretical plate

Figure 1.7:  Representation of theoretical plates in a chromatographic column.
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Lesser the height of an individual plate, more number of plates can be accommodated
in a given column and more number of equilibrations would be taking place of the solute
between the stationary and the mobile phases. Thus a small value of H of a given column is
indicative of high efficiency of separation conditions. N, the number of theoretical plates in
the column is related to the plate height, H as N = L/H where, L is the length of the column.
The rate theory describes the process of peak width (band spreading) and helps to calculate
the height of the theoretical plate (HETP) in terms of the mobile phase velocity and other
physical and chemical properties of the solute. Different processes contributing to the peak
dispersion such as eddy diffusion, longitudinal diffusion and mass transfers in the mobile
phase and in the stationary phase etc. were taken into account while developing the plate
theory. The rate theory has resulted in a number of different equations viz. Van Deemter
Equation, Giddings Equation, Huber Equation, Horvath Equation and Knox Equation etc. All
the equations predict a minimum plate height at an optimum velocity and, thus, a maximum
efficiency. At normal operating velocities, it has been demonstrated that the Van Deemter
equation gives the best fit to the experimental data. The plot of HETP vs. average linear

velocity, known as Van Deemter plot, is shown in Fig. 1.8.
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Figure 1.8: Van Deemter plot showing the dependence of eddy diffusion (A), longitudinal
mass transfer (B), mass transfers effect (C) and the cumulative factor (H) on the
linear velocity of the mobile phase (U).

Small H value means more efficient column and large N values. A central goal in LC
practice is the attainment of small H values for maximum N and the highest column
efficiencies. Thus separations must be carried out at the optimum flow rates of the mobile
phase to achieve the best efficiency possible. From the different factors contributing to band
broadening, it is clear that the value of H is small when small particle size columns (dP) are
employed. Figure 1.9 shows the Van Deemter curves obtained with columns packed with
three different particle sizes viz. 1.8 um, 3 um and 5 pum. It is seen that the lowest value of H
and hence the highest column efficiency is possible for column packed with the smallest (1.8
pum) size particles. Thus separation efficiencies improve with long columns packed with small
sized particles due to the increase in ‘N’. Some of the benefits of using columns packed with

small particles are narrow and taller peaks, better sensitivity and more peak capacity.
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Figure 1.9: Comparison of Van Deemter curves of columns packed with particles of different
sizes.

1.1.16 Chromatographic Parameters

Some of the common parameters used to characterize a particular chromatographic

separation are discussed below:

Retention Time (tg): This is the time taken by a solute from sample injection to the
appearance of the top of the peak in the chromatogram. In Fig. 1.10, tg(X) represents the
retention time of the component ‘x’. In the same Figure, to indicates the time taken by the non-
retained species or solvent front to reach the detector and the peak is called ‘solvent peak’ or

‘deadpoint’ [63].

Intensity

5 (min)

Figure 1.10: Representation of retention time in a chromatogram.
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Retention Factor (k): It is defined as the ratio of the quantity of solute in the stationary phase
(s) to its quantity in the mobile phase (m). If Cs and Cm indicate the concentrations of the
solute in the stationary phase and the mobile phase, respectively, with corresponding volumes
Vs and Vm then

k _ CSVS Cs *Vs
oY Co /Va

m

k = KW where, K = g—sis the equilibrium constant and \P:\\;—S is the phase ratio of the
M m

stationary phase to mobile phase inside the column.

_tO

. . . . t
The retention factor can be represented in terms of retention time as k = %
0

In other words, retention factor is the time a solute spends in stationary phase relative
to that in mobile phase. In typical separations, the preferred value of k lies between 1 and 10
as prolonged separation time leads to excessive peak broadening. Retention factor helps to
compare the retention times of a given component obtained by two different columns or in
two LC systems with different void volumes. The retention factor can easily be controlled by

changing the solvent strength of the eluent [64].

Peak Width (W): When the solute molecules migrate inside the column, they spread out due
to different factors discussed earlier and this leads to peak formation. In Fig. 1.11, the first
peak (i) is shown with ‘baseline peakwidth’. In this case, tangents are drawn at the points of
inflection on either side of the peak. The length of the segment formed by the intersection of
the two tangents with the base line is the peakwidth (W). The accurate measurement of
peakwidth by this approach necessitates that the peak in question must be baseline separated
from adjacent peaks. However, baseline separations may not be always possible in practice.

Peakwidth at half maximum can be used for measuring the width of the peaks more accurately
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and conveniently. Peakwidth at half maximum is shown for the second peak (j) in the figure

and is denoted as W1,.

ta (i)
AR tr () R
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{ / \'.
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/ \\ / \ hi2
S S S
Time (min)
Figurel.11: Illustration of baseline peakwidth and peakwidth at half maximum.

Plate Number (N): Column efficiency for a given separation is usually described as the
number of theoretical plates per unit length of the column or ‘plate number’. Since the ability
of the column to provide narrow peak is described as efficiency, plate number N can be
related to peak width [65]. The ideal chromatographic peak has the shape of a Gaussian curve

and hence the peakwidth (W) can be represented in terms of standard deviation (c) as, W = 4c

Thus plate number N :(t—R)Z
o

N =16 (t—R)2
where, W is the baseline peakwidth.

In terms of Wy, peakwidth at half maximum, N can be written as: N = 5.545 (t—R)2
1/2

Separation Factor (a): For a pair of adjacent peaks A & B, separation factor is defined as the

. . k .
ratio of retention factor of A to that of B. Thus, « =k—A. Separation factor must be > 1 to
B

result in the separation between two adjacent peaks.
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Resolution (Rg): It is the measure of separation between two components A and B and can be
represented as the ratio of difference in their retention times to average peak width. Thus

resolution is experimentally determined for a chromatogram shown in Fig. 1.12as

R — (tR(B) _tR(A))
s S
(W, +Ws)

A BA

As mentioned earlier, it may not be always possible to have a baseline separation for

all the peaks. In such cases, the resolution between two adjacent peaks can be calculated using

Rt2_Rtl

+ 2
(1/2)1 1/2)

the equation: R=1.18

; where, R, and R,, are the retention times of the two

U

adjacent peaks 1 and 2, respectively, and Wy, denotes their peak widths at half maximum

heights.
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Figure 1.12: [Ilustration of measurement of resolution.

A resolution value of Rs >2 is adequate for quantification based on the
chromatographic peak response, provided the peaks are of similar size and are symmetric
[64,65]. While developing the chromatographic methods, a more convenient expression may

be used for obtaining the resolution as given below:
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R = E[L}[a_—l} N
411+k || «

Where, k 1is the retention factor for the first peak, o is the separation factor and N is the plate

number.
The required degree of resolution is achieved by the following approaches:

a)  Changing the retention factor by varying the composition of the mobile phase

b) Increasing the plate number by optimizing the flow rate, increasing the length of the
column and use of columns packed with smaller particles, lowering the viscosity of the
mobile phase

c) Changing the separation factor by varying the mobile phase, stationary phase, pH of

mobile phase etc.

In practice, changing the retention factor is the easiest but it has a little influence on the
resolution. Significant improvement in the resolution is brought about by small changes in the
selectivity factor. However, among the three parameters, changing the separation factor is the
most difficult task. Figure 1.13 depicts the change in the resolution as a function of three
independent variables viz. retention factor (k), number of theoretical plates (N) and separation

factor (o)[66].
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Figure 1.13: Dependence of resolution on retention factor, k; number of theoretical plates,
N; and separation factor, a[66].

1.1.17 Need for HPLC

It is seen that the separation efficiencies can be significantly improved by using long
columns packed with small sized particles. Advantages of carrying out separations on
columns packed with small particles are improved resolution, narrow and taller peaks
resulting in better sensitivity and more peak capacity. Thus overall efficiency of separation or
performance increases by columns packed with small particles. High performance liquid
chromatography (HPLC) refers to separations carried out using columns containing <10 um
particles. However, the pressure required to force the mobile phase through the column

increases with the decrease in the particle size according to the equation, AP o 1/(dp)’.

Thus use of small particle filled columns requires solvent delivery systems to force the
mobile phase through tightly packed column. Hence, HPLC is also known as high pressure
liquid chromatography. Application of HPLC with on-line detection has reduced the analysis

time from days to a few minutes because of its speed, improved sensitivity and multi-
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elemental analysis capability using single injection. Technological advancements in the field
of instrumentation as well as column technology have helped the technique to move ahead
with time and maintain its importance in separation science. A brief description of the
instrumentation of liquid chromatography and mass spectrometry is given below for the better

appreciation of the technique.
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1.2. Instrumentation

121 HPLC
| : I I ! I Injector
A Computer
HPLC
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Figure 1.14: Schematic diagram of an HPLC system with post-column derivatisation
detection.

Figure 1.14 shows the schematics of the HPLC system used in the present work. The
important components are the solvent delivery system, sample injector, column, detector and
data processor. A post-column reaction system was used for enhancing the detection
sensitivity by reacting the ions eluted from the column with a chromogenic reagent. The
resultant complex with high molar absorption coefficient is then monitored using a

spectrophotometric detector. The main components are briefly discussed below:

1.2.1.1 Solvent Delivery System (Pump)

The solvent delivery system consists of 1 to 4 solvent reservoirs. The solvents are
filtered through individual stainless steel filters to remove any solid particles and are then
passed through a membrane to remove the dissolved air from the solvents. Air has different
solubility in different solvents. When two or more solvents are mixed on-line, there will be a
change in the solubility and the dissolved gas can be released in the form of bubbles. The
dissolved air can form bubbles in the detector and cause ghost peaks or cause a shift in

retention time[67].
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The two modes of operation of the solvent delivery system in HPLC are isocratic and
gradient. In the isocratic mode, the composition of the mobile phase remains the same
throughout the chromatographic run whereas in the gradient mode, it can be changed
continuously or in stepwise. Isocratic elutions lead to chromatograms which are reproducible
and no equilibration time is needed between the successive injections. On the other hand,
gradient systems are useful for rapid and efficient separation of mixtures containing a number
of components with widely varying affinity for the stationary phase. There are two basic types
of configurations employed for achieving the solvent delivery in the gradient mode. In the
first, individual pumps are used for each solvent and solvent mixing occurs at high pressure
(high pressure gradient system). In the second approach, the individual solvents are pre-mixed
at low pressure and a single pump is employed for the delivery of the mixture and it is known
as low pressure gradient system [64]. Block diagram of a low pressure quarternary gradient
solvent delivery system is shown in Fig. 1.15. Though the low pressure gradient systems are
less expensive, the involvement of mixing manifold and pump dead volume after the point of
mixing contribute to the void volumes and this delays the gradient when steep compositional

changes are required.
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Figure 1.15: Block diagram of a low pressure quarternary gradient solvent delivery system.
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The pump must be able to deliver the mobile phase at precise flow rates against a high
pressure drop and with minimum pulse in the flow profile. The important characteristics of an

HPLC pump are:

e  Parts in contact with the mobile phase must be made of inert materials.

e Capability to deliver solvents at pressures>400 bar.

e Provide relatively pulse-free delivery or should have a pulse damper.

e Flow rate range 0 to 5 mL/min or more, with steps of 0.1 mL/min.

e  Must provide accurate delivery (£0.1% at ImL/min).

e  Deliver mobile phase with good long term as well as short term reproducibility (< 0.1%).
e Linear and step flow profiles.

e Small holdup volume for rapid solvent changes, thus enabling sharp gradient.

e Reproducible mixing of solvents during gradient operation.

Various types of HPLC pumps used are direct gas pressure systems, syringe pump,
pneumatic intensifier pump, reciprocating pump, etc. Pneumatic pumps can provide extremely
high pressures and have high flow capacity and hence are mostly used for column packing
rather than general analysis. In syringe pump, the piston is propelled and controlled by a
stepper motor. This type of pump finds use where small volumes of mobile phase are required
and for reagent delivery in post-column derivatization as it can supply reagent with extremely
low pulsation. Over the years, the reciprocating piston pumps have become the most
commonly employed analytical pumps by virtue of their low hold-up volume, accuracy,
precision and trouble-free operation. The working of a typical single piston reciprocating

pump is shown in Fig. 1.16.
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Figure 1.16: Schematic diagram of a single piston reciprocating pump.

Essential components of a reciprocating pump are motor, ceramic piston and check
valves made of ruby ball and sapphire seat. Rotation of the motor drives a cam which in turn
guides the piston to move back and forth. During the intake cycle, the piston is moved out to
create a low pressure zone in the cavity. The outlet check valve closes while the inlet check
valve opens and this helps in trapping a small volume of the solvent in the pump-head
(cavity). During the delivery cycle, the piston moves in and this causes the inlet valve to close
and the outlet valve to open. The resultant action is the purging of the small volume of the
trapped solvent out of the cavity. The flow profile from a single piston reciprocating pump is
irregular due to the pause during the intake cycle. Instead of a perfect circle, the cam is given
an irregular shape so that the delivery stroke of the piston is slow and steady while the refill
stroke is rapid to ensure a smooth flow. However, there would still be some pulsations which
can be minimized by using two pistons working in tandem and this arrangement is known as

double head pump. The typical flow profiles obtained using a single pump head with a
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circular cam, a single pump head with an irregular cam and a double pump head are shown in

Fig. 1.17.
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Figure 1.17: Comparison of flow profiles obtained by reciprocating pumps with different
pump heads.

1.2.1.2 Sample Injector

The sample must be introduced as a narrow band in order to minimize the band
broadening inside the column. Direct introduction of the sample into the column is not
possible due to the flow of the mobile phase at very high pressure. In earlier times, stopped-
flow direct injection through septum was used to introduce the sample but the precision
obtained on the retention time or peak area was not satisfactory. Six port sample injection
valves with fixed volume loops are, therefore, used to seamlessly inject the precise amount of
the sample [65]. When analysis of a large number of samples is involved, auto-sampler is
employed to carry out the precise and accurate sample injection in unattended manner. The
holdup volume of the injector system must be as low as possible to minimize the possibility of
band broadening. Figures 1.18(a) and 1.18(b) show the commonly used sample injector in

load mode and in inject mode, respectively.
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Figures 1.18: Schematic diagram of injectors in (a) load position and (b) inject position.

When the valve is in position (a), injection to the port (sample in) causes the sample to
flow through the sample loop and the excess sample will be discharged through the vent.
Once the injection is completed, the valve is rotated to position (b) and the mobile phase
passes through the loop and carries the sample into the column. The sample loops are
available in sizes of 5 — 100 pL and this type of injection system is ideally suited for
quantitative LC. Autosamplers work in the same way as the loops and are operated electrically
or by compressed air. The six port valve configuration can also be used for column switching
in on-line pre-concentration or two-dimensional chromatography. In column switching, a
preconcentrator column or an analytical column is connected in place of the loop and the
effluent from this column can be regulated into the second analytical column or waste through
the valve. This configuration allows the use of two different columns in tandem and thereby

significantly improving the versatility of LC.
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1.2.1.3 Solvents for HPLC

The choice of proper mobile phase in LC is very important as its interaction with the
sample and stationary phase is responsible for the efficient separation of the components.
Following are the guidelines followed while deciding on the mobile phase for a given

separation problem:

e Solubility: the sample must be readily soluble in the mobile phase.

e Viscosity: a solvent with low viscosity produces less resistance while passing through the
column. Further low viscosity leads to rapid mass transfer which leads to fast
chromatographic separation.

e Detector transparency: the solvent response to the detector must be minimum as this
would influence the sensitivity of analyte detection. For example, if UV detector is used,
the solvent used should not absorb in the wavelength region of interest.

e Boiling point: volatile solvents show a tendency of formation of bubbles in the detector.
However, such solvents are preferred if the components are to be recovered after the
chromatographic run.

e Purity: presence of impurities in the solvent would lead to a significant change in the base
line during gradient elutions.

¢ Inertness: solvents must not react with the stationary phase and the sample and should not
corrode the HPLC hardware.

e Miscibility: the solvents chosen in the gradient mode must be miscible with each other and
also with the sample.

e Interaction: properties like dipole character and acidity/basicity determine the interaction

of the solvent with the solute.
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Both methanol and acetonitrile are easily miscible with water and do not have significant
absorption in the UV region. Hence, these solvents find extensive use in HPLC. When
compared to methanol, acetonitrile has a lower UV cut-off (200-210 nm) and generates lower
back pressure in aqueous based gradients. On the other hand, methanol is less expensive and
is more stable than acetonitrile. When exposed to ambient light under dry conditions,

acetonitrile produces some polymers which might clog the solvent filters or LC columns.

1.2.1.4 HPLC Column

Stationary phase is considered to be the ‘heart of the LC system’. Early experiments
on LC were carried out on silica column because of its high surface area, porosity, polar
nature and good mechanical strength. Correspondingly, the mobile phases used with silica
were non-polar in nature. This type of combination, where stationary phase is more polar than
the mobile phase, is termed as ‘normal phase’. Conversely, the combination in which the
mobile phase is more polar than the stationary phase is called ‘reversed phase’. Porous
particles, pellicular particles, perfusion particles and monolithic stationary phase are
employed for column packing depending upon the application. Important stationary phases

are described below:

1.2.1.4.1 Silica

Reaction between sodium silicate with hydrochloric acid results in the formation of
silicic acid which gradually undergoes condensation reaction to form aggregates and then
polymer spheres called ‘primary silica particles’. The surface silanol groups on the primary
silica particles react further resulting in the growth of silica particle. The slow condensation of
the surface silanol groups of the primary particles is responsible for the mechanical strength,
high porosity and large surface area of silica particle. The particles produced by this route are

irregular in shape. Spherical silica particles are produced by spraying the neutralized silicate
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sol into fine droplets and drying in a stream of hot air. Another route for the synthesis of
spherical particles is by dispersing the silicate sol into a suitable hot organic solvent to form

an emulsion (sol-gel process) [68].

In silica, Si atom is bridged three dimensionally by four oxygen atoms. Surface of the
silica particle contains a large number of silanol (SiOH) groups which are of different nature

as depicted in Fig. 1.19.
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Figure 1.19: Representation of different silanol groups present in silica.

Free silanols are weakly acidic and hence strongly interact with solutes with basic
nature. This is the reason for the appearance of a strong peak tailing of basic components
when unmodified silica is used as the stationary phase. The two hydroxyl groups attached to
the same silicon atom are called Geminal hydroxyl groups [69].Two hydroxyl groups from
adjacent silanols which are bonded by H-bonding are called ‘associated silanol groups’.
Geminal silanols are not acidic similar to Associated silanol groups. Silanols near the metal
cations are strongly acidic and can adversely affect the separation of basic compounds. Metals
like Al and Fe can increase silica acidity by withdrawing electrons from the oxygen of the
silanol, as well as interact directly with chelating solutes. Water can be hydrogen bonded to
the hydroxyl groups and multi-layers of water adsorbed on the top of the silica surface. Thus

unmodified silica offers a host of interaction mechanisms based on hydrogen bonding, dipole-
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dipole and ion exchange, and thus the adsorption process is difficult to understand, reproduce
and is less efficient. Another factor not favouring the utilization of silica is the pH restriction

because silica dissolves in alkaline conditions.
1.2.1.4.2 Modified Silica

Silanol groups on the surface of the silica particles can be chemically modified to give
stationary phase with specific properties. Products with Si-O-Si bond are generally preferred

in view of its resistance to water and alcohol.

O—Si-OH + C1-8i{CHa)o-R MO—Si-o _Si{CHs)a-R

When R = -(CH,);7-CHjs, the product is known as octadecylsilane (ODS) which is the
most widely used modified stationary phase. As it is extremely non-polar, this stationary
phase is an ideal candidate for reversed phase chromatography. Chemical modification may
not convert the entire silanol group into ODS. The unreacted silanol groups are subsequently
reacted with trimethylchlorosilane to minimize the silanol activity. This treatment is known as
‘endcaping’. Instead of —CHgs, bulkier side chains can be incorporated in the ODS to protect
the analytes from exposing to the residual silanol groups. Modified silica has a narrow pH
range for safe operation as low pH conditions lead to the cleavage of siloxane bond, Si-O-Si-

R and high pH causes the silica dissolution [64].
1.2.1.4.3 Styrene Divenylbenzene

The cross-linked polymer obtained by the co-polymerization of styrene and
divenylbenzene is a resourceful stationary phase for LC. The degree of cross-linking and the
porosity can be controlled by the proportion of divenylbenzene in the reaction mixture. These
polymers are stable over a wide range of pH conditions and can be used in reversed phase

separations. Anion and cation exchange stationary phases are obtained by the incorporation of
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—N*(CHs)3 and —SO5" groups, respectively, into the polymer matrix. Polymers obtained with
controlled porosity can be used as the stationary phase for size exclusion chromatography.
Polymeric stationary phases do not have the same mechanical strength as silica and they are

susceptible to dimensional changes under extreme conditions of pressure[65].

Stationary phases made of alumina, hydroxylalkylmethacrylate gel, porous graphitic

carbon, titania, zirconia etc. are found in special applications and are less commonly used.
1.2.1.5 Detectors

A suitable detector is required to recognize the presence of a solute in the eluent from

the column. The ideal characteristics of an LC detector are as follows [70,71].
They should be compatible for all types of compounds under testing.

e Detector response should not be affected by the change in the composition of the mobile
phase or temperature.

e Must be able to monitor the analyte at very low concentrations and also offer good
dynamic range.

e  Detector cell volume must be small so that it does not contribute to band broadening of
the eluted solutes.

e Should have fast response time to detect very narrow or fast eluting peaks in a
representative way.

e  Should contribute to minimum noise or drift.

e  Preferably non-destructive to the sample.

e  Produce uniform and reproducible response.

However, there is no universal detector satisfying all the above requirements. The

selection of the detector for a specific application is based on the nature of the analyte,
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detection limit, affordability etc. LC detectors can be categorized based on their selective
nature of response to the solute presence in the mobile phase. A non-selective detector would
respond to the change in the bulk property of the mobile phase such as refractive index or
conductivity. A detector which responds to a property specific to the solute is known as

selective detector e.g. UV-Vis detector.

The LC detectors can also be classified into two categories: (i) concentration sensitive

and (ii) mass sensitive detectors [70]. Concentration detector produces a signal (S) which is
proportional to the concentration (C) of the solute in the mobile phase: aC (%) . In the case
of mass sensitive detector, the response is proportional to the mass flux or the number (n) of
solute molecules or ions per unit time in the mobile phase: S on/t (%) .The commonly

employed LC detectors are:
Concentration sensitive type

e UV-Vis

e Fluorescence

e Evaporative light scattering
e Refractive index

e  Mass-spectrometry

e Radioactivity
Mass sensitive type

. Electrochemical

e  Conductivity
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Conductivity detectors are used for the detection of inorganic ions that are electrically
conducting e.g. Na*, CI" and find widespread applications in ion chromatography. A
suppressor, for removing the ions contributing to the background conductivity of the mobile
phase, is essential for satisfactory detection sensitivity. Radiometric detectors are used for
detecting components which are radioactive. Though they are less commonly employed,
radioactivity detectors are often much more sensitive than many spectrophotometric and other
physical procedures. UV-Vis detector is preferred if the components of interest absorb light in
the wavelength range of 200 nm to 800 nm. It is one of the most widely used and robust LC
detector, and will be discussed in detail in the following Section. Fluorescence detectors offer
highly selective and sensitive detection (10-100 times more as compared to UV-Vis) for
fluorescence active compounds. In this detector, the fluorescence rays emitted by sample,
after absorbing incident light from a Xenon arc lamp, are measured after passing through
grating. Electrochemical detector is useful for compounds that can be easily electrochemically
reduced or oxidized, such as phenols, aromatic amines etc. Electrochemical detectors offer
better selectivity and sensitivity for such compounds. Refractive index detectors are used
when the analyte components (e.g. carbohydrates, polymers) do not have any specific
property suiting other selective detectors. Being a bulk property detector, its sensitivity is very
low (100 — 1000 times lower than that of UV-Vis detector) and are not suitable for gradient
elution chromatography. Evaporative light scattering detector is also a bulk property detector
but as the detection is after the complete evaporation of solvents, this detector is adoptable to
gradient elutions. In view of high specificity and sensitivity, mass spectrometric detectors are
gained popularity even though they are expensive. Tandem mass spectrometers offer the
advantage of being a universal detector in MS mode and a highly selective detector in MS/MS
mode. They complement liquid chromatography as an indispensible tool for identification and

characterization of unknown species in complex samples. MS systems are in general available
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in two different configurations. The single-stage detector, sometimes called an MSD (mass
selective detector), is used to measure a single ionic species for each analyte, often the
molecular ion. Instruments using this type of detection are referred to as LC-MS. Typically
such MS system uses a quadrupole as the mass analyser and in a given run, a large number of
analyte ions can be monitored by rapidly scanning the mass-to-charge ratios (m/z). The second
type of configuration isolates the primary ionic species or parent ion, fragments it into product
ions in a collision cell and monitors one or more of these product ions. This process gives
added selectivity and the pattern of the fragmented ions is used as ‘‘signature’’ of a specific
analyte. Such MS systems are known as tandem mass spectrometers and the associated

hyphenated system is represented as LC-MS/MS.

The limit of detection for a detector can be characterized by its signal to noise ratio
(S/N) for an analyte under a given set of conditions. Limit of detection (LOD) in
chromatography can be defined as the amount of solute required to produce the Signal/Noise
>3. LOD is the result of the whole chromatography system performance and not decided by
the detector characteristics alone. Limit of quantification (LOQ) is defined as the amount of
the solute required to produce Signal/Noise >10. The concepts of LOD, LOQ, linearity etc.

are demonstrated in Fig. 1.20.
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Figure 1.20: Representation of figures of merits in chromatographic analysis [70].

1.2.1.5.1 UV-Vis Detector

The UV-Vis detector is the most popular LC detector since it offers the best
combination of sensitivity, linearity, versatility, reliability and affordability. The detector can
be used for most of the solutes except for those not having a chromophore. The relationship
between the light absorbed and the concentration of the solute in the detector flow cell is
given by the Beer-Lambert law, A = E b C where, A is the measured absorbance of a sample;
E is molar absorption coefficient (at a particular wavelength A) of the compound that is
analyzed; b is the distance between the inner faces of the sample cell or optical path length;
and C is the concentration of the compound in solution. Thus the two factors that control the
detector sensitivity are the magnitude of the molar absorption coefficient of the solute and the
path length of the light passing through the cell. The cell length cannot be increased beyond a
certain limit because increase in length would lead to increase in volume as well. Large sized
flow cells contribute to the broadening of the solute bands separated out of the column and
thus result in poor chromatographic resolution. Small size flow cells (10 — 20 pL) are thus

preferred for chromatographic detectors. A limitation of employing the small cell volume is
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the increased back-pressure to the effluent flow. The different types of UV-Vis detectors in

use are the fixed wavelength detector and the dispersion detector.

121511 Fixed Wavelength Detector

As the name indicates, fixed wavelength detector allows light absorption at a specific
wavelength. Depending on the type of samples, different sources are available e.g. mercury
vapour lamp, cadmium vapour lamp, zinc vapour lamp. Mercury vapour lamp is the most
popular as it produces emissions at 253.7 nm which can be absorbed by a wide range of
compounds. Fixed wavelength detectors are the least expensive and since most of the
emissions are taking place at a specific wavelength, they offer a higher intrinsic sensitivity
when compared to variable wavelength detectors. But this advantage is not of much practical

use if the solute has a Amax widely different from the output wavelength of the source.

1.2.15.1.2  Dispersion Detector

The multi-wavelength detectors can be further divided as the dispersion detector
(variable wavelength) which monitors the eluted solute at a particular wavelength and the
diode array detector which monitors over a range of wavelengths simultaneously. In the case
of dispersion detector, the light from a broad emission source (deuterium or xenon discharge
lamp) is passed though a monochromator and the light with the wavelength of choice is then
passed through the flow cell. Some detector versions offer the option of switching the
monitoring wavelengths or to scan the wavelength during the chromatographic run so that
each solute can be monitored with maximum sensitivity. Switching the wavelength can be

tedious when a large number of solutes with varying Amax are eluted with less time gap.
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1.2.15.1.3  Diode Array Detector

Due to the possibility of monitoring individual solutes at its Amax, diode array detector
provides both sensitivity and selectivity. A diagram of a diode array detector is shown in

Fig.1.21.
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Figure 1.21: Schematic diagram of a diode array detector.

In diode array detector, the composite light from the broad emission source (deuterium
lamp or tungsten lamp) is collimated by a lens into a flow cell. Thus the sample is exposed to
all the wavelengths generated by the lamp source. The transmitted light from the flow cell is
then dispersed by using a prism or grating. The dispersed light is allowed to fall on an array of
large number of (512 or 1024) diodes, so that each diode can monitor the change in the
intensity of a particular wavelength. A configuration of 1024 diode makes it possible to
achieve wavelength resolutions better than 1 nm, provided wavelength range of the detector is
200 - 800 nm. The output from each diode is regularly sampled and stored by a computer and
at the end of the run, the output from any diode can be selected to produce a chromatogram
based on the wavelength that was falling on that particular diode. Most instruments permit the

monitoring of the output of at least one diode in real time so that the chromatogram can be
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followed as the separation progresses. A holmium oxide filter which can be moved in or out

of the optical path is used for the wavelength calibration of the detector.

1.2.1.5.2 Derivatisation Reaction in Chromatography

Derivatisation is employed when the analyte of interest is non-absorbing or has a very
low molar absorption coefficient. The derivatised compound would have sufficient response
to conventional UV-Vis or fluorescence detectors. Pre-column and post-column
derivatisations are the two general approaches for derivatisation. In pre-column derivatisation,
the reaction is performed before the sample is injected into the column whereas in the post-
column derivatisation, the reaction takes place after the analyte is eluted from the column.
Pre-column derivatisation is usually done to modify the chromatographic characteristics and
sensitivity. The reaction can be carried out manually or automated and is not constrained by
the rate of the reaction. However, the reaction must be completed before the sample is
injected. It also offers the option to remove the excess reagent after the completion of the
reaction. In post-column derivatisation, the reaction is taking place as the solute travels
between the column and the detector and hence the reaction must be quick. The possibility of
band broadening due to the introduction of reaction set-up and reproducibility of the reaction
is a concern. Some of the important characteristics required by pre-column and post-column

derivatisation in LC are summarized in Table 1.6.
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Table 1.6: Comparison of pre-column and post-column derivatisations in liquid

chromatography
Requirement Pre-column Post-column

q derivatisation derivatisation
Fast reaction rate Not necessary Essential
Completeness of the reaction Essential Not essential
Reproducibility of reaction Essential Essential
Alteration to the
chromatographic separation Possible No effect
condition
Compromise in _resolutlon due No effect Possible
to band broadening

The UV-Vis detectors can be used only when the eluting solutes are capable of
absorbing light in the wavelength range of the light source employed. The technique has been
extended for non-absorbing species by indirect detection wherein a chromogenic substance
(e.g. Creatinine at 220 nm) is added in the mobile phase [72]. Another limitation of UV-Vis
detector is the inability to discriminate the co-eluting species having same absorption spectra
or not absorbing at all in the wavelength range of the detector. Demand for unambiguous
detection of components and identification of unknown peaks led to the hyphenation of LC
with independent analytical techniques such as mass spectrometer (MS), nuclear magnetic
resonance (NMR), Fourier transform infrared spectrometer (FTIR), inductively coupled
plasma emission spectrometer (ICP-AES) etc. [73]. The high selectivity of these detectors
helps in quick method development and sometimes compensates for the need for high
resolution separation. Among the different hyphenated liquid chromatography systems, LC-
MS is the most popular because of the ability of the mass spectrometer to recognize the
components in an overlapped peak and to assign molecular mass or even structural

information to a species (or peak). Thus MS has become the standard detector for LC analysis
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of complex samples such as pharmaceutical compounds in biological systems (e.g. plasma or

urine).

Development of suitable interface is the key factor for the successful coupling of
liquid chromatography to mass spectrometry system. LC employs mobile phase in liquid state
whereas mass spectrometer requires low pressures, typically < 10 mbar, for its operation.
The interfacing process must take care of the evaporation of the mobile phase, generation of
sample ions and preferential transmission of ions into the MS system. When the mobile phase
is converted from liquid to gas state, the resultant expansion in volume is about 1000 fold and
this poses tremendous load to the interface. One of the most successful interfaces in LC-MS is

electrospray ionization (ESI).
122 Mass Spectrometer

Mass spectrometer is an important analytical tool for the identification, characterization
and determination of a wide variety of species. The important components of a mass
spectrometer are ion source, mass analyser, detector, vacuum system and data acquisition

system.
1.2.2.1 lonisation Techniques

Given below are some of the commonly employed mass spectrometers based on the

ionization method employed:

e  Accelerator based mass spectrometer (AMS)

e  Electron ionization mass spectrometer (EIMS)

e  Electrospray ionization mass spectrometer (ESIMS)

e  Fast atom bombardment mass spectrometer (FABMS)

e Inductively coupled plasma mass spectrometer (ICPMS)
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e Matrix assisted laser desorption and ionization (MALDI)
e  Secondary ion mass spectrometer (SIMS)

e  Thermal ionization mass spectrometer (TIMS)

The choice of the technique used depends upon the nature the sample and the type of the
information required. Electron ionization (or electron impact) and chemical ionization
methods are generally employed for volatile samples and are found mostly in GC-MS
hyphenated techniques. For non-volatile compounds, the preferred ionization methods are
electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), matrix
assisted laser desorption and ionization (MALDI), fast atom bombardment (FAB)etc[74].
Among these, ESI and MALDI are regarded as soft ionization techniques as they result in the
formation of molecular ions with minimal fragmentations. In MALDI, sample is dissolved in
a matrix which absorbs light from a short pulse of laser of a specific wavelength. The matrix
transfers the absorbed energy to the sample and thus assists in ionization. The extracted ions
are then guided to a time-of-flight system for mass analysis. MALDI is useful for the
ionization of very large molecular weight samples like proteins, polymers etc. ESI is regarded
as one of the softest ionisation technique and is best usable for polar non-volatile compounds
(peptides, pharmaceuticals, natural products). The tendency of electrospray to produce
multiply charged ions is advantageous in the determination of analytes with high molecular
weight. APCI is also an ionization technique widely used in LC-MS hyphenation. Compounds
with a wide range of polarity are amenable to APCI and this technique is compatible to larger
flow rates of the mobile phase and higher salt contents. Usually solution phase samples are
examined with ESI and APCI while MALDI is particularly appropriate for solid phase
samples. Fast atom bombardment is also used for large compounds with low volatility
(peptides, proteins, carbohydrates) and the sample has to be mixed with a suitable non-volatile

matrix (glycerol, crown ethers, nitrobenzyl alcohol etc.).Immobilized matrix is then
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bombarded with a fast beam of Argon or Xenon atoms to generate the ions. Thermal
ionization and inductively coupled plasma belong to the class of inorganic mass spectrometers
providing the elemental information. Thermal ionisation is widely recognized as the technique
of choice where precise and accurate isotope ratios are required. Inductively coupled plasma,
due to the high ionization efficiency, low detection limits and wide dynamic range finds
important position in trace elemental analysis. Secondary ionization is a surface analysis
technique which can provide the elemental distribution over a surface along with the isotopic
data and the depth profiling. Electrospray ionisation and thermal ionisation, the two

techniques used in the present study, will be discussed in detail in the following Sections.
1.2.2.2 Mass Analyzers

Mass analyzers are used to distinguish the ions based on their m/z values. Mass
analyser can be selected depending upon the nature of the ion source, mass range and mass
resolution required. Some of the commonly used mass analyzers are time-of-flight,

quadrupole, ion cyclotron, magnetic sector, ion trap and hybrid [75].
1.2.2.2.1 Time-of-Flight Analyzer

Time of flight analyser consists of ion-accelerating region, flight tube and detector.
Since a definite start time is required, these instruments are used in sequential mode e.g.
MALDI. At the start of the flight tube, all the ions are exposed to the same potential
difference and thus have the same kinetic energy. Hence, the ions migrate through the field
free region with different velocities depending upon their masses. Flight time t of the ion is

related to its m/z by the equation:

v = (2Vz/m)Y?

t = I(m/2Vz)*?
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where, | is the length of the flight tube traveled by an ion with mass ‘m’, charge ‘z’ and a

velocity ‘v’, and V is the acceleration potential.

Mass resolutions obtained by the linear ToF instruments suffer due to the spread in the
flight of the ions of the same m/z. This distribution in energy is contributed by the difference
in the special positioning of the ions at the time of receiving the acceleration pulse.
Sometimes the ionization process also adds a certain amount of initial kinetic energy to the
ions before acceleration. The two methods employed to enhance mass resolution in ToF are

reflectron and delayed extraction.

A reflectron is used to focus the ions of the same m/z into a narrow band and thereby
improve the resolution significantly. Reflectron consists of a series of rings or grids placed at
the other end of the drift tube. These grids create a retarding potential which increases with
the penetration depth. The ions with same m/z but of relatively lesser kinetic energy will
deflect faster into the flight tube. lons with higher kinetic energy penetrate deeper into the
reflectron and spend more time and thus manage to join together with the ions with lesser

kinetic energy, after deflection.

Delayed extraction (pulsed ion extraction) technique is used to compensate for the
velocity distributions of ions. Before accelerating into the flight tube, the ions are allowed to
drift free of electric fields for a certain delay time. By allowing them to drift, faster ions move
farther away from the acceleration target than the slower ions. Thus faster ions will experience
less of the accelerating voltage than the slower ions. This procedure compensates for the

initial energy distributions of ions with the same m/z.

ToF analyzers offer the advantage of high mass range, mass accuracy and
simultaneous detection of all the ions. TOF analyzers exhibit very fast acquisition times and

thus are ideal for hyphenation with fast LC. The inherent sequential nature of ToF makes it
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the ideal choice for combination with MALDI, which operates in pulsing mode. One of the
limitations of ToF is its limited dynamic range, making it less attractive for quantitative

applications [76,77].

1.2.2.2.2 Quadrupole Mass Analyzer

Quadrupole analyzers have four parallel rods and opposite potentials are applied to the
set of diagonal pair of rods. Quadrupoles are used as mass analyser, ion transfer optics,
collision cells, and linear ion traps. While employed as mass analyser, a quadrupole works on
the basis of electric fields generated between a set of four axial rods through which the ions
are passed. The quadrupole field created by the dc and rf combination dictates the m/z range to
pass through the quadrupole and reach the detector. lons beyond the selected range will hit the
rods and get discharged. Thus quadrupole mass analyzers are also called mass filters. The
potential applied to the rods is given by ® = U + V coswt where, U is the dc voltage and V
cosot is the rf potential of frequency w/2n. Two rf waveforms are applied to two pairs of
opposing parallel rods, with 180° phase shift. Hence trajectory of the ion fluctuates constantly

as it travels in the space between the rods [78].

Quadrupoles with only rf field are used as ion transfer optics and collision cells. In this
case, ions passing through the quadrupole are confined in the center of the
quadrupole(sometimes hexapoles or octopoles) axis at low gas pressures, thus increasing
transmission efficiency. This effect is called collisional cooling or collisional focusing. By
incorporating trapping electrodes at the beginning and the end of such a quadrupole, ions get
stored in the device, which is the basis of linear ion traps. Quadrupoleanalysers are
economical and compact and have found a wide application range in LC-MS and GC-MS.
However, they have relatively lower resolution and offer less sensitivity when operated in

scanning mode.
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1.2.2.2.3 Magnetic Sector Analyzers

When an ion of mass m and charge z is accelerated by a potential of V, its kinetic
energy is given by,mv¥/2 = zV where, v is the velocity of the ion after acceleration. The
accelerated ion enters a magnetic field, H, applied perpendicular to the direction of ion
trajectory and then the centrifugal force acting on the ion is balanced by the magnetic force,
HeV = mv#/R, where R is the radius of curvature of the ion’s path in the magnetic field.

Therefore it is possible to write m/z= H*R%/2V

Thus ions will have different radius of curvatures depending on their m/z and thus
separation takes place. When there is only one detector, the desired ion can be brought to the
detector either by changing the magnetic field (magnetic scanning) or by changing the
acceleration voltage (voltage scanning). When multiple detectors are available, it is possible to
simultaneously collect the ions on specific detectors by keeping magnetic field and
acceleration voltage constant. Magnetic analyser alone results in directional focusing and is
adequate to provide nominal resolution (~ 500) when there is no significant spread in the
energy of the ions. Combination of directional focusing and velocity focusing is required
when high mass resolution is required or the relative ion energy spread is considerable.
Velocity focusing is achieved by using electric field. The combination of magnetic field and
electric field is known as double focusing and is used in mass spectrometers offering high

resolution power (10,000 — 20,000).
1.2.2.2.4 lon Trap Analyzers

Three hyperbolic electrodes, consisting of a ring and two endcaps, form the core of this
instrument. In earlier days, the ion trap was operated in "mass-selective stability" mode of

operation. In this mode, the amplitudes of rf and dc voltages applied to the ring electrode were
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ramped at a constant ratio to allow the storage of a particular m/z value in the ion trap.
Advancements in ion trap technology have made it possible to trap all the ions created over a
given time period and then are sequentially ejected from the ion trap into a detector (electron
multiplier). Thus all ions are stored while mass analysis is performed and hence this simplifies
the use of the instrument. Filling the trap volume with a residual gas (He) at a low pressure (~1
mbar) helps in the collisional cooling of the ions which in turn contract the ion trajectories to
the center of the trap. This allows ions of a given m/z to form a packet. The ion packet is
ejected more quickly and efficiently than a diffuse cloud of ions and thus improving
resolution[79].The biggest strength of the ion trap technique is its ability to perform multiple
stages of mass spectrometry, unlike other tandem mass spectrometers. Possibility of
performing multiple stages of tandem mass spectrometry greatly increases the amount of
structural information obtainable for a given molecule. Thus ion trap MS systems are regarded
as powerful tools for the structural characterization. Up to 12 stages of tandem mass
spectrometry, (MS)2, can be performed using an ion trap. The mass range obtainable with ion
trap is higher than that obtained on a quadrupole instrument and lower than that achievable on

TOF analyser.
1.2.2.2.5 Fourier Transform lon Cyclotron Mass Analyzer

In view of its extremely high resolution and mass accuracy, Fourier Transform lon
Cyclotron Mass Analyzer (FT-ICR) has become an invaluable tool in drug discovery. When an
ion with a certain velocity enters the homogeneous magnetic field of the ICR cell, it starts
moving in a circular path. If the ion is under extremely low pressure conditions, it does not
experience any collisions with residual gas molecules in the cell. Consequently, the speed of an
ion in the FT-ICR cell is constant and its angular velocity is proportional to the m/z of the
ion[80].Unlike other mass spectrometers, FT-ICR analyzer does not have a detector where ions

are discharged physically. Detection is based on measuring the image current that individual
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ion packages induce when they pass the detector plates repeatedly, at their cyclotron
frequencies. In a typical FT-ICR experiment, the ions in the cell are excited simultaneously,
and a composite image current for all ions is measured. Next, this transient signal is converted

from the time domain to the frequency domain using a fast Fourier transform algorithm.

A comparison of important characteristics of different mass analysers is presented in

Table 1.7.

Table 1.7: ~ Comparison of important features of mass analyzers

Mass analyser

Feature Sector Time- | lon cyclotron | lon trap Quadrupole
magnet of- resonance
flight
Momentum .
Quantity measured to charge FI_|ght Cyclotron Frequency | Filters for m/z
. time frequency
ratio
m/z range 10* 10° 10° 10* 10° -10*
Resolution @ m=1000 10* 10* 10° 10%-10° 10%-10°
Dynamic range 10’ 10* 10* 10* 10°

Reference [81]

1.2.2.2.6 Hybrid Analyzers

Combinations of different analyzers are designed to enhance the mass spectrometric
capabilities such as MS/MS, novel scan modes, high mass accuracy and resolution etc.
Quadrupole time-of-flight (QToF) is an example of one of the most successful hybrid mass
analysers. It allows the generation of MS/MS spectrum similar to triple quadrupole along with
the high resolution, accurate mass capability and simultaneous monitoring ability of the ToF
analyser. ToF analysers can be placed parallel or in the perpendicular (orthogonal) direction

with respect to the ion source. Orthogonal positioning of the ToF reduces the average initial
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energy in ToF direction to almost zero and this significantly enhances the resolution and

accuracy of the mass analyser [82].

1223 Detectors

A detector is used to measure the analyte ions passing out of the mass analyzer after
suitable amplification. Magnetic sector based MS systems generally use a Faraday cup or a
secondary electron multiplier (SEM) as the detector. Faraday cup provides the detector response
independent of the mass of the ions and hence is highly useful for precise isotope ratios
measurements. SEM is preferred for achieving high sensitivity particularly in case of samples
giving low ion currents. In SEM, when an ion strikes the conversion dynode, it causes the
emission of several secondary electrons. These electrons are accelerated at different dynodes,
subsequently providing an increased signal for further processing. However, one has to be
careful about the additional mass discrimination in the isotope ratios data introduced by the

velocity dependent response of SEM.

An electron multiplier is the most commonly used type of detectors in quadrupole
based mass spectrometric systems and some MS systems use a modified type of electron
multiplier known as "dual-stage discrete dynode detector”. Positively charged ions exiting the
mass spectrometer are attracted to the negatively charged first dynode of the detector. The
impact of an ion results in the emission of a number of electrons from its surface. These
electrons are attracted to the positively charged second dynode of the detector, where each of
them causes the emission of further electrons. As this process continues along a series of more
than 20 individual dynodes, the number of electrons generated increases rapidly. In this
manner, the signal due to ions entering the detector is detected and amplified. The signal
intensity is measured simultaneously at two different points in the detector and hence the term

"dual-stage" detector [83].
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1.2.2.4 Vacuum System

When the mean free path (the average distance between collisions) of the gas
molecules exceeds the dimensions of the vacuum container, the system is under molecular
flow conditions. Under such conditions, the ion moves without colliding with other ions or
residual gas molecules. Vacuum system is important to maintain the mean free path in the
analyser and improve its efficiency. Further, in LC to MS coupling, a large volume of the gas
is produced during the solvent evaporation. Heated dry gases are employed for assisting the
evaporation of solvent molecules. These gases put tremendous load in the vacuum system.
Differential vacuum pumping is employed for the effective removal of neutral molecules

without hampering the ion transmission efficiency.

Based on their working principle, vacuum pumps can be broadly classified into
positive displacement pumps, momentum transfer pumps and entrapment pumps. A
combination of different vacuum pumps is used for achieving the desired vacuum levels in
different components of the mass spectrometer. Positive displacement pumps (e.g. rotary
pump) use a mechanism to repeatedly expand a cavity, allow gases to flow in from the

chamber, and exhaust it to the atmosphere.

Momentum transfer pumps impose a net directional motion to the residual gas
molecules in the vacuum system. For example, in a turbomolecular pump, the residual gas
molecules collide with the angled high speed rotating blades on a turbine shaft. The net
direction imparted to the residual gas molecules is into a region of higher pressure and
towards the exhaust of the high vacuum pump. The exhaust of the high vacuum pump is

connected to a rotary pump that accomplishes the transport of the residual gas molecules to
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the final exhaust at atmospheric pressure. Turbomolecular pumps produce vacuum levels of

the order < 10~ mbar.

Entrapment pumps capture gases in a solid or adsorbed state. This includes
cryopumps, getters, and ion pumps. lon getter pumps (IGP) capture and hold gases by
converting them into solid compounds and binding them in the pump. lon pumps remain the
cleanest and the most efficient method of achieving ultra high vacuum (<10 mbar). These
pumps require the backing of rotary pump and turbo molecular pumps. In TIMS, a cold
finger is provided for adsorbing the gases evolved during heating of the filaments in the ion

source[83].

The two different mass spectrometric systems employed during the course of the

present work are described in detail below:
1.2.3 Electrospray lonisation Tandem Mass Spectrometer
1.2.3.1 Electrospray lonisation

Figure 1.22 shows the schematic of an electrospray ionisation system. A high voltage
(3-5 kV) is applied between the tip of the metallic capillary and a counter electrode. The
strong electric field charges the surface of the liquid emerging from the capillary and forms a
fine spray of charged droplets. Nebulizer gas assists the droplet formation at higher flow rates
of the mobile phase. When an analyte is dissolved in a polar solvent, it can either ionize or
form a strong dipole moment. Analytes that exist in the ionized form in the solution can
easily evaporate from the droplets during the electrospray and result in high sensitive
response. For analytes that form strong dipole moments in solution, the ionization process is

driven by the strong electrostatic fields in the spray chamber. These fields induce a charge on
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the surface of the droplets. These analytes can also be ionized chemically by adduction using

selected chemicals.

The charged droplets are migrated under the influence of the potential towards the
counter electrode. During this process, a flow of heated nitrogen (drying gas) dries the
droplets and carries away uncharged mobile phase molecules. This process results in the
continuous shrinkage of the droplet size. The droplets continue to shrink until the repulsive
electrostatic (Coulombic) forces exceed the surface tension, leading to droplet explosions as
indicated in the inset of the Fig 1.22. The point at which this occurs is called the Rayleigh
Stability Limit. This process is repeated several times as the droplets continue to evaporate in

the presence of high electrical potential fields [84, 85]
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Figure 1.22: Schematic of electrospray ionisation system.

1.2.3.1.1 Mechanism of lon formation

The two mechanisms recognized to be involved in the ion formation in electrospray
are the ion evaporation model and the coulombic explosion model. According to the

coulombic explosion model, continuous evaporation of solvent from the droplets in the
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presence of the strong electric field results in the charging of the droplet surface. When the
coulombic repulsion between the ions at the surface of the droplet exceeds the surface tension,
the droplet undergoes a series of fissions and this finally leads to the formation of analyte ion
cluster. According to the ion evaporation model, when the field created by the ions at the
surface of the droplet exceeds a certain limit, bare analyte ions are emitted directly from the
droplet [86]. Electrospray may be thought of as ionization followed by ion evaporation or
desorption. lon evaporation or desorption occurs when the charge density in the droplets
reaches ~ 10° V/cm?® [87].The emerging cluster ions are then directed into the heated glass
capillary where it undergoes declustering as a result of multiple collisions onto the glass wall.
A series of funnels or cones focus the ions into a beam, while at the same time, evacuating the
excess drying gas and neutral molecules using differential pumping. The ions are then

transferred into the mass analyser.

Advantages of ESI include ‘soft’ nature of the ionization process (preserves intact ions
of even fragile molecules) and high sensitivity of the technique for medium to high-polarity
analytes. The characteristic of ESI to produce multiply charged ions enables the analysis of
proteins, peptides, oligonucleotides, and other macromolecules using conventional mass

analyzers with relatively low mass range limits.

Disadvantages include the strong influence of solution chemistry on the ionization
process, poor sensitivity for low polarity analytes (low degree of ionization in solution), the
possibility of multiple adduct ions with some species (complicated spectral interpretation) and
lowering the sensitivity at higher flow rates (due to poor nebulization, inadequate droplet

charging and inadequate desolvation).

1.2.3.2 Mass Analyser
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The hybrid mass analyser consists of three quadrupoles, Qo, Q1 and Q., followed by a
reflecting TOF mass analyzer with orthogonal injection of ions, as shown in Fig.1.23. The rf
only quadrupole (hexapole in certain cases), designated as Qo focuses the ion beam by
collisional cooling. The quadrupole used for the isolation of the precursor ion is designated as
Q1. When the instrument is operated in MS mode, Q; is operated in the rf-only mode so that it
serves merely as a transmission element, while the TOF analyzer is used to record spectra.
The collision cell, represented as Qo, is also a quadrupole operated in rf only mode because

the rf-field creates a potential well that provides radial confinement of the precursor and/or

fragment ions [88].
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Figure 1.23: Schematic diagram of a quadrupole-ToF hybrid mass spectrometer [88].

Since the rf quadrupoles contain residual gas at pressures ~ 10 mbar, the transmitted
ions are thermalised in collisions with gas molecules. This process reduces both the energy

spread and the beam diameter, and results in better transmission. lons emerging out of the rf
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quadrupoles are again accelerated in the axial direction. When the instrument is operated in
the MS/MS mode, Q; is operated in the mass isolation mode so that only the parent ions of
interest are allowed to be transmitted. Normally, an m/z window of 3 — 10 is selected to allow
the isotopic signature to be reflected in the MS/MS spectrum. The filtered ions are then
accelerated by applying a potential of 10 — 200 V depending upon the nature of the molecule
and the extent of fragmentation. The accelerated ion upon entering the collision cell undergoes

collision induced dissociation (CID).

CID involves the collision of ions with neutral gas molecules (Ar or He) to cause
fragmentation. Since ESI ionization is relatively "soft", CID is an important mass
spectrometric capability. While the soft ionization is advantageous in providing the molecular
ions information, CID can be used to obtain detailed structural information based on the
fragmentation pattern. Thus molecular ion along with fragmentation pattern enhances the
confidence on the confirmation of the compound identity. The extent of fragmentation can be
controlled by regulating the ion energy in the collision cell. Higher ion energy leads to more
energetic collisions of analyte ions with the gas molecules and hence greater fragmentation.
Thus molecular ions are observed with greater abundance at low energy conditions. lon
energy can be changed by adjusting the potential difference between the two optics elements
in the ion path. The resultant fragmented ions and remaining parent ions are focused by

collisional cooling so that both resolution and sensitivity are improved.

lons leaving the collision cell are again accelerated so that they enter the ion
modulator. A pulsed electric field (~ 9 kV) is applied at a high frequency (a few kHz) across
the modulator gap, pushing ions in a direction orthogonal to their original trajectory. The
accelerated ions thus arrive in the field-free drift space, where mass separation occurs based

on the difference in flight time. Reflectron compensates for the initial energy spread and
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special distribution of ions and thus ions of same m/z but with different energies are focused

on to a horizontal plane at the detector entrance.

1.2.3.3  Detector System

The detector is made of two microchannel plates (MCP) in a chevron configuration
[89]. MCPs are preferred for TOF analyzers because they provide a flat conversion surface
with a large area, suitable for recording flat (in Y axis in Fig. 1.23) and narrow (in Z axis) ion
packets. Also they have a fast response time. All mass spectra from the TOF spectrometer are
recorded with a time-to-digital converter (TDC). The instruments are capable of producing

mass accuracy <5 ppm and mass resolutions > 20,000 (FWHM basis).
1.24 Thermal lonisation Mass Spectrometer

Thermal ionization mass spectrometer is the instrument of choice for the precise and
accurate isotopic analysis because thermal ionization produces steady ionisation with a very
small energy spread. Samples in the solution form are loaded onto a single, double or triple
filament followed by drying by passing current. Filaments are made of refractory non-
reactive metals such as platinum, rhenium, tungsten or tantalum having high work function.
When the filament is heated by passing a current, neutral species and ions of the element are
emitted from the hot surface of the filament according to the Saha- Langmuir equation:

N+ g+ oI
NO g°
where, N*/N° is the ratio of number of positive ions to that of neutrals, g*/g’is the statistical

weights of ion and neutral states, ®is the work function of the surface of the filament material,
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| is the ionization potential of the element, Kk is the Boltzmann’s constant and T is temperature

of the filament surface [83].

For single filament configuration, the same filament acts as both the vaporization and
the ionization filament. In double or triple filament configurations, one filament acts as an
ionization filament and the other filaments loaded with sample act as vaporization filaments.
Use of multiple filaments allows independent control over the ionization and vaporization

processes and thereby achieving higher efficiency [90].

Schematic diagram of a TIMS is shown in Fig. 1.24. The ions produced from the
heated filaments are accelerated across a potential (8-10 KV) and focused into a beam via a
series of slits and electrostatically charged plates. This ion beam then passes through a sector
magnet analyser. lons entering a homogeneous magnetic field are deflected perpendicular to
their flight direction and perpendicular to the magnetic field according to the Lorentzian rule.
As a result, light ions follow a path with a smaller radii whereas heavier ions with larger radii.
Because of the relatively low spread in the energy of the ions produced, single focusing is
sufficient to achieve the required resolution (resolution ~ 450, based on 10% valley).
Magnetic-sector analyzers produce "flat-topped” peaks for the separated ions. Since flat top
peaks are not affected by the changes in the relative ion intensities if small drifts occur in the
instrument during analysis, they are preferred for the high precision isotope ratio

measurements.

The mass-resolved beams are then directed into detectors where the ion current is
converted into voltage. Most commonly employed detectors are Faraday cups and secondary
electron multipliers. Availability of multi-collector systems enables the simultaneous
collection of ions of different m/z. Simultaneous collection of all isotopes of interest is also

important for high-precision analyses, since ion beams may have small variations in
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intensities due to small changes in source conditions during analysis. Fluctuations of the ion

currents due to temperature changes, electron beam instability etc. cancel completely when the

ratios of the detector outputs are taken.
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Figure 1.24: Schematic diagram of a magnetic sector mass spectrometer.

Solid and open circles represent the light and heavy isotopes, respectively, of an

element.

Some of the advantages of TIMS are:

e Highly precise isotope ratio measurements

e Production of ions with a restricted range of energies eliminates need for energy filter

The disadvantages include:

extensive sample preparation.

Not all elements are easily ionized, especially ions with high ionisation potential.
lonization is not equally efficient for all elements, and is generally less than 1%.

Mass fractionation continually changes isotope ratios during analysis.

Elementally pure solutions are required to avoid isobaric interferences, which require
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1.3 Scope of the Present Work

This thesis presents the studies carried out for developing different liquid
chromatographic methods for the separation and determination of lanthanides (Ln), thorium
(Th) and uranium (U). Determination of lanthanides, Th and U is of great importance in
nuclear technology, geochemistry, environmental sciences etc. Individual separation of
lanthanides is a difficult task due to their similar electronic configuration and nearly the same
ionic radii. The use of complexing agents as eluents in the liquid chromatography helps to
amplify the slight differences in the stability constants of the Ln-eluent complexes and thus
leads to their separations. Effects of different parameters such as concentration of eluent, ion
interaction reagent (IIR), pH of mobile phase etc. were studied systematically for the

optimization of separation procedure for a given type of sample.

In view of its high efficiency, ion interaction chromatography was employed for the
individual separation of lanthanides. A comparative study of different ion interaction reagents
(IIRs) viz. n-octane sulphonate, n-octane sulphate, n-octadecanesulphonate and
eicosylsulphate, was carried out under identical experimental conditions. Among different
IIRs studied, n-octadecylsulphonate was showed the highest resolution for all the lanthanide
pairs and showed good long term adsorption stability. The excellent performance exhibited by
n-octadecylsulphonateis attributed to its preferential adsorption by the C;g bonded stationary
phase. The applicability of the developed method was demonstrated by analyzing lanthanides
in a geological reference material viz. Syanite-3 (SY-3). Since IIR is not required to be
present during the elution, the method is beneficial for further analysis of the separated

fractions by mass spectrometry.

Under the ion exchange conditions employed for the individual separation of

lanthanides, presence of large amounts of Th and U causes interference as matrix element
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peaks can mask some of the lanthanides. The pH of the eluent and the concentration of IIR
were found to play a vital role in deciding the retention of Th and U on the stationary phase. A
novel dual gradient elution was developed for the determination of lanthanides without
involving any pre-separation of matrix elements U and Th. Further, the method allowed the
use of Th as an internal standard for the precise quantification of lanthanide fission products.
The method was applied for the separation and determination of lanthanides in simulated as
well as actual samples of irradiated thoria. Coupled column method employing a RP column
and a cation exchange column was also investigated for the determination of lanthanides in
bulk of Th using mandelic acid as the eluent. The method was used for the separation of

synthetic samples with Th/Ln amount ratios up to 10,000.

Th based nuclear fuel cycle demands quantification of small amounts of U in presence
of large amounts of Th. When mandelic acid was used as the eluent, elution of U occurred
prior to Th, contrary to that observed with a-HIBA as the eluent. The parameters such as pH
& methanol content of the mobile phase and concentration of the eluent were studied to
optimise separation between Th and U on the RP column. The developed method allowed
determination of trace amounts of U in synthetic samples with Th/U ratios up to 100,000,
without involving any pre-separation. It was also of interest to understand the mechanism of
adsorption of metal-mandelate complexes onto the stationary phase. The difference in nature
of the major species of Th and U, charge neutrality of thorium mandelate complex and the
anionic nature of uranyl-mandelate complex explained distinct elution pattern observed when

mandelic acid was used as the eluent.

In view of the increasing energy demand, recovery of U from seawater is considered
as an option for increasing its availability in future. A method for the determination of U at
different stages of pre-concentration was developed for assessing its recovery. In the first

approach, a-HIBA in combination with monolith RP column was employed for the pre-
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concentration and separation of U. Under the optimized conditions, high salt content and
metals viz. V, Ni, Ti and Mo showed no interference during the determination of U.
However, this method was found to be unsuitable for samples containing high levels of Fe.
Hence further studies were carried out with mandelic acid chelating agent and separate
columns for pre-concentration and separation. By studying the effect of concentration of
mandelic acid, MeOH content etc., it was possible to develop a method to give (i) good
separation between U and Fe (ii) to introduce the samples at pH < 4 to avoid the formation of
turbidity and (iii) quantitative recovery of U in the range of 0.5 to 500 ppb. The methodology
was applied for the determination of uranium in seawater and process samples from different
stages of the recovery process. The developed methodology was validated by comparing the

results with those from isotope dilution-thermal ionization mass spectrometry.

Knowledge about the nature of the metal-ligand species in solution is helpful in
understanding the mechanism of adsorption on the stationary phase and also in developing
separation conditions for a specific problem. Electrospray ionisation mass spectrometry being
a soft ionisation technique was used for studying the complexation of UO,** with hydroxyl
carboxylic acids. Effects of solution conditions and the ESI parameters on the mass spectra of
free uranyl as well as uranyl-HIBA species were studied in detail to obtain sensitive and
representative ESI-MS spectra. Major uranyl-HIBA species observed in the positive and
negative ion modes were identified. Solution composition and concentration of the uranyl salt
were found to influence the major uncomplexed uranyl species. Though ESI parameters do
not influence the species distribution of uranyl-HIBA, these are significantly affected by the
transmission parameters. Overall trend in the complexation reaction between uranyl and
HIBA was studied as a function of ligand-to-metal ratio. The species distribution obtained in

the positive mode was found to be comparable to that obtained in the negative mode.
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Chapter 2

Separation of Lanthanides using
lon Interaction Chromatography
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2.1 Introduction

Separation and determination of lanthanides is of interest in geochemistry,
environmental sciences, mineral exploration, material science and in nuclear industry [35,91-
94]. Individual separation of lanthanides is a challenging task due to the similarities in their
ionic radii and the existence of most of these elements in trivalent oxidation state [18,47].
Though different element specific analytical techniques are available for the sensitive
determination of lanthanides, they suffer from spectral or isobaric interferences or matrix
effects while dealing with complex geological or nuclear fuel samples. Separation of
lanthanides minimizes the above problems and at the same time, caters to the pre-
concentration of the analyte thereby improving the overall sensitivity of the method. Several
HPLC techniques have been reported for the determination of lanthanides and actinides in a
variety of samples relevant to nuclear industry and geological studies [95-97]. The widely
used LC methods for individual separation of lanthanides are based on bonded phase cation
exchangers [14,36,98]. Though bonded ion-exchange columns offer high capacity and
stability over wider pH range, they yield poor resolution due to peak broadening and longer
retention times.  lon interaction chromatography (IIC) is also known as ion-pair
chromatography or dynamically modified reversed-phase chromatography [18,99-101]. 1IC
offers the advantages such as high resolution resulting from faster mass transfer at the surface
of the stationary phase and the possibility for replenishment of damaged exchange groups due
to radiolysis when dealing with radioactive samples [102]. Studies have shown that 1IC also
offers greater flexibility with regard to choice of separation conditions than bonded ion-
exchangers [103,104]. For example, the same column hardware can be used for the separation
of anionic, cationic and neutral species by selecting suitable modifiers. Further, capacity of

the column can be changed as per the sample requirement by changing the concentration of
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the modifier or the modifier itself. However, a major drawback of the I1C is the lower capacity
which becomes a bottleneck when the matrix elements also show adsorption to the stationary
phase. 11C in combination with post-column detection has been used for the determination of
lanthanides in complex matrices. Studies have shown that ion interaction chromatography can
be applied for routine determination of lanthanides and actinides at trace levels [103,105-106].
This Chapter highlights the potential of IIC for the separation of lanthanides relevant to

different applications.

Generally, aliphatic sulphonate and sulphates are used as the ion interaction reagents
(IIRs) for the separation of cations. In IIC, separation occurs based on ion-pair interaction as
well as ion exchange mechanism. In the case of ion-pair interaction mechanism, the IR would
form an ion pair with the cations and then is adsorbed on to the RP stationary phase. In cation
exchange mechanism, IIRs are sorbed onto the surface of the reversed phase to produce a
charged layer at the surface where ion exchange can occur. When short chain IIRs are
employed, the ion pair interaction is the dominating route whereas in the case of long chain
IIRs, ion exchange is the major factor responsible for the separation [107]. Due to their
moderate hydrophobicity, short chain 1IRs require to be passed continuously through the
column and hence are included in the mobile phase. Due to the same reason, they offer the
advantage of changing the capacity of the column in a short time. On the other hand, presence
of 1IRs in the mobile phase is not desirable if the separated fractions are used for further
analysis e.g. presence of IIR significantly suppresses the ionisation efficiency of the analyte
during the thermal ionisation mass spectrometric (TIMS) analysis. It is also desired that the
lanthanides are separated with adequate resolution among them so that quantification can be
done based on their peak areas with a high degree of confidence. Hence it was of interest to

understand the effect of the nature of the surfactant on the separation of lanthanides.
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One of the applications demanding individual separation of lanthanides is the use of
La and Nd as fission monitors for determining the burn-up of irradiated nuclear fuels
[108,109]. A perennial problem need be addressed in these types of samples is the
interference caused by the Th or U matrix element during the individual separation of
lanthanides. Under typical cation exchange conditions, both Th and U elute in between
lanthanide series. When Th and U are present in large proportions, they can mask some of the

lanthanide peaks and thus restrict their determinations.

Thus the main objectives of studies presented in this Chapter can be summarized as:

1. Comparison of 1IRs for the separation of lanthanides to achieve high resolution and
without the need for adding IR in the mobile phase.

2. Developing a method for the reliable determination of lanthanides without any pre-
separation of matrix elements.

3. Development of a ligand exchange and column switching method for the on-line
removal of Th matrix (in larger proportions) followed by the individual separation of

lanthanides.
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2.2  Comparative Study of lon Interaction Reagents for the Separation of

Lanthanides

2.2.1 Background

It is recognized that a resolution of R > 2 is required between the adjacent peaks for the
reliable quantification based on the chromatographic peak response. Separation of lanthanides
with good resolution is, therefore, required for their quantitation and also for the isotopic ratio
measurements by mass spectrometric analysis of the separated fractions. The 1IRs employed
are not easily destroyed by chemical treatments and their presence in the separated lanthanide
fractions lowers the ionisation efficiency during thermal ionisation mass spectrometric
(TIMS) analysis. Elaborate treatment of the collected fractions with HNO3; and H,0O; is
needed for the destruction of the IIR prior to loading of solution onto the filament for analysis
by TIMS [110]. The objective of the present study was to identify an IR which would (i)
separate lanthanides with good resolution and (ii) offer long term adsorption to the stationary
phase so that IIR need not be added to the mobile phase when running the samples. Use of
C20-sulphate prepared in 25% acetonitrile as IR was reported for the separation of
lanthanides for the determination of burn-up of irradiated nuclear fuel samples [102]. This
Section of the Chapter presents the detailed studies carried out using the two IIRs viz. n-
octadecanesulphonate (C18-sulphonate) and eicosylsulphate (C20-sulphate) for the separation
of lanthanides. Since the two IIRs contain two different functional groups, C8-sulphate and
C8-sulphonate were also included in the comparative study to find out the effect of different
functional groups on the separation of lanthanides. In this work, resolution was used as a
measure of column efficiency [65]. Volume and composition of the IIR and volumes of
washings with water and mobile phase etc. for the proper equilibration of the column were
optimized for each 1IR. The long term adsorption of these IIRs onto the stationary phase was

also studied. Better resolutions for the separation of lanthanides were obtained with a RP
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column modified using C18-sulphonate as compared to C20-sulphate. The preference of the
stationary phase for C18-sulphonate over C20-sulphate is believed to be due to the similarity
in the number of carbon atoms in the carbon chain. In order to support this assumption,
comparative studies have been carried using C8-sulphonate and n-nonanesulphonate (C9-
sulphonate) employing Cg and Cig stationary phases. The column modified with C18-
sulphonate was demonstrated to be useful for the separation of lanthanides in a synthetic

mixture and also in a geological reference material.

2.2.2  Experimental

2.2.2.1 Instrumentation

HPLC system with a post-column detection system as shown in Fig. 1.14 was used in
this study. It consisted of an L-7100 (Hitachi) low-pressure quaternary gradient pump and an
L-7420 (Hitachi) variable wavelength detector. A Cjg 100 mm x 4.6 mm monolith RP
column (Chromolith, Merck) and a Cg 150 mm x 4.6 mm, 5 um particulate column (Purospher
STAR, Merck) were used as stationary phases. Samples were injected into the column using a
Rheodyne injector (Model 7725i) having 100 uL sample loop. The post-column reagent
(PCR) was added with a reciprocating pump (Eldex Laboratories Inc.) into a low dead
volume-mixing tee (Valco). The signal from the detector was processed by HSM software
package. A microwave digestion system (Milestone, Italy) was used for carrying out the

dissolution of geological sample.

2.2.2.2 Reagents

All solutions were prepared using the deionised water obtained from the Milli-Q system
(Millipore). a-hydroxyisobutyric acid (a-HIBA) purchased from Lancaster was used as an

eluent. The reagents used as IIRs are sodium n-octanesulphonate (Fluka), sodium n-octane
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sulphate (Alfa-Aesar), sodium n-nonanesulphonate (Fluka), n-octadecylsulphonate (Alfa-
Aesar) and sodium n-eicosylsulphate (Regis Technologies Inc). A mixture of 14 lanthanides
was prepared from the stock solution of individual lanthanide solution. High-purity reagents
such as HNOs, HF, NH,OH, MeOH, CH3CN etc. used during the sample treatment and
preparation of 1IRs were obtained from Merck. Arsenazo(lll) (Fluka) was used as a post-
column reagent. Geological reference material (SY-3) of Canadian Geological Survey was

used for the validation of the separation procedure.
2.2.2.3 Procedure

Stock solution of lanthanides, Th and U: The oxides of lanthanides were dissolved in
nitric acid, evaporated to near dryness and stock solutions were prepared in 1 M HNO3. Ce
solution was prepared by treating cerium oxide with nitric acid and reducing Ce (I1V) to Ce
(1) with hydrogen peroxide. The standardization of lanthanide solutions was done by
titrating against standard EDTA solution in a buffer solution of pH 5 using Arsenazo (111) as
an indicator. Th solution was also standardized by complexometric titration against standard
EDTA solution at pH 3 using xylenol orange as an indicator [111]. U as uranyl was

standardized by biamperometric method [112].

Mobile phases for chromatography: Different 1IRs viz. C8-sulphonate, C8-sulphate, C9-
sulphonate, C18-sulphonate and C20-sulphate were used for the separation of lanthanides
with one IR at a time. Appropriate quantities of C8-sulphonate, C8-sulphate and C9-
sulphonate were dissolved in water to prepare 0.1 M solutions. The mobile phase used for the
elution of lanthanides under dynamically modified conditions consisted of 7% (v/v) (0.007M)
of these I1IRs. 2.5x10” M each of C18-sulphonate and C20-sulphate were prepared in 30%
MeOH. All the solutions were filtered through a 0.45 um Millipore membrane filter before

use. HPLC columns were equilibrated by passing required volume of the specific IIR before
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carrying out the separation studies. 0.5 M a-HIBA solution of pH 5.0 was used as the eluent.
The PCR solution was prepared by dissolving 1.5x10™* M Arsenazo (I11) and 0.01 M urea in
0.1M HNOs. All LC experiments were conducted at room temperature (25°C). Flow rates of

the mobile phase and PCR solution were 1 mL/min and 0.3 mL/ min, respectively.

Rock sample treatment: SY-3 rock sample (~100 mg accurately weighed) used for the
method validation was taken in a mixture of 3 mL conc. HF and 4 mL conc. HNO3 and
subjected to microwave digestion. The digested sample was evaporated to dryness on a hot
plate under infra-red lamp. This was further treated repeatedly (3 times) with 5 mL of conc.
HNO; to remove the excess of fluoride. The residue was taken in ~20 mL buffer of pH 8.5
(2M NH4NOg3 in NH4OH) and was warmed to ensure complete precipitation. The precipitate
was filtered using 0.45 um membrane and washed with ~40 mL of buffer solution of pH 7.5.
The precipitate was further washed with ~40 mL of 1 M NaOH solution and was transferred
into a beaker and dissolved in conc. HNO3;. The contents of the beaker were evaporated to
near dryness to remove HNO3 and finally, the residue was dissolved in 10 mL of mobile phase

for HPLC separation.
2.2.3 Results and Discussion

Resolution was determined among various lanthanide pairs under identical
chromatographic conditions to find out the effect of carbon chain length of IIRs on the
efficiency of separation. The resolution between two adjacent peaks of lanthanides was

RIZ_Rtl

) )
+
w21 w2)2

calculated using the equation given in Chapter 1, Section 1.1.15; R=1.18

where, R, and R,, are the retention times of the two adjacent peaks 1 and 2, respectively, and

W’s denote their peak widths at half maximum heights [64].
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2.2.3.1 Optimization of IR Composition

Table 2.1 shows a comparison of resolution among lanthanides separated by a C13 RP
column (Monolith) modified with C20-sulphonate prepared in 30, 40 and 50% of MeOH with
that obtained by the same column modified with C20-sulphonate prepared in 25% acetonitrile.
Resolution data obtained for the column modified with C20-sulphate prepared in acetonitrile
were found to be poorer as compared to those obtained by the 1IR prepared in all the three
compositions of MeOH-water [102]. Also, it is obvious from data in the Table that the
efficiency of separation of lanthanides decreases with the increase in percentage of MeOH in
the 1IR loading solution. Thus passing of sufficiently large volume of the IIR solution
prepared in higher percentage of MeOH through the column could result in the bleeding of
IIR, rather than its adsorption onto the RP surface. The bleeding of IIR is prominent for
solutions prepared in acetonitrile has more hydrophobic character than MeOH. Hence further
studies were carried out by using C18-sulphonate and C20-sulphate prepared in 30% MeOH
since this is the minimum percentage of MeOH required to dissolve the 1IRs (2.5x10™ M) in

aqueous solution.
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Table 2.1: Effect of composition of C20-sulphate solution used as IIR for the separation

of lanthanides

Resolution
Ln pair o o o
MOl MO veor | 25%ACN

Lu- Yb 0.83 1.18 1.21 0.42
Yb- Tm 1.01 1.62 1.65 0.69
Tm- Er 1.12 1.47 1.59 0.81
Er-Ho 1.40 1.50 1.58 1.02
Ho-Dy 1.28 1.36 1.39 0.90
Dy-Tb 1.69 1.83 1.92 1.32
Th-Gd 2.20 2.39 2.61 1.55
Gd-Eu 0.97 0.98 1.15 0.50
Eu-Sm 1.24 1.56 1.86 0.76
Sm-Nd 2.39 3.38 4.08 1.38
Nd-Pr 0.82 1.18 1.42 Not resolved
Pr-Ce 1.04 1.63 2.04 1.46
Ce-La 2.08 2.69 3.52 144

C1g monolith column (100 mm x 4.6 mm) modified by passing 200 mL each of 2.5x10™ M C20-
sulphate solution prepared in 50, 40 and 30% of MeOH and 25% acetonitrile.
Elution condition: HIBA of pH 5.0 concentration was changed from 0.03 to 0.18 M in 20min.

2.2.3.2  Optimization of the IR Volume

The data on the changes in the resolution among lanthanides separated by a RP column
modified with different volumes of C18-sulphonate solution (2.5x10™ M in 30% MeOH) are
given in Table 2.2. It was found that there was a steady improvement in resolution with
increase in volume of IIR solution, up to 600 mL. Beyond this volume, no appreciable
improvement in the resolution was observed. Thus 600 mL was chosen as the volume of the

C18-sulphonate solution to be passed for modifying the column for carrying out comparative
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studies with other 1IRs. A volume of the IIR solution larger than the optimised volume causes
slight decrease in the resolution especially, for lighter lanthanides. This is possibly due to the

removal of the adsorbed modifier by the MeOH present in the modifier solution.

Table 2.2: Effect of volume of C18-sulphonate IIR solution on the separation of

lanthanides
Resolution obtained after passing different volumes of

Ln pair C18-sulphonate (mL)
100 300 500 600 800
Lu- Yb 1.10 1.27 1.37 1.62 1.61
Yb-Tm 1.39 1.71 1.83 2.22 2.25
Tm- Er 1.44 1.77 1.63 2.20 2.18
Er-Ho 1.70 2.10 1.73 2.33 2.33
Ho-Dy 1.66 2.10 1.82 2.27 2.32
Dy-Th 2.23 2.74 2.57 3.09 3.09
Th-Gd 2.75 3.57 3.80 4.08 3.95
Gd-Eu 1.16 1.63 1.95 191 1.82
Eu-Sm 1.39 201 2.68 2.30 2.23
Sm-Nd 2.14 3.68 5.29 4.20 3.79
Nd-Pr 0.51 1.27 2.26 1.81 1.73
Pr-Ce 0.70 1.56 2.79 211 2.05
Ce-La 0.91 2.80 4.47 3.30 3.18

RP column modified by C18-sulphonate (2.5x10* M prepared in 30% of MeOH).
Elution conditions were same as those given in Table 2.1.

Similarly, the effect of volume of C20-sulphate IR solution (2.5x10™ M in 30% MeOH)
on the resolution for the separation of lanthanides was determined and the data are given in

Table 2.3. The optimum volume of the C20-sulphate IIR solution required for conditioning
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the column to obtain good resolution for the separation of lanthanides was found to be 600

mL.

Table 2.3: Effect of volume of C20-sulphate solution on the separation of lanthanides

Resolution obtained after passing different volumes

Ln pairs of C20-sulphate (mL)
200 400 600 800
Lu- Yb 1.13 1.18 1.21 1.19
Yb-Tm 1.46 1.62 1.65 1.63
Tm- Er 1.35 1.47 1.59 1.42
Er-Ho 1.34 1.50 1.58 1.40
Ho-Dy 1.23 1.36 1.39 1.26
Dy-Th 1.68 1.83 1.92 1.70
Th-Gd 2.22 2.39 2.61 2.24
Gd-Eu 0.91 0.98 1.15 1.02
Eu-Sm 1.49 1.56 1.86 1.69
Sm-Nd 3.45 3.38 4.08 3.65
Nd-Pr 1.18 1.18 1.42 1.30
Pr-Ce 1.60 1.63 2.04 1.87
Ce-La 2.69 2.69 3.52 3.08

A RP column modified using C20-sulphate (2.5x10™*M prepared in 30% of MeOH).
Elution conditions were same as those given in Table 2.1.

2.2.3.3 Optimisation of Washings with Water

The stationary phase coated with IR was washed with different volumes of water and
the change in the resolution for the separation of lanthanides at regular intervals was noticed.
Table 2.4 shows the change in the resolution among the lanthanide pairs separated by a

column modified with C18-sulphonate with progressive washings with water. It is seen that
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the resolution improves after washing the C18-sulphonate coated column with water. This
improvement in the efficiency of the coated column with the passage of water was observed to
continue up to 700 mL of water and was attributed to the increase in the available surface area
resulting from better orientation of the IIR molecules on the RP surface. However, when a
very large volume (>700 mL) of water was passed, the hydrophobic moiety of the IIR
molecules could undergo shrinkage and this might be the reason for the slight decrease in

resolution.

Table 2.4: Effect of volume of water passed through C18-sulphonate coated column on

the separation of lanthanides

Resolution values obtained after passing different volumes of

Ln pairs water (mL)
100 200 400 700 1600
Lu- Yb 1.67 1.75 1.92 1.99 1.73
Yb-Tm 2.22 2.36 2.61 2.77 2.49
Tm- Er 2.33 2.47 2.73 3.04 2.64
Er-Ho 2.59 2.84 3.03 3.49 3.01
Ho-Dy 2.55 2.82 3.07 3.37 3.01
Dy-Th 3.33 341 3.95 4.35 4.01
Th-Gd 4.24 4.46 5.23 5.68 5.63
Gd-Eu 1.93 2.05 2.36 2.67 2.73
Eu-Sm 2.44 2.78 3.03 3.63 3.78
Sm-Nd 4.43 5.24 581 6.92 7.05
Nd-Pr 1.80 1.89 2.22 2.65 3.02
Pr-Ce 2.12 2.42 2.79 3.45 4.13
Ce-La 3.26 3.46 4.14 5.18 6.12

A RP column modified by passing 600 mL of C18-sulphonate (2.5x10™* M prepared in 30% of

MeOH).

Elution conditions were same as those given in Table 2.1.
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In a similar way, the volume of water required to be passed through the C20-sulphate

coated column for the separation of lanthanides was optimised and was found to be 1000 mL.

While studying the effect of washings with water, it was observed that the relative
change in the resolution among the lighter lanthanide (late eluting) pairs is 5-20 times higher
than the corresponding change observed with heavier (early eluting) lanthanides. Since lighter
lanthanides reside longer in the column, they have the opportunity for better equilibration with
the mobile phase containing the eluent (0.03 M «-HIBA) resulting in an enhanced
improvement in resolution as compared to heavier lanthanides. This observation indicated that
there is a need for optimizing the eluent mobile phase volume required for conditioning the

coated column for maximizing the resolution possible with a given IIR.
2.2.3.4 Optimization of Washings with Mobile Phase

Table 2.5 shows the changes in the resolution among the lanthanides with progressive
washings using mobile phase containing a-HIBA. A RP column coated by passing 600 mL of
C18-sulphonate solution and subjected to 1600 mL of water washing was employed for this
study. It was found that lanthanides were separated with enhanced resolution when
chromatographic runs were performed after conditioning the C18-sulphonate coated column
with 30 mL and 70 mL of the mobile phase (0.03 M a-HIBA).Though conditioning of the
column with 70 mL of the mobile phase gave slightly better resolution than that obtained by
using 30 mL, the relative improvement in resolution for various pairs of lanthanides is less
than 5%. Considering that each chromatographic run is to be taken after conditioning with the
mobile phase, this improvement in resolution is not a significant gain. Thus, 30 mL of 0.03 M

HIBA was chosen for the final conditioning of the C18-sulphonate coated column.

92



Table 2.5: Effect of mobile phase conditioning of C18-sulphonate coated column on the

separation of lanthanides

Ln pair Resolution obtained after passing different volumes
of mobile phase for conditioning (in mL)
10 30 70
Lu- Yb 1.77 1.84 (4)* 1.84 (4) *
Yb- Tm 2.40 2.50 (4) 2.49 (4)
Tm- Er 2.52 2.73 (8) 2.74 (9)
Er-Ho 3.01 3.09 (2) 3.12 (4)
Ho-Dy 3.16 3.12 (1) 3.16 (0)
Dy-Tb 4.05 4.09 (1) 4.30 (6)
Th-Gd 5.46 5.63 (3) 5.82 (7)
Gd-Eu 2.65 2.64 (0) 2.53 (4)
Eu-Sm 3.74 3.53 (6) 3.48 (7)
Sm-Nd 7.11 6.81 (4) 6.75 (5)
Nd-Pr 2.82 2.74 (3) 2.84 (1)
Pr-Ce 3.87 3.92 (1) 3.95 (2)
Ce-La 6.05 6.05 (0) 6.14 (2)
* Percentage change with respect to the resolution obtained by conditioning with 10 mL of the

mobile phase.
Elution conditions were same as those given in Table 2.1.

2.2.3.5 Comparison of Resolution Data using Different 11Rs

Table 2.6 presents a comparison of resolution values obtained for the separation of
lanthanides using C8-sulphate, C8-sulphonate, C18-sulphonate and C20-sulphate under
identical chromatographic conditions. C-8 sulphate and C-8 sulphonate were included in the
study for identifying the influence of the different functional groups on the resolution of

lanthanides. As it is seen from the Table, both C8-sulphate and C8-sulphonate gave
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comparable performances indicating that no significant improvement in separation is

contributed by the functional group difference (i.e., sulphate and sulphonate).

Table 2.6: Comparison of resolution for the separation of lanthanides using column
modified with different 11Rs

_ Resolution
Ln pair
C8-sulphonate | C8-sulphate | C18-sulphonate | C20-sulphate

Lu- Yb 1.61 1.55 1.99 1.21
Yb-Tm 1.81 1.79 2.77 1.65
Tm- Er 1.77 1.70 3.04 1.59
Er-Ho 1.90 1.91 3.49 1.58
Ho-Dy 1.86 1.96 3.37 1.39
Dy-Tb 2.42 2.47 4.35 1.92
Th-Gd 3.42 3.52 5.68 2.61
Gd-Eu 1.63 1.72 2.67 1.15
Eu-Sm 2.31 2.48 3.63 1.86
Sm-Nd 4.72 4.63 6.92 4.08
Nd-Pr 1.75 1.79 2.65 1.42
Pr-Ce 2.32 2.29 3.45 2.04
Ce-La 3.73 3.70 5.18 3.52

lIRs used: 0.007M each of C8-sulphate, and C8-sulphonate; 2.5x10* M each of C18-
sulphonate and C20-sulphate (prepared in 30% MeOH).
Elution conditions were same as those given in Table 2.1.

C20-sulphate was expected to have the strongest adsorption onto the stationary phase
and provided the highest resolution as compared to C18-sulphonate. However, C18-
sulphonate was found to give better resolution for the separation of lanthanides compared to

C20-sulphate. The chemically bonded octadecyl group in the reversed phase (Cig) of the
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monolith column and the C18-sulphonate used for the ion exchange modification contain the
same number of carbon atoms. This similarity would cause better adsorption and orientation

of the modifier on the stationary phase.

In order to confirm this interpretation, RP columns based on Cg and C;g were compared
for the improvement in separation of lanthanides when the IIR was changed from C8-
sulphonate to C9-sulphonate. Table 2.7 shows the data on the resolution of lanthanides
separated on RP columns based on Cg and C;g under dynamically modified conditions

employing C8-sulphonate and C9-sulphonate as IIRs.

For both types of stationary phases, C9-sulphonate gave better resolution for the
separation of lanthanide ions indicating the dominance of hydrophobicity. However, it is seen
that for most of the adjacent lanthanide pairs, relative change in resolution obtained using C9-
sulphonate with respect to C8-sulphonate (R's/R's) is higher for Cig column as compared to
the corresponding values obtained for Cg column (Ro/Rg). This observation supports our
interpretation of enhancement in resolution due to increased hydrophobicity while changing
from C8-sulphonate to C9-sulphonate using Ci;g column. In the case of Cg column, the
preference of the Cg stationary phase for an IIR having equal number of carbon atoms in its
chain, could be responsible for partially offsetting the expected enhancement in (Ro/Rs).
When C18-sulphonate and C20-sulphate were used as the IIRs in combination with Cig
stationary phase, the degree of hydrophobicity is comparable for these two modifiers. Hence
the resolution for the separation of lanthanides is influenced more by the preference of the

stationary phase for the IR having equal number of carbon atoms in its chain.
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Table 2.7: Comparison of resolution for the separation of lanthanides using Cg and Cig

columns modified with C8-sulphonate and C9-sulphonate

Resolution obtained for the Cg

Resolution obtained for the Cig column

column using the IR using the IR
Ln pair C8- Co- C8- Co-
sulphonate | sylphonate | (Ro/Rg) | sulphonate | sulphonate | (R1y/Ry)

(Re) (Rs) (R's) (R')
Lu- Yb 24 1.94 0.81 1.61 1.71 1.06
Yb-Tm 2.88 2.87 1.00 1.81 24 1.33
Tm- Er 3.04 3.15 1.04 1.77 2.36 1.33
Er-Ho 242 3.58 1.48 1.9 2.63 1.38
Ho-Dy 2.7 3.89 1.44 1.86 2.66 1.43
Dy-Tb 4.17 491 1.18 242 3.47 1.43
Th-Gd 5.72 6.52 1.14 3.42 4.96 1.45
Gd-Eu 2.98 3.38 1.13 1.63 2.42 1.48
Eu-Sm 3.99 441 1.11 231 3.25 141
Sm-Nd 7.55 8.70 1.15 4.72 6.22 1.32
Nd-Pr 2.32 3.92 1.69 1.75 2.67 1.53
Pr-Ce 3.48 5.08 1.46 2.32 3.23 1.39
Ce-La 7.93 8.00 1.01 3.73 5.16 1.38

Resolutions calculated from the chromatograms recorded under dynamically modifying
condition by passing 0.007 M each of C8-sulphonate and C9-sulphonate.
Elution conditions were same as those given in Table 2.1.

In view of the high separation efficiency and stability of adsorption, C18-sulphonate was

chosen as the IIR for carrying out the further separation studies. The chromatogram of

separation of 14 lanthanides on a RP column modified with C18-sulphonate and conditioned

as per the procedures discussed above is given in Fig. 2.1. It is seen that all the peaks are base-

line separated and display good peak shapes indicative of excellent mass-transfer of

lanthanide ions between the mobile phase and the coated ion-exchanger.
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Figure 2.1:  Separation of 14 lanthanides on a C;s column coated with C18-sulphonate.
Stationary phase: C;3 Chromolith (100 mm x 4.6 mm) was modified by passing
600 mL of CI8-sulphonate prepared in 30% MeOH followed by washing with
700 mL water and 30 mL of mobile phase. Elution conditions: HIBA of pH
6.0 [C] was changed from 0.03 to 0.35 M in 20 min.

2.2.3.6 Application of the Method for Geological Sample

The utility of the excellent resolution obtained by the developed method was
demonstrated by the separation of lanthanides in a complex matrix such as geological
samples. Figure 2.2 shows the chromatogram obtained for the separation of Fe, lanthanides,
Th and U on a C18-sulphonate modified column using a geological reference material (SY-3).
The gradient condition was changed to dual (concentration and pH) gradient conditions as
given in Table 2.8 to allow the sequential separation of Fe, lanthanides, Th and U. Table 2.9
shows the data on the concentration of lanthanides determined by this method. Dy could not
be determined in this sample due to its overlapping with Y using HIBA as the complexing
agent. As the digested sample was not subjected to extensive purification procedure for the

isolation of rare-earth fractions, the chromatogram contains other peaks also. Good resolution
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obtained by the optimised procedure allowed the separation and quantitation of lanthanides

which were present in widely differing proportions.
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Figure 2.2:  Sequential separation of Fe, lanthanides, Th and U from a geological

reference material (SY-3) on C18-sulphonate coated C;g column.

Stationary

Same as given in Table 2.8.

phase modification: same as in Fig. 2.1, Elution conditions:

Table 2.8: Gradient conditions for separation of Fe, lanthanides, Th and U

Time (min) Concentration of o-HIBA Concentration of a-HIBA
atpH 5.5 (M) atpH 2.0 (M)
0 0.03 0
20 0.35 0
25 0 0.6
30 0 0.6
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Table 2.9: Determination of lanthanides in SY-3 sample

Recommended Determingd
Element concentration concentration RSD (%)*
(Ppm) (ppm)

La 1340 1432 16
Ce 2230 2195 4
Pr 223 219 10
Nd 670 661 1
Sm 109 105 7
Eu 17 18 3
Gd 105 104 3
Tb 18 20 6
Dy 118 ND _
Ho 29.5 27 7.8
Er 68 65 3.7
Tm 11.6 10 4.6
Yb 62 58 8.1
Lu 7.9 6 10.3

ND: Not determined
* Relative standard deviation from triplicate runs.

2.2.3.7 Long-term Adsorption and Reproducibility of Coating

Long term stability of adsorption of C-18 sulphonate modifier on to the RP stationary
phase was confirmed by monitoring the separation of lanthanides under identical conditions
over a period of two months. The modified column was given a conditioning with the mobile
phase before each chromatographic run. The modified column showed consistent resolution
for all the pairs of lanthanides indicating the efficacy of C18-sulphonate for the long term

modification of reverse-phase to obtain high resolution separation of individual lanthanide.
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Table 2.10 shows the average resolution for lanthanides obtained from chromatograms

recorded over a period of two months. It is seen that the C18-sulphonate coating over the

stationary phase is quite stable as indicated by the reproducibility (RSD 2-8%) of resolutions

among lanthanide peaks. The reproducibility of the coating procedure using C18-sulphonate

was verified by removing the coating completely from column by washing with methanol, re-

modifying the column by passing the IIR solution, followed by water and mobile phase

washings. Reproducible data (better than 10%) on resolution were obtained for the separation

of lanthanides performed with these re-coated columns.

Table 2.10: Long-term performance of Cig monolith column coated with C18-

sulphonate
Ln pair M??:o;/[?tlil:)?']()f RSD (%)*
Lu- Yb 1.7 8
Yb-Tm 24 6
Tm- Er 2.5 8
Er-Ho 2.7 5
Ho-Dy 2.7 6
Dy-Th 3.7 3
Th-Gd 4.9 2
Gd-Eu 2.3 2
Eu-Sm 3.4 5
Sm-Nd 6.9 7
Nd-Pr 2.7 5
Pr-Ce 3.8 6
Ce-La 6.2 6

*Relative standard deviation (RSD) calculated from eight chromatograms recorded over a

period of two months.
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2.3 Direct Determination of Lanthanides in Thoria Matrix
2.3.1  Background

The Indian nuclear energy programme aims at large-scale utilizations of thorium for the
sustained production of electricity in the country and this requires development of new
technologies in thorium based nuclear fuel cycle [113,114]. Burn-up is an important
parameter for the irradiated nuclear fuel studies and is used to denote the atom percent fission
of heavy elements (mass >225) during the life of the fuel in a nuclear reactor [29,53,115,116].
Experimental determination of burn-up provides a relevant database for the development and
validation of theoretical codes [106,117]. This involves the determination of total heavy
element composition after irradiation and the concentration of a suitable fission product (used
as a burn-up monitor) to determine the total number of fissions in the fuel [118]. For fuels
based on U and Th, stable fission product ***La meets the selection criteria required for the
burn-up monitor [119]. Chemical analysis techniques can be used for its determination since
La is produced almost mono-isotopically during the fission [120]. Separation of Nd is also
important for minimizing the isobaric interference during the burn-up determination by

thermal ionisation mass spectrometry.

Most of the reported methods dealt with those types of samples where the concentrations
of lanthanides, Th or U were in similar proportions [121,122]. Some of the reported HPLC
methods for the determination of burn-up involve preliminary separation of lanthanides or
fission products from the bulk of the fuel matrix elements [29,101]. The separation steps to
isolate the fission product(s) pose the risk of contamination of the sample and also make the
process cumbersome. Direct HPLC methods in which irradiated fuel dissolver sample is
injected to the column, without any prior separation, have also been reported for the

determination of burn-up of ThO,-UO, and UO, fuels [53,119]. However, as Th and U are
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present in large proportions compared to lanthanides, the matrix element peaks can mask

some of the early eluting lanthanides [109].

Work presented in this Section explores the possibility of interference free and
sequential elution of lanthanides in presence of large amounts of Th and U. The pH of the
eluent and the concentration of ion interaction reagent were found to play a vital role in
deciding the capacity of the column to retain Th and thus control its elution. Since the elution
of matrix elements takes place after the elution all the lanthanides, the method allows the use
of a minor fission product (Th) as an internal standard for the precise quantification of fission
monitors, La and Nd, along with other lanthanide fission products. The relative ratios of the
detector response of fission product lanthanides to that of Th would give the concentration of

lanthanides in a single run.

2.3.2 Experimental

2.3.2.1 HPLC System

The HPLC system with the post-column detection system derivatisation used for the
separation studies was described in Section 2.2.2.1. The samples were injected using a
Rheodyne injector (7725i) with 100 uL loop. 150 mm x 4.6 mm Cig particulate column
(Supelcosil, Supelco) and 100mm x 4.6 mm C;g monolith column (Performance, Merck) were
used for carrying out the separation studies. A pH meter (PHAN, Labindia) was used for

monitoring pH.

2.3.2.2 Reagents

a-Hydroxyisobutyric acid (HIBA) (Fluka) was used as the eluent. Sodium n-octane

sulphonate monohydrate (Fluka) was used as the 1IR. The oxides of lanthanides (La, Ce, Pr,
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Nd, Sm, Eu and Tb) and the nitrate salts of Th and U were used for preparing the respective

stock solutions. HNO3z and NH,OH (Merck) were used for adjusting the pH.
2.3.2.3 Procedure

Preparation of stock solutions of lanthanides, Th and U, the mobile phase and PCR was
done as discussed in Section 2.2.2.3 of this Chapter. Throughout the experiment, flow rates of
the mobile phase and PCR were kept at ImL min™and 0.3 mL min™, respectively. Initially,
the studies were carried out using simulated samples to develop and validate the method. An
estimated burn-up value was used for arriving at the concentrations of lanthanides to be used
for preparing simulated samples. Simulated fission product mixtures containing lanthanides
(La, Ce, Pr, Nd, Sm, Eu and Gd) and Th and U were prepared for 0.5, 1 and 2 atom% burn-up
using their fission yield data [124]. A dissolved solution of irradiated (Th,Pu)O, fuel sample
with ~ 1.5 atom% fission was used for the analysis by optimized LC method. Quantification
of lanthanides present in the synthetic mixtures as well as the dissolved fuel solution was

achieved using relative response of peak areas of lanthanides to that of internal standard (Tb).
2.3.3  Results and Discussion

2.3.3.1 Effect of lon Interaction Reagent (IIR) Concentration on Retention of

Lanthanides, Th and U

La and Lu were used as representative elements for lanthanides and mixed with similar
proportions of Th and U. At higher pH (>5), the peak shapes of Th and U were too broad to
determine the exact retention times. Hence, a lower pH (4.0) of HIBA was chosen for
carrying out this study. Figure 2.3 shows the effect of concentration of IR on the elution of
lanthanides, Th and U. The effect is represented in terms of retention factor (k) which is

defined in Chapter 1, Section 1.1.15. In the absence of an IIR, the HIBA complexes of
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lanthanides showed no interaction with the hydrophobic RP column and eluted together as a

group near the solvent front.
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Figure 2.3: Effect of concentration of IIR on the retention of Lu, La, Th and U.
Chromatographic conditions: 0.2 M of HIBA at pH 4.0 using 10 cm monolith
Cigcolumn.

HIBA complexes of Th and U displayed a hydrophobic nature as indicated by their
greater retention at lower concentrations of 1IR. With increase in modifier concentration, the
increased sorption of hydrophobic anions on the reversed phase resulted in decreasing the
retention of Th and U. On the other hand, the increase in modifier concentration increased the
ion exchange capacity of reversed phase column and thereby increased the retention from Lu
to La. At IR concentrations above 0.002 M, both Th and U eluted between Lu and La and an
increase of IR concentration up to 0.05 M did not change this elution trend. Furthermore, no
change in the retention time of the studied ions was observed from 0.02 to 0.05 M indicating

the possibility of saturating the RP column with hydrophobic anions.

From the above studies, it was clear that a practical strategy for the determination of

lanthanides in irradiated Th based fuels would be to retain Th on the stationary phase till all
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the lanthanides are eluted. This suggested that the sensitivity of the method depends on the

amount of Th that can be held on the column before the elution of La takes place. Hence, the

studies were carried out for maximizing the Th load on stationary phase. Further studies were,

therefore, carried out on the longer (Supelcosil, 150 mm x4.6 mm) column, which would offer

a higher capacity.

2.3.3.2 Th Holding Capacity of RP Column
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Figure 2.4a Figure 2.4b

Figures 2.4: Elution of Th under the conditions:
a) 1 ug of Th using gradient as mentioned in Table 2.8.
b) 200 ug of Th under same condition as given in Table 2.8.

¢) 400 ug of Th using optimized gradient as given in Table 2.11.
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Figure 2.4c

Chromatograms obtained for Th under different conditions are represented in Fig. 2.4.

Dual gradient of concentration and pH of HIBA was employed for the sequential elution of

lanthanides, Th and U as given in Table 2.8. [109]. Fig. 2.4a shows the typical chromatogram

obtained for Th using dual gradient of a-HIBA, when it is present in small amounts (1 pg).

When the lanthanides are to be determined in irradiated thoria-based fuel samples, much

larger amount of Th needs be injected as no pre-separation of matrix elements (U and Th) is

involved. However, when the amount of Th loaded onto the column is high (>100 pg), it was

observed to elute at two different retention times (Rt 3.5 and 11.5 min). Fig. 2.4b shows the

chromatogram obtained by injecting 200 ug of Th under the same elution conditions as in Fig.

2.4a. The size of the first peak (Rt 3.5 min) was found to increase with the increase in Th
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amount and would mask some of the lanthanide peaks. The reason for Th to elute out as two
peaks may be due to the lack of adequate capacity of the column to quantitatively retain Th.
Elution of Th at a relatively longer time as a single peak is desired, as it would not interfere
with early eluting lanthanide peaks. Hence, conditions under which Th eluted as a single band
with retention time greater than that of La (as in Fig. 2.4a) were considered for the capacity of

Th.

2.3.3.2.1 Effect of Concentration of IR on Th Holding Capacity of RP Column
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Figure 2.5:  Effect of concentration of IR on the amount of Th retained on RP column.
Conditions: 0.15 M of HIBA at pH 5.5 using 15 cm x 4.6 mm Cyg column.

Figure 2.5 shows the amount of Th that can be held on a RP column as a function of
concentration of IIR. If the amount of Th injected at a given concentration of IIR exceeds this
limiting value, then a second peak appears for Th at retention times closer to those of early
eluting lanthanides. HIBA of pH 5.5 was used for carrying out the studies. The capacity for
retention of Th (without the appearance of a second peak) was found to increase significantly

with lowering the concentration of IIR in the mobile phase. Hence, minimum concentration of
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IR was preferred from the point of view of holding the maximum amount of Th in the
column. However, a certain concentration of IIR in the mobile phase is essential to bring
about the retention and hence the individual separation of lanthanides (as seen in Fig. 2.3).
Considering these factors, the concentration of sodium n-octanesulphonate (IIR) was chosen

as 3 mM for carrying out further studies.

2.3.3.2.2 Effect of pH of Eluent on the Th Capacity

The limiting amount of Th injected to the RP column modified with 3 mM sodium n-
octanesulphonate, at different pH values of HIBA is shown in Fig. 2.6. It is seen that the pH
of HIBA is a crucial factor in deciding the amount of Th retained on the modified column.
The capacity for holding Th (without the appearance of a broad, early eluting peak) increased
with the increase in pH and reached a plateau value at pH > 6. This can be correlated with the
ionisation of HIBA having pKa of 3.77 [123]. Practically, no appreciable change occurs in
the composition of ionized HIBA after pH 6 and hence, no change in the capacity for Th. In
view of the maximum capacity, optimum pH of 6.2 to 6.5 was chosen. At this pH (6.2 to 6.5)
condition, total of 0.4 mg of Th could be retained on the 15 cm RP column without the
appearance of a second peak at optimum IIR concentration of 3 mM (Fig. 2.4c). Th was

eluted as a single tight peak with retention time well beyond that of La.
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Figure 2.6:Effect of pH of HIBA on the amount of Th retained on RP column.
Conditions: 3 mM sodium n-octanesulphonate as IIR. Other conditions were same
as in Fig.2.5.

2.3.3.3  Separation of Fission Products from Thorium

Dual gradient elution was employed to yield the separation of lanthanides from Th and
U along with better resolution amongst lanthanides. This was achieved by employing
concentration gradient of HIBA (pH 6.2) for separating individual lanthanides and for
retaining Th and U onto the stationary phase. After their separation, low pH HIBA was
introduced for the elution of Th and U. The optimized chromatographic conditions are given

in Table 2.11.
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Table 2.11: Optimized conditions for separation of lanthanides in presence of large

amounts of Th

Time (min) Concentration (M) of a-HIBA Concentration (M) of a-HIBA
atpH 6.2 atpH 2.0
0 0.08 0
6 0.13 0
8 0.17 0.4
17 0.17 0.4

Other chromatographic conditions were same as in Fig. 2.6.

Simulated thorium samples containing fission products as per different burn-ups were
injected in to the HPLC system under the optimized separation conditions. Figure 2.7 shows
the chromatogram of lanthanides, U and Th from a simulated sample of thoria with 1atom%
burn-up under the optimized gradient conditions as given in Table 2.11. Separation of
lanthanides was completed before the matrix elements started eluting from 11 min and took
further 5 min for their complete removal from the column. Hence, the complete
chromatographic separation took 16 min for completion. The dual gradient elution yielded fast
separation of lanthanides with sharp, symmetric peaks and with base-line resolution. Since Th
was retained using high pH (6.2) in the early stage and then eluted strongly by drastic change
in pH, it eluted out as a sharp peak in spite of its large amount (260 pg). As U is eluted after
Th, the separation amongst them becomes difficult due to the large amount of Th and drastic

eluting conditions.
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Figure 2.7: Separation of lanthanides, Th and U in simulated 1 atom% burn-up solution

using dual (concentration and pH) gradient. Elution conditions used are given
in Table 2.11.

Only La, Ce, Pr, Nd, Sm, and Eu were included in the mixture as the fission yields of
other lanthanides are very low and hence are not possible to detect in the real life samples.
Most of the other fission products do not form complex with Arsenazo (III) and hence, do not
interfere with lanthanide determinations using photometric detection. This has also been
confirmed by injecting 100 ppm each of Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd, Cs, and Ba under
the optimized conditions. The chromatogram obtained for all these non-rare-earth elements
yielded no signal above the noise level until 12 min. i.e., in the region where lanthanides, Th
and U are expected to elute. Table 2.12 gives the typical composition of dissolver solution of
irradiated thoria sample with burn-up latom% fission calculated based on the yield of fission

products.
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Table 2.12: Chemical composition of dissolver solution of irradiated thoria sample

Element Concentration Element Concentration
(ppm) (ppm)
Rb 1.8 La 1.1
Sr 3.3 Ce 2.2
Y 1.8 Pr 1.12
Zr 8.5 Nd 3.0
Mo 5.3 Pm 0.3
Ru 2.8 Sm 0.2
Rh 0.4 Eu 0.03
Pd 0.1 Gd 0.003
Cs 3.3 Th 2600
Ba 1.0 U 38
Reference[124]

The concentrations of lanthanides added to form simulated Th sample with burn-ups 0.5,
1 and 2 atom% are given in Table 2.13. For all these samples, the amount of Th injected into

the column was kept at 260 pg (below the maximum capacity).

Table 2.13: Concentrations of lanthanides, U &Th in simulated samples

Element Concentration (ppm)
SS-I* SS-11* SS-111*
La 0.56 1.07 1.98
Ce 1.16 2.24 4.12
Pr 0.58 1.12 2.06
Nd 1.61 3.09 5.68
Sm 0.29 0.56 1.03
Eu 0.06 0.12 0.21
Th 2600 2600 2600
U 40 40 40
Tb* 0.80 0.80 0.80

* SS-1, 11 & 111 correspond, respectively, to simulated samples of thoria with burn-up of 0.5, 1
& 2 atom% fission.
* used as internal standard.
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2.3.3.4 Quantification of La and Nd

The detector response of lanthanides varies depending on the eluent and PCR flow rates,
magnitude of pump pulsations, which may change from time to time. Though the short term
repeatability was satisfactory, the precision among the data recorded over long durations (>5
hrs) worsened indicating the need of running fresh calibrations. This problem was
circumvented by employing internal standard (Th). Th meets the conditions required for an
internal standard for the quantification of lanthanides in burn-up sample [29]. Its fission yield
is insignificant in the nuclear fission of U and Th based fuels [124]; it shows identical
chromatographic behaviour as that of lanthanide fission products; and is well resolved from
other fission products including Y during HPLC separation. Nd and La are used as the fission
monitors for the burn-up determination of thoria based fuels. These two elements were
chosen as the representatives of lanthanides for quantification. Table 2.14 shows the

concentrations of La and Nd determined by using internal standard method.

Table 2.14: Quantification of La and Nd determined (in ppm) using internal standard

Element Amount Sample
SS-1* SS-11* SS-111*
Added 55.9 107.4 197.6
La :
Determined
(without 1.S.) 62.215.1 112.8+3.1 193.445.7
Determined
(with 1.5.) 55.4+0.8 105.8+1.3 196.1+0.9
Added 160.7 308.8 568.3
Determined
Nd (without 1.S.) 171.8+5.8 323.3+3.1 556.245.3
Determined 159.6+1.4 312.240.7 560.940.9
(with 1.S.)

* SS-1, 11 & 111 correspond, respectively, to simulated samples of thoria with burn-up of 0.5, 1
& 2 atom% fission.
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The three simulated samples were repeatedly analysed over a period of two weeks and
during this period, the mobile phase and the PCR solution were changed three times. The
overall precision for the determination of La and Nd concentrations by internal standard
method was found to be better (< 2%) for all the three samples compared to the peak area
precisions. The detection limit of the method was 3 ng for La. Since quantification is carried
out using Tb as an internal standard and all lanthanide ions exhibit similar chemical
properties, it is expected that similar precision and accuracy would be obtained for other
lanthanides also. The method used is fast and cost effective as compared to classical ID-TIMS
methodology. Since HPLC (which is not coupled to MS detector) does not give any
information about the isotopic composition of the separated elements, ***Nd cannot be used as
a burn-up monitor in this approach. However, one could use total Nd as a burn-up monitor.
No such difficulty arises for La since it is produced almost mono-isotopic (***La) during

fission.
2.3.3.5 Application of the Method for Irradiated Fuel Sample

The HPLC system was suitably positioned in a fume-hood for handling radioactive
samples. The methodology for the separation was validated by employing simulated high
level liquid waste solution (SHLLW) with composition equivalent to irradiated PHWR fuel
with burn-up of ~0.7 atom%. Under the dual gradient elution condition, the lanthanides were
well separated and were not interfered by the presence of other fission products. The
experiment was repeated by introducing Th (200 ppm) and Pu (25 ppm) in the above SHLLW
solution. In all the cases, the lanthanide peaks were not interfered by the presence of actinide

ions. The sample was directly injected into the system after dilution.

Subsequently, the developed method was applied for the separation of lanthanide fission

products from irradiated (Th,Pu)O, fuel sample. Figure 2.8 shows the chromatogram obtained
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by injection of the dissolved fuel solution after reconstituting in the mobile phase. Apart from
the other 5 lanthanides, the chromatogram also shows the base line separation of Pm, which
does not exist naturally. As discussed earlier, concentrations of lanthanide fission products
were determined based on their peak areas employing Tb as an internal standard.
Concentration of Nd in the dissolver solution of irradiated fuel sample was found to be 1.6

ug/gm which was in agreement with that obtained by ID-TIMS method.
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Figure 2.8: Separation of lanthanides from the dissolved (Th,Pu)O, sample using dual
gradient elution.

114



2.4 Ligand exchange and Coupled Column Liquid Chromatography using Mandelic

Acid for the Determination of Lanthanides in Thorium Matrix

241  Background

As mentioned in previous Sections, determination of low levels of lanthanides in
thorium (Th) matrix is important for different applications in nuclear technology. In the front-
end of fuel cycle, it is important to characterize Th for impurities such as Sm, Eu, Gd and Dy
in view of their high thermal neutron absorption cross-sections [22,125]. In the back-end of
the fuel cycle, the determination of lanthanides produced in the nuclear fission can be used as
fission monitors for the experimental determination of burn-up, which is an important
parameter to evaluate the performance of the fuel in a nuclear reactor [119]. Direct
determination of trace levels of lanthanides in bulk of Th by the established analytical
techniques are often restricted by spectral interference, suppression of analyte intensity,
column overloading, possibility of masking the analyte peaks by the matrix element peaks etc.
[126,127]. Thus it becomes essential for most of the analytical techniques to carry out the
matrix separation before the actual determination of lanthanides. Common methods employed
for the actinide matrix separation are solvent extraction, ion-exchange, precipitation etc
[37,128]. Most of these off-line methods are time consuming and labour intensive. An LC
method for the direct determination of lanthanides in irradiated thoria is reported in Section
2.3 of this Chapter [129]. This methodology is capable of determination of lanthanides in Th
samples with Th/Ln amount ratios <10,000. The problem of column overloading restricts the
application of this method to samples with larger amount ratios. A coupled column LC
method for the determination of trace levels of lanthanides in Th employing mandelic acid as
a chelating agent is presented in this Section. The fact that mandelic acid forms more
hydrophobic complex with Th than that formed with a-HIBA implies the possibility of

attaining higher Th loading capacities which in turn enhances the Th/Ln amount ratios.
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Further, availability of an unmodified RP column exclusively for matrix element retention

significantly enhances the limiting Th concentrations at which column overloading occurs.

2.4.2  Experimental

2.4.2.1 Instrumentation

The experimental set up used for the separation studies is shown in Fig. 2.9. A
quaternary gradient pump and a photodiode array detector were used as mentioned in Section
2.2.2.1. The samples were injected using a Rheodyne injector (7725i) with 100 uL loop. 100
mm X 4.6 mm Cyg monolith (Merck), 150 mm x 4.6 mm C,g particulate (Merck) and 250 mm
X 2 mm bonded ion exchanger (Dionex) columns were used for carrying out the separation
studies. The columns were coupled using a six way valve (Rheodyne) so that the first column

can be switched in and out of the mobile phase stream.

-
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Figure 2.9: Schematic diagram of the coupled column chromatographic set-up.

2.4.2.3 Reagents

Mandelic acid (Merck) and ao-HIBA (Lancaster) were used as the ligands and n-

octadecylsulphonate (Alfa-Aesar) was used as the IIR in this work. Stock solutions of

116



lanthanides and Th as mentioned in Section 2.2.2.2 were used for synthetic samples. High-
purity reagents such as HNO3 (Merck) and NH,OH (Merck) were used for pH adjustment and

gradient grade MeOH (Merck) was used for mobile phase.
2.4.2.2 Procedure

The particulate RP column was modified by passing 1600 mL n-octadecylsulphonate
(2.5x10* M prepared in 30% of MeOH) followed by washing with 700 mL of water. Initially,
the first (unmodified RP) column was switched into the mobile phase and after proper
conditioning with mandelic acid, the sample was injected. The matrix Th was retained by the
RP column while lanthanides move out as a group into the second column. At this time, the
first column was by-passed from the flow stream using the six way valve. Mobile phase
programming was adjusted (Table 2.13) in such a way that from this point onwards, HIBA
gradient was launched to cause the individual separation of lanthanides. When the lanthanide
separation was over, the first column was switched back into the flow stream and a

combination of mandelic acid and MeOH was passed to elute Th from the first column.
2.4.3  Results and Discussion
2.4.3.1 Effect of Concentration and pH of Mandelic Acid

La and Lu were chosen as the representative elements for the lanthanides. Figure 2.10
shows the changes in the retention times of lanthanide and Th on an unmodified RP column as
a function of concentration of mandelic acid. During this study, a pH of 3.5 was chosen for
the mobile phase and an unmodified RP column was used as the stationary phase. Both La and
Lu showed relatively less retention which decreased slightly with the increase in
concentration of eluent. On the other hand, Th showed a significant retention onto the

stationary phase at low concentrations of mandelic acid. A concentration of 0.2M of mandelic
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acid was chosen for further studies as it gave good resolution without very long separation

time.
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Figure 2.10: Effect of concentration of mandelic acid on the retention of La, Lu and Th on a
RP stationary phase.

The influence of pH of the mobile phase on the retention of lanthanides and Th is shown
in Fig 2.11. It is seen that the retentions of all the three ions increases with increase in pH of
the mobile phase. This observation is in contrast with the trend exhibited by aliphatic
hydroxycarboxylic acids (HIBA, lactic acid etc.) which show a decreasing trend with the rise
in pH of the mobile phase. At high pH of the mobile phase, there is a marked increase in the
retention of Th as compared to that of lanthanides. This is attributed to the increased
hydrophobicity of Th-mandelate complex arising from the larger coordination number. Based

on the present study, a pH of 4 was chosen as Th showed highest retention at this pH.
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Figure 2.11: Change in the retention of La, Lu and Th on RP stationary phase as a function
of pH of the mobile phase.

2.4.3.2 Mechanism of Retention of Metal Mandelates

With an objective of understanding the mechanism of adsorption of lanthanide ions onto
RP phase, different electrolytes such as NaNO3, Ca(NO3), and AI(NOs)3 were introduced into
the mobile phase. Figure 2.12 shows the retention of lanthanides and Th as function of
concentration of NaNO; in the mobile phase. If the adsorption of lanthanides and Th was
taking place by the ion exchange mechanism offered by the mandelate anions sorbed onto the
RP surface, then the increase in concentration of the competing cations should result in a
decrease in their retentions. But as it is seen from Figure, the retention time of all the ions
were unaffected by the presence of different concentrations of electrolytes in the mobile
phase. Similar observations were obtained with the inclusion of other electrolytes such as
Ca(NOg3), and AI(NO3); in the mobile phase. The use of different electrolytes did not show

any adverse effect on the retentions of lanthanide and Th indicating that sorption of
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lanthanide-mandelate is taking place by hydrophobic interaction and not by ion exchange

mechanism as reported earlier by other workers [130].
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Figure 2.12: Effect of concentration of NaNOjs in mobile phase on the retention times of La,
Lu and Th.

It is seen that Th-mandelate retains very strongly on the RP stationary phase as
compared to lanthanide complexes. The preferential retention of Th on to the RP stationary
phase can be used for the on-line matrix removal under the coupled column configuration.
Thorium-mandelate retains strongly whereas lanthanide-mandelates are eluted out of RP

column into a second column connected in sequence.

As compared to HIBA, mandelic acid was found to be less efficient in separating the
individual lanthanides. Though the initial separations were satisfactory with mandelic acid,
the resolutions among lanthanide pairs deteriorated with time due to the dominance of
chelation chromatography. HIBA being aliphatic acid does not show enough affinity for the
RP stationary phase and thus offers consistently good efficiency for the separation of

individual lanthanides. Thus the process of ligand exchange, mandelic acid ligand for matrix
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separation and HIBA ligand for separation of lanthanides, was adopted for the effective

utilization of the two chelating agents.

In the present case, dynamically modified columns cannot be used for the individual
separation of lanthanides as it lowers the capacity of the first column to retain Th and also
results in increased retention of lanthanides in the first column. Hence, for the individual
separation of lanthanides, an RP column modified with n-octadecylsulphonate and a
commercially available cation exchange column were compared under identical separation
conditions. Figures 2.13(a) and (b) show the separation of a mixture of 14 lanthanides on a

bonded cation exchanger and on a modified cation exchange stationary phase, respectively.
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Figures 2.13: Separation of individual lanthnides using (a) bonded cation exchanger column
and (b) RP column modified with C-18 sulphonate.

Due to the excellent mass transfer effects, the modified column gave baseline separation
of all the lanthanides with sharp peaks whereas the resolution was very poor and the peaks
were quite broad in the case of the separation obtained using bonded phase ion exchanger.
Thus the modified RP column was selected for coupling with the unmodified column for the

separation of lanthanides. In addition, excellent stability of IIR modified column obviated the
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need of a continuous supply of ion interaction reagent (IIR) in the mobile phase which
otherwise would have degraded the thorium-retention capacity of the first RP column. Thus
different mobile phase conditions were required for the retention of Th and individual
separation of lanthanides. The optimized gradient conditions developed for matrix separation

and individual separation by the coupled column strategy are shown in Table 2.15.

Table 2.15: Optimized gradient conditions for the coupled column separation

(VIV)%
Time
(min) a-HIBA Mandelic acid Water
(pH 6.0) (pH 4.0) (%)

0 0 30.0 0
12 0 30 0

12.1 0 0 100
13 0 0 100
15 3 0 0
30 15 0 0

1 M each of mandelic acid and HIBA were used as the stock solutions in the reservoir.

After the separation of lanthanides was completed, Th adsorbed onto the first column
was eluted by using a mobile phase consisting of 0.2 M mandelic acid and 30% (v/v) MeOH.
Care must be taken that during the matrix elution step, the second column is isolated from the
mobile phase stream as MeOH can strip the C18-sulphonate coated onto the RP surface.
Absence of interference from the matrix element was confirmed by the injection of
lanthanides (1 ppm each) and Th (10,000 ppm) under the identical separation conditions.
Figures 2.14 (a) and (b) show the chromatograms obtained using mixture of lanthanides and

Th matrix, respectively.
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Figure 2.14: Chromatograms for the separation of lanthanides (1 ppm each) and Th (10,000
ppm) under identical elution conditions.

The methodology is fast, avoids chances of contamination and sample loss and has been
successfully employed to synthetic samples with Th/Ln amount ratios of up to 20,000. Table
2.16 presents the recovery of lanthanides determined by the above method with the expected

values in a synthetic sample.
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Table 2.16: Recovery of lanthanides added to Th

Concentration (ppm)

Flement Expected | Observed gﬁgﬁﬁ,ee(g
Lu 1.2 11 11
Yb 1.8 1.6 11
Tm 1.4 15 0.9
Er 1.5 1.4 11
Ho 1.8 1.7 11
Dy 1.1 1.2 0.9
Th 1.1 1.0 11
Gd 1.8 1.9 0.9
Eu 1.5 1.6 0.9
Sm 1.1 11 1.0
Nd 1.2 14 0.9
Pr 1.1 1.0 11
Ce 1.1 1.0 11
La 1.2 1.1 11

2.4.4 Conclusions

The studies demonstrated the versatility and efficiency of IIC for the separation of
lanthanides for different type of samples. The comparative study of C18-sulphonate and C20-
sulphate as IIRs showed that C18-sulphonate provides higher resolutions for the lanthanide
separation as compared to C20-sulphate. The increased resolution offered by C-18 sulphonate
is believed to be due to its preferential uptake by the RP column containing similar number of

carbon atoms in its bonded alkyl chain. C18-sulphonate was also found to exhibit excellent
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adsorption stability and hence need not be added to mobile phase during the separation of
lanthanides by HPLC. This reagent can be employed as a potential modifier for the separation
of lanthanides in complex samples requiring high resolution. The absence of modifier (I1IR) in
the eluted fractions of lanthanides would be helpful for the TIMS determination of isotope

ratios.

The developed dual gradient elution method offers an easy, cost effective method for the
determination of burn-up of irradiated thoria samples. As the method involves no pre-
separation step for the matrix elements from sample, it permits lesser exposure to radioactivity
and less chances for sample loss during transfers. Since no preliminary separation procedure
is involved, analysis is faster and is less prone to contamination. The method can be used as a
quick substitute for mass spectrometric analysis of the burn-up determination with reasonable
precision and accuracy using Tb as an internal standard. Since internal standard is used for
quantification, it takes care of majority of the fluctuations and uncertainties during the sample
handling. The developed methodology was applied for the separation and determination of

lanthanide fission products in simulated as well as in irradiated fuel samples.

A ligand exchange column switching liquid chromatographic method was developed for
the on-line matrix separation followed by individual separation of lanthanides. The
experimental set-up is more complicated and takes longer separation times than single column
approach. However, the possibility of using two columns with different characteristics in
isolation has helped in utilizing their full potential and at the same time imparts flexibility to
the operation. In the present study, a small monolith column (100 mm x 4.6 mm) with less
capacity was used for the matrix isolation. It should be possible to handle samples with larger
Th/Ln amount ratios by incorporating particulate columns with higher capacity and by

suitable modifications of the gradient.
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Separation of Thorium and
Uranium by HPLC
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3.1. Introduction

Thorium (Th) and Uranium (U) are the two important actinide elements in the nuclear
energy program. Their separation and determination in presence of each other has drawn
much attention because of their importance in energy related applications and environmental
concerns [131-133].The accurate determination of these two elements is often difficult due to
interferences present in sample matrix. Conventional sample treatment methods such as
column chromatography and solvent extraction which are used for circumventing the above
problems are time consuming and complicated. Development of new methodologies for the
separation and determination of Th and U is of considerable importance to thorium based
nuclear fuel cycle [134,135]. Different methods such as extraction chromatography, solid-
phase extraction (SPE), solvent extraction, ion exchange, precipitation etc. have been reported
for the separation of U and Th in various matrices [131,134-140].HPLC methods are also
reported for the separation and determination of Th and U in different matrices due to its
ability to provide rapid and high performance separations [103,123,141]. HPLC using
chelating agents as eluents combines selective complexation, separation and specific detection

for the determination of Th and U [142].

This Chapter deals with the studies carried out for the separation of Th and U under

following scenarios:

1) Separation of Th and U when present in similar proportions

2) Determination of U in presence of large amounts of Th

3) Understanding the mechanism of separation of Th and U when mandelic acid is used as

an eluent.
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3.2 Separation of Similar Proportions of Th and U (Th/U =1 to 100)

3.2.1 Background

Th and U are naturally occurring actinide elements found at trace levels in the
environment. U is widely distributed throughout earth’s crust with trace amounts present in
different rock types, natural waters including seawater. Th is also distributed in nature but
relatively less widely than U. Estimated Th content in the earth’s crust is about 2-3 times more
than that of U. Exploitable deposits of Th and U result partly from the original
inhomogeneities in earth’s crust and partly from the interplay of erogenic and geochemical
processes [149]. At the early stages of magma recrystallization, in reducing and alkaline
environments, U(IVV) compounds enter the rock forming minerals and form relatively high U
concentration in granites. Both Th and U possess ionic radii and charges which prevent them
from fitting comfortably into the lattices of any of the common major minerals of granite.
However, they fit into some of the accessory minerals such as zircon, allanite etc. because U
and Th in +4 state can substitute Zr in +4 state in zircon. In exogenous environments,
tetravalent U compounds become unstable and change to hexavalent ones. It then leaches out
of the near surface parts of the mineral. Due to the lack of multiple oxidation states, most of
the Th bearing minerals are resistant to oxidation under exogenous conditions. Thus the
concentrations of Th and U are used as the markers for indicating important geochemical
cycles. Determination of natural radionuclides such as U and Th in soil samples is also

important from the viewpoint of radiation protection.

This Section presents the development of an HPLC method based on the hydrophobic
interaction of hydroxyisobutyric acid (HIBA) complexes of Th and U on the RP stationary
phase. The chromatographic parameters such as pH of the eluent and the concentration of the

eluent were studied to optimise the separation between the two elements. Presence of MeOH
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in the mobile phase was found to improve the peak shape as well as sensitivity of the method

for U determination.

3.2.2 Experimental

3.2.2.1 Instrumentation

The HPLC system used in this study was mentioned in detail in Section 2.2.2. A 150
mm x 4.6 mm Cjgparticulate (5 pm) column (Supecosil) was used as the stationary phase in

the present work.

3.2.2.2 Reagents

HIBA (Fluka) was used as the eluent. Thorium nitrate and uranyl nitrate were used for
preparing the stock solutions after standardization by complexometric titration and
biamperometric method, respectively. Suprapure grades of HNO3z; and NH,OH (Merck) were
used for adjusting the pH of the mobile phase. MeOH (Gradient grade, Merck) was used for

changing the polarity of the mobile phase.

3.2.2.3 Procedure

HIBA was dissolved in water and made to 1M. After adjusting the pH, the mobile
phase was filtered through 0.45um Millipore membrane filters. The mobile phase was
pumped through the column until equilibrium condition was attained as indicated by the pH

stability of the effluent.
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3.2.3 Results and Discussion

3.2.3.1 Effect of Concentration of HIBA
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Figure 3.1: Changes in the retention time of Th and U as a function of concentration of
eluent.
Chromatographic conditions: 4.6 mm x 150 mm C;g column using HIBA of pH
4.0.

Influence of the concentration of HIBA on the retention of Th and U is shown in Fig.
3.1. It is seen that the retention of both Th and U decreases steadily with the increase in the
concentration of HIBA in the mobile phase. This trend is attributed to the increased formation
of the metal-ligand complex at higher concentrations of the ligand. Also the fraction of the
undissociated molecule responsible for the displacement of metal-HIBA complex from the
stationary phase increases with the increase in concentration of the eluent. It is interesting to

note that the retention of U at any given concentration of the ligand is greater than that of Th.
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3.2.3.2 Effect of pH of Mobile Phase
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Figure 3.2: Effect of pH of mobile phase on retention of Th and U.

Chromatographic conditions: 4.6 mm x 150 mm Cig column using 0.25 M of
HIBA.

The effect of pH of the mobile phase on the retention times of Th and U on the RP
stationary phase is shown in Fig. 3.2. During this study, the concentration of the eluent was
fixed at 0.25 M. The complexation increases with increase in pH of the mobile phase and
consequently, the proportion of the hydrophobic species responsible for the retention on the
stationary phase increases. The percentage of the undissociated HIBA molecule which can
compete with the RP stationary phase also decreases with the increase in pH. These factors
result in an increase in the retention of both Th and U with the increase in pH of the eluent. In
this case also, the retention of U was greater than that of Th at every pH studied. From the pH
study, it was found that 0.25 M HIBA of pH 4 provides a good separation between Th and U

within a reasonable run time.
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3.2.3.3 Effect of Methanol

It was found that the peak shape as well as the response of U peak improves with the
increase in the methanol content in the mobile phase. Figure 3.3 shows the increase in the
peak response (peak height) of U with the increase in the percentage of methanol in the

mobile phase.
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Figure 3.3: Effect of methanol in the mobile phase on U peak response.
Chromatographic conditions:4.6 mm x 150 mm Cyg column;0.25 MHIBA of pH
4.0.

Introduction of MeOH lowers the polarity of the mobile phase and thus helps in faster
elution of the hydrophobic species such as Th and U complexes with HIBA. Introduction of
MeOH results in increased number of theoretical plates which translates into improved peak
shapes. Another advantage of inclusion of MeOH in the mobile phase is the decrease in the
overall separation time. Hence, a concentration gradient of methanol and HIBA was selected
for the separation of U and Th. Figure 3.4 shows the chromatographic separation of Th and U
under optimized gradient conditions on the RP column. Under these conditions, separation

between Th and U could be completed within 8 min with base line separation between them.
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In the present case, U to Th amount ratio was ~70. The pulsations generated by the piston

pump during delivery of post-column reagent restricted the quantitation limit of U to 20ng.
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Figure 3.4: Separation of Th and U using concentration gradient of HIBA and MeOH in the

mobile phase.
Chromatographic conditions. (B) 0.15 to 0.30M of HIBA (pH 4.0) and (C) 1 to 45
(v/v)% methanol in 10 min, Stationary phase: 4.6 mm x 150 mm Cg column.

Thus HIBA is found to be a suitable eluent for the separation of Th and U when these
elements are present in proportions Th/U < 100. The fact that HIBA is the most successful
eluent for the individual separation of lanthanides also favours the selection of this eluent for

the separation of Th and U in geological samples.
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3.3  Determination of U in Presence of Large Amounts of Th
3.3.1 Background

Th occupies a unique place in Indian scenario due to its large resources and limited U
deposits available in the country. Thus India has embarked upon the third stage of nuclear
power program, based on Th->*3U fuel cycle (Advanced Heavy Water Reactor - AHWR), for
the long term energy security of the country [22,113]. Though a number of HPLC methods
have been developed and reported for the separation of U and Th, majority of these reports
deal with samples containing nearly equal amounts of U and Th [103,123,135,141-144].
However, Th fuel cycle demands quantification of small amounts of U in presence of large
amounts of Th. The mixed oxide of ThO, containing 4% 2**UQ,is the proposed fuel for the
AHWR [125] whereas in the irradiated fuel, Th/U amount ratio can range from 25 to 70
depending upon burn-up of the fuel [129]. Determination of U, often at low concentration
levels, is also important to evaluate the performance of various separation processes in
AHWR. For example, some process samples generated during the recovery of 2**U from
irradiated Th contain trace amounts of U in Th [145]. The feed material (thorium sulphate)
used for the production of nuclear grade ThO; is always associated with trace amounts of
uranium (10-100pg/g) [146]. Due to similar chemistry, the separation and accurate
determination of U in presence of a large excess of Th is a challenging task. The highest Th/U
amount ratio reported for the HPLC analysis is 1000 and the method utilizes a RP column
modified by amide coating [145]. As per this procedure and most of the other reported HPLC
separation conditions involve the use of hydroxycarboxylic acids as eluents, wherein Th is
eluted prior to U [109,129]. The small U peak appearing on the shoulder of large Th peak
introduces errors for the determination of U based on the peak area or peak height
measurements. Tailing of the preceding peak reduces the resolution and has a detrimental

effect on the integration of the small peak of the analyte [65]. It has been well established that
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the peak integration error becomes the dominating error source at low concentrations, e.g. at

concentrations below the five-fold of the LOQ [147].

This Section reports the development of an HPLC method using mandelic acid as an
eluent for the determination of U in samples with Th/U amount ratios as high as 100 000,
without involving any pre-separation of the matrix element (Th). The parameters such as
concentration and pH of the eluent were studied to optimize the separation conditions. The
capacity of the stationary phase for the retention of Th was determined as a function of pH
and percentage of MeOH in the mobile phase. The data obtained were used to optimize a
separation methodology allowing elution of U prior to Th so that the accurate determination
of the former can be carried out in presence of large amounts of Th. Use of different types of
stationary phases viz. monolith and particulate columns provides flexibility to the method to
cater to samples with wide range of Th/U ratios. Results on the quantitative determination of

Th and U by the developed method are also discussed in this Section.

3.3.2 Experimental

3.3.2.1 Instrumentation

The HPLC system with post-column reaction set-up as described in Section 2.2.2.1 of
Chapter 2 was used in the present study. Cig monolith RP columns with dimensions 50 mm x
4.6 mm and 100 mm x 4.6 mm (Chromolith, Merck) and a 150 mm x 4.6 mmCg particulate
RP column (Purospher STAR, Merck) were used as the stationary phases. Samples were
injected into the column using a Rheodyne injector (Model 9725i) with a 100 pL sample loop.

The signal from the detector was processed by EZChrom software package.
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3.3.2.2 Reagents

Mandelic acid (Merck) was used as an eluent. Thorium and uranium stock solutions
were prepared from thorium nitrate and uranyl nitrate, respectively, after the standardization
procedure mentioned elsewhere [111,112].MeOH (Gradient grade, Merck) was used as the

organic modifier for the mobile phase.

3.3.2.3 Procedure

Appropriate quantity of mandelic acid was dissolved in Milli-Q water to obtain
solution with 0.5 M concentration. Mandelic acid solution was adjusted to the desired pH
using NH4;OH and HNOj. Post-column reagent was prepared using Arsenazo(lll) as
mentioned in Section 2.2.2.3.1 mL/min and 0.3 mL/min were the flow rates used for the
mobile phase and PCR, respectively. Quantification was carried out based on the

chromatographic peak area.

3.3.3 Results and Discussion

The parameters such as pH and concentration of the eluent were studied to optimise
separation between Th and U on the RP column. Initial studies were carried out using a short
column (50 mm x 4.6 mm) as this would require less volume of the mobile phase as well as

shorten the chromatographic run time.

3.3.3.1 Effect of pH of Mandelic Acid

Figure 3.5 shows the changes in the retention times of Th and U on RP stationary
phase as a function of pH of mandelic acid. 0.5 M mandelic acid solution was used for these
studies so as to complete the elution of Th and U within a reasonable time, especially at

higher pH conditions.
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Figure 3.5: Effect of pH of mandelic acid eluent on the retention time of Th and U.
Chromatographic conditions: Cjg (50 mm x 4.6 mm) monolith column; 0.5M
mandelic acid.

It was observed that the retention of both Th and U onto the C;g stationary phase
increased with the increase in pH of mandelic acid. This is attributed partly to the increased
ionisation of mandelic acid and the consequent increase in its complexation with Th and U at
higher pH. The fact that the competition from the undissociated mandelic acid molecules for
the reversed-phase sites decreases at higher pH, also contributes to the increased retention of
mandelate complexes of Th and U. At pH > 4.5, both Th and U could not be eluted from the
column even after 100 min and thus the study was restricted up to pH 4.0. It is seen that the
retention of Th on the stationary phase is greater than that of U at all the pH values employed
(2.5 - 4.0). This pattern is different from those observed with other hydroxycarboxylic acids
(e.g. a-hydroxyisobutyric acid, lactic acid, glycolic acid etc.) commonly employed for the
separation of U and Th, where Th has a lower retention than U [109,129,145]. pH of 3.0 was
chosen for further studies as it offered separation of Th and U with sufficient resolution within

a reasonable time. Lower pH (< 2.5) was not considered as it is deleterious to the column
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whereas higher pH (> 3.5) causes stronger retention of both Th and U and thus would require

more time for elution.

3.3.3.2 Effect of Concentration of Mandelic Acid
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Figure 3.6: Effect of concentration of mandelic acid on the retention of Th and U.

Chromatographic conditions: mandelic acid (pH 3.0); other conditions same as
in Fig.3.5.

Figure 3.6 shows the effect of concentration of mandelic acid in the mobile phase (pH
3.0) on the retentions of Th and U onto the RP column. Retention of both Th and U was found
to decrease with the increase in concentration of mandelic acid in the mobile phase. This was
attributed to the increased displacement of metal-mandelate complexes from the stationary
phase by the undissociated mandelic acid molecules. Higher the concentration of mandelic
acid, more number of undissociated mandelic molecules would be available to compete for
the RP stationary phase. The separation factor between Th and U was also found to decrease
at higher concentrations of mandelic acid. Thus 0.2M solution of mandelic acid, which offers

a good degree of separation between Th and U, was selected for further studies.
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3.3.3.3 Effect of Methanol Content
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Figure 3.7: Effect of methanol content on the retention behaviour of Th and U.
Chromatographic conditions: 0.2M mandelic acid of pH 3.0; other conditions
same as in Fig.3.5.

Figure 3.7 shows the change in the retention behaviour of Th and U as a function of
MeOH % (v/v) in the mobile phase. 0.2 M mandelic acid of pH 3.0 was used as an eluent in
this study. Retention of both Th and U was found to decrease with increase in percentage of
MeOH (v/v) in the mobile phase. Introduction of MeOH lowers the overall polarity of the
mobile phase. The decrease in the retention times of Th and U with the increase in the MeOH
content in the mobile phase is indicative of the hydrophobic nature of these metal-mandelate
complexes. It may also be noted that Th-mandelate showed a significant reduction in its
retention indicating a greater level of hydrophobicity as compared to U-mandelate.
Introduction of MeOH was also found to improve the peak shapes of both Th and U and also
helped in reducing the overall separation time. However, the separation between Th and U
decreases significantly as a function of MeOH% (v/v) and hence 20% (v/v) of MeOH was

chosen for carrying out further separation studies.
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3.3.3.4 Separation of Th and U by Monolith Column

The data from the pH and eluent concentration studies were used for developing an
HPLC method for the separation of Th and U on a C;g column using mandelic acid as the
eluent. Mandelic acid concentration and pH were selected as 0.2 M and pH 3, respectively,
for the mobile phase. A longer monolith column (100 mm x 4.6 mm) was employed for these
studies in view of its higher capacity. 20% methanol (v/v) was found to be sufficient to
improve the peak shapes of U and Th and to reduce the separation time from 50 min to 7 min.
Figure 3.8 shows the chromatogram obtained for the separation of U and Th (Th/U amount
ratio ~ 1) on an RP column using mandelic acid as the eluent. It is seen that the peaks are well

separated and U is eluted prior to Th.
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Figure 3.8: Separation of Th and U (Th/U amount ratio = 1) on an RP column using
mandelic acid as the eluent.
Chromatographic conditions: Cig (100 mm x 4.6 mm) monolith column; 0.2 M
mandelic acid of pH 3.0; 20% (v/v) MeOH.
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3.3.3.5 Determination of Small Amounts of U in Presence of Large Amounts of Th

Mandelic acid is a promising eluent for the determination of U in presence of large
amounts of Th as it causes the elution of U prior to Th with good resolution. Thus the
applicability of the method for U determination depends on the amount of Th, which can be
retained onto the RP column till U elution is completed. During these studies, it was found
that the retention of thorium-mandelate complex onto the RP column is significantly
influenced by the pH of the mobile phase and the MeOH content. Thus further experiments
were carried out to determine the retention capacity of the column for Th by varying methanol

content and pH of the mobile phase.

3.3.3.5.1 Effect of Methanol Content on the Th Retention Capacity
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Figure 3.9: Th retention capacity of stationary phase as a function of methanol content in the
mobile phase.
Chromatographic conditions: 0.2M mandelic acid (pH 3.0); 100 mm x 4.6
mmCigmonolith column.

Th retention capacity may be expressed as the maximum amount of Th which can be
retained by the stationary phase until the complete elution of U (100 ng injected) occurs. At a
given percentage of MeOH in the mobile phase, if the amount of Th injected is beyond this
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limiting value, then retention time of Th peak would advance in such a way that it would
interfere with the early eluting U peak. Figure 3.9 shows the changes in the Th capacity of the
monolith RP column (100 mm x 4.6 mm) as a function of MeOH % (v/v) in the mobile phase.
The pH of the mobile phase was 3.0 during this study. The retention capacity of the stationary
phase for Th was found to decrease with the increasing percentage of methanol in the mobile
phase due to increased non-polarity of the mobile phase. Under the conditions chosen (20%
(v/v) MeOH) for the separation of U and Th, the retention capacity of the column was found

to be 300 pg of Th.

3.3.3.5.2 Effect of pH of Mobile Phase on the Th Retention Capacity
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Figure 3.10: Th retention capacity of monolith column as a function of pH of mobile phase.
Chromatographic conditions: MeOH: 20 % (v/v); Other conditions same as in
Fig. 3.9.

Figure 3.10 shows the changes in the Th retention capacity of the monolith RP column
as a function of pH of the mobile phase. Th retention capacity of the stationary phase
increases with the increasing pH of the mobile phase. This is due to the increased retention of
Th associated with the increased formation of hydrophobic thorium mandelate complex at

higher pH, as indicated in Fig. 3.5. During this study, the methanol content in the mobile
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phase was kept at 20% (v/v). Though the Th retention capacity under the chosen condition is
~ 300 pg, it can be improved by proper selection of pH of the mobile phase depending on the

Th/U amount ratio in the samples.

3.3.3.5.3 Calibration Curves for U and Th

Since the ultimate aim of the present investigations was to develop an HPLC
methodology for the determination of U and Th in thorium based nuclear fuel cycle, a stock
solution was prepared with Th/U amount ratio 25. Aliquots were prepared by dilution in the
concentration range of 0.9 - 40 ug mL™ for U and 22 - 1200 pug mL™ for Th. Figures 3.11 and
3.12 show the calibration curves obtained for U and Th, respectively, using several mixtures
with the same Th/U amount ratio of 25. U showed good linearity in the concentration range of
0.9 — 40 ug mL™. Good correlation between peak area response and Th concentration in the
injected solution was observed in the concentration range from 22 to 500 pg mL™. At higher
concentration levels of Th, peak area response showed saturation trends. These calibration
curves demonstrate that U and Th can be determined from a single chromatographic run as

long as Th/U amount ratio is < 25.
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Figure 3.11: Calibration curve for U in presence of Th (Th/U amount ratio 25).
Chromatographic conditions: same as in Fig. 3.10.
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Figure 3.12: Calibration curve for Th in presence of U (Th/U amount ratio 25).
Chromatographic conditions: same as in Fig. 3.10.
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Figure 3.13: Separation of U and Th in a mixture with Th/U amount ratio of 3000on a
monolith RP column.

Injected 100 uL of synthetic mixture containing Th: 3000 ug/g;, U: 1 ug/g;
Chromatographic conditions: same as in Fig. 3.10.
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Th retention capacity experiments showed that under the optimised conditions for the
separation, up to 300 pg of Th can be retained on the monolith RP column. Considering that
the minimum amount of U going into the column is 0.1 pg, the method allows the
determination of U in samples with Th/U amount ratios up to 3000 using the C;3 monolith
column as shown in Fig.3.13. The capacity for Th retention (300ug) is higher than that
reported based on the modification of the column [145] with extractants. Th retention capacity
obtained by the present method is significant, considering the smaller column dimensions
(100 mm x 4.6 mm), porous nature of the monolith column and that the method does not

involve any column modification step.
3.3.3.5.4 Separation of Th and U by Particulate Column

Use of monolith column offered the advantages such as low-pressure resistance (> 25
bar) and shorter separation time (> 15 min) under the optimized conditions. However, the Th
retention capacity offered by the monolith column was not sufficient enough to determine U
present at trace levels in Th. Hence a particulate RP column with dimensions 150 mm x 4.6
mm (5um particle size) was employed for the separation of U and Th in the case of synthetic

samples with Th/U amount ratios > 3000.

Multiple injections of the sample were required since the amount of U injected into the
column (< 20 ng) in a single injection would be below the quantification level of the method
for samples with Th/U amount ratios > 10 000. Synthetic samples with higher concentrations
of Th could not be prepared as the samples started showing turbidity on standing over a period
of time (1 hr to overnight) due to the precipitation of Th(OH)4. Hence the concentration of
Th*" in the synthetic mixture solution was restricted to about 3000 pg/g. These solutions were
prepared in 0.2 M mandelic acid and at pH 1.5. No turbidity was observed in the solution for a

period of 24 hrs for the synthetic mixture.
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The gradient condition was also modified to allow multiple injections of the sample during the
same chromatographic run. Even a MeOH content of 30% (v/v) in the mobile phase did not
cause any broadening or splitting of the U peak, after introducing the samples in as many as

16 repeated injections for a single chromatographic run.
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Figure 3.14: Peak area response of U as a function of number of injections.
Chromatographic conditions: particulate Cig RP column (150 mm x 4.6 mm).
Mandelic acid: 0.2M, pH: 3.0; MeOH: increased from 30% (v/v) to 40% (v/v)in
35 min; Injection volume: 100 xL; U concentration: 0.51 pg/g.

The possibility of introducing the sample into the column through multiple injections
was checked by injecting different volumes of a U solution of known concentration (0.51
Mg/g). Figure 3.14 shows the peak area response as a function of number of injections (100 pL
each) during a chromatographic run. Good linearity was obtained between the number of
injections and the peak area of U for 1 — 16 injections, provided the time gap between
successive injections was maintained less than 30 sec. Even from 16 consecutive injections, U

was found to elute as a sharp peak, well separated from Th peak.
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Figure 3.15: Separation of U and Th in a mixture with Th/U amount ratio of 106479, on a
particulate C;3 RP column.
Injected 12x100 uL of synthetic mixture; Th: 2268 ug/g; U: 0.021 ug/g;
Chromatographic conditions: same as in Fig. 3.14.

Figure 3.15 shows the chromatogram obtained by injecting a mixture with Th/U amount
ratio 106300 using particulate RP column. U peak is separated from Th peak with a time gap
of almost 1 min indicating that the determination of the former would not be interfered by the
latter peak. Table 3.1 shows the concentration of U determined by the above method for
different synthetic mixtures of Th and U. Concentration of U was determined from a
calibration curve obtained by injecting standard solutions in the concentration range 0.21 -
0.55ug mL"'. A good agreement was obtained between the added and the determined
concentrations of U. The practical constraints of using the particulate column are the longer
separation times (~35 min) and high back pressure during the chromatographic run (180 bar).
Th retention capacity can be further scaled up by the proper choice of column size or by
working at a higher pH, which would allow the analysis of samples with even higher Th/U

amount ratios.
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Table 3.1:

ratios

Determination of U in synthetic mixtures with different Th/U amount

Synthetic sample U

Sr concentration Th/U No. of concentration U

No. (Hg/g) ar:]aotlijont injections | determined | expected/determined
(ug/g)
Th U

1 2753 0.504 5462 1 0.467 + 2% 1.08

2 2825 0.291 9708 1 0.274 + 3% 1.06

3 2290 0.114 20144 3 0.118 + 2% 0.96

4 2963 0.059 50220 5 0.065 + 5% 0.90

5 2268 0.021 | 106479 12 0.021 + 5% 1.02

Chromatographic conditions: same as in Fig. 3.14.
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3.4  Mechanism of Separation of Th and U using Mandelic Acid Eluent
3.4.1 Background

Hydroxycarboxylic acids are extensively used for the separation of Th and U by RP-
HPLC. Use of mandelic acid (2-hydroxy-2-phenyl acetic acid) has been reported in the
literature for the separation of U and Th in geological samples [103,142,148]. Retention
behaviour of mandelate complexes of UO,*" and Th** ions has been compared with those of
glycolic acid and HIBA by Hao et al. [148]. Use of mandelic acid has been investigated for
studying the elution behaviour of transition elements, lanthanides and actinides by ion
interaction chromatography [103]. When aliphatic derivatives of the hydroxycarboxylic acids
such as glycolic acid, HIBA etc. are used as the eluent, the typical order of elution is Th
followed by U [109,148]. It was observed that the elution order reverses when mandelic acid,
which is an aromatic derivative of the hydroxycarboxylic acid, is used as the eluent. It was of
interest to understand the factors responsible for the different behavior in the elution pattern as
in both HIBA and mandelic acid, the functional groups are the same. This Section deals with
the studies carried out to understand the mechanism of adsorption of the two metal-mandelate

complexes onto the RP stationary phase.
3.4.2 Experimental

The instrumentation, reagents and procedure used in this study were given in Section
3.3.2. Sodium n-octanesulphonate monohydrate (Fluka) and tetra-n-butylammonium bromide
(Merck) were used as ion interaction reagents (IIRs). The IIRs were dissolved in Milli-Q

water to obtain solutions with 0.1 M concentration.
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3.4.3 Results and Discussion

The adsorption of mandelate complexes of Th and U onto the RP stationary phase
could be due to the hydrophobic interaction or due to the ion exchange mechanism offered by
the mandelate ions adsorbed on to the hydrophobic stationary phase. To understand the
mechanism of adsorption, two different 1IRs viz. sodium n-octane sulphonate and tetra-n-
butyl ammonium bromide were introduced independently into the mobile phase at varying
concentrations and the corresponding changes in the retention times of Th and U were

monitored.

3.4.3.1 Effect of Sodium n-Octane Sulphonate IR

The hydrophobic anion, n-octane sulphonate, was introduced into the mobile phase at
different concentrations ranging from 0 to 0.015M. Figure 3.16 shows the changes in the
retention times of Th and U as a function of IIR concentration in the mobile phase.
Introduction of n-octane sulphonate in the mobile phase results in the formation of cation
exchange sites on the surface of the RP stationary phase. Thus if the adsorption of Th or U is
based on cation exchange mechanism, then an increase in concentration of n-octane
sulphonate is expected to increase the retention. As it is seen from the Figure, the retentions
of both Th and U decrease with the increase in the concentration of the IIR in the mobile
phase. This indicates that the adsorption of Th and U on the reversed-phase is due to
hydrophobic interaction of the respective metal-mandelate complex with the C,g stationary
phase, rather than cation exchange mechanism. The decrease in retention of Th and U is due
to the competition by the hydrophobic moiety of the IIR. At concentrations higher than 0.01
M of the IR in the mobile phase, the retentions of both Th and U are not affected appreciably,
indicating that the stationary phase is almost saturated by the IIR. An increase in the

concentration of IIR in the mobile phase led to a pronounced effect on the adsorption of Th
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than that of U. This indicates a higher degree of hydrophobic character of thorium-mandelate
complex as compared to uranyl-mandelate complex. This is also corroborated by the higher
retention exhibited by Th compared to U during the pH as well as in concentration variation

experiments shown in Fig. 3.5 and Fig. 3.6, respectively.
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Figure 3.16: Retention times of Th and U as a function of concentration of n-octane
sulphonate.
Chromatographic conditions: 0.2M mandelic acid (pH 3.0); Cis (50 mm x 4.6
mm) monolith column.

3.4.3.2 Effect of Tetra-n-butyl Ammonium Bromide IIR

The experiments discussed above involving the addition of hydrophobic anion (n-
octane sulphonate) into the mobile phase, ruled out the possibility of adsorption of any
positively charged species of Th or U onto the stationary phase. But the presence of negative
charge on the adsorbed species can be identified by monitoring the change in the retention
time of the species after introducing a hydrophobic cation at different concentrations. Table
3.2 shows the data on the retention of Th and U on the RP column at different concentrations
of tetra-n-butylammonium bromide in the mobile phase. The retention time of thorium-

mandelate complex decreases steadily with the increase in concentration of IR similar to that
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observed for the hydrophobic anion IR (n-octane sulphonate). This was attributed to the
competition of hydrophobic anion for the hydrophobic stationary phase. This observation also
supports the strong hydrophobic character and charge neutrality of thorium-mandelate
complex. At 0.005 M concentration of IR, the decrease in the retention of Th was more
significant using tetra-n-butyl ammonium bromide as compared to that with n-octane
sulphonate. However, for higher concentrations of IIR (0.01 and 0.015 M), n-octane
sulphonate is observed to have a prominent effect on the retention time of Th as compared to
tetra-n-butyl ammonium bromide. The reason behind the differing pattern exhibited by the

two IIRs is not known.

On the other hand, retention of U increases with increase in concentration of the
cationic IR indicating the anionic nature of uranyl-mandelate complex. The interaction was
found to be so strong that at tetra-n-butyl ammonium bromide concentrations > 0.007M,
uranyl-mandelate could not be eluted even after 100 min using 0.2 M mandelic acid as the
eluent. The experimental data support the predictions made by Hao et al. [147] that U forms
anionic complex viz. uranyl-tris(mandelate) with mandelic acid. The experiment also clarifies
the ambiguity regarding the retention of thorium-mandelate onto the RP column. Two
possible mechanisms suggested by Hao et al.[147] for the elution of U followed by Th using
mandelic acid eluent are: (a) Th(IV) co-ordination sphere is selectively hindered by the
phenyl group of mandelic acid, so that no hydroxyl group could take part in the coordination,
which may be possible in the case of glycolic acid and HIBA. Thus Th(IV)-tetra(mandelate)
IS a neutral species and exhibits stronger retention than uranyl-tris(mandelate), which is
anionic in nature; (b) thorium mandelate complex may be associated with negative charge as
in the case of HIBA but the strong hydrophobicity of the mandelate complex overshadows the

effect of negative charge, so that the hydrophobic character of the complex is dominant.
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Hence the retention order would be dependent on the number of ligands in the complex rather

than charge on the complex.

If thorium-mandelate in solution is associated with hydroxyl group in the coordination
sphere, its retention time should increase (similar to that of uranyl complex) with increase in
concentration of cationic IIR in the mobile phase. As per data given in Table 3.2, retention of
Th decreases with increase in concentration of cationic IR suggesting the charge neutrality of
thorium mandelate complex. Hence it is the first mechanism, which is responsible for the
stronger adsorption of Th and this also explains elution of U prior to Th. This also supports
the behaviour observed for the retentions of mandelate complexes of U and Th with the

changes in the concentrations of different IIRs.

Table 3.2: Effect of concentration of tetra-n-butylammonium bromide on the retention

time of Th and U on the RP column

Concentration of tetra-n- Retention time (in minutes) for
butylammonium bromide in the
mobile phase (M) U Th

0 254+ 0.1 490+ 0.3

0.005 28.8+0.2 30.1+ 0.03

0.007 No elution* 135+ 0.2

0.010 No elution* 131+ 0.1

0.015 No elution* 125+ 0.3

0.020 No elution* 111+ 0.1

Chromatographic conditions: 0.2M mandelic acid (pH 3.0); C15 (50 mm x 4.6 mm) monolith
column.

* No elution till 200 min.
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3.4.4 Conclusions

An HPLC method was initially developed for the separation of Th and U using HIBA
as the eluent. The chromatographic parameters such as pH, concentration of eluent and MeOH
content were optimized for the efficient separation of Th and U. This method is suitable for

samples containing Th and U in similar proportions such as geological samples.

However, samples relevant to Th based nuclear fuel cycle would require determination
of trace levels of U in presence of large amounts of Th. Hence, an LC method was developed
for their separation using mandelic acid as the eluent. When mandelic acid was employed as
the eluent, the elution order was found to be U followed by Th. The distinct elution pattern
would allow reliable determination of U based on the chromatographic peak response in
samples containing large amounts of Th. Use of C;3 monolith column and Cig particulate
column offers the flexibility to adopt this method for samples with different Th/U amount
ratios; monolith column for Th/U amount ratios up to 3000 whereas particulate column could
be used for Th/U ratios up to 100000. The method is based on a standard C;g RP column and
no modification of the stationary phase is involved. Hence the proposed method is expected to

be easier to adopt and more reproducible than those involving column modifications.

Detailed studies were carried out using different IIRs to understand the mechanism of
adsorption of Th-mandelate and U-mandelate on the RP stationary phase. It was confirmed
that on the RP stationary phase, Th is retained as neutral thorium mandelate complex whereas
U is adsorbed as anionic uranyl-mandelate complex. The presence of these major species

explains the distinct elution pattern observed when mandelic acid is used as an eluent.
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Chapter 4

HPLC Methods for the
Determination of
Uranium in Seawater



4.1 Introduction

As the world’s demand for U increases, materials which contain this element in low
concentrations will have to be explored as potential sources. Seawater is thus considered as a
possible source of U[149,150]. Concentration of U, present at ppb levels, in seawater varies
with water salinity, depth, temperature etc [151]. Though concentration of U in seawater is
low, the advantages of the dissolved state and almost inexhaustible quantities of uranium in
seawater appear interesting for U recovery. Furthermore, U extracted from seawater qualifies
as a green fuel, since the process leaves no mill tailings at the recovery site and U fission in
nuclear reactor generates electrical energy without CO, emissions. Studies are being pursued
by different research groups to explore the feasibility of recovering U from seawater in an
economic way. These studies demand the availability of a method for determination of U at
different stages of pre-concentration and separation. In addition, determining the fate of U in
natural water systems including seawater is important for environmental monitoring [152].
However, U determination in seawater is a challenging task because of the high salt content,
presence of bio-fouling agents and low ppb concentrations of the analyte. A variety of
analytical techniques commonly employed for the determination of U at ppb levels are
inductively coupled plasma—mass spectrometry [153-155], inductively coupled plasma-atomic
emission spectroscopy [156], spectrophotometry [157], differential pulse polarography [158],
solid state nuclear track detector [159], X-ray fluorescence [160], laser fluorimetry[161],
radiometry[162,163] etc. Low U concentrations and large amounts of other dissolved
species in seawater necessitate chemical separation of U prior to its determination by most of
the above mentioned techniques. Commonly used separation procedures are precipitation
[153], solid phase extraction [155,158,164], liquid-liquid extraction [160,163], ion-exchange

[163], magnetic separation [165] and supercritical fluid extraction [166].
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Only a few reports are available in the literature on the use of HPLC for the
determination of U in natural water systems [123,143, 167-169].Most of these studies were
performed using spiked samples containing significantly large amounts of U added externally.
To the best of knowledge, there is no report available on the determination of U in actual
seawater by HPLC method. This Chapter describes the development of two LC methods for

the determination of U in seawater as well as processed seawater samples as given below:

1. Method using HIBA as the chelating agent for pre-concentration and determination of

uranium in seawater.

2. Method for the determination of uranium in seawater and processed seawater samples

using mandelic acid as a complexing agent.
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4.2 HPLC Method using HIBA as the Chelating Agent for Pre-concentration and

Determination of Uranium in Seawater

4.2.1 Background

A few studies are reported on the use of HIBA as the complexing agent for the liquid
chromatographic determination of uranium. Cassidy et al. used HIBA for the determination of
U in groundwater and simulated urine samples with a bonded-phase cation exchange
stationary phase [167]. Kerr et al. also used HIBA for the selective pre-concentration of U on
a reversed-phase (RP) column for U determination in groundwater samples [168]. These
authors included a dynamic cationic modifier in the mobile phase along with HIBA to
improve the peak shape during elution. Hao and Haddad studied the retention behaviour of
HIBA complexes of Th and U with an objective to understand the mechanism of their elution
pattern under reversed-phase conditions [123]. Hao et al. also compared glycolic acid, HIBA
and mandelic acid for the on-line pre-concentration of Th and U [143]and observed poor
recovery (40%)by HIBA. Subsequently, Shaw et al. reported the utilisation of chelation ion
chromatography based on 2,6-pyridinedicarboxylic acid as the chelating agent for the
determination of U in spiked seawater samples [169]. Majority of these studies were
performed using spiked samples containing significantly large amounts of U added externally

compared to the amount present in seawater.

The present work was undertaken with following objectives. The main aim was to
develop an HPLC method using HIBA for the selective pre-concentration as well as
determination of U in seawater employing the commonly used post-column reagent i.e.
Arsenazo(lll).Since this reagent is neither specific nor highly sensitive to U, optimized
conditions were developed for the separation of U from other metal ions present in seawater

as well as for its pre-concentration. The combination of HIBA as ligand and Cig as stationary
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phase satisfied the requirements of pre-concentration step [143]. Experimental parameters
were optimized for quantitative recovery and fast elution with a good peak shape for
quantification. Seawater samples were analysed by the optimized method and the results
obtained were substantiated by an independent analytical methodology viz. isotope dilution-

TIMS.

4.2.2 Experimental

4.2.2.1 Instrumentation

The HPLC system mentioned in Section 2.2.2 was used in the present study.
Rheodyne injector with 20 pL and a custom made 2.4 mL sample loops was connected to the
system. 50 mm x 4.6 mm monolith C;g column (Merck) was used as the stationary phase. An
isocratic pump with all SS contact parts (Waters Corporation) was used as the concentrator
pump for delivering the sample solution through the column. FinniganMAT-261 (Thermo
Electron) thermal ionization mass spectrometer equipped with multi-Faraday cup detection

system was employed for isotope dilution experiments.

4.2.2.2 Reagents

Milli-Q water was used for all the dissolutions and dilutions. HIBA (Lancaster) was
used as the chelating agent. Suprapure grade reagents such as HNO3, NH,OH (Merck) were
used for sample treatment. Gradient grade MeOH (Merck) was used as the organic modifier
for the mobile phase. Arsenazo (I11) (Fluka) was used as the post-column reagent. NaCl, KClI,
Mg(NO3),, Ca(NOgs)and Sr(NOs3).(Thomas Baker) were used for preparing simulated
seawater. Tributyl phosphate (TBP) and dodecane (S.D. Fine Chemicals) were used for the
solvent extraction of U. The seawater samples were received from the Desalination Division

of BARC.
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4.2.2.3 Procedure

The glass-wares used were cleaned by immersing them in 7 M HNO3 overnight and
then boiling in 3 M HNOg3. 0.5 M of HIBA was prepared in water, adjusted to the desired pH
using NH,OH and HNOgsand was filtered through 0.45 um Millipore membrane filters. Using
the salts of Na*, K*, Mg*, Ca®and Sr** simulated seawater was prepared as per the
composition given in Table 4.1. Concentration of uranium in uranyl nitrate stock solution was
determined as mentioned elsewhere employing biamperometric method [112]. 15% (v/v)
solution of TBP was prepared by mixing appropriate volumes of TBP and dodecane. The
seawater sample was acidified to pH 2-3 using HNO3; and was heated to boiling for 15
minutes. The solution was cooled to room temperature and was filtered through 0.45 pum
filters. The filtered solution was made-up to known volume and was divided into two

portions; one for HPLC analysis and the other for ID-TIMS analysis.

Table 4.1: Composition of simulated seawater sample

Element Concentration (ug g™)
Sodium 10,500
Magnesium 1350

Potassium 380

Calcium 400

Strontium 113

Ref. [170,171]
HPLC Procedure: In the portion used for HPLC experiments, 0.025 M HIBA was added and
the pH of the solution was adjusted to 6 — 7. The Cigcolumn was conditioned with 10 mL of

0.025 M HIBA solution of pH 6-7 using HPLC pump. The conditioned column was
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disconnected from the system and was connected to the concentrator pump as shown in Fig.
4.1. A known quantity (25 — 50 mL) of the treated seawater was passed through the column at
a flow rate of 1.5 mL min™. The effluents from the column were collected and weighed to
determine the exact amount of sample passed though the column. The loaded column was
then connected again with the HPLC system and washing was done with 10 mL of 0.025 M
HIBA solution of pH 6-7 to remove the salts. The adsorbed U was eluted from the column by
using (HIBA+MeOH) gradient given in Table 4.2. The experiments for determining the blank
with 0.025 M HIBA of pH 6-7 was performed before and after the sample analysis under

identical conditions. Quantification of U was based on the area of peak from chromatogram.

Pump |
{  LCcolumn |——
: 75
50
Treated sample Effluent from
solution column *

Figure 4.1: Schematic diagram of the preconcentration set-up.

Table 4.2: Optimized gradient condition for the elution of U

) ) HIBA(pH6-7) | HIBA (pH 2.5) | MeOH
Time (min)
[M] [M] (Viv)%
0.0 0.025 0 0
2.0 0.025 0 0
2.5 0.025 0.2 35
10 0.025 0.2 35

161



ID-TIMS Procedure: The fraction for ID-TIMS analysis was mixed with a known amount of
pre-calibrated ?**U spike. The mixture was treated with 8 M HNOj; and evaporated to near
dryness. The treatment with 8 M HNO3 was repeated three times to ensure proper isotopic
exchange between sample and the spike isotopes. The spiked mixture was then dried and
dissolved in 8 M HNO; to carry out the solvent extraction of U using an equal volume of 15%
TBP solution. This extraction procedure was repeated three times and the 8 M HNO3 aqueous
phase was discarded. U was stripped from the organic phase by back-extracting successively
four times with 0.01 M HNO;. The aqueous phase was collected and was evaporated to
dryness. The residue was dissolved in 1 M HNO; for loading onto the sample filament of a
double Rhenium filament assembly for TIMS analysis. The sample and the ionization
filaments were heated to temperatures corresponding to heating currents of 2.2A and 6A,
respectively. The mean value of **U/?*®U atom ratio was determined by taking run summary

from three blocks, each block consisting of 10 to 12 scans.
4.2.3 Results and Discussion

HIBA was selected for the pre-concentration of U since previous studies had shown
showed that uranyl-HIBA complex exhibits strong retention on RP column due to the
hydrophobic nature of this complex [109]. A monolith column was selected for the present

study as it offers the advantage of low back-pressure and fast separation.
4.2.3.1 Optimization of Parameters for U Pre-concentration

Uranyl ion is known to form various complexes with HIBA such as UO,(HIBA)™;
UO,(HIBA),; UO,(HIBA);s etc. It is reported that the composition of the different complex
species changes as a function of concentration of HIBA and pH of the medium[123]. Though

the influence of concentration of HIBA on the retention of U was studied earlier with an
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objective of separation, now the aim is its quantitative recovery. The effect of concentration of
HIBA on the retention of U was studied at a pH of 3 and the results are shown in Fig.4.2. It is
seen that the retention of U decreases with the increase in concentration of HIBA in the
mobile phase. Since the retention of U is significant even at 0.5MHIBA, this concentration

was selected for studying the effect of pH.
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Figure 4.2:  Effect of concentration HIBA on the retention of U.
Chromatographic conditions: C;g (50 mm x 4.6 mm) monolith column; mobile
phase: HIBA of pH 3.0.
It is well established that uranyl ion forms stable complex with HIBA in the pH range
2 to 8 with a complex formation constant value of 6.6 (log p3) at pH 4.0 for UO,(HIBA)3
[172]. In the pH range 2 to 4, HIBA shows dominant bidentate coordination via oxygen atoms
of carboxylic acid group and at pH> 5 an enhancement of chelation occurs due to the
involvement of —OH group of the ligand in the complexation. Therefore, we performed the
studies by varying the pH of HIBA between 2 to 6. Figure 4.3 shows the effect of pH of the
mobile phase on the retention of U. In this Fig., retention time of U is compared with that of

La since the latter does not form any hydrophobic complex with HIBA. It is seen that increase

in pH increases the retention of U significantly whereas there is no effect on La. When pH 6
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HIBA was used, U could not be eluted even with a mobile phase solution equal to 80 times
the column volume. This was attributed to (i) the hydrophobic nature of the uranyl-HIBA
complex and (ii) the increased complexation of U due to increased fraction of ionized HIBA

at higher pH.
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Figure 4.3:  Effect of pH of HIBA on the retention of U and La.
Chromatographic conditions: 0.5 M HIBA; other conditions same as in Figure
4.2.

These studies demonstrate that U can be pre-concentrated on the RP column with
HIBA at high pH of 6 to 7 and can be eluted using HIBA at pH 2.5.At low pH, U exists as

uranyl ion (UO,**) and would have no preference for the RP column.

4.2.3.2 Optimization of Parameters for U Separation

Figure 4.4 (a) shows the chromatogram obtained for injection of 20 puL of aqueous
solution containing 10 ppm of U. Elution was carried out isocratically using 0.2 M HIBA of
pH 2.5. The chromatogram shows two closely eluting peaks. The peak height of the second
peak decreased with sample dilution with no effect on the first peak which was found to

depend on the volume of the condition solution passed and sample solution injected. Thus the
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second peak was identified to be that of U. The first peak was also seen during the blank
experiments and probably corresponds to the elution of HIBA sorbed onto the stationary
phase during conditioning, loading and washing stages. Since the two peaks were eluting

quite closely, studies were performed to improve the resolution between the two peaks.
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Figure 4.4(a): Chromatogram of isocratic separation of U.
Chromatographic conditions: 0.2 M HIBA of pH 2.5;injected 10 ug g of U
through 20 uL loop, other conditions same as in Fig.4.2.
It was observed during previous studies that the peak shape and the response of U peak
improve with the increase in the methanol content in the mobile phase (Section 3.2.3.3).
Hence, a concentration gradient of methanol and HIBA as given in Table 4.2 was selected for

the separation of U. Figure 4.4 (b) shows the chromatographic separation of U under

optimized gradient conditions.
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Figure 4.4(b): Separation of U under the optimized gradient condition.
Chromatographic conditions: mobile phase as per Table 4.2; other
conditions same as in Fig. 4.4 (a).

4.2.3.3 Pre-concentration Studies

Since a larger volume of the seawater sample needs to be injected for pre-
concentration of U, efforts were made to introduce the sample into the column using one of
the inlets of quaternary gradient pump. This has the advantage of accurate sample delivery
and ease of operation by programming all the steps to be executed in sequence. However, no
elution peak for U could be seen using this procedure. A detailed examination revealed that
during sample loading step, U gets adsorbed onto the walls of PTFE tubing used as solvent
inlets and, therefore, does not reach the RP column. This was checked by flushing the inlet
tubing with pH 2.5HIBA as shown in Fig. 4.5.This is in sharp contrast to a report published in
literature which employed the hydrophobic interaction of uranyl complexes as basis of
enrichment [123]. This approach resulted in significant loss of U (> 80% for 50 mL solution

with 100 ppb of U) during the on-line pre-concentration.
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Figure 4.5: Chromatogram of elution of U adsorbed onto the PTFE tubing.
Loading condition: 50 mL of 100 ppb U in 0.025 M HIBA passed through the
PTFE tubing; Elution condition: 0.2 M HIBA of pH 2.5.

To overcome the poor recovery problem, 20uL loop of the Rheodyne injector was
replaced with a custom-made 2.4 mL loop. Initially, the sample solution was repeatedly
injected manually onto the column with intermediate flushing with conditioning solution and
elution with the (HIBA + MeOH) gradient. Though the method offered linear response for
aqueous samples with U amounts ranging from 10 ppb to 1000 ppb, it was abandoned for
further studies due to the fact that multiple injection procedure is laborious. In addition,
injection loop needs to be flushed with sample solution of at least 3 times the loop volume to
ensure reproducible results [173]. In view of the consumption of large volume of sample and
the difficulty associated with the manual injection, multiple manual injections was not

followed.

A high-pressure pump with all stainless tubing connection was, therefore, used as a
concentrator pump for delivering the sample into the column. Sample was prepared in

0.025M HIBA and a definite quantity of the sample was fed through the column after
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adjusting the pH to 6-7. The effluent from the column was collected and weighed to
determine the actual amount of the sample solution passed through the column. The column is
then connected to the HPLC system for U separation. Under the optimized conditions, most of
the interfering metal ions (10 ppm of each of V, Ni, Ti, Mo) were not retained on the column.
The separation of U was then carried out using (MeOH + pH 2.5HIBA) gradient and the
chromatographic run was completed in 6 min. This arrangement was found to give

satisfactory recovery of U.
4.2.3.4 Studies with Simulated Samples

Simulated seawater sample containing 10 ppb of U was prepared and 50 mL of this
solution was fed to the column at different flow rates. The effect of sample loading flow rate
on the recovery was studied by loading at 0.5mL min™ to 2.5 mL min™. Figure 4.6 shows the
effect of flow rate on the recovery of U by the RP column. It is seen that recovery of U
remains independent of flow rate in the range 0.5 to 1.5mL min™and at higher flow rates there
was a steady loss on the amount of U retained by the column. Hence, a flow rate of 1.5mL
min™ was chosen for carrying out the sample loading studies. Recovery of U was found to be
94+5% for 50 mL of 5 ppb of U in simulated seawater sample. Linearity studies were carried
out using simulated seawater sample. 50 mL of solutions containing U in the range 1 to 50
ppb were analysed by the developed procedure. Figure 4.7 shows the linearity observed for
the peak area response as a function of U concentration from 1 to 30 ppb and the regression
coefficient (R?) obtained was 0.998. Detection limit of U in simulated seawater was found to
be 0.2 ppb employing 100 mL of sample with a S/N ratio of 3 [174]. Intra-day precision of the
developed method was evaluated by analyzing ten replicates of simulated seawater sample

containing 10 ppb of U and was found to be 7%.
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Figure 4.6: Recovery of U as function of loading flow rate.
Chromatographic conditions: 50 mL of 10 ppb U in simulated seawater solution
containing 0.025 M HIBA and pH 6 — 7 was passed through the pre-conditioned
50 mm x 4.6 mm column. After washing with 10 mL of 0.025 M HIBA, elution
was carried out as per the conditions given in Table 4.2.
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Figure 4.7: Peak area of U as function of its concentration in simulated seawater.
Chromatographic conditions: Sample passed through the column at 1.5mL min™.
Other conditions same as in Figure 4.6.

4.2.3.5 Analysis of Seawater Samples

In seawater U exists in the hexavalent state and anionic uranyl-carbonato complexes,

[UO,(COs),]* and [UO,(COs)s]*govern the chemical behavior of U in solution under
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seawater conditions [175]. Acidification of seawater samples results in the destabilization of
the carbonato species and the formation of uranyl-hydroxo or uranyl-aquo complexes. Hence
the seawater samples were acidified with HNO; to pH 2-3 and boiled for 15 min to ensure
complete dissociation of the carbonato complexes. pH of the treated samples was then
adjusted to 6 — 7 and the HPLC analysis was performed as per the procedure discussed above.
25-50 mL of this treated sample was used for pre-concentration. Three seawater samples were
analysed for U concentration by the above developed method. In the case of the samples
obtained after the concentration of seawater by Reverse Osmosis (RO1 & RO2), the samples
were diluted to twice the original volume to take care of the excessive salt content of the
solution. Figure 4.8 shows the chromatogram obtained for one of the seawater samples. The
concentration of U in seawater was determined by standard addition method in HPLC. The
results obtained by HPLC and ID-TIMS are given in Table 4.3. ID-TIMS method was applied
only to three seawater samples viz. SW-1, SW-2 and SW-3. It is seen that within the

measurement uncertainty, the results compare well between the two methods.
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Figure 4.8: Chromatogram obtained for a seawater sample.
Chromatographic conditions: same as in Fig. 4.7.
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Table 4.3:  Concentration of U in seawater determined by HPLC and ID-TIMS

sample code U Concentration (ng g™)
HPLC* ID-TIMS"
SW-1 3.2+ 9% 3.4+7%
SW-2 3.4+5% 3.2+6%
SW-3 13.0+ 7% 12.2 + 5%
RO-1 53+2% -
RO-2 4.5+ 3% -

Chromatographic conditions: same as given in Figure4.7.
*Concentration determined by standard addition method.

*Mean of three determinations.

Thus the method based on the chelation of U by HIBA at pH 6-7 and its preferential

adsorption on a RP column offers a simple approach for the quantitative preconcentration of

U in seawater. A gradient of 2.5 pH HIBA and MeOH was used for elution of adsorbed U

from the column. No interference was observed from other metal ions viz. V, Ni, Ti and Mo.
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4.3 Liquid Chromatographic Method for the Determination of Uranium in Seawater

and Process Samples using Mandelic Acid as a Complexing Agent

4.3.1 Background

As discussed earlier, recovery of U from seawater is proposed as an option for
increasing its availability to meet the future energy requirements. Hence recovery of uranium
from seawater has gained importance in recent years and different processes are in the
development stage for recovering U in an economic way [176,177]. This requires
methodologies to determine U at different stages of recovery process as well as in the starting

material.

Section 4.2 described about the development of an LC method for U determination in
seawater using HIBA as a chelating agent [178]. This method required the use of HIBA of pH
6-7 for the effective pre-concentration of U onto the RP column. However, when determining
U in processed samples containing high levels of Fe, this method was found to be unsuitable
due to the clogging of the pre-concentration column by the precipitate formed in the feed
solution. Process samples were collected from various stages of uranium recovery from
seawater. Stripping of U from various organic based adsorbents previously immersed in sea
was carried out in a vessel in 1-2 M HCI medium. The elute contains vanadium (0.06-0.8
pg/mL) and U (0.09-0.9 png/mL) along with Fe [179]. The source of Fe could be due to the
leaching from the steel vessels used for the acidic stripping of U in the recovery step. It is
also reported that RP based methods lose the resolution capacity in the presence of a high
concentration of Fe (I11) and thus separation of uranium is affected [169]. Previously reported
methods were found unsuitable for adoption of processed samples due to the presence of large
amounts of Fe, inadequate detection limits, and the difficulty in adapting to RP based systems.

The objectives of the work presented in this Section are (i) good separation between U and Fe
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(1) so that accurate determination of U based on its chromatographic peak area is achievable,
(ii) possibility to introduce the samples at pH < 4.0 so that formation of turbidity is avoided,

and (iii) offer quantitative recovery of U during the pre-concentration procedure.

Use of mandelic acid as a chelating agent for U was explored for the determination of
U in seawater and processed samples. Though both HIBA and mandelic acid are
hydroxycarboxylic acids, latter being more hydrophobic offers stronger retentions for U
complex on the RP stationary phase and thus provides better recovery of U at relatively lower
pH which is essential to minimize the hydrolysis of F(I11). The developed methodology was
found to offer good recovery of U. This method was validated by comparing the values with

those obtained from isotope dilution—thermal ionisation mass spectrometry.

4.3.2 Experimental

4.3.2.1 Instrumentation

The HPLC system mentioned in Section 2.2.2 was used in the present study. Pre-
concentration set-up and the thermal ionisation mass spectrometer used in the present study
are already mentioned in Section 4.2.2.1. Rheodyne injector with 100 pL sample loops was
used with the HPLC system. Monolith C13 columns(Merck) with dimensions 50 mm x 4.6 mm
and 100 mm x 4.6 mm and a Cjg particulate RP column (150mm x 4.6mm, 5 um; Merck)were

used as the stationary phases.

4.3.2.2 Reagents

Milli-Q water was used for all the dissolutions and dilutions. HIBA (Lancaster) and
mandelic acid (Merck) were used as the chelating agents. Tetrabutylammonium bromide
(Fluka) was used as the ion interaction reagent. Other reagents such as HNO3;, NH,OH were

used for sample treatment and MeOH was used as the organic modifier for the mobile phase.
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NaCl, KCI, MgCl,, Ca(NO3), and SrCl, (Thomas Baker) were used for preparing simulated
seawater. U stock solution was prepared from uranyl nitrate after the standardization
procedure mentioned elsewhere [112]. ?**U was used as the spike for the isotope dilution
method. Uranium and Tetravalent Actinides - UTEVA resin (Eichrom Technologies Inc.) was
used for the purification of U for the mass spectrometric analysis. The seawater samples and

process samples were received from the Desalination Division of BARC.
4.3.2.3 Procedure

The procedure for preconcentration of U in seawater was almost similar to that
reported in Section 4.2.2.3. Appropriate quantities of HIBA and mandelic acid were dissolved
in water to prepare 0.5 M solutions. Different solutions were adjusted to the desired pH using
NH4OH and HNOsand were filtered through 0.45 um Millipore membrane filters. Simulated
seawater was prepared as per Section 4.2.2.3. The seawater and processed water samples were
treated and filtered as mentioned in Section 4.2.2.3. The filtered solution was made-up to
known volume and was divided into two portions; one for HPLC analysis and the other for

ID-TIMS analysis.

HPLC Procedure:0.075 M mandelic acid was added to the treated sample and the pH of the
solution was adjusted to 4.0. The different steps involved in the HPLC analysis are
summarized in Table 4.4. Blank was determined with 0.075 M mandelic acid of pH 4.0
before and after the sample analysis under identical conditions. Quantification of U was based

on the area of peak from the chromatogram.
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Table 4.4: Sequence of operations involved in the HPLC analysis of seawater/processed

samples
) ] Flow Volume
Step Mobile phase Stationary phase rate . Remark
(mL/min) (MY
. Column
Conditioning 0.075 M mandelic 1100 mm x 4.6 mm Cyq 1 10 connected to
acid of pH 4.0 monolith column
HPLC pump
Sample prepared in Column
Loading 0.075 M mandelic 1O(r)nr<;]nngl)i(tr? fommr?m 1-7 5-30 | connected to
acid and pH 4.0 S.S. pump
. Column
Washing 0.075 M mandelic |100 mm X 46 mmCyg 1 10 connected to
acid of pH 4.0 monolith column
HPLC system
100 mm x 4.6 mm Cyg
monolith column and Column
Elution Gradient as given in {150 mm X 4.6 mm Cqg 1 20 connected to
Table 4.5 particulate column
- L HPLC system
connected in series, in
the same direction

ID-TIMS Procedure: The fraction for mass spectrometric analysis was mixed with a known
amount of pre-calibrated ***U spike followed by treatment with 8 M HNO; as mentioned in
Section 4.2.2.3. Purification of the U fraction was carried out using UTEVA resin as per the
reported procedure [180]. The spiked mixture was evaporated, dissolved in 3 M HNO3; and
loaded onto UTEVA resin taken in a glass column (4 mm ID). Washing of the matrix
elements was carried out with 3 M HNOg;. Finally, U was eluted by 0.05 M ammonium
oxalate solution. The eluate was evaporated to dryness and the residue was dissolved in 1 M
HNO; for loading onto the sample filament of a double rhenium filament assembly for TIMS
analysis. The sample and the ionization filaments were heated to temperatures corresponding
to heating currents of 2.2A and 6A, respectively. The mean value of 2*U/*®U atom ratio was

determined by taking run summary from three blocks, each block consisting of 10-12 scans.
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4.3.3 Results and Discussion

The possible interferences of matrix elements are iron and vanadium in process
samples. It has been shown in the previous part of this Chapter that vanadium does not
interfere under the RP conditions employing hydroxycarboxylic acids as eluent and hence it
was not considered in the present study. Matrix elements in seawater such as Na, K, Mg, Ca
and Sr do not retain under present RP-conditions. Though Arsenazo(lll) is a chromogenic
reagent specific for lanthanides and actinides, many other elements including Fe are also
known to form coloured complexes with it, albeit with less molar absorbtivity[181]. It was
found that the molar absorbtivity of Fe(l11)-Arsenazo(I1l) was 446 M™* dm® cm™ at 650 nm,

at which U elution was monitored.
4.3.3.1 Fe and U Separation study
4.3.3.1.1 Separation of Fe and U on a Modified RP Column

One of the outcomes of the studies presented in Chapter 3 is that the predominant
species responsible for the retention of uranyl-mandelate is anionic in nature and its
adsorption onto the RP stationary phase increases in presence of a cationic ion interaction
reagent (IIR) [182]. No information was available on the retention behaviour of Fe under the
similar conditions. Hence retention of Fe and U were compared on a RP column dynamically
modified with tetrabutylammonium bromide as the IIR. Figure 4.9 shows the changes in the
retention time of Fe and U as a function of concentration of 1IR in the mobile phase. It is seen
that the presence of 1IR does not influence the retention of Fe and a fairly long retention (~ 23
min) is observed. It can be seen from the Figure that the separation between Fe and U is
sufficiently high at IIR concentration of 0.02M. However, from practical point of view, it will
not be attractive to use a cationically modified column for pre-concentration purpose, as

separation takes a very long time and peak shape is broad. Nevertheless, this study
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demonstrated that the kind of interaction of Fe and U with the RP stationary phase is different
and thus it was decided to study the effect of concentration of mandelic acid and MeOH

content on the retention of Fe and U.
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Figure 4.9: Effect of concentration of tetrabutylammonium bromide on the retention of Fe
and U.
Chromatographic conditions: C1g(50 mm x 4.6 mm) monolith column; 0.2 M
mandelic acid (pH 2.5).

4.3.3.1.2 Effect of Concentration of Mandelic Acid on the Retention of Fe and U
Figure 4.10 shows the effect of concentration of mandelic acid in the mobile phase

(pH 2.5) on the retention of Fe and U using a 5 cm RP column. During this study 20% MeOH
(v/v) was included in the mobile phase. Retention of both Fe and U show similar pattern with
the change in the mandelic acid concentration in the mobile phase. In the absence of mandelic
acid, both the ions elute out in the solvent front. As the concentration of mandelic acid is
increased from 0 to 0.1 M, the adsorption of both the ions increases due to the formation of
hydrophobic mandelate complex. However, as the concentration of mandelic acid is increased
further, the competition for the stationary phase from the undissociated mandelic acid

molecules (due to pH 2.5) becomes significant and retention of both the ions decreases. Thus
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0.1 M mandelic acid was used in the mobile phase for further separation studies as it offers a

good degree of resolution between Fe and U.
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Figure 4.10: Effect of concentration of mandelic acid on the retention of Fe and U.
Chromatographic conditions: 20% (v/v) MeOH; other conditions same as in

Fig. 4.9.

4.3.3.1.3 Effect of Methanol Content on the Retention of Fe and U
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Figure 4.11: Effect of methanol content on the retention of Fe and U.
Chromatographic conditions:0.1 M mandelic acid; rest of the conditions same

as in Fig. 4.9.
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Figure 4.11 shows the effect of retention of Fe and U on a RP column as a function of
MeOH % (v/v) in the mobile phase. 0.1 M mandelic acid of pH 2.5 was used as eluent. With
the increase in MeOH content in the mobile phase retention of both Fe and U decreases, with
a drastic reduction in the retention time of U. These studies suggests that the use of a gradient
system consisting of gradually increasing mandelic acid (pH 2.5) concentration and then a
midway increase in MeOH content should be appropriate for improving the peak shape of U
and also for improving its separation from Fe (I11). The gradient conditions thus optimised for
the separation of U employing a C;g column are given in Table 4.5. In view of increasing the
separation of U peak from Fe peak and also to maximize the Fe loading, a particulate column

was coupled with the monolith column while carrying out the analytical separation.

Table 4.5: Optimised gradient condition for the separation of U

Time pH 4.0 n_1andeI|c pH 2.5 n_1andeI|c % MeOH
(min) acid acid (VIv)
[M] [M]
0 0.075 0 0
3 0 0.18 15
19 0 0.18 35

Stationary phase: combination of 100 mm x 4.6 mm monolith C1g column and 150 mm x 4.6
mm Cyg particulate column.

4.3.3.2 Preconcentration Study

Since the present method employs mandelic acid which forms complexes with uranyl
ion with greater degrees of hydrophobicity as compared to those formed with HIBA,
operating parameters such as pH of mobile phase, concentration of chelating agent, sample-
loading flow rate, volume of the sample solution and trace metal elution etc. needed
optimization. As the SS pump used for the sample loading did not have a timer-control, the
volume of the sample solution passed through the pre-concentrator was determined by
weighing the effluent. First of all, selection of suitable elution conditions was required to

evaluate the effect of all the parameters affecting the recovery of U by the C1g column.
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4.3.3.2.1 Suitability of Eluent

It was reported by Hao et al. that mandelic acid is not a suitable ligand for the elution
of U from a C;5 column because of the very poor chromatographic efficiency [143]. Therefore,
a ligand exchange approach by incorporating HIBA as the eluting ligand for the separation
step was used in their work. Retention time of U on a 100 mm X 4.6 mm monolith Cig
column was determined employing different eluents such as 0.2 MHIBA (pH 2.5), 0.2 M
mandelic acid (pH 2.5), MeOH (20 v/v%) and combinations of (mandelic acid + MeOH) and
(HIBA + MeOH). Table 4.6 shows a comparison of the retention time of U on the monolith
RP column by employing different mobile phases. Retention time of U was found to be 4.4
and 22.4 min using HIBA and mandelic acid (both 0.2 M and pH 2.5), respectively. Eluents
containing HIBA show better efficiency than that containing mandelic acid due to the higher
thermodynamic stabilities and the faster kinetics of the HIBA complexes. However, the
presence of MeOH in the mandelic acid eluent drastically reduces the retention time of U
(also seen in Fig. 4.11) and can become comparable to that obtained with HIBA. It was also
seen that when only MeOH was used in the mobile phase, no elution occurred till 35 min,

indicating that MeOH alone is not an efficient eluent for U.

Table 4.6: Comparison of elution of U from RP column using different eluents

Mobile phase Retention time of U (min)
0.2 M HIBA of pH 2.5 + 20 (v/v)% MeOH 1.98£0.01
f\)/'lio|\|{|| mandelic acid of pH 2.5 + 20 (V/V)% 276 + 0.06
0.2 M HIBA of pH 2.5 4.37 £0.05
0.2 M mandelic acid of pH 2.5 22.44 +0.09
20 (v/v)% MeOH No elution till 35 min

Stationary phase: 100 mm x 4.6 mm monolith C15 column.
Hence the combination of mandelic acid and MeOH is advantageous for efficient

elution apart from its ability to provide good separation between Fe and U. This implies that
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the use of ligand exchange is not essential and the use of HIBA was, therefore, not explored
for the separation of Fe and U. MeOH included in the mobile phase during the elution stage
also improves the peak shape of U and thus increases its sensitivity. Thus, combination of
mandelic acid (pH 2.5) and MeOH was used as the eluent for optimizing parameters
influencing the pre-concentration of U. These studies were carried out using U solution

prepared in simulated seawater.

4.3.3.2.2 Effect of Concentration of Mandelic Acid on the Recovery of U

Figure 4.12 shows the peak area (per gm of U solution passed through the concentrator
column) as a function of mandelic acid used for the loading of U onto concentrator column.
Mandelic acid of pH 6.0 was used in this study as at pH > 6.0, HIBA showed highest recovery
of U. Concentrator column conditioning, loading, and washing were carried out with
mandelic acid of the given concentration. Elution was carried out by using the combination of
mandelic acid (pH 2.5) and MeOH. The recovery was found to be satisfactory when mandelic
acid concentration was > 0.05M. Thus 0.075 M of mandelic acid was chosen for carrying out

further pre-concentration studies.
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Figure 4.12: Effect of concentration of mandelic acid on the recovery of U.
Chromatographic conditions:10 mL of 75 ppb U prepared in simulated
seawater containing given concentration of mandelic acid was passed through
the concentrator column during loading step.
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4.3.3.2.3 Effect of pH of Mandelic Acid on the Recovery of U

The effect of pH of the conditioning and loading solutions on the recovery of U by the
RP column is shown in Fig. 4.13. The study was carried out employing 50 mm x 4.6 mm
monolith column. The column conditioning, U loading and washing were carried out using
10 mL of 0.075 M mandelic acid of a given pH in the range 2 — 6. When pH of the solution
was < 4, U was removed from the column during the washing stage itself. Good recovery was
obtained with mandelic acid solutions of pH 4 - 6. The increased dissociation of mandelic
acid at higher pH levels helps in stronger complexation and thus the retention increases. The
strong hydrophobic nature of mandelic acid complex enables the better retention and hence
recovery at relatively lower pH as compared to HIBA. Thus pH 4.0 was chosen for carrying
out further studies. Lower pH is preferred as it would minimize the hydrolysis of other metal
ions present in processed seawater samples and prevent the formation of turbidity. Though it
is a practice to include a small percentage of MeOH(1-5%) in the loading solution to wet the
surface of the RP concentrator, it was not followed in the present study since the presence of

MeOH adversely affects the breakthrough volume of uranyl-mandelate.
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Figure 4.13: Effect of pH of mandelic acid on the recovery of U.
Chromatographic conditions:10 mL of 0.075 M mandelic acid of a given pH
was used for conditioning, sample loading and washing of the concentrator
column; 15 ppb U prepared in simulated seawater containing 0.075 M mandelic
acid was passed through the concentrator column at a flow rate of 1 mL/min.

182



4.3.3.2.4 Effect of Amount of the Sample Solution

This study was carried out to determine the maximum amount (volume) of the sample
solution that can be passed through the column without affecting the quantitative recovery of
U. This study was initially carried out employing a 50 mm x 4.6 mm column as the
concentrator. The previously conditioned column was connected to the off-line pump and
different volumes of simulated seawater containing U were passed through the column. The
column was then subjected to washing followed by elution as discussed previously. The
shape and area of U peak were examined over a range of 1 mL to 100 mL of simulated
seawater containing 10 ppb of U at a flow rate of 1 mL/min. Though a linear relationship was
observed between the U peak area and the loading volume up to 100 mL, it was found that the
peak showed considerable broadening for volumes > 50mL. For example, the peak width was
1.6 min for 50 mL and was increased to 4.2 min for 100 mL. This observation indicates that
though the concentrator column quantitatively retains U within the volume range studied,
there is a definite spreading of the analyte taking place due to the self-elution by the
loading/washing solution. This can have two deleterious effects: (i) restricting the detection
limit of the method as low-level concentration of the analyte would demand the passage of a
large volume of the samples, and (ii) probability for interference in view of the excessive
broadening. Hence, it was decided to use a monolith column of larger dimension (100 mm X
4.6 mm) for pre-concentration and to introduce a particulate column for carrying out the
separation. Table 4.7 shows the comparison of the U peak area as well as peak width obtained
for the passage of different amounts of U solution through the two different concentrator
columns. It is seen that the peak area obtained using the combination of 100 mm x 4.6 mm
monolith column for the concentration and 150 mm x 4.6 mm particulate column for the

separation yielded better peak shape and a linear response was obtained for the sample
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solution amount up to 200 mL. This also indicates that in the case of 100 mm x 4.6 mm

monolith concentrator, breakthrough volume for uranyl-mandelate is greater than 200 mL.

Table 4.7: Comparison of the data on the response of U using two different stationary

phases for concentration and separation

50 mm x 4.6 mm monolith column as 100 mm x 4.6 mm monolith column as
concentrator column and 100 mm x 4.6 concentrator column and 150 mm x 4.6
mm monolith as separation column mm particulate as separation column
Amount of Peak Peak | Amount Peak Peak
solution Area/gm | width | of solution Area/gm | width

area . area .
(gm) (min) (gm) (min)

1.0045 68784 68476 1.3 0.9677 66792 69021 1.5

4.895 326409 66682 1.3 5.1083 330982 64793 1.6

25.0589 | 1676809 | 66915 1.5 25.098 | 1653834 | 65895 1.6

53.1483 | 3358753 | 63196 1.8 49.0583 | 3123911 | 63678 1.7

100.072 | 6189352 | 61849 4.3 94911 |6360941 | 67020 1.9

- - - - 203.86 | 1.4E+07 68033 2.3

Average area/gm 65424+4% Average area/gm 66407+3%

Concentration of U: 10 ppb in simulated seawater solution.
Elution conditions as per Table 4.5.

In most of the reported methods, elution of the analyte from the concentrator is done
by back flushing i.e. the sample loading is carried out in one direction and the elution is
performed in the opposite direction [143,168]. It was decided to examine whether the back
flushing of uranium-mandelate from the concentrator column helps in improving the peak
shape. Chromatograms were recorded using a 50 mm x 4.6 mm monolith column as the
concentrator and a 100 mm x 4.6 mm monolith as the analytical column. The pre-conditioned
column was loaded with 50 mL of 5 ppb U prepared in simulated seawater containing 0.075
M mandelic acid and pH 4.0. In the first set of experiments, sample loading, column washing
(10 mL) and elution were performed in the same direction of the flow. Figure 4.14(a) shows
the chromatogram obtained under the forward flush conditions. Figure 4.14(b) shows the

chromatogram obtained by carrying out the experiment in the same way except the elution
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was carried out in the opposite direction of the sample loading. As is seen, forward flushing
yields sharper peaks as compared to back flushing and hence this configuration of
concentrator and analytical columns was used for further studies. Comparison of retention
time and peak shape of chromatograms (a) and (b) indicates that the diffusion of the analyte
band must be occurring to a certain extent within the concentrator during the sample loading

and washing stages for the entire range of injection volume studied.
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Figures 4.14: Chromatograms obtained by the elution of concentrator column (a) in the
forward and (b) in the reverse directions.
Chromatographic conditions: concentrator column 50 mm x 4.6 mm monolith
column and 100 mm x 4.6 mm monolith as analytical column. Conditioning
and washing of the column with 0.075 M mandelic acid pH 4.0; loaded 50 gm
of 5 ppb U prepared in simulated seawater containing 0.075 M mandelic acid
and pH 4; elution as per the gradient in Table 4.5.

4.3.3.2.5 Effect of Sample Loading Flow Rate on the Recovery of U

A 100 mm x 4.6 mm C;3 monolith column was used for carrying out pre-concentration
whereas a combination of this monolith column and a 150 mm x 4.6 mm C,3 particulate
column was used for the separation of the retained species. Due to its high porosity, monolith
column offered the advantage of low pressure operation even at high sample loading flow

rates (< 90 bar at 7 mL/min). Use of particulate column with its high capacity ensured good
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separation between U and Fe even when the latter is present at a higher proportion. Thus the
use of monolith column in combination with particulate column shortens the overall analysis
time, ensures the complete transfer of analytes to the separating column and better efficiency
for separation. The conditioned monolith column was connected to pre-concentration pump.
Approximately 10 mL of uranyl solution (5 ppb) prepared in simulated seawater containing
0.075 M of mandelic acid and pH adjusted to 4.0 was passed through the column at different
flow rates in the range 0.5 mL/min to 7.7 mL/min. After the loading process, washing and
elution of the column was done as described previously. Uranyl peak area/gm of sample
solution passed was determined as a function of flow rate of the loading solution. Figure 4.15
shows the response of uranyl peak area/gm of sample solution passed as a function of flow
rate of the loading solution. It is seen that the sample loading flow rate does not affect the
retention of uranyl-mandelate on the stationary phase up to 7.7 mL/min, which was the
maximum flow rate possible with the concentration pump. The combination of C;g monolith
column with high permeability as a concentrator and mandelic acid as a ligand forming strong
hydrophobic complex with U resulted in a pre-concentration system offering flexibility of

sample loading rate depending upon the concentration and volume of the sample solution.
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Figure 4.15: Effect sample loading flow rate on the recovery of U.
Chromatographic conditions:100 mm x 4.6 mm monolith column was used as
concentrator column, a combination the monolith column and 150 mm x 4.6 mm
particulate column was used for the separation. Other conditions same as Fig.
4.14.

4.3.3.3 Linearity and Reproducibility of the Method

The method optimised for the determination of U in seawater and processed samples
based on the above set of experiments is summarized in Table 4.4. Linearity of the method
with respect to the concentration of uranyl solution was examined by loading 10-25 mL of
simulated seawater samples containing uranyl ion in the concentration range 0.5 ppb to 1000
ppb at a flow rate of 3 mL/min. Rest of the procedure was same as described in Table 4.4.
Figure 4.16 shows the U peak area per gm of the simulated seawater solution passed through
the concentrator column as a function of concentration of U in the sample solution. A linear
relationship between the peak area/gm of sample solution for U concentration was observed
from 0.5 ppb to 500 ppb with a regression coefficient r=0.999. However, the response was
saturated at concentrations above 500 ppb of U. Simulated seawater solution containing 5 ppb

of U was repeatedly analysed (n=12) as per the above method over a period of two days and
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the reproducibility (%RSD) on the U peak area/gm of sample solution was found to be 3.6%.
The detection limit of the method was found to be 0.2 ppb of U using 30 mL of simulated

seawater passed through the pre-concentrator and considering the S/N of 3.
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Figure 4.16: Peak area/gm of U as function of its concentration in simulated seawater.
Chromatographic conditions as per the Table 4.4.

The quantitative recovery of U by the optimized method was also verified. 100 ppb of
U solution prepared in simulated seawater solution was injected directly through the 100 pL
loop connected to the Rheodyne injector and the chromatogram was recorded by running the
elution gradient. Subsequently, multiple injections were given through the same 100 pL loop
before carrying out the elution. Later on the conditioned concentrator column was mounted
onto the pre-concentration pump and known amounts of uranyl solutions were passed through
the column followed by washing as mentioned previously. The loaded pre-concentrator
column was then connected to the HPLC system and elution was performed. The area/mL
obtained for the U peak under different injection/loading conditions are compared in Table 4.8.

It is seen that the method offers quantitative recovery for U from simulated seawater solution.
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Table 4.8: Comparison of peak area/mL obtained for U under different injection/loading

conditions
Mode of Saf"p'e Injected Peak area | Area/mL
introduction volume

100 pL 64890 648900

. L . 2x 100 pL 129038 645190
Direct injection using

Rheodyne

5x 100 pL 320517 641034

15 x 100 pL 965698 643799

3.8 mL 2453576 645678

Off-line pre-concentration
pump

7.9 mL 5134080 649884

16.0 mL 10532784 658299

Concentration of U: 100 ppb in simulated seawater solution.
Elution condition as per Table 4.5.

4.3.3.4 Effect of Fe on the Recovery of U

One of the objectives of this work was to determine U in processed samples containing
larger proportions of Fe. Thus studies were carried out to find out the effect on
recovery/quantification of U by including varying proportions of Fe and U in the simulated
seawater containing 0.075 M mandelic acid and pH 4.0. Fe to U amount ratio in the simulated
sample was varied from 0 to 3000. The concentration of U was maintained at 10 ppb in all the
cases and about 10 mL of the sample solution was passed through the column. The column
conditioning, washing and elution were performed as described previously. Figure 4.17
shows the chromatogram showing the separation of a simulated seawater sample containing
Fe and U in the proportion 3000:1. It is seen that U peak area is not affected by the presence
of Fe in the sample up to a Fe/U amount ratio of 3000. Further, there was enough time

difference (~ 1 min) between Fe and U peaks to assure the unbiased determination of U.
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Figure 4.17: Chromatogram of a simulated seawater sample containing Fe and U in the
proportion 1:3000.

Chromatographic conditions: concentrator column: 50 mm x 4.6 mm, rest of the
conditions same as in Table 4.4.

4.3.3.5 Analysis of Seawater Samples

The treated seawater samples were mixed with the required quantity of mandelic acid
and pH of the solution was adjusted to 4.0. The HPLC analysis was performed as per the
procedure discussed in Table 4.4. Two seawater samples (SW) and two processed samples
(PSW) were analysed for U concentration by the developed method. The processed sample
was 40 times diluted before passing through the concentrator column. Figures 4.18 (a) and (b)
show the typical chromatograms obtained for the seawater sample and processed sample,
respectively. As it is seen, U peak is well separated from Fe peak in the case of process
sample. Concentration of U in seawater was determined by standard addition method
employing HPLC. The results obtained by HPLC and ID-TIMS are given in Table 4.9. It is

seen that within the measurement uncertainty, the results compare well by the two methods.
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Figures 4.18: Chromatograms obtained for (a) seawater sample and (b) processed sample.

Table 4.9: Concentration of U in seawater and processed samples obtained by HPLC

and ID-TIMS
Sample code U Concentration (ng/g)
HPLC” ID-TIMS?
SW-1 3.1+8% 3.2+6%
SW-2 135+ 7% 12.2 + 5%
PSW-3 769 + 3% 767 = 2%
PSW-4 6.9 +6% 7.8 +5%

“Concentration determined by standard addition method

*Mean of three determinations

Thus the pre-concentration method using mandelic acid as the chelating agent allows
carrying out the quantitative recovery of U at lower pH conditions and thus made the method
adaptable for processed seawater sample containing larger amounts of Fe. The combination of
optimised gradient condition as well as the choice of the stationary phase helped to obtain

good separation between Fe and U peaks. As a result, the LC method based on mandelic acid

191



as the chelating agent yielded a wider dynamic range and more ruggedness as compared to the

one based on HIBA.

4.4 Conclusions

Two LC methods, one based on HIBA and the other based on mandelic acid as the
chelating agents, were developed for the ultra-trace level determination of U in seawater. The
methods involve preconcentration followed by analytical separation. The pre-concentration
method based on the chelation of U by HIBA at pH 6-7 and its preferential adsorption on a RP
column offers a simple approach for the quantification of U in seawater. Low pH HIBA and
MeOH were used for elution of adsorbed U from the column. In this method, the same
column was used for the pre-concentration and separation of U. The methodology was
applied for the determination of U present at ppb levels in seawater. However, this
methodology could not be used for the determination of U in processed seawater samples due

to the presence of large amounts of Fe.

In the second method based on mandelic acid, a monolith column and a combination
of monolith and particulate column was used for the preconcentration and separation,
respectively. The pre-concentration method for U is robust in terms of flow rate, volume of
sample and offers tolerance to pH up to 4. Hence the method offers excellent recovery of U
from seawater and process samples containing large amounts of iron. Elution conditions were
optimized by studying the concentration of mandelic acid, MeOH content in the mobile phase
etc. to provide good separation of U and Fe. The optimized LC separation offers
quantification of U in presence of Fe up to an amount ratio of 3,000. The approach offers
quantitative pre-concentration of uranium in the concentration range of 0.5 to 500 ppb. This

methodology was applied for the determination of U in seawater and process samples.
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Both the methodologies were validated by simulated samples as well as by comparing
the results obtained on seawater samples by HPLC and ID-TIMS. No interference was
observed in both the methods from other metal ions viz. V, Ni, Ti, Mo and other major ions
such as Na, K, Mg, and Ca. the developed LC methods presents economically viable way for

the U determination in seawater.
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Chapter 5

ESI-MS Studies on
Uranyl Complex with a-
Hydroxyisobutyric Acid

and Mandelic Acid



5.1. Introduction

Research on complexation of U is of interest in nuclear technology as well as in
environmental science. Speciation studies of U are important to understand its solution
chemistry which is a decisive factor in nuclear fuel reprocessing, waste handling, mobility and
fate in the geologic subsurface [183].Speciation data of U are essential to predict its behavior
in fuel reprocessing and also to develop the flow sheet for reprocessing of the spent nuclear
fuels by solvent extraction process [184,185]. The potential impact of the release of
radionuclide to the environment is influenced by the speciation characteristics of the element
[186-188].A few studies on actinide complexation reported in the literature have provided
better understanding of the interactions of complexing agents present in the environment

[189-192].

It is established that the migration of radionuclides in the environment is greatly
influenced by the complexing agents especially, humic substances due to their ubiquitous
presence in the environment and large number of functionalities[193-196].Since humic
substances are very complex and their exact structures are not accessible, it is suggested that
simple compounds such as lactic acid, alpha hydroxyisobutyric acid (HIBA) and salicylic acid
that mimic the main functionalities can be used as model compounds to understand their
binding characteristics[197-199].Derivatives of hydroxycarboxylic acids are also used for the
decontamination of radionuclides such as U from different surfaces [200].Hydroxycarboxylic
acids are also used as eluents for the separation of lanthanides and actinides by liquid
chromatography (LC)[97,129,201]. HIBA is also used as a chelating agent in capillary
electrophoresis (CE) for improving the separation of lanthanides [38,43,44]. Studying the
nature of different species of the metal-eluent complexes is, therefore, important from the
point of view of designing better chromatographic as well as CE conditions for their

separation.
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Electrospray ionization mass spectrometry (ESI-MS) is emerging as a useful tool for
studying the metal speciation in solution [202]. The measurement of chemical species in
solution by ESI-MS has several potential merits such as high sensitivity, specificity, speed and
the ability to determine stoichiometry. Studies have shown that there exists a fairly good
agreement between the solution phase equilibrium and gas phase ion abundances[203-205].
Reports are available in the literature on the ESI-MS studies on the interactions of uranyl ion
(UO,*") with different ligands. Stipdonk et al. investigated the collision induced dissociation
pathways of UO,*" complex with water and methanol [206].Pasilis and Pemberton reported
the speciation dependence of UO,*- citrate system on the pH of the medium [192]. Stepper et
al. reported the general trend in the hydrolysis of uranyl species by the direct ESI-MS
measurement of sample solutions [207]. However, the chemical species observed by ESI-MS
may include species produced through ionization, ion extraction processes and solvent

evaporation[208].

This Chapter deals with the characterization of UO,*‘complex formed with the
hydroxycarboxylic ligands viz. HIBA and mandelic acid using ESI-MS. The speciation data
of the complex formed between UO,**and the ligand can assist in designing optimum
conditions for different separations. For example, it was seen in Chapter 3 that the liquid
chromatographic elution pattern of U and Th reverses when mandelic acid was used as an

eluent instead of HIBA[182].

Initially, ESI-MS was used to characterize the different uncomplexed uranyl species
after optimizing the experimental parameters. Later, the technique was employed to follow the
speciation of uranyl-HIBA complex as well as uranyl-mandelate complex in water-methanol
medium. One of the objectives of the present study was to identify the suitable mobile phase
conditions for acquiring the ESI-MS spectra of uncomplexed uranyl and uranyl-HIBA

complex systems. The work also focuses on the optimisation of experimental conditions to
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reflect a reasonable approximation to the true solution conditions. The overall trend in the
complexation was studied as a function of ligand-to-metal ratio. The complexation study of
uranyl-mandelic acid system was also performed the same manner. The ESI-MS studies of

uranyl-hydroxycarboxylate system carried out in this Chapter can be summarized as follows:

1. Studies on uncomplexed uranyl system to optimize the experimental conditions

2. Speciation studies on the uranyl-HIBA system

3. Speciation studies of uranyl-mandelic acid system
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52  Experimental

5.2.1 Instrumentation

An electrospray mass spectrometer with Quadruple-Time-of-Flight analyzer (model
micrOToFQ-II, Bruker Daltonik GmbH) was used for the studies. Compass Isotope Pattern
software (Bruker Daltonik GmbH) was used to obtain theoretically predicted spectra.
Compass Data Analysis software (Bruker Daltonik GmbH) was used to process the data
obtained in the MS as well as in MS/MS modes. Samples taken in a 500 uL syringe were
introduced into the ESI-MS system using a syringe pump (Nemesys, Cetrol GmbH). pH

measurements were done using a PHAN pH meter with a glass electrode (Labindia, Mumbai).

The atmospheric pressure ionization interface settings such as lens voltage and
quadrupole voltage were initially optimized for maximum ion transmission by using the
sodium formate tune mix. Capillary potentials of -4500 V and +3800 V were employed for
the measurements performed in the positive ion mode and in the negative ion mode,
respectively. An end-plate off-set voltage of -500 V was employed during these studies. High
purity argon was used as a collision gas for MS/MS. Nitrogen was used as an auxiliary gas as
well as the sheath gas. The following ESI conditions were routinely employed: capillary
temperature, 180 °C; sheath gas-flow rate, 4 L/min and the auxiliary gas pressure, 0.3 bar. The

sample solutions were introduced into the electrospray at a flow rate of 3 pL/min.

5.2.2 Reagents

Uranyl nitrate hexahydrate (BDH), a-hydroxyisobutyric acid (Sigma-Aldrich) and
mandelic acid (Merck) were used as received. Water purified by Milli-Q system (Millipore,
Bengaluru, India) and methanol, isopropyl alcohol, acetone, acetonitrile and dichloromethane

(Sigma-Aldrich) were used for the dilutions and also to prepare the mobile phase for sample
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introduction into ESI. High purity HCIO4, HNO3;, NaOH and NH,OH (Merck, Mumbai, India)
were used for adjusting the ionic strength and pH. NaH,PO,, Na,HPO,, CH3;COOH and
CH3;COONa (Merck, Mumbai, India) were used for preparing the buffers needed for pH meter
calibration. Sodium formate (Sigma-Aldrich) prepared in methanol was used for mass

calibration of the instrument.
5.2.3 Procedure

Stock solution of uranyl nitrate (10% M) was prepared by dissolving uranyl nitrate
hexahydrate in water. 0.1 M each of HIBA and mandelic acid solution was also prepared in
water. Solutions for the ESI experiments were prepared by mixing the agueous stock solutions
with methanol and water such that the composition of the resultant solutions ranged from 10%
to 100% of methanol by volume. Solutions of uranyl nitrate (5x10° M) and the ligand were
mixed on volume basis to obtain the required proportion of ligand-to-metal ratio. After the
introduction of a given sample into the ESI-MS system, the nebulizer was taken out and
cleaned by manually injecting a solution of 10* M HNO; in methanol. While measuring pH
of the electrospraying solutions prepared in methanol-water mixture, correction was applied

for the presence of methanol following the method reported by Canals et al.[209].
5.3  Results and Discussion

5.3.1 ESI-MS Studies on Uncomplexed Uranyl lon

5.3.1.1 Need of Electrolyte

Figure5.1(a) presents the ESI-MS spectrum obtained from a 5x10° M solution of
uranyl nitrate in methanol in the positive ion mode. Initially, 100% methanol was used as the
mobile phase in view of its good ESI response. The uranyl species observed were:

[UO,(CH30)]"'m/z 301.06; [UO,(CH3OH)(OH)] ' m/z319.06;
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[UO,(CH30H)(CH30)]"'m/z333.08; [UO2(CH30H)(H,0)(0OH)]'m/z337.07;
[UO2(CH30H)(H,0)2(0OH)]"'m/z355.09 and  [UO,(H,0)(CH30OH),(OH)]'m/z369.09. No
doubly charged uranyl species were observed in the spectrum, though a peak corresponding to
bare UO," ion with m/z 270.04 was seen with low intensity (~ 4% w.r.t. the base peak). The
total ion current (TIC) was found to be highly fluctuating with time and the peak
corresponding to [UO2(CHs0)]" was found to be partially masked by an impurity peak
observed at m/z 301.15. When different concentrations of uranyl nitrate were introduced, the
ESI-MS response of the uranyl species was not in proportion to the concentration of
UO,(NOg3), present in the sample solution. This was attributed to the fact that the sensitivity
and dynamic range achievable in ESI is greatly influenced by the ionisation process which in

turn is dependent on ionic strength, ionisation efficiency and pH of the medium[210].
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Figure 5.1(a): ESI MS spectrum of 5x10°° M UO,(NOs), in MeOH, in positive ion mode.

The abrupt change in the ESI-MS spectra obtained with higher concentrations of
uranyl nitrate is due to the increase in the ionic strength of the medium. The importance of a
medium which does not modify the speciation by complexation and allows for fixing the ionic
strength in ESI was highlighted by Moulin et al.[211]. The two electrolytes, viz. perchloric
acid and sodium perchlorate were added separately in the mobile phase in view of their non-

complexing nature, for improving the signal stability in ESI. Data shown in Table 5.1
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demonstrate the influence of concentration of two different electrolytes on the ion intensities

of two representative uranyl species, [UO,(CH30)]" and [UO2(CH3;OH)(OH)]".

Table 5.1: Effect of electrolyte on the ESI response of UO; species

Intensity (counts per second)
Electrolyte R N
used [UO2(CH;0)] [UO,(CH3;0OH)(OH)]
m/z 301.06 m/z319.06
No electrolyte 635 £ 162 1623 + 39
10° M HCIO, 38674 + 5674 10837 + 1460
10° M HCIO, 222850 + 12162 61435 + 3701
10% M HCIO, 146072 + 313 33764 + 204
10 M NaClO, 199509 + 3649 47733 + 1703
10° M NaClO, 258281 + 2695 65203 + 1187
10™* M NaClO, 128341 + 456 29846 + 34

5x10"® M UO,(NO3), in MeOH in the positive ion mode.

It can be seen that the ESI intensities of both the species increase when either of the
electrolytes was present in the mobile phase in the concentration range 10°M to 10° M and
better response was obtained with NaClO,4 as compared to that with HCIO,4. TIC was observed
to become more stable with the introduction of these electrolytes and the ESI-MS response of
the species increased in proportion to the added concentration of the uranyl salt in sample
solution. The linear ESI response was obtained over a narrow range of 3x107 M to 7x10° M
of uranyl nitrate concentration. The mass spectra looked cleaner without any potential
impurity causing isobaric interference at the m/z of uranyl species of interest. The improved
ESI response of uranyl species was attributed to the enhanced conductivity of the sample
solution. Further, buffered ionic strength in the solution allows ESI response to be in
proportion to the added concentration of uranyl nitrate in the sample solution. It was observed

that the UO, species form complexes with ClO4 at concentrations >10* M for both the
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electrolytes. A large number of peaks with specific isotopic patterns started appearing
probably due to the perchlorate clusters when higher (>10® M) concentration of the

electrolyte was employed.

Since HCIO, is a strong acid, it can alter the pH of the medium at different
concentrations of the electrolyte. The resultant change in pH would also affect the degree of
dissociation of hydroxycarboxylic acid ligands due to the common ion effect and this can alter
its complexation with uranyl ion. Thus 10° M NaClO, was selected as an electrolyte for all
the experiments and Fig. 5.1(b) shows the mass spectrum obtained for 5x10°° M uranyl nitrate

prepared in 10> M NaClO, and CH;OH.
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Figure 5.1(b): ESI MS spectrum of 5x10° M UO,(NOs), in MeOH and 10° M NaClO,
added as electrolyte.

While characterizing the solution equilibrium, it is desirable that ESI produces ions
which are representative of the solution phase. Water as a medium is considered to be a better
representative of actual sample solutions expected in the environmental conditions. However,
ESI response of all the species was extremely poor in 100% water due to its high surface
tension. Hence methanol was added in the mobile phase in view of its electrospray
compatibility [85]. Other reasons favouring the selection of methanol were (i) its dipolar

moment (1.71 D) being similar to that of water (1.85 D) and (ii) its use as a modifier in the
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mobile phase for the LC separation of U and Th [129,182,212]. In order to identify the
optimum composition of the mobile phase for the ESI investigations, the influence of solution

composition on the ESI-MS spectra of uranyl ion was, therefore, studied.
5.3.1.2 Effect of Solution Composition

Mass spectra were recorded with 5x10° M UO,(NO3), and 10° M NaClOy in different
proportions of water, ranging from 0% to 90% (v/v), in the mobile phase. Table 5.2 shows the
distribution of different species of uranyl ion at various water-methanol compositions in the
mobile phase. Different species of uranyl ion coordinated with water, alcohol and nitrate
ligands were observed. The general formulae for most of the ions observed can be represented
as [UO,(OH)S,]*, [UO2(CH30)S,]" and [UO2(NOs)S,]*, where S denotes H,O or CH3OH.
The value of n was found to vary from 0 to 3 and the maximum coordination number of
uranyl ion was found to be 4, which is in agreement with the previously reported ESI-MS
work on uranyl-aqua complex system[213,214]. It may be added that, in the aqueous solution,
UO,?* coordinated by five H,O ligands in the inner solvation sphere forms the most stable

configuration[189,190,215].

Some of the major species observed in the mass spectra were [UO,(OH)]",
[UO,(CH30)]",[UO2(H;0)(CH)T", [UO,(CH3OH)(OH)T", [UO2(H20)2(0H)T",
[UO2(CH30H)(CH30)], [UO2(CH30H),(OH)]" and [UO,(CH30H)(H20)2(OH)]". It may be
noted that none of the major species contained (NO3) ligand. The species in which uranyl ion
coordinated to the less number of ligands accounted for the maximum number of abundant
ions in the spectra. The higher nucleophilicity of OH  and CH3O" species might be a factor for

the high abundance of low coordinated uranyl species.
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Table 5.2: Distribution of uranyl species in methanol-water system in positive ion mode

Relative intensities with respect to base peak

Species m/z 100% 90% 75% 50% 10%
MeOH | MeOH + | MeOH + | MeOH + | MeOH +
10% H,0 | 25% H,0 | 50% H,O | 90% H,0O
[UO,]* 270.04 | 4.0£0.2 | 3.9x04 3.8+0.3 6.0£0.6 6.7£0.5
[UO,(OH)T* 287.04 | 4604 | 4.6+0.2 3.2+20.2 | 35.5x0.5| 28.1+0.7
[UO,(H,0]" 288.05 | 2.3£0.1 | 2.2+0.2 2.1+0.2 3.0£0.2 5.2+0.3
[UO,(CH30)]* 301.07 100 100 100 100 100
[UO,(H,0)(OH)]* 305.05 | 1.1+0.1 | 1.2#0.1 | 1.0+0.1 | 10.6+0.2 | 10.0+0.5
[UO,(CH30H)(OH)]* 319.06 | 28.6+0.4 | 27.7+0.5 | 27.8£0.3 | 32.7£0.4 | 33.4+£0.7
[UO,(CH3OH)(H.0)]* 320.07 | 0.440.1 | 0.4+0.1 | 04#0.1 | 0.6x0.1 | 1.3%0.2
[UO,(H20),(0OH)]* 323.06 | 0.8£0.1 | 0.9+0.1 | 0.8#0.1 | 7.6+0.3 | 7.3+05
[UO,(NO3)]* 332.03 | 0.2£0.1 | 0.2+0.1 | 0.2#0.1 | 0.4+0.1 | 2.3%0.2
[UO,(CH30H)(CH;0)]* 333.08 | 14.9+0.3 | 21.0+0.7 | 30.8£0.5 | 11.1+04 | 15.2+0.6
[UO,(CH30H),]" 334.09 | 0.5+0.1 | 0.7+0.1 0.9+0.1 0.6x0.1 1.0£0.2
[UO,(CH3OH)(OH)(H,0)]" | 337.07 | 28.7+0.4 | 29.3+0.5 | 30.9+0.3 | 38.4+0.3 | 43.620.8
[UO(H20)s(OH)]* 341.07 | 05£0.1 | 0.6£0.1 | 0.6+0.1 | 4.3x0.2 | 4.4+0.4
[UO,(NO3)(H.0)]* 350.04 - - - - -
[UO,(CH30H),(OH)]* 351.09 | 10.7£0.2 | 15.7+0.5 | 23.6+0.8 | 10.0+0.3 | 14.9+0.2
[UO,(CH3OH)(OH)(H,0),]" | 355.09 | 16.2+0.3 | 17.5+0.4 | 19.5+0.5 | 26.9+0.8 | 30.5:0.7
[UO,(NO3)(CH3;0H)T* 364.05 | 1.4+0.1 | 1.9+0.1 | 25:0.1 | 1.3+0.1 | 1.9+0.2
[UO,(OH)(H20)(CHsOH),]* | 369.11 | 6.0+0.2 | 9.1+0.3 | 14.3+0.2 | 6.8+0.3 | 13.0+0.2
[UO,(CH3;0OH)(OH)(H,0)s]* | 373.10 | 0.4+0.1 | 0.620.1 | 05#0.1 | 0.620.1 | 1.6+0.2
[UO,(NO3)(H,0)(CHsOH)]* | 382.08 | 1.2+0.1 | 1.8+0.1 | 2.2+0.1 | 1.4#0.2 | 2.0%0.2
UO2(NO3)(H,0)s]" 386.06 - - - - -
[UO(CH30OH)(OH)(H20)4]* | 391.11 | 0.4+0.1 | 0.7¢+0.1 | 0.8+0.1 | 0.9+0.1 | 2.6+0.2
[UO(NO3)(H20)2(CHsOH)]" | 400.08 | 1.0+0.1 | 1.5+0.1 | 1.8#0.2 | 1.3%0.1 | 1.8+0.2

Solutions contained 5x10° M UO,(NOs), and 10° M NaClO,
Capillary voltage: 4500 V; dry gas temperature: 180 °C
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As expected, the relative abundances of uranyl species containing either H,O or
CH3OH ligand increased with increase in the percentage of the respective solvent in the
mobile phase. The change in the pattern of the major species in the mass spectra as a function
of methanol-water composition is an indicative of the fact that the solution equilibrium is
represented in the gas phase. Further, the pH of the solution was found to change from 5.6 for
10% MeOH medium to 7.3 for 100% MeOH medium. This change in the pH would also be
contributing to the difference in the distribution of major uranyl species observed in the ESI-

mass spectra.

Though the relative intensities of the major species changed when the mobile phase
composition was changed over a wide range, there seems to be a preference of uranyl ion for
the CH3OH ligand as compared to H,O. This may be attributed to the fact that the gas phase
basicity of methanol is marginally higher than that of water [216]. Many studies have pointed
to the importance of analyte basicity as a source of selectivity in ESI-MS leading to improved
response [213,217,218]. In order to validate this point in the present study, the distribution
pattern of various uranyl species as a function of the composition of the mobile phase was
studied using different solvents such as dichloromethane, isopropyl alcohol and acetone. In all
the cases, methanol was used as the reference solvent and its proportion in the mobile phase
was changed from 90% to 10% (v/v). In the case of methanol-isopropyl alcohol and
methanol-acetone systems, the major peaks were those containing either isopropyl alcohol or
acetone and the base peaks corresponded to [UO,(CsHoO)(NOs3)]'m/z 452.14 and
[UO,(C3Hs0)(OH)]"'m/z 461.17, respectively. The gas phase basicities of both isopropyl
alcohol and acetone are higher than that of methanol and this corroborates the distribution

pattern observed in the ESI- mass spectra [213,219].

It is seen from Table 5.2 that there was no significant deviation in the intensity

distribution patterns of the major species with mobile phase containing 90% and 50% water.
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Since water is more nucleophilic than methanol in the liquid phase, it is expected that when
>50% water is present in the mobile phase, uranyl ion would be mostly surrounded by water
molecules in its inner-sphere coordination in the liquid phase [220]. Thus mobile phase
composition of 1:1 water-methanol was chosen for further studies with ESI-MS in view of its

improved overall response.
5.3.1.3 Effect of Solute Concentration

The peak corresponding to UO,(CH30)]" was found to be the base peak when
methanol content in the mobile phase was in the range of 10% to 100%. This pattern is in
contrast to the observation made by Stipdonk et al., who reported [UO2(CH3OH)3(NO)3)] ' m/z
428.11 as the most abundant species in the mass spectrum obtained in 1:1 water-methanol
mobile phase[206]. The progressive dominance of —NOscontaining species with increase in
the concentration of UO,(NOs), in aqueous medium used for electrospraying was also
reported by Tsierkezo et al.[221]. Hence the dependence of the distribution of different uranyl
species on the concentration of UO,(NOs), was studied in the concentration range 1x10° M to
1x10° M and the data are presented in Table 5.3. The pH of the solution was found to
decrease with increase in the uranyl nitrate concentration. For example, the pH values
obtained for 1x10° M, 1x10° M, 1x10* M and 1x10° M uranyl nitrate in 1:1 water-methanol
medium were 7.1, 5.4, 4.2 and 3.3, respectively. It was observed that with the increase in the
concentration of UO,(NOs3), , there is a steady decrease of (OH) and (CH3O) containing
uranyl species and a corresponding increase in the abundances of (NOs)containing uranyl
species. Tsierkezos et al. attributed this increased preference for the (NO3) ligands to the
decrease in the pH of the solution with the increase in concentration of uranyl nitrate[221].
However, in all the concentrations of uranyl nitrate studied, [UO,(CH30)]" m/z 301.06

continued to be the base peak.
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Table 5.3:Distribution of species at different concentrations of uranyl nitrate in mobile

phase
Relative intensities of the peaks at different
Species m/z concentrations of uranyl nitrate (M)
1x10°® 1x10° 1x10™ 1x10°
[UO,]" 270.04 | 6.6%0.1 | 5.6+0.1 | 5.2+0.1 | 4.2+0.1
[UO,(OH)] 287.04 | 27.5+0.7 | 26.6£0.7 | 17.1¥0.1 | 5.3+0.1
[UO,(CH:0)]* 301.06 100 100 100 100
[UO,(H,0)(OH)]" 305.05 | 6.7+0.2 | 6.3+0.1 | 3.9+0.1 | 1.1+0.1
[UO,(CH3OH)(OH)T* 319.07 | 36.6+0.3 | 33.7+#0.2 | 32.6+0.1 | 29.6+0.1
[UO,(H,0)2(0H)]" 323.06 | 5.240.3 | 5.2#0.1 | 29+0.1 | 1.1+0.1
[UO,(NO3)* 332.03 | 0.620.1 | 0.6+0.1 | 1.0+0.1 | 2.6+0.1
[UO,(CH30H)(CH30)]* 333.08 | 15.1+0.3 | 11.3+0.1 | 12.7+0.2 | 14.4+0.1
[UO,(CH30H)(H,0)(OH)]* 337.08 | 39.2+0.6 | 37.9+0.5 | 35.4+0.1 | 30.4%0.4
[UO,(H,0)3(0H)]" 341.07 | 35+0.2 | 3.4#0.2 | 1.8+0.1 | 0.7+0.1
[UO,(H,0)(NO5)]* 350.04 | 0.4+0.1 | 0.6#0.1 | 0.9+0.1 | 1.7+0.1
[UO,(CH3OH),(OH)]* 351.09 | 11.6+0.2 | 9.6+0.1 | 8.3%0.1 | 7.8+0.2
[UO,(CH30H)(H,0),(0OH)]* 355.09 | 28.8+0.4 | 27.9+0.6 | 21.9+0.1 | 17.1+0.1
[UO,(CH3OH)(NO3)]* 364.05 | 2.2+0.1 | 3.0+0.1 | 55+0.1 | 22.8+0.3
[UO2(H20)2(NO3)]* 368.05 | 0.5+0.1 | 0.7#0.1 | 0.9+0.1 | 1.7+0.1
[UO,(CH30H),(H,0)(OH)]* 369.11 | 7.840.2 | 6.1#¥0.1 | 5.6x0.1 | 5.1+0.1
[UO2(CH30H)(H,0)(NO3)]* 382.06 | 2.1+0.1 | 2.4+0.1 | 4.6+0.1 | 15.7+0.2
[UO,(H20)3(NO3)]* 386.06 | 0.4+0.1 | 1.0+0.1 | 1.3+0.1 | 2.4+0.
[UO,(CH3OH)2(NO3)]* 396.08 0 0.3+0.1 | 0.7#0.1 | 3.8+0.1
[UO,(CH3OH)(H,0)2(NO3)]* 400.07 | 2.6+0.1 | 3.3+0.1 | 5.8+0.1 | 20.0+0.2
[UO2(CH30H),(H20)(NO3)]* 414.09 0 0.4+0.1 | 0.7#0.1 | 3.2+0.1
[UO,(CH3OH)3(NO3)]* 428.11 0 0 0 0.02
[(UO22(NO3)3)]* 726.048 0 0 05+0.1 | 2.8+0.1
[(UO2)2(NO3)s(H20)]* 744.06 0 0 05+0.1 | 2.5+0.1
[(UO2)2(NO3)3(CH30OH)T* 758.07 0 0.3+0.1 | 1.3+0.1 | 10.2+0.2
[(UO22(NO3)3(H20),]" 762.07 0 0 0.4+0.1 | 2.6+0.1
[(UO2)2(NO3)3H,0H)(H20)]" 776.09 0 0.3+0.1 | 1.2#0.1 | 9.3#0.1
[(UO2)2(NOs)3(H20)s]" 780.08 0 0.3+0.1 | 1.3+0.1 | 7.9+0.1
[(UO2)2(NO3)3(H20)2(CH;OH)]" | 794.09 0 0.3+0.1 | 2.4+0.1 | 18.0+0.1
[(UO2)2(NO3)s(H20)(CH;OH),]" | 808.12 0 0 0.10+0.01 | 1.0+0.1

UO,(NO3), solution prepared in mobile phase containing 10° M NaClO4 and 1:1 methanol-
water; capillary voltage : 4500 V; dry gas temperature: 180°C.
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Figures5.2: Positive mode ESI-MS spectra of uranyl nitrate solution prepared in mobile

phase containing 10° M NaClO, and 1:1 methanol-water (a) 10° M UO,(NOs),
and (b) 10° M UO,(NO3),.

It may be noted that even at 10° M concentration of UO,(NOs),, the intensity of peak

at m/z 428.11 was only <0.02% with respect to the base peak. But there was a substantial
increase in the abundance of other (NO3) containing species with the increase in concentration
of uranyl nitrate. For example, the relative intensities of the species:

[UO»(CHsOH)(NO3)]'m/z  364.05, UO,(CH;OH)(H.0)(NO3)]* m/z 38206 and
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[UO,(CH30OH)(H,0)2(NOs)]'m/z 400.07 were 29%, 16% and 20% at 10° M uranyl nitrate
concentration. At UO,(NO3); concentrations > 10" M, binuclear uranyl nitrate species with a
general formula, [(UO,)(NO3)3(S)n]” (where ‘S’ denotes CH;OH or H,O and ‘n’ changed
from 0 to 3) started to appear in the spectra. The maximum concentration of UO3(NO3),
employed for this study was limited to 10° M to safeguard the detector. Figures 5.2 (a) and
5.2 (b) show the mass spectra obtained by electrospraying solutions containing UO2(NO3); at

concentrations 10° M and 107 M, respectively, in 1:1 water-methanol medium.
5.3.2 Complexation of Uranyl Ion with a-Hydroxyisobutyric Acid

It is reported that HIBA coordinates with uranyl ion via oxygen atoms of carboxylic
acid group in the pH range of 2 to 4 [123,172]. At pH > 5, enhancement of complexation
occurs due to the involvement of —OH group of the ligand in the complexation. In the pH
range used in the present study (4.7 to 6.4), the carboxylic acid group is appreciably
dissociated and both the carboxyl group and hydroxyl group can involve in the complexation
with uranyl ion [123].With HIBA, uranyl ion forms various complexes which are cationic or
anionic in nature and hence mass spectra were acquired in both the positive and the negative
ion modes. Figures 5.3(a) and 5.3(b) show the mass spectra obtained in the positive and the
negative ion modes, respectively, for a solution containing 5x10° M of UO,(NO3) and 1x10™
M of HIBA and 10° M NaClO, in 1:1 water-methanol mobile phase. pH of this solution was
found to be 6.4, which indicates almost complete deprotonation of the ligand and an enhanced
complexation with the uranyl ion. The dependence of the distribution of different uranyl-

HIBA species on the pH of the medium was also reported by Raju et al.[135].
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Figure 5.3: ESI-MS spectra of UO, — HIBA system

mode.
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in (a) positive mode and (b) negative

Conditions: 5x10°° M UO2(NO3), mixed with 10*M HIBA in 1:1 methanol-water

mobile phase containing 10° M NaClO..

5.3.2.1 Positive lon Mode

Deprotonation of a-hydroxyisobutyric acid may be represented by the following schematics:

OH O

OH

HIBA

(IBA-H)
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Uranyl complexation by HIBA to form the species observed in the positive ion mode

can be represented by following reactions:

UO,** + HIBA = [UO,(IBA)]" + H* —--Eq (1)
UO,** + 2 HIBA = [UO,(HIBA)(IBA)]* + H* - Eq (2)
UO,** + 3 HIBA = [UO2(HIBA)(IBA)]" + H* - Eq (3)

Major species identified in the mass spectra obtained in the positive and the negative
ion modes are presented in Tables 5.4(a) and 5.4(b), respectively. Identification of the peaks
was done by matching with the theoretically predicted isotopic pattern as well as by accurate

mass matching.

Table 5.4(a): Uranyl-HIBA species observed in the positive ion mode

Intensity* obtained
using ligand-to-metal
Species Type m/z ratio
10 20
[UO,(C4Hg03)]" 373.08 | 255 13.7
[UO,(C4H503)(H20)]* 391.09 12.4 6.2
[UO2(C4Hs03)(CH3OH)]" 405.11 7.2 3.5
[UO,(C4H50s)(H20),]* 409.10 25.4 12.0
[UO,(C4HgO3)(H20)(CHzOH)]* M-H | 423.11 6.2 3.3
[UO,(C4H503)]" 477.13 76.2 85.8
[UO,(C4H50s)2(H20)]* 495.14 100 100
[UO,(C4HgO3)2(CH30H)]* 509.15 35.5 42.1
[UO,(C4H503)s]" 581.17 35.8 46.0

* Relative intensity with respect to the base peak
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Table 5.4(b): Uranyl-HIBA species observed in the negative ion mode

Intensity* obtained
using ligand-to-metal
Species Type m/z ratio
10 20

[UOZ(C,H.,0,)(OH)] 389.07 2.3 1.5
[UO2(C4H703)(H20)(OH)I 407.10 2.4 1.7
[UO2(C4H703)(NO,)] 434.06 22 19.1
[UO,(C4H70s), ] M-H | 475.11 97.5 69.5
[UO2(C4H+03),(H,0) 493.12 15.2 23.0
[UO,(C4HgO3)(NO3)(OH)T 452.07 10.2 10.8
[UO,(C4HgO3)(NOs), | 497.06 21.4 21.5
[UO2(C4H703)2(NO,)T 538.11 151 21.1
[UO»(C4H703)s] v 579.16 100 100

* Relative intensity with respect to the base peak
5x10° M UO,(NO3), and 10° M NaClO, prepared in 1:1 methanol-mobile phase

As discussed in Section 5.3.1.2, in the case of uranyl nitrate dissolved in water-
methanol mixture, the solvated uranyl species was having a maximum coordination number of
4 and the major species were those containing methanol in the coordination sphere. It is seen
from Table 5.4(a) that uranyl-HIBA complexes also undergo solvation with H,O or CH3OH
molecules. However, the maximum number of ligands observed around the uranyl ion is only
3. Even in the case of MLy(where ‘M’ represents UO,?" and ‘L’ represents HIBA) type
complexes, the maximum number of solvent molecules involved in coordination was found to
be 2. Similarly, there was no peak observed in the spectra suggesting the solvation
complexation of the species MLs. This indicates that at least one of the HIBA molecules
bonded to uranyl ion is in bidentate coordination. The typical intensities of different uranyl-

HIBA species obtained from the MS spectra using solutions containing uranium and the
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ligand in ratios 1:10 and 1:20 are also listed in Table 5.4(a). It is interesting to note that in the
case of solvated uranyl-HIBA complexes, H,O containing species were more abundant than
those containing CHsOH. For example, the species [UO2(C4HgO3)(H20)2]'m/z 409.10 was
observed with a noticeable intensity whereas the analogous CH3;OH containing species
[UO,(C4Hg03)(CH30H),]" with expected m/z 437.13 was not seen across any of the ligand-to-
metal ratios used. This is in contrast to the pattern observed with only uranyl ion in water-
methanol mixture. It is presumed that in the solution phase, H-bonding must be existing
between the HIBA and the water molecules coordinated to uranyl ion. This interaction may be
restricting the replacement of coordinated water molecules by methanol in the gas phase and

this leads to the dominance of the water containing species in the mass spectra.
5.3.2.2 Negative lon Mode

In the case of ions observed under the negative ion mode of operation, complexation

can be represented by following reactions:

UO,** + HIBA+ X = [UO,(IBA-H)X] + 2H* --- Eq (4)
UO,*" + 2HIBA = [UO,(IBA-H)(IBA)] + 3H* - Eq (5)
UO,* + 2HIBA + X~ = [UO,(IBA),X)] + 2H* --- Eq (6)
UO,* + 3HIBA =[UOy(IBA)3)] + 3H" --- Eq (7)

where, ‘X’ represents -OH, -OCH3 or —-NO3

From the different uranyl-HIBA species listed in Table 5.4(b), it is seen that the
maximum number of ligands available for coordination with uranyl ion is 3. NO3 containing
uranyl complex species were found to be more abundant than those containing OH". This can

be explained on the basis of higher basicity of OH" ligand resulting in a decreased Lewis
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acidity of the metal ion as compared to the case where uranyl ion complexed to NO3". Unlike
in the positive ion mode, no peak corresponding to CH3OH containing uranyl species was
observed in the negative ion mode. The fact that CH3OH ligand is not helpful in dispersing the
negative charge of the anionic metal complex could be a reason for the absence of CH3;OH
bearing species in the negative ion mode. Non-existence of solvated ions in the negative
mode was also observed in the ESI-MS studies on platinum-benzoylthiourea complex species

in the acetonitrile medium[222].

The observation of ML, type complexes in the negative ion mode shows deprotonation
of the hydroxyl group present in the HIBA. The species observed in the mass spectra in
support to this argument were [UO(C,H,O,)(OH)]" and[UO2(C4H;03)(NO,)]. The
dissociation of HIBA was also discussed by Moll et al. in their UV-Vis spectrometry studies
and the authors proposed that the deprotonation of OH group must be taking place at higher

pH conditions[172].
5.3.2.3 Selection of ESI Parameters

It is seen from Tables 5.4(a) &5.4(b) that the most dominating species in the positive
and the negative ion modes correspond to [UO,(C4HgOs3)2(H20)]" (M-H type ion) and
[UO,(C4H;03)3], respectively. Also there is a marked difference in the distribution of other
species observed in the two modes. For instance, at a ligand-to-metal ratio of 10, ML; and
ML, type species accounted for about 24% and 65% of the total uranyl-HIBA species in the
positive ion mode whereas in the negative ion mode, they contributed to only 11% and 49%,
respectively. Initially, it was felt that the inherent easiness in the formation of positive ions by
ML, type of species and negative ions by MLj3 type species is responsible for the differences
in the distribution pattern in the two modes, as described by egs. (1) to (7). But it is also likely

that ions of uranyl species undergo some changes during their transition from the solution

214



phase to gas phase. Desolvation and ion extraction processes in the ESI interface might
contribute to the production of ions which may not be originally present in the solution
phase[208,217]. The instrumental parameters are, therefore, likely to influence the intensity
distribution of different species observed in the positive and the negative ion modes. Hence it
was of interest to study the influence of electrospray ion generation, desolvation and ion
transfer parameters on the ESI-MS spectra of uranyl ion. The fragmentation of a given ionic
species is dependent on the dry gas temperature and capillary voltage used for the ESI process.
Hence, the effects of capillary voltage and dry gas temperature on the ion intensities of
important uranyl species were monitored in view of minimizing the fragmentation process.
Typical sample solution used for the optimization studies consisted of 5x10° M UO,(NOs),,

5x10° M HIBA and 10° M NaClO, in 1:1 water-methanol mixture.

5.3.2.3.1 Capillary Voltage

The effect of capillary voltage on the intensities of different uranyl species was studied
in the positive and in the negative ion modes. Capillary voltage was changed from -2500V to -
5000 V and from 2500 V to 4000 V in the positive and the negative ion modes, respectively.
Figures 5.4(a) &5.4(b) show the effect of change in capillary voltage on the fractional
intensities of different uranyl species formed in the positive and the negative modes,
respectively. In the positive ion mode, [UO,(C4HgO3)2(H20)]" m/z 495.14 was found to be the
most abundant species at all the capillary voltages employed. The intensities of species viz.
[UO,(C4Hg03)2(H20)]" and [UO2(C4HgO3)(H20)]" m/z 391.09 showed slight decreasing trend
with the increase in the capillary voltage indicating that they are susceptible to fragmentation.
A proportional increase in the fractional intensities of [UO,(C4HgO3),]"'m/z 477.13 (M-H type
ion) and [UO»(C4H;03)'m/z  373.08 was observed. There was no apparent change in the
fractional intensity of [UO,(C4HgOs)s]'m/z 581.17 (M-H type ion) across the voltage range
studied, indicating absence of any production or dissociation routes in the gas phase for this
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species. There was a nominal increase in the intensities of [UO2(CH3;0)]'m/z 301.06 and
[UO,]'m/z 270.04 owing to the marginal dissociation of the uranyl complexes at high
capillary voltages. Further, there was no significant increase in the peak intensity of
[UO,(C4HgO3)2(CH30H)]"'m/z 509.15 (M-H type ion) confirming no replacement of H,O by

CH3OH in the gas phase.
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Figures 5.4: Changes in the fractional intensities of uranyl species as a function of capillary
voltage in (a) the positive ion mode and (b) the negative mode.
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In the negative ion mode, [(UO,(C4H703)3]' m/z 579 was found to be the most
abundant species at all the capillary voltages applied. Similar to the observations in the
positive ion mode, [(UO,(C4H;03)3] ion did not show any noticeable change in the intensity
with the change in the capillary voltage. Intensity of [(UO,(C4H703),]'m/z 475 (M-H type ion)
showed a slight increasing trend possibly due to the dissociation of [(UO,(C4H703)2(NO3)]
m/z 538.11. Intensity of the uncomplexed uranyl species, represented by [(UO2(NOs)s]” m/z
456.01 also showed a decreasing trend indicative of fragmentation at higher capillary voltages.
It was seen that in both the modes, the intensities of all the uranyl species increased steadily
with the increase in the capillary voltage. Considering the sensitivity of ESI response and
robustness of the species, -4000 V and 3500 V were chosen as the capillary voltages for the

subsequent studies in the positive and the negative ion modes, respectively.
5.3.2.3.2 Dry Gas Temperature

Increasing the dry gas temperature improves the desolvation process but may also lead
to the decomposition of thermally labile ions. Dependence of different uranyl species ions
detected in the positive mode on the dry gas temperature of the ESI system is represented in
Figure 5.5.During this study, dry gas heater temperature was increased from 90 °C to 250 °C.
However, the actual temperature of the dry gas would be much lower than that of the heater.
Since the instrument set-up allows the monitoring of the heater temperature, this parameter
was used as it would show the relative change in the intensities of the different uranyl-HIBA
species as a function of temperature. It was found that there was no significant change in the
fractional intensity of uranyl species with the increase in dry gas temperature. Throughout the
dry gas temperature studied, the peak corresponding to [UO2(C4HgO3)2(H20)]" continued to
be the most abundant, followed by [UO2(C4HgO3),]" and [UO,(C4HgOs3)s]" . Though most of
the uranyl species of interest showed fairly good thermal stability, a dry gas heater

temperature of 150°C to 180°C was found to be optimum in view of the ESI-MS response.
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Similarly, influence of dry gas temperature on the intensity distribution of uranyl species was
studied in the negative ion mode. In this case also, the uranyl-HIBA species were found to be
quite stable and the best ESI response was noted in the 150°C to 180 °C temperature range. A
reduction in the overall sensitivity was observed at temperatures above and below the selected

range.
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Figure 5.5: Changes in the fractional intensity of uranyl species as a function of dry gas
temperature in the positive mode.

The studies on the capillary voltage and dry gas temperature showed that though these
parameters significantly affect the relative intensities of most of the uranyl species, the
distribution of species is not affected. Hence ion extraction parameters such as, in-source
collision induced dissociation energy, quadrupole ion energy, collision cell energy and end-
plate off set voltage were also investigated for their influence in the fragmentation of the

species in the gas phase.
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5.3.2.3.3 In-source CID Energy

In ESI-MS, cone voltage is often used to observe the change in the distribution of ion
intensity as a result of in-source fragmentation of the molecular ion. Since the ESI-MS system
used in the present study was equipped with funnels in place of cones, a parameter equivalent
to cone voltage known as ‘in-source collision induced dissociation’ (ISCID) was changed to
monitor the distribution of ion intensity. Figure 5.6 shows the relative ion intensities of

important uranyl species as a function ISCID in the positive ion mode.
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Figure 5.6: Changes in the relative intensities of uranyl species as a function of in-source
collision induced dissociation energy in the positive ion mode.

It is seen that the uranyl-HIBA complex species show stability in the ISCID energy
range of 0 to 10 eV only. As the energy increases beyond 10 eV, the complex species start
dissociating with ML3 showing greater degree of fragmentation. The species [UO,(CH30)]"
was found to be the base peak when the ISCID energy was less than 50 eV. At ISCID energies

exceeding 50 eV, only the uranyl ion species such as UO,", [UO,(OH)]" were seen as the
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major species due to the severity of the fragmentation. This study demonstrated that all the
uranyl-HIBA species are relatively fragile to the CID process occurring in the ion source.

Based on this experiment, an ISCID energy of 5 eV was selected for rest of the studies.

5.3.2.3.4 Quadrupole lon Energy

Figure 5.7 shows the distribution of fractional intensities of the major uranyl species as
a function of quadrupole ion energy. A capillary voltage of -4000 V and an end-plate offset
voltage of -500 V were employed for the optimization of transfer parameters in the positive
ion mode. Collision energy of 5 eV was used while optimizing the quadrupole ion energy. To
make the interpretation simpler, the behavior of some of the less important uranyl species is

not presented in the Figure.
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Figure 5.7: Distribution of uranyl species as a function of quadrupole ion energy in the
positive ion mode.
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It is seen that with the increase in the quadrupole ion energy, the fractional intensity of
[UO,(HIBA);]" decreases sharply. Proportionately, there is increase in the intensities
of[UO,(HIBA)2(H,0)]" and [UO,(HIBA),]" indicating their formation by the fragmentation of
[UO,(HIBA)3]". Also there is an increase in the intensity of the unbound uranyl species
[UO,(CH30)]". Intensities of other unbound uranyl species such as [UO,(OH)]* and UO,"also
followed the increasing trend (not shown in the Fig.) indicative of multiple pathways for the
fragmentation of bulkier species. It was also noticed that the fractional intensity of the adduct
species [(UO2(HIBA-H),),H] 'm/z 953.24, increased steadily with the increase in the applied
voltage. At quadrupole ion energies below 5 eV, [UO,(HIBA)s] 'was seen as the most intense
peak. At higher values of quadrupole energy, the species [UO,(HIBA),(H,0)]" and
[UO,(HIBA),]" were observed as the most intense peaks. Based on the behavior of ions, a

quadrupole ion energy of 4 eV was chosen for further studies.
5.3.2.3.5 Collision Cell Energy

Figure 5.8 shows changes in the fractional intensities of the major uranyl species with
the change in collision cell energy. Various transfer parameters fixed for studying the
influence of collision cell energy were the same as those employed for the quadrupole ion
energy. Though fractional intensity pattern obtained was found to be similar to that observed
in the case of quadrupole ion energy, the influence of the collision cell energy appeared to be
more significant. This could be due to the fact a higher residual gas pressure is maintained in
the collision cell (10 mbar) as compared to quadrupole (10 mbar) for facilitating the ion
cooling and focusing. The species [UO,(HIBA),(H,0)]" was found to undergo fragmentation
at collision cell energies > 6 eV. [UO,(HIBA)3]",[UO,(HIBA)2(H,0)]" and [UO,(HIBA),]"
were observed as the most abundant species when the collision cell energies were <2 eV, 3 to

6 eV and > 6 eV, respectively.
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Figure 5.8: Distribution of uranyl species as a function of collision cell energy in the
positive ion mode.

In general, it is seen that the low values of collision cell energy and quadrupole ion
energy are preferred from the point of minimizing the fragmentations. However, a certain
minimum value of potentials need be applied for effective transfer of ions through these
devices. Thus an energy of 2eV was selected for the collision cell with a view to minimizing
the fragmentation of the major species viz. [UO,(HIBA)3]". Similar experiment was carried

out in the negative ion mode and the optimum collision cell energy was found to be 4 eV.
5.3.2.3.6 End-plate Offset Voltage

Figure 5.9 shows the effect of end-plate offset voltage on fractional intensities of
different uranyl species in the positive mode. End-plate offset is the difference in the voltage

applied to the end-plate with respect to the glass capillary.
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Figure 5.9: Effect of end-plate offset voltage on the distribution of uranyl species in the
positive mode.

The effect of end-plate offset voltage on fractional intensities of different uranyl
species was studied in the positive ion mode and in the negative ion mode. The studies were
carried out using a capillary voltage of -4000 V. As the off-set value is lesser, the voltage
applied to the end-plate becomes higher and this improves the transmission of ions through
the orifice of the end-plate. However, application of a higher potential might lead to
fragmentation of some of the fragile species present in the nebulizer spray. Fractional
intensities of all the bulkier species [UO,-(HIBA),]*, [UO,-(HIBA),(H,0)]" and [UO,-
(HIBA)s]" showed a slight decreasing trend with resultant increase in the fractional intensities
of the fragments such as [UO,(OH)]*, [UO2-(HIBA)] " and [UO,-(HIBA)(H20)]". In view of
maintaining a balance between the transmission efficiency and fragmentation, -800 V was
chosen as the end-plate offset voltage in both the positive and the negative ion modes for the

subsequent experiments. However, it is not clear why the species[UO,-(HIBA);]*, which was

223



moderately robust under end-plate offset voltage and capillary voltage studies, underwent

severe fragmentation when collision cell energy and quadrupole ion energy were increased.

5.3.2.4 Effect of Ligand-to-Metal Ratio

After optimizing the transfer parameters, the complexation reaction between uranyl
ion and HIBA was followed as a function of the ligand-to-metal ratio in order to monitor the
overall trend in complexation. Figure 5.10(a) shows the changes in the fractional intensities of

different uranyl species as a function of ligand-to-metal ratio in the positive ion mode.
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Figure 5.10(a): Distribution of uranyl-HIBA complex species as a function of ligand-to-
metal ratio in positive ion mode.
5x10° M UO»(NO3), solution in H,O:MeOH (1:1 v/v). ESI parameters
employed: dry gas temperature: 180 °C, capillary voltage: -4000 V; end-
plate offset voltage: -800V; quadrupole ion energy: 4 eV and collision cell
energy: 2 eV.
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Concentration of uranyl ion for this set of experiments was fixed at 5x10° M in 1:1
water-methanol mixture containing 10° M NaClO,.Uranyl nitrate and HIBA solutions were
mixed on volume basis to give the complex solution with the required ligand-to-metal ratios
in the range 0 to 100. pH of the resultant solution used for the ESI-MS work was found to be
in the range of 6.4 to 4.7 for ligand-to-metal ratio from 1 to 100. After acquiring the spectrum
for each ligand-to-metal ratio, nebulizer was cleaned to ensure low background before
proceeding with the next sample. Memory effect was more acute in the negative ion mode
and long time cleaning with dilute solutions of EDTA or HNO3z was necessary to bring down
the background to satisfactory levels. However, manual cleaning of the nebulizer offered a

very fast cleaning.

This distribution plot was arrived at assuming that the ion current in the gas phase
quantitatively represents the solution equilibrium[223]. The response of the unbound uranyl
species was obtained by summing up the fractional intensities of all the free uranyl species.
Similarly, responses of ML, were obtained by summing up the fractional intensities of all the
species associated with UO,-(HIBA),. Thus factional intensity of ML; complex was obtained
by adding the individual fractional intensities of [UO,(C4H;03)]*, [UO2(C4H;03)(H.0)]",
[UO2(C4H703)(CH3OH)]", [UO2(C4H703)(H20),]" and [UO2(C4H;03)(H,0)(CH3sOH)]™. The
changes in the distribution of the different species with the increase in the ligand-to-metal
ratio clearly indicate the progress of complexation reaction. As is seen from the Figure, the
species corresponding to uncomplexed uranyl species decreased drastically with the increase
in the proportion of HIBA in the mixture. The response of ML;complex was found to increase,
reached a maximum (at ligand-to-metal ratio = 2) and then decreased with further increase in
the ligand-to-metal ratio. The ML, complexes were found to be predominant species at
ligand-to-metal ratio of 5. ML3 was found to be the most prominent species at the ligand-to-

metal ratio > 10.
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Similarly, the distribution of different uranyl species as a function of ligand-to-metal
ratio was studied in the negative ion mode and the results are presented in Figure 5.10(b). The
species distribution obtained in the negative ion mode is similar to that obtained in the

positive ion mode.
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Figure 5.10(b): Distribution of uranyl-HIBA complex species as a function of ligand-to-
metal ratio in the negative ion mode.
ESI parameters employed: dry gas temperature: 180 °C, capillary voltage:
3500 V, end-plate offset voltage : -800 V, quadrupole ion energy: 4 eV and
collision cell energy : 4 eV.

It is seen that MLs is of the highest intensity in the negative ion mode e.g. ML3
becomes the base peak at ligand-to-metal ratio as low as 5 in contrast to ligand-to-metal ratio
of 10 in the positive ion mode. This is attributed to the relative ease for ML3 species to form
the negative ions as compared to ML; and ML, species. Similarly, the task of maintaining
positive charge becomes difficult for ML3 species due to the presence of three carboxylate
groups in the complex and a working pH of 4.7 to 6.4. Studies on the influence of the

experimental parameters such as sample type and mobile phase composition on the ESI
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spectra are reported elsewhere [224]. Intensities of most of the uranyl species were slightly
affected as the transmission parameters were kept at low energy values in both the modes.
Complexing constants of uranyl-HIBA system are reported as log B; =3.2, logp, = 5.1 and
logBs = 6.6 at pH 4.0 and this is indicative of the fact that the proportions of the ML;, MLjand

ML; species in the solution are dependent on the ligand-to-metal ratio [172].
5.3.3 Complexation of Uranyl lon with Mandelic Acid

Mandelic acid (a-hydroxyl phenyl acetic acid, CgHgO3) is known to form hydrophobic
complexes with Th& U and is a suitable ligand for their selective pre-concentration. Uranyl
ion forms various complexes with mandelic acid and these can be cationic or anionic in nature
and hence mass spectra were acquired in both the positive and the negative modes. Figure
5.11(a) shows the mass spectrum obtained by introducing 10°M UO,(NO3), and 10° M
mandelic acid in 1:1 methanol-water medium in the positive ion mode containing 10° M
NaClO,. Solution composition was chosen based on the work carried out on uranyl-HIBA

system [225].
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Figure 5.11(a): ESI-MS spectrum of uranyl-mandelic acid system in the positive ion mode.
5x10° M UO,(NO3); and 10 M mandelic acid in H,O:MeOH (1:1 v/v).
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Different species identified in the mass spectrum are listed in Table 5.5(a).In the case
of mandelic acid also, the maximum number of ligands observed around the UO,** ion is only
3. Even in the case of ML; type complexes, the maximum number of solvent molecules
involved in coordination was found to be 2. In the positive ion mode, the species
[UO,(CgHgO3)(CH30H)(H20)]", at m/z 471.1, was the most intense peak. This is in contrast to
the observation in uranyl-HIBA system where methanol containing species were the least

abundant.

Table 5.5(a): Uranyl-mandelic acid species observed in the positive ion mode

Species Type m/z irizlr?;[ii;/;*
[UO,(CsHs03)]" 421.1 9.5
[UO,(CgH803)(CHZ0H)]* 4531 | 50.2
[UO2(CgHgO3)(CH30H)(H.0)]* 4711 | 100
[(UO,),(CsHgO3)4]** M- 573.1| 437
[(UO,)(CgH80O3)(H,0)]" 591.1 58.5
[UO,(CgHg03)s]" 725.1 49.7

* Relative intensity with respect to the base peak at m/z 471.1

Figure 5.11(b) shows the mass spectrum obtained for the uranyl-mandelic acid in the
negative ion mode. The important species observed in the spectrum are listed in Table 5.5(b).
In the negative ion mode also, the maximum number of ligands available for coordination
with uranyl ion was found to be 3. Similar to the uranyl-HIBA system, the most intense peak

in the negative ion mode was found to be of ML3 species.
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Figure 5.11(b): ESI-MS spectrum of uranyl-mandelic acid system in the negative ion mode.
5x10° M UO,(NO3), and 10° M mandelic acid in H,O:MeOH (1:1 v/v).

Table 5.5(b): Uranyl-mandelic acid species observed in the negative ion mode

Species Type m/z iriilr?;[ii;/;*
[UO2(NO3)s] M-H 456.1 3.8
[UO,(CgH703)(NO3)] M-H 482.1 4.2
[UO,(CgH703)(NO3)(OH)T M 500.1 2.3
[UO2(CgH703)(NO3)] M 545.1 31.7
[UOy(CgH703),] M-H 571.1 12.9
[UO(CgH/03),(OH)I M 589.1 2.8
[UO,(CgH703)2(NO3)] M 634.1 38.6
[UOy(CgH703)3] M 723.1 100

* Relative intensity with respect to the base peak at m/z 723.1

Another interesting observation was the appearance of doubly positive dimeric species
[(UO,)2(CsHgOs)a]*'m/z 573.1, under soft ionization conditions. This is in contrast to the
pattern observed with uranyl-HIBA system in water-methanol mixture, where no doubly
charged species was observed. This dimeric species was found to convert into the monomeric

species, [(UO,)(CgHgOs),]*'m/z 573.1at high energy collision dissociation conditions
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(collision cell energy > 30 eV). Though the dimer and monomer species appear at the same

m/z value they could be distinguished based on the different isotopic patterns shown in

Figures 5.12 (a) and 5.12(b). The monomeric product obtained is analogous to one of the

prominent species, [UO2(C4HgO3),]",0bserved with uranyl-HIBA system. The formation of

the dimeric species was favoured by the increase in concentration of uranyl-mandelate

complex in the solution and decrease in the nebulizer gas flow rate.
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Figure 5.12(b): ESI-MS spectrum of the monomeric uranyl-mandelic acid species
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[(UO,)(CgHgO3)2]".
5x10° M UO,(NOs), and 5x10° M mandelic acid in H,0:MeOH (1:1 v/v),
collision cell energy : 40 eV.
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5.3.3.1 Effect of Electrospray lonisation and Transfer Parameters

Figure 5.13shows the changes in the intensities of different uranyl-mandelate species
in the positive ion mode as a function of dry gas temperature. The ion intensities are expected
to increase with increase in temperature due to the efficient solvent drying. However, the
increase in temperature can also result in the thermal dissociation of fragile species. Thus the
intensities of the species viz. [UO,(CgHgO3)s] at m/z 421.1 is seen to increase with increase in
temperature. However, the ion [UO(CgHgOs)(CHsOH)(H20)] "at m/z471.1 showed a steady
decrease in intensity with the increase in temperature. The optimum dry gas temperature

chosen for the subsequent experiments was 150°C.

100 = = -
—A—301.1
—A— 4211
80 - —0—4711
b —%—591.1
— —m—725.1
S 60} ]
2
=
cg 40 - .
[¢B] L -
(aed 20 4/4/4\/4‘4\—4
0+ -
1 L 1 L 1 L 1 L
100 150 200 250 300
Dry gas temperature (OC)
Figure 5.13: Changes in the intensities of uranyl-mandelate species as a function of dry

gas temperature in the positive ion mode.

Changes in the intensities of different uranyl-mandelate species as a function of in-
source collision induced dissociation energy (ISCID) are shown in Fig.5.14. Increase in the
energy would lead to increased acceleration of the ionic species leading to more energetic

collisions. However, collisions to a greater extent may lead to fragmentation of the species
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concerned. It is seen from the Figure that the ESI responses of ML, and ML; remained the
same whereas the ML; solvated species with methanol showed decrease in intensity.
Interestingly, dimeric species [(UO,)2(CsHgOs)4]** was found to be stable till the ISCID
energy of 30 eV and at the 40 eV, dimeric species converted into the monomeric, as

confirmed from isotopic pattern.

Similarly the distribution of different uranyl-mandelate species was studied as a
function of collision energy.[UO,(CgHgO3)(CH3OH)(H20)1"'m/z 471.1 and [UO,(CgHgO3)s]"
at m/z 725.1 were found to show drastic decrease in intensities with increase in the collision
energy. However, [(UO,)(CgHgO3)2(H20)] 'was found to be stable till the collision energy of

10 eV and further increase in collision energy led to fragmentation of this species.
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Figure 5.14: Changes in the intensities of uranyl-mandelate species as a function of in-
source collision induced dissociation energy in the positive ion mode.

5.3.4 Conclusions

ESI-MS was used to identify different species of uranyl complex with HIBA and

mandelic acid in methanol-water medium. A detailed study on the influence of the mobile
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phase composition and concentrations of the electrolyte and uranyl salt on the distribution of
major uranyl species was carried out. These studies were helpful to obtain sensitive and
representative ESI-MS spectra. ESI-MS spectra were acquired in both the positive and the
negative ion modes to obtain a complete picture of the complexation. Major uranyl-
hydroxycarboxylic acid species observed in the positive and the negative ion modes were
identified. The effects of electrospray as well as transfer parameters on the distribution of
important species were investigated and optimized conditions were employed for obtaining
information about the solution phase equilibrium. Though HIBA and mandelic acid showed
more or less similar patterns in their complexation with uranyl ion, some of the distinct
behaviors of mandelic acid were the formation of prominent methanol containing species and
doubly charged adduct species under soft ESI conditions. ESI-MS was employed for
following the overall trend in the complexation between uranyl ion and HIBA ligand. The
methodology is attractive for uranyl-hydroxycarboxylic acid complex speciation studies in
view of its sensitivity and ability to identify and monitor a large number of complexed and

uncomplexed species.
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