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Summary

Lithium can be analysed as atomic ion (Li*) as well as molecular ion (Li.BO2") in
positive ion mode of TIMS. Boron is usually measured as alkali metaborate (M2BO;"*, where M =
Na, Rb or Cs) as the monitoring ion. Though the sensitivity of atomic ion is very good,
measurement accuracy in the isotope ratio determination of lithium is largely affected by the mass
dependent instrumental isotopic fractionation, which depends on several analytical parameters
such as ion source loading material, amount of lithium loaded on the filament, temperature and
time of analysis. Monitoring molecular ion Li>BO,", at a mass range of m/z 54 to 57 am.u., is a
better alternative as the severity of isotopic fractionation is greatly reduced when compared to
atomic ions. Using a numerical value of °B/*B ratio (e.g. certified value for SRM-951 since
19B/11B ratio cannot be independently determined) for the calculation of elemental isotopic ratio
of lithium is the main shortfall of this method. In order to circumvent this, instead of monitoring
one polyatomic ion ratio, two polyatomic molecular ion ratios of LiBO>" ions have been used in
the present work for the simultaneous determination of isotope ratios of both lithium and boron.
The Li.BO," methodology involves rigorous mathematical calculations for the selection of the
correct combination of molecular pair which will give good precision for ®Li/’Li ratio. The very
low abundance of one of the polyatomic molecular ions for the combinations of highly enriched
isotopes of either of the element (Li or B), results in poor measurement precision, making the

judicious selection of molecular ion pair even more difficult.

So as an alternative to this, a new approach has been explored in the present study
by mixing sodium borate to the lithium compound to form sodium lithium (mixed alkali) borate

which would produce NaLiBO>" molecular ions (mass range of major abundant species 71 - 73),



Li2BO." (mass range 54 - 57) along with Na,BO>" (88 - 89) in the ion source. The advantage of
this method is that °B/*'B ratio can be independently determined by monitoring Na,BO," to
measure %1/%°1 ion intensity ratio simultaneously instead of directly using the constant / certified
as in the previously developed Li-BO>" ion method. Though the accuracy of isotopic analysis was
improved by using molecular ions instead of atomic ions, the sensitivity of the measurement is
compromised. The application of Total Evaporation and lon Integration (TE & Il) method for
improving both sensitivity and accuracy for lithium has also been explored in the present thesis.
Precise isotopic measurement by a new analytical methodology restricted to particular isotopic
composition cannot prove the reliability of the measurement. Reliability of isotope measurement
of NaLiBO* method has to be validated by measuring the isotope ratios of ®Li/’Li in the prepared
SLIMs. For that purpose, Synthetic Lithium Isotopic Mixtures (SLIMs) with varying isotopic
abundances of 6Li: 1%, 8%, 20%, 35%, 50% and 85% were prepared and analysed by conventional
limited scan measurement as well as TE & Il method under the optimized conditions using
NaLiBO:" ions. The constancy of fractionation factor obtained over a wide range of °Li/’Li,
authenticated the application of NaLiBO>" as monitoring ion for the accurate isotope ratio

measurement of lithium.

Refractory powder samples of lithium such as Li>TiOs, LiAlO. and boron such as
B4C, TiB2, Rare Earth metal borides (LaBs, CeBes, NdBs, ZrB2) are being widely used in the nuclear
industry. Isotopic measurement of such samples requires dissolution of these materials. However,
a simple and robust methodology has been developed by employing the polyatomic molecular ions
where in the Li and B samples were directly fused with sodium borate or sodium carbonate
respectively on the filament itself which avoided the elaborate dissolution and purification

procedures.
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Chapter 1

Introduction



1.1. Origin of elements

Origin of all naturally occurring elements present in the modern form of the periodic
table can be explained based on the cosmic events that happened a few billion years ago in the
universe. However, the routes of their formation are different for different elements. Back to the
times, when there was no concept of “Time and Space”, the whole universe was concentrated in
an exceptionally dense, tiny point source which was incredibly hot with temperature over 10%2°K
[1]. The entire universe was born in the most symmetric state and started to expand from this tiny
point resulting in a massive explosion called “Big-Bang”. Instantaneously after the big-bang
moment, the temperatures fell considerably to about 10! °K during the expansion. Formation of
the first elements was not possible at this stage owing to the substantially high temperatures and
high Kkinetic energy of the newly formed protons and neutrons which resulted in random movement
of these particles at ultra-high speeds [1, 2]. However, due to the continuous expansion of universe
there was a considerable fall in temperature, resulting in a favourable environment for the
formation of first elements (Hydrogen and Helium) and subsequently from them, rest of the
chemical elements were formed by various cosmological events. A brief discussion on the origin

of various elements is given below.
1.1.1 Hydrogen and Helium

After a few minutes of Big-Bang event, the temperature fell down to a billion degrees
kelvin (10° °K), which was sufficient for fusion of neutrons and protons to form the first atomic
nuclei, Deuterium [3, 4]. Further, two Deuterium atoms fused to form the Helium nuclei. In the
early stages of the universe, due to the outnumbering of protons over neutrons by a ratio of 7:1,

the entire universe was filled with hydrogen and helium with a very high cosmic abundance of



about 75 - 95% and 25 - 5% respectively and trace amounts of ’Li, with an abundance ratio of Li/H

~5.61+0.26 x 10° 1, 5].

1.1.2 Elements up to Iron

As the universe continued to expand and cool further, the entire matter spread into
giant clouds of gas in space. Under the influence of its own gravity, contraction of this large gas
clouds created enormous pressure at the centre which enormously increased the temperature of the
system. This increase in temperature (15 X 10° °K) at centre made hydrogen nuclei to fuse together
to form helium which was responsible for the release of huge amount of thermal energy during
nuclear fusion. This is how “the first star in the universe got its shine about 200 million years”
after the big-bang event. The giant gas cloud system was shaped into a spherical ball due to the
fusion energy being counter balanced by the inward gravitational pull. The process continued until
there is no more hydrogen to fuse at the star’s core. At this stage, the core of the star was filled
with helium nuclei. As there was no release of fusion energy from the star’s core, its gravity
resulted in an inward pull and further contraction took place which led to increase in the pressure
and temperature. This collapse made hydrogen to fuse in the middle layers. Now the fusion energy
released at the middle layers made the star to expand further, beyond its previous size, called as
“Red Giant”. However, continuous contraction took place at the star’s core which increased the
pressure and temperature of the core enormously. At some point, the temperature of the star’s core
was hot enough for the fusion of helium to occur. This is how the formation of higher elements
have taken place. The formation of higher elements depends on the mass of the giant molecular
cloud, in case of small mass stars, carbon was the last heavy element that could be formed. As the
inward pull by the gravity is not sufficient (due to low mass) to increase the temperature and

pressure of the star’s core to fuse the carbon nuclei, formation of higher elements could not take
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place in low mass stars. In the case of large mass stars (larger than 8 times the mass of the SUN),
formation of elements up to iron could take place by further fusion of carbon nuclei. Iron was the

end of line for the formation of elements by fusion process [1, 2, 6].

1.1.3 Heavy elements

Occurrence of heavier elements happened by the supernova explosion of stars (small
or large). During this explosion, the core material of the stars (elements up to carbon or iron) got
heated to incredible temperatures and underwent capture of neutrons through various processes.

This neutron capture is the reason behind the formation of all heavier elements [1, 2 - 7].

1.1.4 Lithium - Beryllium - Boron

Hydrogen fuses to form Helium. Three such Helium nuclei fuse to form Carbon. These
are continuously undergoing processes in small stars (low mass stars). This leaves out the
explanation for formation of 6-Lithium (the formation of “Li is explained later), Beryllium and
Boron (elements in between Helium and Carbon) in the universe. Formation of 6-Lithium,
Beryllium and Boron fall under a special category of cosmic events which does not fit in the above
three processes. In fact, the formation of Li-Be-B is said to be a “Cosmic Mystery” and even now
it is a hot-topic in the branch of cosmology. The explanation for possible formation is based on the
Galactic Cosmic Ray (GCR) spallation. Cosmic rays are high energy particles travelling
throughout the galaxy with relativistic speeds and can consist of anything from tiny electrons to
nuclei of any element in the periodic table. As cosmic rays are travelling with very high speeds,
when they hit atoms, part of the target nucleus can be “chipped off” forming two new particles.

Lithium is expected to be formed along with helium, by the spallation reaction of carbon nucleus



with the hydrogen atom. Similar explanation could be given to the formation of beryllium and

boron along with their isotopes [1 - 2, 8 - 12].

1.2. Discovery of isotopes

In the recent years, sophisticated instruments are available worldwide to determine
physico-chemical properties of elements in different matrices required for diverse fields of interest.
Due to the advancement in technology, it is now possible to determine the presence of a single
molecule. But the discovery of isotopes occurred, back in the 19" century, where most of the
famous scientists were not aware of the existence of sub-atomic particles in an atom. A couple of
decades after the discovery of isotopes, J. J. Thomson published an article in the year 1936 wherein
he stated, ‘“At first there were very few who believed in the existence of particles smaller than
atoms. | was even told long afterwards by a distinguished physicist who had been present at my
(1897) lecture at the Royal Institution that he thought | had been pulling their legs’” [13]. The
discovery of isotopes happened as follows:

In 1910, Frederick Soddy discovered that the element “Lead” differed in its mass
depending on whether it had been formed from the decay of thorium or the decay of uranium. This
was originally considered as a peculiarity of radioactive materials, which Soddy called
“‘isotopes’’, from the Greek, words ‘“is0”’ (same) and “‘topos’’ (place) as they can be found at the
same position within the periodic table of the elements [14]. In the year 1912, Thomson and Aston
could successfully collimate the ion beam through a magnetic and electric field during their
experiments on positive rays. The electric and magnetic fields resulted in the deflection of charged
particles according to their mass — to - charge ratio leading to the formation of a parabola on the

photographic plates. The first mass spectrograph recorded was of the isotopes of Neon.



Isotopes of an element are the nuclides with same atomic number (Z) but different
mass number (A) due to the variation in the number of neutrons (N) in the nucleus. For mono-
isotopic elements with only one stable isotope whose abundance is 100%, the mass of the isotope
is the atomic weight of the element. For di-isotopic or poly isotopic elements the atomic weight
is the sum of the individual weight components of the different naturally occurring isotopes taking

into account their individual abundances.

1.3. Significance of Isotope ratio measurements

Out of 1700 known isotopes in the periodic table, nearly 16% (264 isotopes) are stable.
Isotopic measurement of these stable and unstable isotopes present in bulk, trace or ultra-trace
concentration levels in different matrices are of special interest for characterizing samples [15 -
23].

1) It is very imperative to have the data on isotopic analysis for the precise
determination of Atomic Weight of elements.

2) In general, the isotopic abundance of stable isotopes of an element are not constant.
Variations in the isotopic abundance occurs in nature due to various possible reasons:

a) Natural isotope fractionation effects: Isotope exchange reactions, formation and
transport of minerals due to weathering, geological and cosmogenic processes [24].

b) Anthropogenic contamination: Nuclear-fallout from the testing of nuclear weapons,
discharge from the nuclear powerplants, discharge of detergent in sewage [25 - 26].

¢) Radiogenic decay of unstable isotopes, e.g., the B~ decay of 8’Rb to 8/Sr, which in
turn causes the changes in isotope abundances in nature.

Variation of an isotope ratio is usually presented as § value of an isotope expressed

as per mil (%o)



§ = (M—1>X103

Rstandard

The commercially available delta Delta (8) isotope reference materials for various

elements are listed in Table 1.1.

Table 1.1. List of commonly available Delta (8) reference materials provided by various
certified laboratories
S. No. | Element Symbol | Common Delta (8) | Description of

reference material Standard / Certified

laboratory

1 Hydrogen H VSMOW Vienna Standard Mean
SLAP (later NIST — | Oceanic Water

RM —8537) Standard Light Antarctic
Precipitation

National Institute of
Standards and

Technology

2 Lithium Li L — SVEC (later NIST Li>CO3

— RM - 8545) IRMM | Institute for Reference

- 016 Materials and
Measurements
3 Boron B NIST - SRM - 951 H3:BO3 powder
4 Carbon C L - SVEC, VPDB Li2COs




Vienna Pee Dee
Belemnite  (fossilized

shell of a Belemnite)

5 Nitrogen N KNOs3
USGS 34 (later NIST United States
— RM - 8568) Geological Survey
6 Oxygen O VPDB, VSMOW,
SLAP
7 Magnesium | Mg NIST — SRM - 980 Mg metal chips
8 Calcium Ca NIST - SRM - 915a / CaCOs
915b
9 Chromium Cr NIST — SRM - 979 Cr(NO3)3
10 Iron Fe IRMM - 014 Fe metal
11 Bromine Br SMOB Standard Mean Oceanic
Bromide
12 Rubidium Rb NIST - SRM - 984 RbCI powder
13 Strontium Sr NIST — SRM - 987 SrCOs powder
14 Thallium TI NIST - SRM - 997 TI metal
15 Lead Pb NIST — SRM - 981 Pb wire
16 Uranium U NIST — SRM - 950a U3Og powder




1.4. Importance of isotopic ratio measurement of lithium and boron

1.4.1 Cosmology

Along with mystery of the origin of Lithium and Boron in the universe, the cosmic
story of Li is puzzling to the cosmo-chemists and its formation is entirely different from that of
the other isotope viz. 5Li and the isotopes of boron (*°B &!'B) [2, 8 -12, 27]. "Li is a very important
product in the Big-Bang nucleosynthesis and was possibly produced by two routes (i) °T (a, y) ‘Li
and (ii) ®He (o, y)'Be (n, p) ‘Li [28]. The overall schematic of the production of “Li is given in Fig.

1.1.

Unlike Li, the other isotope ®Li along with boron was neither produced in the big-
bang, nor in stars. They were formed in the Galactic Cosmic ray interactions. 6Li is produced by
spallation reactions of cosmic rays (protons) with the C, N and O present in the interstellar medium

(p + O — 5Li) and the fusion reaction of interstellar helium (a+a — °Li) [29].

In contrast to lithium isotopes, the formation of both the isotopes of boron are by the
non-thermal nuclear reactions between high energy (GeV) particles such as protons and alpha
particles in galactic cosmic ray with the C, N and O present in the interstellar medium as shown

below.
12C (p X) 10, 1lB
14N (p X) 10, 1lB

160 (p1 X) 10, 1lB



lntop
2.n(p,v)d

3.d (d, p) t

4.d (p,y) *He
5.d (d, n) *He
6.°He(n, p) t
7.t (d, n) “He

8. d (d, y) “He
9.3He (d, p) “He
10. t (o, v) "Li
11.He (o, v) 'Be
12. 'Be (n, p) 'Li

Fig 1.1. Simplified reaction network for the formation of ’Li during Big Bang Adapted from [30]
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Even though the production route of 1°B and B is same for the above reactions, the
cross-sections of the reactions decided the fate of the isotopic abundance of the particular nuclei.
Among the three reactions after a threshold energy, the cross-sections of B formation are high
and constant for increasing energy of the cosmic rays. Cross-sections for 1°B production with low
proton energies are high and decreases exponentially with the increase in the energy of protons. It
is also worth noting that the production of B could also be produced by neutrino spallation
reactions in carbon core collapse during supernovae explosion [31]. Though the explanations for
the formation of these light elements were made through some experimental evidences, still some
theories contradict the observations. So precise isotopic measurement of these elements can help

in drawing some definite conclusions.
1.4.2 Geochemistry

It is the branch of science which not only explains the mechanisms of formation of
Earth’s crust and oceans but also deals with the distribution of chemical elements in the various
layers of the earth. Lithium and Boron are considered to be the unique geological tracers because
of their following physico-chemical characteristics: (i) moderate to high fluidic phase solubility
[32, 33] (ii) large percentage mass difference between the isotopes (17% for lithium and 10% for
boron), which leads to the large natural isotopic fractionation in different geologic reservoirs.
Owing to these properties, at low temperatures (< 100°C) the lighter isotopes (°Li, °B) are
preferentially retained in the condensed phase (rock, sediment etc) leaving the isotopically heavy
isotopes ('Li, 'B) in the fluid [34, 35]. By measuring these small deviations in 8’Li and §''B in
these tracers, studies are being carried out on crustal assimilation, fluid tracking related processes

in rocks and hydrothermal water-sediment-rock interaction [36 - 38].
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1.4.3 Hydrology

Hydrology is the scientific study of flow path-ways of water, residence time of water
in the catchment areas, source of water runoff and contaminant transport. Both lithium as lithium
chloride and boron as sodium borate (borax) are selected as artificial tracers for the hydrological
purposes [39]. One of the important applications employing these tracers is to find out the source
of anthropogenic pollution caused by the sewage waters from households and effluents from
various industries [40, 41]. The oxy compounds of boron are widely used in cosmetics, herbicides
or fetilizers and household products. Manufacturing of the washing powders is one of the
unavoidable and major source of boron content (in its perborate form) in the sewage from
households. Usage of washing powders is the one of the main contributors of anthropogenic boron
(about 60-70%) in the aquatic environment [42]. On the other hand Lithium is most widely used
in the production of lithium battery materials, semiconductor detectors, in glass and ceramic
industry [43]. It is also used in the clinical field as a therapeutic for mania, all of which require its
accurate estimation. Apart from this, often distinctly low ®Li/’Li and °B/*B isotopic signatures
are observed in the sufrace waters nearer to the lithium and boron enrichment plants, where the
tail product is disposed which is depleted in 8Li and *°B content. Lithium and Boron have a wide
usage in nuclear industry. To figure out the source of anthropogenic contamination the
measurement of isotopic ratios of lithium and boron is required for hydrological applications in

addition to their quantitative determination.
1.4.4 Paleoceanography

Itis “the study of the history of the oceans in the geologic past with regard to

circulation, chemistry, biology, geology and patterns of sedimentation and biological

12



productivity”. Deviations in the isotope ratios of Lithium and Boron from the isotopic standards
(8’Li and &'B), in the oceanic marine organisms are considered as potential proxies for
reconstruction of the changes in CO and pH of oceans in the geological past. As residence times
of lithium and boron are very large (~ 10 — 20 million years) when compared to oceanic mixing
time of 1000 years, lithium and boron are considered to be the conservative elements with a mean
oceanic concentration of 0.1 - 0.2 ppm and 4 - 5 ppm respectively [44, 45]. However, residence
time of COz in the earth’s atmosphere is about 4 years; ocean is the best sink for this green-house
gas [46]. Carbon dioxide dissolves in seawater to form carbonic acid, bicarbonate and carbonate

ion by the following equilibrium.

Ky K,
CO,+ H,0 & HY + HCO; & 2H + CO%™ e Eqn. 1.1

Sum of all the carbon containing molecules in the above equilibrium is known as total
CO- or Dissolved Inorganic Carbon (DIC). This is how the acidification of an ocean takes place
with the uptake of atmospheric CO2. Reconstructions of pH of the ocean to the geological past can
be made by measuring the isotope ratios of lithium and boron, which are also correlated with the
amount ratios of Li/Ca or B/Ca of the oceanic marine organisms such as foraminiferal shells [47 -
49]. The routes of uptake of lithium and boron in these organisms are different and are still under

debate.
1.4.4.1. Lithium incorporation

A recent study demonstrated that an increase in the amount ratio of (Li/Ca)shen and
(Li/Ca)seawater Was observed with the change in concentration of lithium in seawater. Whereas
(Li/Ca)shen was found to be constant with the change in seawater Ca concentration. This suggests
that, unlike divalent ions (such as Sr?*), which compete for the binding sites of Ca?* ion
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transporters, monovalent lithium ions (Li*) do not compete with Ca, rather they probably diffuse

(through ion channels) to the lattice sites during the calcification of these marine organisms [50].

1.4.4.2. Boron uptake

Based on the laboratory culture experiments, it was suggested that foraminifera could
store and concentrate Ca?* and DIC internally by pumping Ca?* and HCOs in to a secondary
reservoir. Further it was assumed that, similar to human Na*- K* biological pump (for the energy
production), a Ca?* pump may be functioning from the secondary reservoir placed in the vacuoles
of marine organisms. This pump is also responsible for this large discrimination in the
accumulation of Ca?* and other cations of similar size and charge in these shells. Similar to this
mechanism, a transporter which is favorable to HCOs™ might be allowing small quantities of the

charged B(OH)4™ but not B(OH)3 [51].

1.4.5 Nuclear Industry

Lithium, with its both the isotopes °Li and “Li has wide usage in the nuclear industry.
Owing to its low thermal neutral absorption cross-section (0.045 barns), enriches ’Li as LiOH is
added to the coolant in PWR’s to stabilize the pH for control of corrosion in the coolant channel,
and also in the form of fluorides such as ‘LiF-BeF. and ‘LiF-NaF-KF are potential molten salt
coolants and solvent to the fuel salts in High Temperature Reactor (HTR) [52, 53], ®Li is used in
blanket materials for breeding tritium for future fusion reactors. LiAlOzand Li>TiOzenriched with
®Li are among the proposed solid breeder materials for the International Thermonuclear

Experimental Reactor (ITER) program [54].
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Boron in various chemical compounds such as oxy-compounds, Boron carbide,
refractory metal borides are required in nuclear industry, due to the high neutron absorption cross
section of 1°B (3843 barns). Boron as Oxy compounds such as B,O3 and HsBOs are used as liquid
poison in heavy water moderator systems of PHWRs and in primary coolant circuit of PWRs
respectively. Boron carbide (B4C) is used in control rods due to its attractive features such as
exceptional hardness, low density and excellent chemical and thermal stability. When used in
FBRs, boron has to be enriched in 1°B (up to 65%) [55]. In view of better physical properties like
high melting point (3200°C) which is superior to B4C (2650°C), good thermal conductivity, low
density and chemical inertness, boron in the form of titanium diboride TiB3, is considered as an
excellent candidate material for CHTRs [56]. In addition to this, various refractory and rare-earth
metal borides like CrB2, ZrB2, HfB2, EuBs, LaBg, CeBg and its composites have also been proposed

for the development of an alternative material to titanium diboride [57 — 60].

1.5. Mass Spectrometer — A tool for isotope ratio measurements

Mass Spectrometers are “the analytical instruments that generates gas phase ions in
the sample input systems, where ionization of the analyte may be carried out thermally by resistive
heating or by bombarding with high energy electrons, ions or photons; the ions formed are
separated according to their mass-to-charge ratios (m/z) using static or dynamic, electric or
magnetic fields (or combination thereof) and their detection is carried out according to their
respective mass to charge ratio (m/z) and abundance”. Though the above definition dates back to
1968, when organic mass spectrometry was in its infancy [61], the broad definition is still valid
for the present generation mass spectrometers with improved features such as.

Source of lonization, not only affected by energetic electrons but also by
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i) energetic neutral atoms (Fast Atom Bombardment — FAB)

ii) photons (Laser ablation - LA)

iii) (atomic) ions (Secondary ionization — Sl)

iv) electro-statically charged micro-droplets (Electro Spray ionization — ESI)

V) heating by resistive means (Thermal lonization — TI) or by plasma source

(Inductively coupled — ICP, Glow discharge — GD)

Second, ion separation is not only affected by static or dynamic electric or magnetic
fields but also in field-free regions, provided, ions are mono energetic and possess a well-defined

kinetic energy at the entrance of the flight path (Time-Of- Flight — TOF).

Mass Spectrometers can be classified into various categories depending on the type of
ionization sources, mass analyzers, species monitored and type of focusing. The broad
classification of various mass spectrometers is given in Fig. 1.2. The required major components
of any mass spectrometer can be represented in the form of the block diagram as shown in Fig.

1.3.

1.5.1 lonization sources

Although different ionization techniques are being developed for different
applications, the principle aim of the ionization source is to produce efficient ion beam. A large
variety of ionization techniques based on different ionization processes are used for isotope ratio

measurements, the principles and their key applications have been summarized in the Table 1.2.
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Energy Spread Monitoring Species Ton source Analyzer

Fig. 1.2. Classification of various type of mass spectrometers
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Post Processing
Computer

Embedded
Personnel Computer

Vacoum system

Sample inlet

Ton source Mass Analyzer Detector

Fig. 1.3. Block Diagram of a Mass Spectrometer

1.5.2 lon separators (analyzers)

An essential part of a mass spectrometer, the ion separation system has the task of
separating the ions with respect to their mass to charge (m/z) ratios. The separated ion beams are
then supplied to the ion detection system. lon separation systems can be classified as

i) Static ion separation systems

Magnetic fields, electric fields and a combination of the two (double —
focusing) are considered as static ion separation systems in a mass spectrometer

i) Dynamic ion separation systems

These use different flight time of ions with different masses and different
velocities. In addition to the flight time, separation of isotopes occurs due to the change in the
strength of electric and / or magnetic fields. Time-Of-Flight, Quadrupole, lon trap, lon Cyclotron

Resonance Mass analyzers are a few examples for dynamic mass separation systems.
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Table 1.2 List of commonly used ionization methods for the isotope ratio measurements and their applications

accelerator. Positive ions are produced after
stripping of electrons from negative ions and

analyte positive ions are analyzed

S. No. Method of Principle Conditions Applications
lonization
1 Spark Source Sample is vaporized & ionized by a high- | Solid sample coated on cathode; | Multi-elemental technique
voltage radiofrequency spark between two | ionization under vacuum for trace analysis
electrodes
2 Glow Discharge lonization occurs in the discharge of Ar gas, | Solid sample coated on cathode; | Multi-elemental technigque
called Plasma, developed between two | lonization under Ar atmosphere | for trace analysis & depth-
electrodes profiling
3 Thermal lonization | lonization due to the resistive heating of the | Sample solution loaded on the | Isotope ratio analysis,
filament material filament,  ionization  under | quantification using
vacuum Isotope dilution method
4 Inductively Vaporization & lonization in a radiofrequency | Aspiration of sample solution | Isotope  ratio,  Multi-
Coupled Plasma argon plasma- torch into Ar plasma-torch; lonization | element at trace levels
under Ar atmosphere
5 Secondary Secondary ions (analyte ions) are produced by | Solid sample, ionization under | Surface characterization,
lonization the bombardment of accelerated primary ions | vacuum depth profiling, imaging
6 Accelerator Mass | Secondary negative ions (analyte ions) are | Sample is converted to solid | Very low abundant isotope
Spectrometry accelerated with low energies (10-100keV) to | cathode; instrumentation is a | ratio measurement
mega-electron Volt (MeV) energies in tandem | coupling of MS-MS (Tandem | (**C/*%C, 1°Be/°Be,

Mass spectrometry)

41Ca/*°Ca, etc.) at very low
detection limits
~ 10%g
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separation systems have been tabulated in Table 1.3.

The classification and the general principles of all these static and dynamic ion

Table 1.3. List of various types of mass analyzers and their principles of operation

S.No. | Type Acronym Principle
Deflection of a continuous ion beam;
1 Magnetic Sector B
separation by momentum in magnetic field
Continuous ion beam in RF quadrupole
2 Quadrupole Q field; separation due to instability of ion
trajectories
Time dispersion of a pulsed beam;
3 Time-of-Flight TOF
separation by the flight time of the ions
Trapped ions; separation in three-
Quadrupole lon
4 QIT dimensional RF quadrupole field by
trap
resonant excitation
Fourier Trapped ions in magnetic field; separation
transformation by cyclotron frequency, image current
5 FT-ICR
cyclotron detection and Fourier transformation of
resonance transient signal
Axial oscillation in inhomogeneous
6 Orbitrap Orbitrap electric field; detection of frequency after
Fourier transformation of transient signal
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1.5.3 Detectors

The back-end portion of the mass spectrometry instrumentation is dedicated to a
detection system, which generates the signal either by charge or current produced by the ions that
passes or are incident on a detector surface. The characteristics of an ideal MS detector are shown
in Fig. 1.4. None of the available detectors possesses all the said characteristics. Depending on the
application there are various detectors employed for mass spectrometers which are listed in Table

1.4.

1.6. Isotope Ratio Measurements of Lithium and Boron

Minor differences in isotopic ratios of lithium and boron have to be detected as part of
investigations in various fields of research as mentioned in the section 1.4, for which high precision
and accuracy is required during their isotopic analysis. The nature of the sample of interest can be
different for different fields of research. For example, chondrites, meteorites and star dust are used
in cosmology; sediments, granites and basalt rocks are usually of interest in geology; geothermal,
shallow, fresh and surface-waters are analyzed for hydrology; oxy compounds and certain
refractory materials of lithium and boron with superior characteristics are being developed for
advanced nuclear reactors.

A tabular representation of various type of samples of lithium and boron and the
analytical techniques used for the determination of the natural variations in the isotopic ratios of

lithium and boron reported in different review articles has been presented in Table 1.5 & 1.6.
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Ideal characteristics

Analytical attributes

/

\

Low Noise

Fast Response time

High Amplification

High collection efficiency
Large dynamic range

Mass independent response

High saturation level /

Fig. 1.4. Characteristics of an ideal detector

Operational attributes

/

Long term stability
Long life

Low maintenance
Easy to replace

Low replacement cost

Easy machining

\

/
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S. No. Type of Detector Principle Application
Used for all most all the earlier generation mass
. Dark tracks are produced upon ion impinging on the plate. Intensity of dark spectrometry
1 Photographic plates - X . s
tracks is proportional to the number of ions striking the plate . . . .
Still being used for simultaneous collection in focal
plane detection
The secondary electron is amplified to more
2 Electron Multiplier than million times by the cascade of discrete
. dynodes. Suitable for all most all organic and inorganic mass
When — charged particle spectrometers, where simultaneous multi-collection is
strikes the detector’s | The secondary electron is amplified by single n[())t required '
3 Channel  Electron | surface, emission of | dynode made from a resistive film on an a '
Multiplier secondary electron takes | insulating surface in the form of a curved tube Used for the characterization of low
place from the detector’s | or convoluted channel .
abundant species
surface. Secondary electrons are accelerated towards a
scintillator, and upon striking generation of
4 Daly Detectors photons takes place. These photons are
detected by Photo Multiplier Tube (PMT)
Incident ions strike the electrode surface. Electric current flows away from
5 Faraday cups the electrode surface through high ohmic resistor, across which a potential | Used for Simultaneous multi-collection instruments
difference is created. This potential difference is measured.
Mass  Spectrometers  with ~ Mattauch-Herzog
It consists of an array of 10% — 107 miniaturized channel electron multipliers. geometry, used for simultaneous multi-collection of
Focal pane array Lo - . .o " | large number of ions
6 detectors The individual channels are orientated in parallel to each other. Principle is
similar to CEMs. . . . .
lon imaging (in microscope mode) for Secondary
lonization Mass Spectrometers (SIMS)
Cryogenic The impact of ions or particles on the superconducting thin film creates | Used for
detectors / Super | phonons, which are subsequently absorbed by breaking Cooper pairs. This | i) neutral and molecular beam spectroscopy
7 Conducting results in the electron-hole excitations (quasi particles), which can quantum | ii) Particle physics and astrophysics
Tunneling Junction | mechanically tunnel through the existing barrier, creating a measurable | iii) DNA sequencing by STJ detector with
(STJs) signal. MALDI-TOF MS
Table 1.4. List of various detectors with principles of detection and their application
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Table 1.5. Variations of lithium isotopic ratios in different types of samples and their measurement techniques

S. No. | Nature of the sample lon source Monitoring | Method of | Natural variations Reference
loading ion analysis (in %eo)
material
1 Sargasso sea water, Basalt, Li3PO4 Li* TIMS 8°Li=-40.7to -4 [65]
Volcanic Arc, Fe/Mn Crust,
P. Obliquiloculata,
Mid Ocean Ridge Basalt
(MORB)
2 Seawater, basalt, granite and | LisPO4 Li* TIMS 3Li=-31.5t01.2 [92]
chondrite
3 Basalt, hydrothermal fluids, LizPO4 Li* TIMS dLi=-32t0-4 [93]
marine evaporites,
carbonates, black shales
4 High temperature vent fluids | LiBO: Li.BO,* TIMS SLi=-11t0 -6 [94]
5 Seawater, basalt LisPOq4 Li* TIMS d’Li=+4.9to +30.0 | [95]
6 Lava samples Sample Li* MC - d’Li=+31t0 +4.8 [96]
solution ICPMS
7 Ridge and Vent fluids LisPO4 Li* TIMS 8Li=+7.2t0 +15.4 | [97]
8 Flood basalt Sample Li* MC - d’Li=+3.51t0+4.0 [98]
solution ICPMS
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9 Arc volcanics from LisPO4 Li* TIMS d'Li=+1.1t0+7.6 | [99]
subduction zones

10 Alkaline lavas, adakite lavas | Sample Li* MC - d'Li=+1.4t0+11.2 | [100]
and MORB solution ICPMS

11 Lava samples LisPO4 Li* TIMS d’Li=+4t0 +6 [101]

12 MORB Li3PO4 Li* TIMS SLi=-13.7to +1.4 | [102]

13 Sediments from hydothermal | Lithium LiNaBO2" | TIMS SLi=-11to +1 [103]
fluids sodium borate

14 Pore waters (Greenland) LisPO4 Li* TIMS 8°Li =-4210-25 [104]

15 Pore fluids (Escanba) LisPOs Li* TIMS 3°Li=-26.810-0.6 | [105]

16 Clays and sediments Sample Li* MC - d’Li=-1.6t0+12.8 | [106]

solution ICPMS

17 Sedimentary granites, Sample Li* MC - 8’Li=-5t0+5 [107]

Shales for upper continental | solution ICPMS

Crusts
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Table 1.6. Variations of boron isotopic ratios in different types of samples of boron and their
measurement techniques

zone water

S. No. | Nature of the sample Monitoring | Method of Natural variations | Reference
ion analysis (5*1Bin %o)
1 Geothermal waters BO2 N-TIMS -22 t0 25 [108]
2 Industrial vent fluids BO N-TIMS -4.8t0 +0.9 [109]
3 Saline ground water BO2 N-TIMS -10.2 to +26.3 [110]
and sediments
4 Tourmaline samples B* lon microprobe | -2 to +30.0 [111]
5 Rain water Cs2BO,* P-TIMS +38 [112]
6 Seepage water BO N-TIMS -5.7t0 +9.6 [113]
7 Sea water B* MC-ICPMS +39.61 [114]
8 Surface and ground B* MC-ICPMS -0.8 to +20 [115]
water samples
9 Fossil corals Cs2BO,* P-TIMS 23.31t025.5 [116]
10 Tourmaline samples B* lon microprobe | -15t0-5 [117]
11 Marine carbonates BO N-TIMS +22.1 [118]
12 Fresh and transition BO N-TIMS +20t0 30 [119]

From the Tables 1.5 & 1.6, it is evident that, irrespective of the nature of the sample,

Thermal lonization Mass Spectrometry (TIMS) and Inductively Coupled Plasma source Mass

Spectrometry (ICPMS) are widely used for high precision measurement of isotopic ratios of

lithium and boron. A few reports have also been published using lon microprobe as a measurement

technique. Owing to 100% (nearly) ionization efficiency, high sample through put with achievable
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precision in isotope ratio measurement comparable to TIMS (0.01% or better) the magnetic sector
based ICP systems with multi-collector assembly are gaining popularity. However, it suffers from
certain disadvantages such as i) huge spectral and non-spectral interferences ii) large but constant
instrumental mass bias up to 25% for lighter elements especially lithium which depends on the

matrix and concentration of the sample [62] iii) memory effects which can affect accuracy for
samples with widely varying 1°B content and iv) need for matrix matched standard, as the behavior
of analyte is affected by the type of matrix. Standard-Sample-Standard bracketing approach has to

be used for correction of this instrumental mass bias.

On the other hand, TIMS has been internationally recognized as a gold standard for
isotope ratio measurements, due to the high accuracy and precision obtained during isotope
analysis. Owing to the low operational temperature of the ionization filament (~2000°C), singly
charged ions are produced which makes the interpretation of spectrum is very simple [63]. Every
time a fresh filament is used for the sample loading procedure, therefore the measurements are not
affected by memory effects of previous sample during analysis by TIMS. One of the drawbacks of
TIMS measurement is isotope fractionation which is as a result of preferential evaporation of
lighter isotope relative to the heavier ones, leading to the continuous decrease in the measured
isotopic ratio with time. The severity of the fractionation is high for lighter elements such as
lithium. This can be reduced by monitoring their polyatomic molecular ions having higher masses

relative to their atomic ions.

1.7. Isotopic analysis of Li & B using molecular ions

Isotopic measurement of various elements by TIMS can be carried out by monitoring
either atomic or polyatomic molecular ions. The term Atomic lon Beam Method (AIBM) is

27



normally used for atomic ions while Poly Atomic Molecular lon Beam Method (PAMIBM) is used
when molecular ions are monitored. Each method has its own associated merits and demerits. The
ion intensity ratio measured by AIBM is a direct measure of isotope ratio and is normally preferred
for high Z elements with reasonably low ionization potential whereas PAMIBM is used for low Z

elements to reduce fractionation effects or for elements with high ionization potential.

Adoption of AIBM for the precise isotopic measurement of lithium isotopes is a
challenging task because of mass dependent isotopic fractionation which is induced by the lower
atomic mass of lithium and also due to the high relative mass difference (17%) between the
isotopes of °Li and "Li. Though the sensitivity of AIBM is high, precision and accuracy depend on
a large number of parameters such as; the amount of sample loaded on the filament, the nature of
chemical compound of lithium, purity of the sample and the time of collection of the data etc [64

- 67].

Production of atomic ions of boron (B*) is not possible in the thermal ion source due
to its high first ionisation potential (8.1eV). Isotopic analysis of boron is usually carried out by
monitoring alkali metaborate ions M2BO2" (M = Na, Rb or Cs) or BO ions in positive mode of
TIMS or negative mode of TIMS respectively. Isotopic analysis of boron using BO2", by N-TIMS
is very sensitive and requires 5 -10 ng of boron for comfortable analysis. However, a high-level
operator skill and strict analytical protocols such as amount of boron deposited on the filament and
heating conditions etc are required for precise analysis [68 - 72]. Positive mode of TIMS using
alkali metaborate ions, gives precise and accurate results though the amount of boron on the
filament has to be at ug levels.

In the present studies the possibilities of using PAMIBM as an alternate method for

precise and accurate isotopic measurement of lithium has been further explored whereas for boron
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isotopic analysis, PAMIBM is the only method of choice. In our laboratory, Na;BO;" ions at m/z

88 and 89 are being conventionally monitored for boron and Li,BO,* at m/z 54 to 57 for lithium.

1.8. Determination of total number of polyatomic molecular ion species

Prior to any measurement, it is essential to determine the total number of ionic species
formed for a specific polyatomic ion being employed. Sodium and cesium, being mono-isotopic;
boron and oxygen being di - and tri - isotopic elements respectively, the total number of species
(for such type of isotopic combination of elements) will be calculated as follows:

total no.of species = ajqcs * (a+b)g * (a+ b + )5 - Eqn. 1.2

where a, b and c are the different isotopes of the element represented in the molecular
species

Upon expanding the terms, we get
total no.of species = aygcs * (a + b)g * (a® + b* + ¢* + 2ab + 2bc + 2ca), - Eqn 1.3

On addition and multiplication of the terms in the equation, we get total number of
species formed (12 for NazBO,* and Cs,BO") whereas for lithium and rubidium being bi-isotopic

total no.of species = (a + b)j;pp * (@ + b)g * (a+b + c)§ - Eqn. 1.4

For potassium being tri-isotopic we get

total no.of species = (a+b+c)y *(a+b)g*(a+b+c)3 - Eqn. 1.5
Table 1.7, gives the total number of species formed for a particular alkali metal atom, if we employ

alkali metaborate ions for the isotopic measurement.
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Table 1.7. Number of species can be formed for different alkali borate ions

S. No. Molecular ion No. of species
1 Li2BO>* 36
2 Na:BO>" 12
3 K2BO,* 72
4 Rb2BO>* 36
3) Cs2BO," 12

1.9. Determination of elemental isotope abundance ratios from polyatomic

molecular ion ratio

Isotopic measurement of boron using M2BO>" (M — alkali metal Na / Rb / Cs) as
monitoring ions by TIMS is commonly used method among researchers [73 - 82]. Sodium and
cesium being mono-isotopic, the appropriately chosen ion intensity ratios directly yield the boron
isotopic ratio i.e., °B/*!B from ion intensity ratios at m/z 88, 89 when sodium is the alkali used
and at m/z 308, 309 when cesium is used, viz. 881/%1 and 3%12%| respectively. Rubidium has two
isotopes, resulting in distribution of boron among the 36 molecular species there by decreasing
their intensities. However, since the two isotopes of Rb differ by 2 a.m.u. both °B/*B and
8Rb/ERb ratio can be distinctly obtained from the 2*21/23] and 2131/21%] respectively. This enables
correction for fractionation using the correlation between the two ratios using SRM 951 and natural
Rb [83]. Whereas the mass difference between the two isotopes of ®Li and ’Li is 1 a.m.u. and
therefore due to the Isotopic Abundance Distribution (IAD) pattern, the molecular ion intensity

ratios do not directly give the B and Li isotopic ratios. The mathematical equation required to
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obtain the SLi/’Li and *°B/*'B ratio is complicated due to this distribution of the isotopes among
the different molecular species formed [84 - 89]. Na;BO-" was the first alkali borate ion used for
measurement of boron Isotopic Composition [90]. With multi-collection detectors, simultaneous
collection of these polyatomic ion is easily possible unlike the case of Cs,BO," where state of art
instrument is required due to the small dispersion at m/z 308 & 309. Though high sensitivity with
Cs:BO," method has been achieved by researchers, with modifications in the existing
methodology, the sensitivity of Na,.BO>" method has also been improved considerably to sub -
ppm levels since the time it was first used [91].

When the polyatomic molecular ion Li.BO>", is used for isotopic analysis of Li, neither
Li nor B isotopic ratios can be obtained directly from their polyatomic ion intensity ratios due to
their overlapping spectra even if *%0 is considered to be monoisotopic. ®Li/’Li can be obtained

from the polyatomic ion ratios such as Rse/s7, Rssis7 and Rssiss from the following equations

2Li+ B — R56/ =0 > Egn. 1.6
57
Li? +2B *Li—Rss;_ =0 > Eqn. 1.7
.2 _ P _ :
Li? +2(B R55/56) Li—BxRss; =0 Eqn. 1.8

where Li =5Li/’Li and B = 1°B/*!B

Isotopic ratio of lithium can be determined from any of the above polyatomic ion ratios
Rse/s7, Rssis7 and Rssise by substituting the numerical value (0.2473) of SRM-951 (an isotopic
standard of boron), which is added to the lithium sample (mole ratio B/Li ~ 5), for the production
of lithium metaborate ions. Even though, the determination of the isotopic ratio of 5Li/’Li from
Li-BO." appears to be complicated due to the nature of the quadratic equations involved, the
method is robust and the conditions for analysis are not as stringent as that required for atomic

ions. However, during the mass spectrometric analysis, both Li & B isotopes suffer from isotopic
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fractionation due to preferential vaporization of the lighter isotopes of the constituent elements of
Li.BO>" ions at ion source. Hence in the determination of lithium isotope abundance ratio, the
fractionation of boron isotopes cannot be account since the experimental observed value cannot be
independently determined. Moreover, in case of any inadvertent contamination of boron during
the sample preparation, the true Li isotopic abundance ratio cannot be determined even if boron of
known isotopic abundance ratio is used for the analysis of Li as Li.BO.". This limits the accuracy

of the method.

1.10. Scope & aim of Present work

The objective of the present thesis is the application of molecular ions for precise and
accurate determination of isotopic ratios of Li and B in various types of samples used for nuclear
industrial applications. Thermal ionization mass spectrometry has been employed in the entire
work for the isotopic ratio measurement. Owing to the various advantages of molecular ions over
atomic ions, the present work focuses on the application of molecular ions of lithium and boron
for the isotopic ratio measurement of lithium and boron. Sodium metaborate ion (Na,BO,*) for the
boron isotopic analysis, Lithium metaborate (LiBO2") and also Sodium lithium metaborate ions
(NaLiBO2") have been used for the isotopic analysis of lithium.

The present work gives an insight into the selection of a particular pair of polyatomic
ion ratios of LioBO>" for the simultaneous determination of accurate isotopic ratios of both lithium
and boron from the same filament loading. Theoretical calculations and its comparison with the
results obtained from the experimental studies have been evaluated in the present study.

Details of the new method using NaLiBO" and Na;BO" ions from lithium loaded as

sodium lithium borate for determination of 6Li/Li ratio is presented. The LiNaBO2* method has
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certain advantages over Li,BO>" as the cumbersome mathematical calculations could be avoided
by application of the experimentally determined boron isotopic ratio (from same filament loading)
to improve the accuracy of isotopic analysis of lithium. lon source isotope fractionation for both
boron and lithium was observed during the analysis and conditions were optimized for steady
isotope ratio pattern for precise analysis.

Though adoption of molecular ions reduces the severity of isotopic fractionation by
increasing the molecular mass of the species monitored this is at the cost of sensitivity. Analysis
as atomic ions Li* requires only a few nanograms of the analyte, whereas if molecular ions such
as LioBO>" or NaLiBO_" have to be monitored at least 1.5 pg Li is required on the filament. This
requires processing of large sized sample which may not be possible when precious samples for
geochronology and astrophysics have to be analyzed, where the sample amount is very limited.
Total Evaporation and lon Integration (TE & 11), where data is acquired till all the sample deposited
on the filament has exhausted completely, was developed for the sodium lithium borate ions. The
method improves the accuracy since the intensity ratios measured are nearly free of fractionation
and is also more sensitive than the conventional method of data acquisition.

Isotopic standards over wide range of ratios are required for calibrating the mass
spectrometer for the determination mass discrimination factor and to validate the optimized
experimental conditions of analysis of any newly proposed method (Analysis of Li using
NaLiBO" as monitoring ions). Isotopic standards with varying abundances of °Li from 1%, 8%,
20%, 35%, 50%, 75% and 85% were prepared by mixing appropriate amounts of calibrated
isotopic solutions of ®Li and ’Li. Calibration of these enriched stock solutions of lithium were
carried out by isotope dilution thermal ionization mass spectrometry against Spec Pure Li2COs

having natural isotopic composition using NaLiBO;" ions.
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The alkali borate ions were used for isotopic analysis of Li and B in refractory
materials. For the production of alkali metaborate ions, boron (in the form of sodium borate) is
added to lithium compound and sodium (in the form of sodium carbonate) is added to boron
sample. Refractory samples of both boron and lithium were analyzed by direct fusion of the sample
with sodium carbonate and sodium borate respectively. The experiments included validation of the
method with dissolved samples and purified samples in the case of boron samples. For lithium
samples total evaporation results were compared with the conventional method of analysis. Some
compounds of lithium analyzed were Li>TiO3, LiAlO2, Li2B10O16 and boron compounds were B4C,
TiB», ZrB2, LaBs, CeBs. The fusion route adopted for the refractory samples avoided dissolution

and separation procedures that are conventionally used for analysis of samples by TIMS.
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Chapter 2

Thermal lonization Mass
Spectrometry



Thermal ionization is considered to be one of the oldest sample ionization
techniques that could be coupled to a mass spectrometer after the gas discharge tube. Though
Gehrcke and Reichenheim observed the thermal emission of positive ions from a salt placed on a
heated surface, the actual application of this ionization technique was developed by Dempster

during his construction of first 180° sector magnetic field mass spectrometer [120, 121].

2.1. Principle of Thermal lonization

2-5 pL solution containing ng to pug amounts of the analyte element is deposited on the
filament surface and dried by means of resistive heating under atmospheric pressure. This loaded
filament is further heated under high vacuum (~ 10 mbar). During the course of evaporation,
when neutral atomic or molecular species of the vapor impinges on the hot metallic surface,
according to Langmuir effect in addition to the neutrals there will be a small but a finite probability
of the ion emission [122]. This ionization efficiency is different for different elements and can be

calculated theoretically using Saha-Langmuir equation as given in Eqgn. 2.1.

a (n+) 9, ex [(’D_Ei] Eqn. 2.1
=|l—)== - Eqn. 2.1.
no g° p kT a

Where o = ionization yield

n* and n° = number of emitted positive ions and neutral atoms, respectively
g" and g° = statistic weights of positive ion and atom, respectively

@ = work function of the metal

Ei = first ionization potential of the element

k = Boltzmann constant

T = absolute temperature (in °K) of filament surface
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The choice of the filament material is based on the combination of work function and
the melting point of the metal. It is desirable to have large values for work function and melting
temperatures of the filament for high ion yield. The list of various filament materials that could be

used for TIMS with their work functions and their melting points is listed in Table 2.1.

Table 2.1. Work function and melting points of various filament material

Element Work function (eV) | Melting point (°C)
Nickel 5.24 1453
Tantalum 4.30 2996
Tungsten 5.01 3410
Rhenium 5.10 3180
Platinum 6.27 1769

From Saha-Langmuir equation, it is evident that, elements whose first ionization
potential values (E;) are lower compared to the work function (®) of filament material would have
high ionization efficiency (e.g. alkali and akali earth metals). However, for the elements with E;
values between that of alkali metals and 9 eV, the following modified loading conditions are
adopted:

(1) Multiple filament (double or triple) geometry by Inghram and Chupka, where the
sample solution is deposited on one of the filaments and heated to relatively lower temperatures
when compared to another filament [123]. This way evaporation and ionization processes of the
analyte element are decoupled. Neutral vapors controlled by the heating rate of the evaporation

filament are directed towards to the other filament which operates at higher filament currents for
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the effective ionization. Isotopic ratios of rare-earth metals and actinides, are being carried out
using multiple filament geometries.

(ii) Itis difficult to obtain a stable ion current for elements like lead, zinc etc with high
volatility and high first ionization potential ~ 7eV, using thermal ionization. But with the
application of filament surface modifiers such as Silica gel — phosphoric acid [124], an activator
that produces a glassy type material on the filament, the volatility of these elements is possibly
reduced to produce a stable ion current resulting precise isotopic ratio.

(iii) Isotopic analysis of non-metals such as boron with high E; (8.1 eV) is not possible
by monitoring its atomic ions (B¥). Therefore, isotopic measurement of boron is carried out using
molecular ions M2BO;".

Improvement of analytical conditions of various elements for the precise isotopic
analysis include the development of various conditions in which Saha-Langmuir equation strictly
cannot applicable for the conditions whose ionization occurs from single filament assemblies by
adopting surface modified filaments, polyatomic ion beam analysis and for the situations such as
chemical and physical processes occur at ionization filament.

Though improvement in the precision and accuracy of isotope ratio measurement has
been achieved by improving the ion-yield for various elements from single filament assemblies by
adopting surface modified filaments and polyatomic ion beam analysis, application of Saha-
Langmuir equation cannot be valid. This equation also does not hold for the condition of multiple
filament geometries whose chemical and physical processes occur at ionization filament. However,
this the equation still holds in the prediction of a gives a rough estimation in the comparison of

ionization efficiencies of two or more elements [125, 126].
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With slight change in the mathematical terms of the Saha-Langmuir equation the
production yield of negative ions can be predicted for elements with high electron affinities (Ea>
2eV). Isotopic analysis of elements such as halogens, S, B, Se, Mo, Tc etc, can be analyzed by
monitoring their molecular ions using negative mode of thermal ionization. The modified form of

Saha — Langmuir equation is as follows:

=|—) = — % —| e
a (no) 40 exp [ T Eqn. 2.2.

Where o = ionization yield
n- and n° = number of emitted negative ions and neutrals respectively
g and g° = statistic weights of negative ion and neutral species respectively
® = work function of the metal
Eea = first ionization potential of the element
k = Boltzmann constant
T = absolute temperature (in °K) of filament surface
With the advancement in instrumentation, the scope of TIMS has widened to include
elements that ionize to form both positive and negative species to cover most of the elements in
the periodic table.

2.2. Developments of Sector Magnetic Field

Sir J. J. Thomson was the first person to develop the mass spectrograph of isotopes of
element Neon in 1911 [127 - 129]. However, mass spectrometer with sector magnetic fields was
first developed and used by Dempster [130]. A very brief history for the birth of sector magnetic
field analyzers is given here. Thomson used Wien’s filter for the deflection of the produced ions

[131]. Under the influence of magnetic and electric fields (perpedicular to each other), ions gets
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deflected tracing a parabolic path before it impinges on a photographic plates on a locus of points.
Each parabola is a characteristic to an ion (isotope) of particular charge to mass (z/m) ratio in the
given gaseous mixture [127 - 129]. This was the first Mass Spectrograph which gave evidence of
the existence of isotopes of an element and subsquently turned out to be the key evolution point in
the development of mass spectrometry.

Unlike “Thomson’s first mass spectrograph”, where the electric and magnetic fields
were perpendicular to each other (Wien’s filter), Aston made his mass spectrometer (1919) with
an “energy filter” (electric field in form of parallel plates) placed prior to the strong magnetic coil
(as a mass analyser) [132]. This was the first time that the velocity filter was adopted for the ion
collimation rather than slits. The greatest advantage gained by this arrangement in achieving
“Aston’s first mass spectrum” is that, there was a drastic improvement in the accuracy and the
resolution of the instrument. This was possible due to the focussing all the deflected ions of same
“z/m” to same point on the screen. Irrespective of the kinetic energy of the deflected ions, the
position of this spot is exclusively mass dependent. During almost the same time period, Dempster
(1918) had built a different type of mass spectrometer, in which, he used a sector based magnetic
analyser with a deflection angle of 180° [130]. Due to the peculiar property of the sector magnetic
field, refocussing of the divergent ion beam could be possible, at the detector slit which is placed
on the focal plane. This is called direction focussing and causes a significant enhancement in the
sensitivity of the instrument. The birth of the Sector magnetic field had created revolution in the
development of mass spectrometers.

Though direction focussing could improve the sensitivity in the Dempster’s first mass
spectrometer, the ionsource and the collector have to be placed at the boundaries of the sector

magnet resulting in poor resolution which was also affected by the fringe magnetic fields. The
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solution to this was provided by Herzog for a typical case of symmetrical 60° magnetic sector
analyzer [133]. Based on the solutions to the equations of direction focusing qualities of magnetic
sectors, he suggested that, for ions entering at angle of 90° to the magnetic field, the entrance and
exit slits can be located at a distance of 1.7321 R, on either side of the magnet, where Rm is the
radius of the magnet. The solutions for 90° sector magnet analyzers gave similar symmetric
footprints for placing the ionsource and collector at equal distances from the entrance and exit
poles of magnetic, the only difference being the focal lengths [134]. This meant, smaller the
deflection angle, larger will be the focal length (foot print) of the system. The details of the
evolution of magnetic analyser to present day system is covered in in literature [134 - 136]. The

working principle of the direction focussing for sector magnet analyzer is given in the section 2.3.

2.3. Principle of direction foucssing for Magnetic Sector anayzer

The ions entering the Sector magnetic field analyzer is subjected to a combination of
prism effect and lens effect. The separation of the ion beam according to their mass to charge ratio
(m/z) is due to the prism effect and the direction focussing i.e. collimation of diverging ions is due
to the lens effect of the sector magnetic field.

lons generated in the ion-source chamber will be directed towards the analyser region
by the application of a high voltage ( 8 KV to 10 KV), between the sample filament and the exit
slit of the ion-source housing. This causes ions to accelerate towards the analyzer region with

Kinetic energy given by

1
K.E.= Emvz =eV e Eqn. 2.3

Where m = mass of the ion
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v = velocity of the ion
e = charge of the ion
V = applied potential

These accelerated ions enter the analyser into a region of constant magnetic field. Here
only ions of particular mass to charge ratio, whose Lorentz force (which is orthogonal to the
direction of the field and direction of ion motion) is exactly balanced by a centripetal force, will
have a circular trajectory and pass through the analyzer tube. This is given by Eqgn. 2.4.

2
mv
Bev = . - Eqn. 2.4

Where r = raidus of trajectory of an ion; up on equating the two equations and substituting for U

we get

This basic equation (Eqgn. 2.5.) shows the dependency of mass to charge ratio on
either the strength of magnetic field or applied potential. The trajectory of the divergent ion beam
from the point source to the collector plane by single (direction) focussing characteristics of
magnetic analyzer is as shown in Fig. 2.1.

Direction focusing collimates the ion beam in y-axis which is perpendicular
to the direction of the magnetic field. lons in the z-direction are not collimated since there is no
component of magnetic field in this direction. The sensitivity of the measurement is therefore
affected. Then the concept based on Legler’s theory of Stigmatic focusing on electric fields was

applied to sector magnets with a slight modification in their angle of incidence.
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Fig. 2.1. Trajectories for the ion beam incident normal to the pole face of 90° sector magnet

2.4. Stigmatic focusing [137, 138]

In contrast to conventional focusing where the incident ions are perpendicular to the
plane of sector magnet, in stigmatic focusing the ions are made incident at an angle of 26.6° to the
pole face. This was achieved by machining the sector magnets for shaping the pole faces. This
generated a component of magnetic field in orthogonal direction to the plane of the sector magnet
due to which the ions in the z-direction were brought to focus at the collector resulting in more
efficient transmission of ion from source to detector. The pictorial trajectories for the ion
transmission from both directions (y and z- direction) with stigmatic focusing is given in Fig. 2.2
& 2.3. Application of stigmatic focusing improved the sensitivity and increased the dispersion due

to extension in the effective radius of the curvature of the analyzer.
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Fig. 2.2. Trajectories of the ion beam focused in Y-direction with an incident angle of 26.6°
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Fig. 2.3. lon transmission due to Z- focusing

2.5. Detectors

Among the various available detectors mentioned in the Table 1.3, Faraday Cups,
Electron Multipliers, and Daly Detectors are commonly used in Thermal lonization Mass
Spectrometers. Measurement of signal intensity is carried out either in pulse counting, where
individual ions are counted, or in analog mode (direct mode), where incident ion beam intensity is
measured as an ion current (charge per unit time). A brief discussion on the ideal characteristics
which are shown in the Fig. 1.4 and the advances carried out in the development of these detectors

are given below.
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2.5.1 Faraday Transducer

Faraday cup detectors are inevitable choice for accurate measurement of relatively
high ion currents of the separated beams in the analog mode, due to the following advantages a)
response of faraday cup detector is independent of ion energy, mass and the chemical nature of
ions. b) Accurate output, constant sensitivity and low electric noise c) possibility of simultaneous
multi-collection. Faraday detectors are usually designed as “cup-shaped” rectangular metal box
opened at one end through which the separated ions are impinged. These ions get neutralized by
the electrons supplied through the ground. This electron current is recorded after passing through
the high-ohmic resistor. Typically, 101! Q resistors are used. Faraday detectors can operate in two
modes Static and Dynamic.

i) Static mode: This is the most common mode of operation of faraday detector in most of
the commercial mass spectrometers when the ion currents in the range of 10*4A to 10 °A. In this
mode the separated ion beam is incident on the metal electrode and the measurement is carried by
charge transfer of the charged particle.

i) Dynamic mode: This mode of operation is chosen when the ion currents are far higher than
1071°A where the detector response is saturated. Here the charged particles are allowed to have a
free passage through the cup. During this passage, there will be induced current developed which
is proportional to the magnitude of the charge transported [139].

In static mode operation when the accelerated ion beam strikes the electrode surface,
they get neutralized, in addition significant emission of secondary electrons also takes place.
Substantial development has been carried out to offset this effect and also improve other aspects

of the counting system. A few of them are described below:
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An Electron repeller / suppressor, which is an additional slit connected to a negative
potential is placed near the entrance of the Faraday cup which causes the emitted secondary
electrons to be repelled back to the electrode. The secondary electron emissions are also hindered
by the application of small magnets. Increase in the aspect ratio (depth/width) and graphite coating
for the inner layers of the faraday bucket also prevents the secondary electron emissions [140].

In most of the multi-collection systems of inorganic mass spectrometers such as MC-
TIMS and MC-ICPMS, typical range of ion currents measured by regular faraday cups are 10°
14 A to 101° A after amplification by high ohmic feedback resistor (10 Q). But for special
applications to measure the low abundant isotopes, now a days, amplifiers with 10'% Q resistors
are available which can measure very low signal intensities (30 kcps) with external precisions
close to limits of counting statistics [141, 142].

Apart from the amplification, faraday cups are often affected by their response time.
The response time of a typical faraday cup is in the range 0.2 sec (for an ohmic feedback resistor
10 Q with a combination of 2 pF capacitance). That means, detector has to wait for the Current
to Voltage Converter (CVC) to respond to changes in beam current, while switching masses, etc.
In the recent times, fast response faraday cups with about 10 nsec response times are manufactured

for the measurement of electron beam experiments [143].

2.5.2 Electron Multipliers (EMs)

The working principle of an electron multiplier is based on the emission of secondary
electrons from the surface of the metal electrode. When an ion impinges on a metal surface, the
emission of electrons takes place from the surface layer of the electrode which are called
“Secondary Electrons”. The number of secondary electrons emitted from the surface depends on

the nature of the incident charged particle, its energy and the nature of the surface of the electrode
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material. The multiplication of these secondary electrons is carried out in two types. 1) Discrete
dynode Secondary Electron Multiplier (SEMs) 2) Continuous dynode or Channel Electron
Multiplier (CEMs). A SEM has a dynode array which typically consists of 12 to 24 dynodes to
which a high voltage is applied. Charged particles that are impinged on the first dynode
(conversion dynode) releases secondary electrons. These are further accelerated by virtue of
electron optics to the next dynode which is operated at successively higher voltage. Thus, an
electron cascade is achieved with the several dynodes which results in a gain between 10* to 108
electrons per single incident ion. Detector’s output is characterized by its gain, which is defined as
the average number of electrons collected for each incident charged particle.

In contrast to Faraday cup detector which operates only in analog mode, Electron
Multipliers can be operated in both modes i,e analog and pulse counting mode. In analog mode,
relatively higher signal intensities are amplified to a medium gain of about 10% — 10° with the
conventional amplifying techniques such as Current to VVoltage Converter (CVC). For lower signal
intensities higher amplification up to 108 — 108 is attained. At such high amplification, the gain is
large enough to distinguish, individual electron pulses from the instrumental noise allowing pulse
counting technique to be used. The pictorial representation of the Dual mode of operation of an
EM is given in Fig. 2.4. Although the sensitivity of EM is better in comparison with Faraday cup
by a factor of 10° — 102 and the response times faster, they suffer from various disadvantages such
as mass discrimination effects, deterioration in peak shapes and dead time of the detector.
However, with the application of dual detector modes (faraday and EM), the dynamic range of a
mass spectrometer is extended up to 10° which increases the measurement range from 1000 pgml-

1 (1000 ppm) to as low as 1 pgmlI™ (ppt) [135, 136, 144].
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Fig. 2.4. A typical schematic of an ion counter which operates in both analog and digital mode.

2.6. Instrumental Parameters affecting the precision of isotope ratios

TIMS is an inevitable choice and a benchmark technique for the high precision and
accurate isotope ratio measurement of various elements due to various advantages like low
instrumental background, production of mostly singly charged particles, element selectivity and
element specificity, minimal spectral interference (isobaric) due to molecular ions. However, the
measurement precision in the isotope ratio analysis is affected by various instrumental parameters

which are discussed below.

2.6.1 Peak shape

One of the reasons for high precision and accuracy of thermal ionization mass
spectrometric measurement is the flat-topped peak as shown in Fig. 2.5. The combination of

narrow entrance slit width and wide collector slit width, makes the ion beam acquire a trapezoidal
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shape with flat-topped peaks. The advantage of the flat-topped peaks is that the ion intensity can

be measured accurately despite small fluctuations in magnetic field or acceleration voltage.

Ion beam intensity

Magnetic field

Fig. 2.5. Trapezoidal shaped flat-topped peak

2.6.2 Gain Calibration of Faraday transducer

Due to their small width multi-collector faraday cup assemblies are employed for
simultaneous multi-collection of isotopes to give very precise isotopic ratios. However, the
measurement accuracy is limited to the differences in the response factors / efficiencies of the
individual collectors. This can be overcome by performing cross-calibration of all the faraday
detectors with respect to the reference cup. Generally, a constant current of 2 X 102A on the lower
side and 9 X 10°1*A on the higher side generated externally by an amplifier source is fed to all the
individual amplifiers connected to the respective faraday cups. The response of all the amplifiers
is measured for both lower and higher constant currents. The average of the ratios of the response
of the individual amplifiers with respect to the reference cup yields the cross-calibration (gain

calibration) factors [145].
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2.6.3 Virtual amplifiers (Matrix calibration) for Faraday detector

In contrast to classic approach of cross-calibration, a relay matrix has been used in this
design, where the amplifiers can be switched between different Faraday cups. The bias caused by
the uncertainties associated in the amplifier cross-calibration can be greatly minimized using this

approach [146].

2.6.4 Plateau voltage of Electron Multiplier

Electron multipliers yield high gains in the range of 108 -10°. For providing such high
gains, successive increase in the voltage is applied for the cascade of dynodes. The optimization
of the operating voltage is crucial for accuracy of the measured counts and to prevent sudden aging
of the detector. As shown in the Fig. 2.6, below the threshold voltage, actual signal pulse and pulse
from unwanted sources (noise pulses) cannot be distinguished. With the increase in the voltage
above the threshold, there will be continuous increase in the measured count rate. Further increase
in the operating voltage will have a little effect on detector response. On still further increase of
the operating voltage a sharp increase in the count rate is observed due to some adverse effects
such as “ion-feedback” and “electronic double counting of pulses (after pulsing effects)”. Though
the gain of the detector is increased at operating voltages higher than the plateau voltage, the best
analytical attributes such as linearity, stability in the gain and detector’s aging is achieved when

the operating voltage is just above the knee of the plateau region [136]
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Fig. 2.6. lon counting plateau of SEM

2.6.5 Linearity of Electron Multiplier

A linear relationship between analyte ion current supplied to the electron multiplier
and its output count rate is a pre-requisite analytical condition for the accurate pulse-counting
measurement using Electron Multipliers. In an ideal condition, the intercept of the linear
relationship plot represents the EM’s dark noise. The slope of this plot represents the relative yield
of the electron multiplier, which is the ratio between the measured count rate and the true rate of
ions incident on the detector. If the EM is calibrated to maintain its linearity, the yield is
independent of the count rate applied to the EM. However, count rate response is strongly affected
by dark noise as well as dead-time of the detector. The choice of EM is very crucial with respect
to low dark noise levels for the accurate measurement of isotopes having extremely low relative
abundances such as 2°Thand #®U in natural samples. Of the two manufacturers, EM from ETP

offers relatively lower dark noise (< 1cpm) when compared to EM from MasCom [147]. On the
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other hand, if the count rate is too high the detector’s dead-time will affect the linearity of the
measurement. It was observed that non-linearity starts at a moderate count rate of 2 X 10* cps and
requires significant correction as it increases beyond 10° cps. In addition to this, the count rate of
EM is also dependent on following physical processes:
)] Velocity and angle of incidence of the analyte ions impinging on the conversion dynode
i) Acceleration of the secondary electrons between the dynodes

iii) Surface charge effects on the last dynode of the electron multiplier.

2.7. Isotopic fractionation

For any mass spectrometric measurement, various random and the systematic source
of uncertainties are responsible for the deviation of the measured isotopic ratios from the true
ratios. This deviation is referred as mass bias factor. In MC-TIMS, as all the isotopes of an element
are being collected simultaneously any fluctuation in the ion current due to changes in instrumental
parameters will not result in any loss in the precision. In the thermal ionization source, the process of
evaporation from single or multiple filament assembly follows Rayleigh’s distillation law
according to which the rate of evaporation is inversely proportional to the mass of an isotope.
During the course of evaporation, with the increasing amount of sample removed from the
filament, there will be a continuous depletion of the lighter isotope in the residue. This process of
mass dependent differential evaporation of lighter isotope over the course of evaporation is termed
as ion source fractionation which is the main source of uncertainty in TIMS measurements.
Consequent to this, the observed ratio (lighter/heavier) is positively biased during the early stage
of evaporation, equals the true ratio at 63% consumption of the sample from the reservoir and is

negatively biased towards the end of the measurement [148, 149]. Due to this phenomena, the
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observed isotope amount ratio changes with time which affects the accuracy of acquired data since
the ion intensities are recorded only for a certain period of time for common modes of data

acquisition. A brief discussion on various modes of data acquisition is given below.

2.8. Modes of data acquisition

Two Thermal lonization Mass Spectrometers of make Isoprobe-T (VG, UK) and
Triton-Plus (Thermofisher, Germany) with salient features listed in Table 2.2 were employed
during the work presented in this thesis. Data acquisition which is software controlled can be

carried out by 3 modes of operation.

2.8.1 Static mode of multi-collection

Prior to data acquisition, the faraday cups are adjusted in accordance with the
configuration given by the software for the collection of atomic or molecular ions of interest so
that, there is a perfect alignment of the peak-shapes of the isotopic ion beams. The magnetic field
is set for the reference mass to be collected in the reference (axial) cup and the rest of the isotopes
are collected in the respective cups accordingly. lon currents of all the isotopes are integrated for
about 5 sec for each scan and 12 such scans are grouped to a block. For routine day-to-day analysis,
to have a better statistics, data is acquired for 3 to 5 such blocks. Though static mode of multi-
collection improves the measurement precision by collecting all the ion beams simultaneously, the
measurement accuracy is affected by the individual response factors of faraday cups. In order to
account for this, gain-calibration of faraday cups are performed prior to data acquisition as detailed

in section 2.6.2.
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Table 2.2 Salient features of mass spectrometers employed

S.No. | Parameter ISOPROBE-T (Make: VG, UK) TRITON (Make: Thermofisher, Germany)
1 Radius of curvature 27 cm (effective = 54 cm) 23 cm (effective = 81cm)
lon beam incidence Angle & ) ) ) ) ) ] ) )
2 ) 26.5° (Stigmatic focusing) & Symmetric 26.5° (Stigmatic focusing) & Asymmetric
Foot-print
o ) Entrance = 0.3 mm; Exit = 1.7 mm
3 Slit widths Entrance = 0.3mm; Exit =1 mm ) )
(Adjustable slit)
4 Resolution 400 (10% valley at mass 238) 470 (10% valley at mass 238)
5 Dispersion 17% (for simultaneous collection of °Li &’Li) 17% (for simultaneous collection of °Li & "Li)
6 Sensitivity 1 ion in 300 atoms of uranium 1ion in 200 atoms
7 Accelerating voltage Up to 8 kV Up to 10 kV
8 Sample loading Single or triple filament assemblies Single or double filament assemblies
9 Data handling system Completely automated via Mass Lynx software Completely automated via Triton software
One rotary pump, one turbomolecular pump, two ion | One rotary pump, one turbomolecular pump,
10 Vacuum system )
pumps two ion pumps
Abundance sensitivity ] )
o ] 2 ppm at mass 237(due to ions of m/z 238) and 20ppb | 1 ppm at mass 237(due to ions of m/z 238) and
11 (contribution of ion current | ) )
with WARRP filter 2ppb with RPQ
of mass M at M+1)
12 Detectors 9 movable faraday cups 9 movable faraday cups; 1 SEM
Zoom-Optics (for peak jumping)
13 Others TE and Il acquisition mode is available in the
software.
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2.8.2 Dynamic mode of multi-collection by peak jumping

In this mode, the reference cup is assigned to different masses of the ions to be
collected in different sets. In each set, proper peak-shape alignment of the isotopes is required.
During the measurement, the magnetic field is changed by peak jumping so that the ions of the
different isotopes are collected as defined in the set. Usually, a delay time of 1 sec is given between
the measurement of replicate sets in each scan. This delay time is required to settle the magnetic
field that has been changed according to the requirement of the set. Integration time, number of
scans and blocks to acquire the data is similar to the static mode of multi-collection. As the
replicate sets of data have to be collected for each scan and due to the delay time between these
sets per scan, the time taken for the data acquisition for dynamic mode is much more compared to
that of static mode of multi-collection. However, since the same ion beam is measured by different
faraday cups, the response factors of individual transducers are nullified with this mode of data

acquisition.

2.8.3 Total evaporation and lon-integration method (TE & 1)

Unlike routine day-to-day analysis, where the data acquisition is restricted to a limited
number of scans, in TE & Il method the data is acquired till the sample is completely exhausted.
In this method, the data acquisition is carried out by integrating the ion currents for all the isotopes
being monitored. The ratio of the integrated ion currents at the end of the measurement gives the
isotope amount ratios of an element under study. Since the ions are collected till the sample is
completely exhausted, the isotope ratios will not be affected by ion source fractionation and yields

isotope ratios closer to the true value. Only a few nanogram amount of sample are required for
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analysis by this method of data acquisition. Since the ions are integrated, this method of acquiring
data is appropriate for minor isotopes. Ideally the method is suitable for sample evaporating as
single ionic species, though it is also being used for elements evaporating as multiple species which
have low abundance compared to the species being collected. Small corrections may be required

to account for residual ions which is done using isotopic standards.

2.9. Correction methodologies

Correction methodologies are required for isotopic measurement carried out using
either static or dynamic mode of multi-collection as both are affected by isotope fractionation.
Methods such as external normalization and internal normalization using a known / certified ratio
are employed to obtain a correction factor (K) which is the ratio of certified ratio to the observed
ratio. These normalization methods use suitable algorithms such as linear, exponential, power,
linearized Rayleigh and Rayleigh for obtaining the fractionation factor per unit mass. A brief

discussion of these methodologies is given below.

2.9.1 External normalization

In this approach, mass spectrometric measurement is carried out for the isotopic
Standard Reference Materials (SRMs) of the analyte element prior to the sample analysis. From
the observed ratio and the certified ratio of the isotopic standard, the fractionation factor (K) can

be easily calculated using the following formula

(Robserved_ 1)
R
K = true

Am
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Where K = mass discrimination factor
Robserved = measured isotopic ratio (m./my ratio of the lighter isotope to heavier)
Rirue = certified isotopic ratio of SRM
Am = mass difference between the two isotopes in an isotopic ratio considered

This is the most widely used method for obtaining K, provided isotopic standard
reference materials are available. The main drawback of this method is that the sample and
standard should be analyzed under identical conditions which requires stringent control of various

parameters.

2.9.2 Internal normalization

This technique is applicable for the elements with three or more isotopes of which at
least a pair of isotopes should have an invariant / constant ratio. For example, 88Sr/%Sr isotopic
ratios = 8.375209 [150] and 1**Nd/***Nd = 0.7219 [151, 152] are invariant and their experimentally
observed ratio is used to obtain the fractionation factor calculated using appropriate fractionation
laws as given below. This is used to correct the other ratios of interest to the two elements. The
process of internal normalization to give accurate values for isotopic ratios of interest is carried
out using any of these empirical algorithms given below [142]. Strontium is used as an example.

Rayleigh law:

Sl - (ﬁZ)x

n P (r_z)x x = B2(Br— 1)
52 B (B2 — 1)

Exponential law:
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S1 S, ln(ﬂz)
Power law;

n_(z) M2

S1 S, msz —my
Linear law;

&1 ) mp; —my

—=(1—x)+x(—) X =

S1 S, msz —myq
where

r1 and S; is the measured and normalized 8'Sr/®®Sr ratio respectively
r. and S; is the measured and true invariant 8Sr/®Sr ratio respectively
m1, m2 and ms are the nuclidic masses of Sr, 8’Sr and 8Sr respectively

By is the (m2/m1)*2 and B2 is (ma/my)*2.

As the experimental conditions for measurement of the reference ratio and the ratios of

interest of the element are the same, stringent analytical protocols during analysis are not required.
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Chapter 3

Development of precise and accurate
methods using molecular ions for isotope
ratio measurement of Lithium by TIMS
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3.1. Introduction

Isotopic measurement of lithium and boron is required in the field of astrophysics,
geochemistry, biomedicine and nuclear technology. Thermal lonization mass spectrometry
(TIMS) is the method of choice for providing data on the isotopic measurement of samples which
require high precision and accuracy. Isotopic ratios of light elements affected by instrument-based
fractionation can be analyzed as molecular ions by TIMS which improves the precision of the
isotopic measurement. For eg. precise determination of the isotopic ratio employing atomic ions
of lithium, with two isotopes °Li and Li is a challenging task because of the high relative mass
difference (17%) between these two isotopes, which results in a large time dependent isotopic
fractionation during its evaporation in the ion source. This causes the ®Li/’Li atom ratio monitored
as atomic ions Li*at m/z 6 and 7, to decrease with time resulting in high uncertainty in the measured
SLi/"Li ratio. To circumvent this limitation, Lithium is analyzed as molecular LizBO2* ions formed
by reaction of lithium carbonate with boric acid loaded on single Rhenium filament assembly. The
lithium tetraborate formed produces Li>BO>" in the ion source at m/z 54 -57 [84, 153, 154]. The
different molecular species in mass range 54 - 57 and their isotopic -abundances are shown in
Table 3.1. Employing Li.BO2" molecular ion method and by monitoring any of the single
polyatomic ion pair Ri, (Ri = Ix/ly, where I is the ion intensity, X' is mass number in the mass range
from 54 to 57, 'y" is mass humber within this mass range other than 'x") and knowing the isotopic
abundance ratio of boron, the isotopic abundance ratio of lithium can be computed or vice versa
[153]. The method gives better precision due to lower isotope fractionation at higher m/z of
Li.BO." ions than at m/z 6, 7. However, during the mass spectrometric analysis, both Li & B

isotopes suffer from isotopic fractionation during the vaporization of the LizBO-" ions in the ion
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Table 3.1. Isotopic pattern of Li-BO,*, various species and their natural abundances

S.No.

Mass

No.

Species

Abundance

(in %)

54

Li%B100%16

0.11

55

2Li%B10016017
Li%B110%16

2LisLi7B100%s

3.2

56

2Li%B10016018
Li%B100%y7
2Li%B11016017
4LigLi7B10016017
2LisLi7B110%s6

Li%7B100%16

28

57

2Li%B10017018
2Li%B11016018Li%B110%7
4LiLi7B10016018
2LicLi7B100%7
4LieLi7B11016017
2Li%7B10016017

Li%7B110%s

68.24
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source. Since the isotope ratio of boron is not independently determined, the instantaneous
contribution of boron isotopes to Rj cannot be determined. Moreover, in case of any inadvertent
contamination of boron during the sample preparation, the true Li isotopic abundance ratio cannot
be determined even if boron of known isotopic abundance ratio is used for formation of LiBO>".
Hence two analytical methodologies to simultaneously measure the isotopic ratios of both B and
Li from the same loading using two different molecular ions have been proposed in the present

study.

3.1.2 Methodology | ---- Application of Li.BO>" ions

Instead of adopting a single polyatomic ion pair from the Li,BO,* ions formed at m/z
54 to 57, by recording two sets of polyatomic ion ratios and solving the two equations, isotopic
abundance ratios of both lithium and boron can be simultaneously determined from the same
filament loading [154]. However, as the lithium isotopic ratio is being derived from a mathematical
equation, the uncertainty associated with the measured polyatomic ion ratio is propagated to the
computed isotopic abundance ratio of the lithium [84 - 89]. A systematic evaluation on the error
propagation for the determination of the isotopic ratio of lithium and boron simultaneously was
carried out previously considering natural isotopic composition for lithium and boron [88, 89]. The
present study was carried out to check whether the observations reported for Li and B having close
to natural abundances is applicable in special cases as shown below, when any of the two elements

have isotopic abundances different from natural.

Case 1. Lithium isotopic abundance of natural composition (°Li 7.5% &'Li 92.5%) and varying

198 atom percent abundance as given (10%, 50%, 70% & 90%).
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Case 2. Boron isotopic abundance of natural composition (}°B 19.9% &'B 80.1%) and °Li

atom percent abundance varying as given (10%, 50%, 70% and 90%)

Case 3. Equal atomic abundances of both °Li &'°B with each of them as given (10%, 20%,

50%, 70% and 90%)

3.1.3 Methodology Il ---- Application of NaLiBO:" ions

The Li,BO2" methodology involves rigorous mathematical calculations for the
selection of the correct combination of molecular pair which will give good precision for ®Li/’Li
ratio. The very low abundance of one of the polyatomic molecular ions for the combinations of
highly enriched isotopes of either of the element (Li or B), results in poor measurement precision,
making the judicious selection of molecular ion pair even more difficult. So as an alternative to
this, a new approach has been explored in the present study by mixing sodium borate to the lithium
compound to form sodium lithium (mixed alkali) borate which would produce NaLiBO;*
molecular ions (mass range of major abundant species 71 - 73), Li.BO2" (mass range 54 - 57)
along with Na;BO,* (88 - 89) in the ion source [155 - 158]. Lithium isotopic ratio can be obtained

by monitoring the NaLiBO," ion using the equation

The lower fractionation of the molecular ions at mass 72 - 73 is expected to result in better accuracy
and precision for lithium isotopic ratio. °B/*'B ratio in Eqn. 3.1 can be independently determined
by monitoring NazBO* to measure %1/%°1 ion intensity ratio simultaneously instead of directly
using the constant / certified as in the previously developed Li,BO>" ion method [84]. The

advantage of using experimentally determined values is that there is no compulsion to use standard
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boric acid with known isotopic composition and variation in isotopic composition of boron due to
environment contamination or experimental conditions would be accounted to give accurate

SLi/"Li.
3.2. Experimental

ISOPROBE — T (Make: GV instruments) and TRITON - PLUS (Make: Thermo Fisher
Scientific Pvt. Ltd.) Thermal lonization Mass Spectrometer equipped with multi-collector
assembly having 9 movable faraday cups and a Secondary Electron Multiplier (for TRITON -
PLUS) was used during the analyses for both the methodologies. The instrument (TRITON —
PLUS) is also provided with zoom-optics for the better peak alignment during dynamic mode of
multi-collection (peak jumping mode). The detailed experimental procedures which include

sample treatment, loading procedures and TIMS analysis is presented in the Table 3.2.

3.3. Results & Discussions

3.3.1 Methodology — 1 (Li.BO>")

By monitoring any two molecular ion pair of Li.BO." in the mass range 54 — 57, one
can determine the isotopic ratios of both lithium and boron simultaneously. Theoretical
calculations (see Appendix 3.1) were performed for judicious selection of ion pair combinations
(Ri = Ix/ly and R;) based on their measured uncertainty which would be propagated to the computed
®Li/"Li ratio. The solution to the polynomial equation obtained from a particular Combination of
Two Molecular ion Pairs (CTMPS) from the nine CTMPS (given in Table 3.3) gives the ®Li/’Li
isotopic ratio. On substituting this 5Li/’Li isotopic ratio in the polyatomic ion ratios of the chosen
CTMPS, two corresponding °B/*B isotopic ratios are generated. Hence from a single data
acquisition of six polyatomic ion ratios (>*I/%°1, S*1/%81, S41/571, S°1/°61,%1/571, %61/571) we obtain nine
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solutions for lithium isotopic ratio and eighteen solutions for boron isotopic ratio from the nine
CTMPS. Among the different CTMPS, some yield significant difference between the °B/''B
isotopic ratios derived from the two polyatomic ion ratios (CTMPS) and some show negligible
variation in the °B/*'B isotopic ratios derived from the two polyatomic ion ratios. Theoretically,
for the same CTMPS, we have to calculate the Relative Uncertainty Magnification Factor (RUMF)
for lithium ([RUMF].) and RUMF for boron ([RUMF]g) using uncertainties in the polyatomic ion
ratios Ri & R;j and the uncertainties propagated to the computed Li & B isotopic ratios. The
selection of a specific CTMPS for all the three cases (mentioned in the section 3.1.1.) of different
isotopic combinations of Li and B is very challenging and tedious as can be seen from Fig. 3.1 to
3.3. Itis also observed that it is not always necessary for [RUMF]Land [RUMF]g to be either equal
or close to each other for a specific CTMPS. For better representation, Fig. 3.1 & 3.2 were plotted
by omitting out those CTMPS whose RUMFs are too high. For example, in Fig. 3.1, for the
combination of natural Lithium and 90% °B, the value of [RUMF].7 is about 1 and [RUMF]g7
(for CTMPS 7) is not shown since the value was too large for computing the isotopic abundance
ratio. So, it is necessary to select the CTMPS by comparing the RUMFs for both the elements for

a particular composition.

Theoretical calculations were performed for the all of the three cases detailed in
section 3.1.1 for the uncertainty ratios 8i/6j of 2, 4 and 6 (where i and d; are the relative uncertainty
on the polyatomic ion ratio Ri and R;j respectively). The results are graphically represented in Figs.
3.1 to 3.3. CTMPS with RUMF values less than 1 should be selected for the simultaneous
determination of isotopic amount ratio of lithium and boron. This would mean that the
experimental uncertainty in the calculation of isotopic ratio of Li & B is limited to the experimental

uncertainty on the polyatomic abundance ratio.
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Table 3.2. Details of the experimental conditions of both the methodologies to determine the optimum conditions of analysis for
determination of Li/’Li ratio

S. No. Parameter / Methodology 1 Methodology 2
Condition (Li,BO;") (NaLiBO;")

NIST RM — 9545 (L-Svec Li,COs)

NIST RM — 9545 (L-Svec Li,COs) NIST SRM =951 (H:BO:)

1. Reagents used Nat. Boric Acid (Sigma Aldrich)
NIST SRM — 951 (HsBO3) Na:COs (Sigma Aldrich)
5 Mole ratio B/Li~5 Li/Na ~1; B/Na ~ 2, 5, 10 (during optimization)

Li/Na ~ 1; B/Na ~ 10 (optimized)

NIST RM — 9545 mixed with sodium tetraborate / sodium

Experiments pentaborate or sodium decaborate

2 girr':fd t?]‘;t Solutions of NIST RM — 9545 mixed with | (NIST SRM 951 with'®B/*B ratio = 0.2473 or
' during the 10%, 50%, 70% 95% of °B (HsBOs Sigma Aldrich with*®B/*B ratio = 0.2505) for borate
Investigations formation

Solution mixtures shown in step 3 were prepared on a Teflon sheet, mixed and evaporated under IR lamp and
4. Treatment treated twice with Millipore water for homogeneity

5 pL of the lithium borate solution or sodium lithium borate solution, containing 1.5 — 2 pg of lithium was
loaded on the zone refined Rhenium (single) filament and evaporated to dryness at LAmp current. Filament was

) further heated to 1.8A and held for 5 minutes and slowly heated to red hot for formation of the required alkali
5. Loading borate.
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TIMS analysis

After achieving a sufficient vacuum in the ion source housing, the samples were degassed at 1.0 Amp for

6. Degassing about 5 to 10 minutes
7. Initial focusing lon current of 2Na
8. lons monitored | Li2BO." (54 -57) NaLiBO* (71 -73) "1/l and "3I/™*1 and "I/
@ mass m/Z Different combinations of ratios Ri and R; Na2BO,* (88 — 89) 1/%°l recorded for independent
used to determine B IC from simultaneous determination of IC of boron.
equation
Peak centre, Auto focus, Baseline @ = 0.5 a.m.u of the isotope of interest prior to the acquisition
Integration time is about 5 seconds per each scan, 12 scans are grouped in to a block
3 — 5 block data was recorded for the measurement
Data acquisition | Simultaneous multi-collection of all isotopes | Two sequences were carried out per scan by peak jumping
9. parameters in each scan mode
Sequence 1: Simultaneous multi-collection of 71, 72 and 73
Sequence 2: Simultaneous multi-collection of 88 and 89
Sequence 1:
10. Cup L1, AX, H1, Hz for 54 — 57 respectively L1, Axand Hx for 71, 72 and 73; 72 (mass of Ax cup)

configuration

Mass of reference cup (Ax) 55 a.m.u.

Sequence 2:
AXx, Hy for 88 and 89; 88 (mass of Ax cup)
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Table 3.3. Description of various CTMPS ( ™l is lon intensity at given m/z )

. CTMPS
Monitor
Pair
1 2 3 4 5 6 7 8 9
Ri 55|/57| 54|/55| 54|/55| 54|/55| 54|/56| 54|/55| 54|/56| 55|/56| 55|/56|
Rj 56|/57| 54|/56| 54|/57| 55|/56| 55|/57| 56|/57| 55|/56| 55|/57| 56|/57|

From the Fig. 3.1 to 3.3, for all of the three cases, it is observed that some of the CTMPS
display very large slopes for RUMF which indicates that a slight change in di/ 6j value, changes
the RUMF values to a large extent, thus affecting the uncertainty in the isotopic ratio of lithium
and boron. Hence the CTMPS have to be selected in such a way that the variation of RUMF
with 6/ &jshould either be zero or small. Based on these observations, the selection of CTMPS

was carried out for the above-mentioned cases as below.

3.3.1.1. Case 1

Under this group, the results for the mixtures of natural lithium i.e. 7.5% of SLi
(®Li/"Li = 0.081081) with °B atom% varying from 50%, 70% and 90% were considered. '°B
atom % abundance of 10% is discussed under case 3 (of approx. equal abundances of ®Li and
19B8) while 20% of 1°B is close to natural abundance of B for which detailed studies have already
been reported [89, 159]. Theoretical values for the polyatomic ion ratios for varying isotopic
content of 1°B with natural ®Li/’Li are listed in Table 3.4. Using these polyatomic abundance
ratios for different isotopic contents of 1°B with natural Li/’Li, theoretical estimation of
RUMFs on Li & B were evaluated and represented in the Fig. 3.1. Selection of CTMPS for the
simultaneous determination of isotopic ratio of Li & B was done based on the values of RUMFs

(for Li & B) being less than 1 and this is listed in Table 3.5.
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Table 3.4. Theoretical values for various polyatomic ion ratios for different isotopic contents

of 1°B with natural ®Li/’Li

S. No. Polyatomic 10% B 50% °B 70% °B 95% 1°B
ion ratio
1 21/ 0.029702 0.03896 0.039847 0.040453
2 %41/%] 0.002673 0.005656 0.006146 0.006518
3 i TRl 0.00073 0.006564 0.015287 0.121627
4 551758 0.089986 0.141576 0.154241 0.161114
5 147 0.024585 0.168478 0.383643 3.006635
6 157 0.273211 1.160507 2.487288 18.6616

Table 3.5. Selected CTMPS for Natural 5Li/’Li with different isotopic composition of boron

CTMPS to be employed CTMPS to be employed
S. No. Atom % of B | (theoretically calculated based | (experimentally obtained based
on RUMFs for Li & B) on the % deviation from true)
1 10 5,7 e
2 50 1,5/6,8,9 1,89
3 70 1,5/6,8,9 1,89
4 90 1,5,6,8,9 1,8,9

*at uncertainty ratiodi/ 6j = 2
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To compare the experimental data with the theoretical observations, one has to consider the %
deviation of the observed ratio from true isotopic ratio (see Fig. 3.5) for RUMFs for lithium
and boron obtained theoretically (see Fig. 3.1 to 3.3) using assumed values for 8i/6; of 2, 4 and

6.

From Fig. 3.4, it is seen that uncertainty ratios (3i/d;) obtained experimentally for
various CTMPS used for the different mixtures of lithium and boron are significantly different.
The &i/8;values for the mixture containing Nat. Li and 50% of 1°B are very large (for all CTMPS
except CTMPS no. 2, 3 & 8) when compared to rest of the mixtures. For each of the mixtures
in this case, as mentioned earlier, nine solutions for lithium isotopic ratio and 18 values for
boron isotopic ratio were computed from the respective polynomials obtained from the 9

CTMPS.

The % deviation of the experimentally obtained isotopic ratios from the true value
was calculated and are depicted in Fig. 3.5. The observations are categorized based on the
magnitude of the % deviation from the true values. It is clearly seen that the choice of selection
of CTMPS for lithium isotopic ratio is relatively easier when compared to that of boron. From
the Fig. 3.5, it can be seen that L1, L3, L4, L7, Ls and Lo can be selected for all categories under
case 1 except for the mixture of natural lithium and 50% of 1°B, where CTMPS L1, Ls and Lo

can be considered.

In the case of boron, B>, B4 and B7 cannot be considered for any of the mixtures
since the two values derived for B isotope ratio from the selected CTMPS (i,e B2a & B2y 0r Baa
& Bay or B7a & B7p) showed considerable deviation from true ratios. The variation between the
two values of °B/*B isotopic ratios obtained from CTMPS Nos. B, Bs, Bs and Bg are
significantly different (about 2-5%) for some of the mixtures depending upon the isotopic

abundance distribution pattern. From the Fig. 3.5, it is clearly seen that for the composition of

72



natural lithium with 50% of 1°B, the deviations of °B/*'B isotope ratios from true ratios are
large for all the nine CTMPS compared to rest of the two compositions of 1°B. Among the
CTMPS, the deviation from true ratio is less for CTMPS 1, 8 and 9. The CTMPS selected for

experimental determination of Li and B isotope ratio is different from CTMPS selected based
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Fig. 3.5. CTMPS No. Vs % deviation of experimentally obtained °Li/’Li & °B/*!B isotopic

ratios from their true ratios

on the theoretical prediction which is due to the difference in the crucial parameter 6i/6;. Earlier
studies have shown that the accuracy of Li and B isotopic ratio is dependent on the ratio of the
uncertainties in the experimentally obtained polyatomic ion ratios [89]. Fig. 3.4 shows the
large difference in i/6j between the calculations based on theoretical considerations (Fig. 3.1

to 3.3) and experimental observations (Fig. 3.4). For the mixture of natural lithium and 50%
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abundance of 1°B, the experimentally obtained value for &i/5; is about 800 for CTMPS 6 and
from the Fig. 3.5, a deviation of more than 10% from the true lithium isotope ratio can be seen
for CTMPS 5 and 6. A comparison of the theoretical (Fig. 3.1) and experimental observations
(Fig. 3.5) showed that CTMPS 1, 8 and 9 can be employed for the case 1, (as mentioned in
Table 3.5). 10% abundance of °B falls under the category of case 3 since the isotopic

abundance of ®Li &°B are close and hence reported separately below.

3.3.1.2. Case 2

The results for the mixture natural boron and 20% of 5Li are considered under Case
3 (equal isotopic abundances of 1°B &°Li). The CTMPS that can be employed under different
categories of this case is mentioned in Table 3.6. From the Fig. 3.2, it can be seen that CTMPS
- 5 and 6 can be employed for all compositions of Li since their [RUMF] and [RUMF] is less

than 1.

Table 3.6. CTMPS to be considered for Natural 1°B/*!B with varying isotopic composition of
lithium

S. No. Atom % of °Li CTMPS to be employed
1 10 5,6
2 50 4,5,6,7
3 70 2,3,4,5,6,7
4 90 2,3,4,56,7
3.3.1.3. Case 3
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When the isotopic abundances ratios of both lithium and boron are equal, for
certain compositions a few CTMPS vyield infinite values of RUMF because of the specific
isotopic abundance distribution pattern and for the remaining CTMPS the RUMF values are
very large as seen in Fig. 3.3. When the atom percent of both °Li and °B are 10%, 50% and
90% the RUMF values are infinite for CTMPS — 1, CTMPS —5and CTMPS -1,5,7,8 & 9

respectively.

From this study, it was observed that when the isotopic abundance ratio of both
lithium and boron are different, the possibilities of selecting the CTMPS are higher than when
they are close to each other. When the isotopic abundance ratio of lithium and boron are equal
as in the case 3, none of the CTMPS can be chosen for the accurate isotopic abundance

measurements of lithium and boron because the RUMFs are high (Fig. 3.3).

These studies using LizBO>" reveals that judicious selection of appropriate CTMPS is required

for determination of 8Li/’Li ratio with low associated uncertainty.

3.3.2 Methodology ---- Il (NaLiBO;")

3.3.2.1. Sequence of ion formation

With the addition of sodium borate to the lithium compound, apart from 24 species
of NaLiBO" (mass 71 to 77), 36 species of Li.BO2*(mass 54 to 61), and 12 of Na.BO2" (88 to
93) are also formed in addition to Na* and Li* inside the thermal ion source. Only the major
molecular species with 1°0 as the one of constituent isotope (i.e mass 71-73) was considered
for calculation and shown in the Table 3.7 as the abundance of the remaining species are
insignificant. The relative abundance of different molecular ions calculated from the natural

abundance of the constituent isotope is shown in Table 3.7. The ion intensity profile (in mV)
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of the most abundant species of the different ions formed as a function of filament current for
a typical mixture of lithium and sodium borate is presented in Fig. 3.6. As can be seen the
sequence of ion formation with increasing filament current is in the order Na*, Na.BO",

NaLiBO,*, Li* and Li.BO.". The ion intensities of Li* and Li.BO2" were significantly lower

—a—Na"
—e—Na,BO,
—4— NaliBO2'
—v—Li"
—<—Li,BO,"
1000 e

10000 -

o ———©

100

10

lon intensity in mVolts

T T T T T T T T
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Filament current (Amp)

Fig. 3.6. lon Intensity of the different molecular ions formed with increasing filament current

than Na2BO2" and NaLiBO,". The reason for this order of ion formation could be i) Small
differences in volatility of sodium borate and lithium borate [155] ii) Lower ionization potential
of Na" (5.1eV) as compared to Li* (5.4eV). iii) Higher dissociation energy of lithium borate
compared to sodium borate [157]. The fact that NaLiBO" ions appear after Na* but prior to
Li*, suggests that Na" must be bonding or associating with the un-dissociated LiBO; and
NaBO; vapors to produce NaLiBO," and Na;BO,". As the filament current is increased, Li*
and subsequently low intensity Li2BO," molecular ions were observed. With Li* formation,
association of Li* ions with NaBO2 may also be contributing to LiNaBO>" formation (detailed

discussion is given below).
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3.3.2.2. Possible ionization mechanism

To have a better understanding on the probable mechanism of formation of mixed
alkali borate ions in TIMS, experiments were carried out using rhenium triple filament
assemblies where the centre filament (CF) was loaded with lithium pentaborate and the side
filament (SF) with sodium chloride. Heating CF/SF t01.58/1.58A produced 1x10*A Li,BO,",
0.25 x 10A NaLiBO." and 1 x 103A Na,BO,". All the ion intensities increased with centre
filament. This suggests that NaLiBO>" & Li,BO" ions are formed due to association of LiBO-
evaporating from centre filament with vapors of Na* from side filament and Li* from centre

filament respectively.

Table 3.7. The abundance of the different molecular ionic species obtained from sodium
lithium borates

Molecular ions formed due to combination of Mass Abundance of species*

constituent isotopes )
(Natural abundances of Li, B and O)

Lithium borate ions (Li.BO:")

®Li LiBO, 54 0.12%

2°Li" Li®BO, 2 Li® Li''BO,, 2°Li,1°B*0Y0 55 3.3%

2°Li'Li"'BO,,'Li’Li'°BO, 4°Li’Li°B'*0'0O,

25LIOLiUBIPO0 O PLiBIOTO 20LitBIOY0 | 0 28.26%

7|_i7|_i11802, 26Li21°Bl70180, 26Li2118160180,
SLi,MBY 0y, 4°Li’Li°B*0O*0, 25Li"Li°BY' Oy, 57 67.89%
46Li7LillBleol7O 27Li210816ol7o

Sodium lithium borate ions (NaLiBO:")

NaLi*BO, 71 1.53%
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Na°Li'BO,, Na’Li*®BO,, 2Na°Li'°B*0*0O 72 24.5%

Na’Li'BO,2Na’Li**B’0*0, 2NafLi'!B*'0*0,

0,
IN&OLICBE0 0, Na®Li*BY0Y O & 73.53%

Sodium borate ions (Na,BO,*)

Na,'°BO; 88 20%

Na,''BOz, 2Na;*’B’0*0 89 80%

198 - 20%, 5Li - 7.68% and 0 - 99.76% used for calculation [ O stands for $60;]

The higher intensity of Li>BO," is probably due to interaction of vapors in the immediate region
of centre filament. The small signal of Na2BO." must be due to combination of vapors of Na*

from side filament with BO,™ formed from the centre filament.

Similarly, ion association is likely to be the major source of NaLiBO;" from the
sodium lithium borates loaded on single filament. At lower temperatures Na* ions, Na;BO,"

ions and NaLiBO" ions are observed which suggests the likely ion formation mechanism to

be as follows:
Absorbed on filament Ionisation + _ desorption " _
NCLBOZ(Q) NaBOZ(a) —>Na(a) + BOZ(a) —>Na(g) +BOZ(a)
Dissociative  lonisation
[160]

Na{,, + NaB0,(g) = Na,BO;

+ . A+
Na(g) + LlBOz(g) - NaLlBOz(g)

Alternatively, the association of the adsorbed Na“ ) with adsorbed LiBO2() on the filament and

subsequent desorption may also generate NaLiBO2" ) as shown below

78




(Nafyy + LiBO,(qy = NaLiBO3 ). At this stage of acquisition, "I/"*I should result in

minimum fractionation for 6Li/Li ratio.

On further heating the filament, dissociation of LiBO. also takes place to give Li ions which
combine with lithium metaborate vapors resulting in the formation of Li,BO2" ions. At this
stage the Li* ions may also be combining with NaBO> vapors forming LiNaBOz"as shown

below.

Li¢;y + NaBOygy = LiNaBO3 ) or Lijyy + NaB0Oy) — LiNaBO;

Data acquisition at this stage could result in increased fractionation in °Li/’Li ratios due to
higher analysis temperatures. This is demonstrated in Fig. 3.7 where the isotopic ratio of L-
Svec lithium and natural boron monitored as Na2BO.", NaLiBO:", and Li.BO>" at increasing

temperatures of the same filament.
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Fig. 3.7 Variation of SLi/’Li (from NaLiBO," and Li,BO.") and 1°B/*'B isotope ratios Vs
filament current

3.3.2.3. Derivation of ®Li/’Li isotopic ratio

From isotopic distribution pattern of the molecular ions summarized in Table 3.7,
the SLi/’Li and °B/*!B ratios can be derived from the ion intensity ratios 21/l or ?I/"*1 and
8 /89] respectively as shown below. Minor contribution of the molecular ions having 20 or
170 were included in the derivation. The contributions of the molecular ions involving O and
80 to the total ion intensities at I and "3l were calculated to be 0.005% and 0.034%
respectively for natural compositions of Lithium and Boron. The relationship between ion

intensity ratio and isotopic composition of lithium and boron are as given below.

72| 6LiNa''B'©0,+7Li Na'®B1%0,+2+°Li Na'®°B*®0170

73]~ 7LiNallB160,+2+7Li Nal0B160170 +2x6Li NallB160170 +2+6Li Nal°B160180+2+6Li Nal®B170170

721 6Li Na''B160,+7Li Nal°B160,+2+%Li Nal°B160170
E = L LT Eqn 3.3

6Li Na10B160,

89I Naz1131602+2*Na2103160170 (113) (17 )
— = — *

B8] Na,10B160, 10

Equation 3 was not used, due to the low intensity of "I for natural boron and lithium. In
equation 2 the term (2 * °Li Na'°B*70'70 ) has very low abundance and therefore ignored.

The SLi/"Li ratio derived from equation 3.2 is shown in equation 5 below.

_ [B—R—2+RB0Og4]
" [2%¥R04+2*RBO,—1—-2%B0g]
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Where, L = ®Li/’Li, R = "1/, B = experimentally determined °B/*!B. O, = 10/*%0 and Op =

180/1%0 are constants = 0.00039 and 0.002 respectively

Since the abundances at mass 89, 88, 73 and 72 are high and comparable (Table 3.7), the ion
intensity ratios "21/731 and 881/%1 are obtained with good precision of better than 0.03%.

3.3.2.4. Effect of loading and analysis conditions on °Li/’Li isotopic

ratios

Initial feasibility experiments were carried out using L-Svec Lithium carbonate and
sodium tetraborate mixtures with Li/Na mole ratio 1 and B/Na mole ratio 2. The pH of the
borate solution was > 9 and the ion intensity of NaLiBO>" was found to be unstable and
decaying. Graphite loaded on the filament after fusion helped to stabilize the ion intensity
though both °B/*B ratio and °Li/’Li ratio showed a high degree of fractionation [161]. Stable
ion intensities for both Na;BO," and NaLiBO," was observed when sodium pentaborate
(Na2B10016) or sodium decaborate (Na2B20031) was added to the Li>COs solution. Conversion
of either one of the alkali carbonates to chloride or nitrate improved the ionization behavior
and further stabilized the ion intensity. Table 3.8 gives the details of the data obtained for L-
Svec lithium carbonate. In column 1 and 2 of Table 3.8 the different forms of L-Svec lithium
and sodium carbonate + boric acid used are given. Column 3 gives the B/Li mole ratio in the
loaded sample. Columns 1 to 3 collectively influences the nature of mixed alkali borate formed
on the filament. Column 4 gives the average ion intensity ratio, "21/” from three blocks which
were measured with precision of better than 0.03% for a typical analysis. The "3l during data
acquisition was ~ 0.5 X 10™A. As shown in Eqn. 3.2 & 3.5 the "1/™I ratio is the sum of
measured lithium and boron isotopic ratios. The variations in "21/%I due to two types of boron

used, natural (row 2 to 5) and SRM 951(row 6 to 12) is evident. Column 5 gives the 1°B/*!B
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ratio determined by monitoring Na;BO," ion intensity at mass 88 to 89. The I was about 1

X 10711A and ®1/8° was measured with a precision of about 0.02% in most cases.

Table 3.8.°Li/’Li and °B/!B ratios obtained from sodium lithium borates prepared using L-

Svec lithium and sodium salts with Natural boric acid or SRM-951 boric acid standard

B/Li 10R/11B PLifLi=from | 6 /7| j = from eqn
Lithium Sodium o173 . eqn.5 using 3.5 using exptly.
compound compound - . determined
ratio Na:BO2" | (0.2473 or 0.2505) 10B/11B
L?I‘\’& Na,B10O16 5 | 0.33351 | 0.25073 0.08311 0.08288
L?I‘\’& Na:B200s1 10 | 0.33403 | 0.25137 0.08362 0.08276
L?I‘\’& Na,B10O16 5 | 0.33352 | 0.25086 0.08312 0.08276
Svec Na:B200s1 10 | 0.33379 | 0.25105 0.08339 0.08284
LIzCOg
Svec Na,B200s1 10 | 0.33075 | 0.24802 0.08354 0.08283
L|2C03
Svec NazB2oOs1 5 | 0.33081 | 0.24802 0.0836 0.08289
L|2C03
Svec NazB2oOs1 10 | 0.33063 | 0.24795 0.08342 0.08278
L|2C03
Svec NazB2oOs1 5 | 0.33046 | 0.24770 0.08326 0.08286
L|2C03
Svec NazB2oOs1 10 | 0.33071 | 0.24794 0.08351 0.08287
L|2C03
Svec NazB2oOs1 5 | 0.33063 | 0.24797 0.08342 0.08276
LiNO3
Svec NazB200s1 10 | 0.33122 | 0.24844 0.08402 0.08288
LI2C03
Mean SLi/’Li 0.0834+0.4% | 0.08283 +0.07%

#10g/11B NIST 951 standard=0.2473 + 0.0002,

198/11B in H3BOs3 Sigma Aldrich = 0.2505 + 0.0002
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Column 6 gives the ®Li/’Li ratio obtained by substituting the standard value °B/*!B = 0.2473
for NIST 951 and 0.2505 for natural boron where ever used. Column 7 gives ®Li/’Li obtained
by substituting the experimentally determined °B/*!B ratio (column 5) in Eqn. 3.5. Comparison
of the external precision of ®Li/’Li ratio given in Column 6 (0.08339 + 0.00035) and column 7
(0.08283 +0.00006) of Table 3.8 shows a poorer precision for the mean ®Li/’Li ratios in column
6. This is because the standard *°B/*B ratio is directly substituted in equation 5 and its share
of fractionation in "21/7I is not taken into account resulting in erroneous values for 8Li/’Li ratio.
This is depicted in Fig. 3.8 for a large number of analysis which shows the resulting precise
SLi/"Li ratio, when the contribution of small variations in °B/*'B ratio (determined from®I1/2°)
to 21/ ratio is accounted. The effect of sample loading condition on the ion source
fractionation in SLi/’Li ratio and *°B/*'B ratio is shown in Fig. 3.9 and 3.10. The two plots
show the observed fractionation per unit mass for B and Li with increasing temperature of
filament when the pH of loaded solution was >9 and < 8 respectively. The fractionation factor
was calculated as (1-1°B/*!Bobs / 1°B/*Bstq) for boron, where °B/* By is 0.2473 and similarly
for lithium, (1-°Li/"Liobs/ SLi/"Lista) Where ®Li/"Lisg = 0.0832. The points in the line are average
B and L.i isotopic ratios observed for a sample at increasing filament currents beginning with
31 ~ 0.5 X 10'** A to higher ion intensities. Stable ratios for both B and Li are observed when
the loading medium has pH < 8 (Fig. 3.10) whereas high pH of the loading solution showed
decaying ion intensities and high fractionation for both B and Li isotopic ratios (Fig. 3.9). The
studies show that a mildly alkaline solution of sodium lithium borate is desirable for obtaining
stable ratios which is possible when NazB10O16 or Na2B20Os1 are used for fusion with lithium
salt for forming the mixed alkali borates, whereas Na;BsO7 when used results in higher
fractionation. Fig. 3.11 shows stable "21/”I ratio for 10 blocks of 12 scans each, for L-Svec
lithium nitrate mixed with sodium pentaborate. The mean 8Li/’Li isotopic ratio for Svec

Li>COs determined from several analysis under optimized condition was 0.08283 + 0.00006
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[0.00011]. The value in parentheses is the propagated error from Egn. 3.5. A comparison of
the ®Li/’Li ratio for L-Svec Standard determined in this work and some previous researchers
are shown in Table 3.9. The large variations among the ®Li/"Li ratios could be attributed largely
to the chemical treatment preceding the analysis and instrumental biases during measurement.
The value determined in this work assumes significance as boron isotopic abundance required
for computing °Li/’Li ratio by monitoring NaLiBO," is experimentally obtained by
simultaneously monitoring Na2BO>" in-situ, also formed during the analysis. Since sodium is
added intentionally thorough purification from sodium will not be required during analysis of

actual samples.

Table 3.9.8Li/"Li isotope ratio obtained for L-Svec lithium from different laboratories

Reference [no.] Chemical form ;:s!grr?](;?;tl Mor:i;[gring SLi/"Li ratio
*Flesch et al [162] Lil Re-Re-Re Li* *0.0832 £+ 0.0002
Chan et al [153] Li2B4O7 Ta Li.BO,* 0.0828 + 0.0001
Green et al [64] LiF Ta-Re-Ta LioF* 0.08201 + 0.0001
Xiao et al [66] Li2B4O7 Ta-Re Li* 0.08221 + 0.00002
#Datta et al [84] Li2B10016 Te Li-BO2* | 0.0834 +0.00011
Moriguti et al [67] LisPO4 Re-Re Li* 0.082543 + 0.00002
Sahoo et al [154] Li,B:0; Re Li,BO," obc.)ggggzsi
Sahoo et al [163] Li3PO4 Re-Re-Re Li* 0.08258 = 0.00009
Chen et al [65] LisPO4 Re-Re Li* 0.08261 + 0.00003
S.Duta et al [164] Li+H3BOs3 Re-Re-Re Li* 0.08215 + 0.00023
This work NaLiO X.B20s Re NaLiBO2" | 0.08283 + 0.00006

*Value of SVEC Li standard
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3.4. Conclusions

A thorough investigation has been carried out for precise and accurate isotopic ratio
measurement of Lithium using the two molecular ions Li.BO;" and NaLiBO". The robustness
of the method using Li.BO" ions depend on the judicious selection of ion pair combination
from the nine combinations for different isotopic abundances of lithium and boron. The final
propagated uncertainty is largely affected by the measurement uncertainty in the detection of
low abundant species [165].

The computation of ®Li/’Li using NaLiBO-" ions is simple as boron isotopic ratio
is independently determined simultaneously from the same sample loading by monitoring
Na2BO:" ions. Good ion intensities are obtained for NaLiBO>" and Na;BO,* when the B/alkali
atom ratio > 5 resulting in high precision in the measured ion intensity ratios [166].

Analyses of Li as molecular ions, Li2BO," or NaLiBO," under optimized analysis
conditions produces stable ion intensity ratios less effected by ion source fractionation
compared to atomic ions and the methodology has significantly improved the precision of

SLi/’Li isotope ratio measurement.
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Chapter 4

Total Evaporation for the accuracy and
sensitivity enhancement of NaLiBO;"

molecular ion method for the isotope ratio
measurement of °Li/’Li
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4.1. Introduction

Conventionally isotope ratio measurement of lithium is carried out using
atomic ions (Li*). Though atomic ion analysis of Lithium is very sensitive, as only a few nano
gram amounts are required, stringent analysis conditions with respect to sample amount, the
type of lithium compound, loading conditions and a high level of operator skill are required to
have a reasonably good precision in the measurement. Further, faraday cups have to be adjusted
to their extreme positions for simultaneous collection of ®Li* and Li* which requires state of
art instruments having dispersion of 17%. On the other hand, analysis as high molecular weight
ions such as Li2BO2" (m/z 54 to 57) and NaLiBO;" (71 to 73) reduces the severity of
fractionation. Simultaneous collection of the molecular ionic species that are required for
determining ®Li/’Li isotope ratio is easily possible when Li,BO," and NaLiBO" are used.
Among the two molecular ions, NaLiBO-" is a method of choice for the isotopic measurement
of lithium because of the following advantages: i) mass numbers of monitoring ions of
NaLiBO," from m/z 71 to 73 is relatively higher to that of m/z 54 to 57 (in the case of Li.BO,"),
which reduces the severity of ion-source isotope fractionation ii) as sodium is deliberately
added for the formation of sodium lithium borate, there is a relatively high tolerance for sodium
in the sample iii) contribution from isotopes of boron can be accounted from in situ
measurement of 1°B/*!B ratio obtained from Na;BO," ion (m/z 88, 89) which is formed along
with NaLiBO,*. However, in spite of the several advantages offered by the molecular ion
methods they are not widely used among the geological communities as it is not as sensitive as

atomic ions requiring 2 to 3 pg amount of lithium on the filament.

Some of the shortcomings of limited scan acquisition can be addressed by adoption of
Total Evaporation and ion integration (TE) or flash evaporation technique wherein, the ions

emitted from the heated filament are simultaneously collected and integrated in multi-collector
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assembly till the sample is completely exhausted [167, 168]. The scope of this method includes
nearly fractionation free isotopic analysis as well as enhancement of detection limits to
nanogram level sample size because of the augmentation in the ion intensities of the isotopes
since all the ions formed are integrated. Total evaporation as well as the modified TE
techniques have been used for analysis of minor isotopes of U and Pu for nuclear safeguards
with improved accuracy [169 - 171]. Unlike in conventional method where the ion collection
is limited to a few blocks of steady ion current, in total evaporation, since most of the emitted
ions are collected, the fractionation factor is considerably reduced. This results in improved
accuracy in the isotope ratios of elements. This method of acquisition is only possible with
Thermal ionization source with multi collector detector assembly. The advantages of Total
Evaporation technique are 1) the isotopic measurement is almost fractionation free (minor
corrections due to residual sample remaining on the filament) 2) Since the ion current is
integrated till the sample is completely consumed, the correction factors are less dependent on
the amount of sample loaded on the filament 3) the sensitivity of the monitored ions are
enhanced. The method has also been used for analysis of sub-nanogram sized samples of boron

as molecular BO2” by N-TIMS [72].

The objective of the present work was to explore the possibility of using the
total evaporation and ion integration method (TE & II) also called flash evaporation for
improving the accuracy as well as the sensitivity for isotopic analysis of Li using NaLiBO>"
ions. To the best of our knowledge no reports have been published based on TE&II for the
isotopic measurement of lithium using molecular ions. L-SVEC Lithium (NIST RM 8545) and
Specpure lithium (spectroscopic grade pure lithium) both lithium carbonate compounds of

natural composition were analysed.
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4.2. Experimental

4.2.1 Chemicals used and sample preparation

High Purity Spec Pure LiCOs with natural ®Li content obtained from Johnson
Matthey, isotopic standards of lithium and boron NIST-RM-8545 (L-SVEC Li2CO3) and
NIST-SRM-951 (H3BOs) were also used during the present investigations. For preparing
mixed alkali borates high purity Na,COz (Alfa Aesar) was used. Freshly deionized water (18.2
MQcm) obtained from Milli Q system (Millipore) and quartz glassware were used for all
dissolutions and dilutions. L-SVEC Li2COs, Spec pure Li.COz were individually mixed with
NIST-SRM 951 and high purity Na,COz in a proportion such that the mole ratio of B/Na ~10
and Li/Na ~ 1. The details of the sample preparation and loading procedure are discussed in
Table 3.2 of chapter 3. During the present TE and Il studies the amount of Li loaded was varied
from 50 ng to 1.5pg in SpL solution. The sample solution loaded on Re single filament was

dried at 1A and heated slowly to red hot.

4.2.2 TIMS analysis

A thermal ionization mass spectrometer model TRITON-PLUS equipped with
multiple faraday cups was employed in the present studies. The samples were analysed by both
conventional method of limited blocks (3 to 5) each with 12 scans as well as by TE and 11. The
details of ion chemistry of the mixed alkali borate (sodium lithium borate) are already discussed
in Section 3.3.2.1 to 3.3.2.2 of chapter 3. The loaded sample filament was heated slowly to 1

A and degassed for five minutes in the ion source. Na* ion was used for initial focusing of the
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ion beam. On heating the filament further, Na2BO." was obtained at a filament current of ~1.1

A immediately followed by NaLiBO-".

For conventional method 1.5 pg to 2 pg of lithium was loaded on the filament
and data was acquired when the ion intensity at m/z 73 ~ 0.5 X 10" A and the corresponding
ion intensity at m/z 89 ~1 X 10"1*A. Data acquisition was carried out by dynamic mode of multi-
collection in two sequences, in the first sequence, NaLiBO," ions at m/z 71, 72 and 73 were
simultaneously collected in L1, Ax and Hz cups respectively and in the second sequence
Na2BO," ions at m/z 88 and 89, were collected in Ax and Hi cups. The baseline measurement
was made at the beginning of a block at m/z, M £ 0.5 for 10 s, where M is the isotopic mass of

interest.

For TE and Il the amount loaded varied from 100 ng to 1.5ug, few experiments
were also carried out with 50 ng lithium on the filament. During acquisition using the TE&II
procedure, the ion current at each faraday cup detector gets integrated with the subsequent next
cycle. The ion current was recorded till it the ion current came down to 5 X 101* A, The data
acquisition experiments were carried out individually for NaLiBO" ions at m/z 71, 72 and 73
and Na,BO-" ions at m/z 88 and 89 from the duplicate loadings. The various steps of the

analysis protocol are detailed below:

After ensuring sufficient vacuum in the ion-source, sample filaments were
initially heated with a rate of 200 mA/min until 2000 mA. Thereafter the filament current was
programmed to increase till the sum of all intensities reaches to 12 X 104 A with a heating
rate of 30 mA/min. Prior to acquiring the data, focusing and peak centering were carried out to
have a maximum ion current at the nuclide mass of interest. During the Auto-acquisition, the
filament heating current was programmed to ensure that it does not exceed the maximum pilot

signal (sum of all intensities) of 40 X 10** A. The data acquisition terminated when the
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recorded ion current reached below 5 X 10°** A per cycle. Slope of heating rate maintained
during acquisition was 1 mA per cycle. Signal intensities were integrated for 4.194 sec per
cycle. On an average, analysis time is about one and half hour long for about 500ng of lithium

on the filament.

4.3. Results and discussion

The results of conventional method (limited block) of analysis for SVEC lithium
carbonate and Spec Lithium carbonate are represented in Fig. 4.1 and Fig. 4.2 series
respectively. The figures depict the results of analysis under optimized condition as described
in section 3.3.2.4 of chapter 3. Each data point in the Fig. 4.1 and Fig. 4.2 is the average of 3
blocks consisting of 36 scans of the measured data for "21/73I and 881/%°I. They. also give the
average °Li/’Li ratio obtained (from Eqn. 3.1 under section 3.1.2 of chapter 3) from five
individual analysis along with their standard deviation. It has been observed that the effect of
fractionation cannot be avoided but can be minimized when the pH of the loaded solution in
the range 5 to 7. The Fig. 4.3 shows the measured "1/ and #1/8°| ratio of a sample of sodium
lithium borate analysed at increasing filament current / ion intensity. It can be seen that the
precision of the measured 21/7I ratio is affected by fractionation. Of the two elements boron
shows negligible fractionation as observed by the stable ®1/%1 ratio recorded throughout the
analysis. This is probably due to the vaporization behavior which depends on the stoichiometry
of the borate compound formed, in the present case borate with B/M ratio > 5 (M-alkali) [82,
172]. This implies that the fractionation in "21/73 ratio is primarily due to the isotopes of lithium
which effects the precision of the derived °Li/’Li ratio (Fig. 4.3). TE and Il method was

therefore used to resolve the bias in the ®Li/’Li due to fractionation.
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4.3.1 TE and Il method for NaLiBO,* and Na;BO,*

Ideally for adoption of total evaporation technique the element should evaporate
and ionize as a single species to facilitate collection of all the ions of an element with no loss
of sensitivity and accuracy. Li vaporizes as atomic species or molecular species depending on
the type of compound loaded as well as the filament geometry. During our investigations the
ion intensities of the different ionic species of lithium as a function of filament current was

recorded which is shown in Fig. 4.4.

As can be seen in Fig. 4.4 at low filament current NaLiBO:" ion is the major species
formed with very minor contribution from Li* or Li.BO>". Inspite of the small loss in ion
intensity during ion integration of NaLiBO>" ions, no loss in accuracy is expected as these ions
are evaporating together from the same source. During the present experiments a steady
evaporation pattern was maintained by regulating the heating rate of the filament per scan to
maximize collection of ions by the faraday cups. Among the 10 mA 5 mA, 3 mA, 1 mA per
cycle heating rates investigated, 1mA was found to be most suitable. Fig. 4.5a and 4.5b shows
the integrated "2I/31 ratio as well as the instantaneous "?I/7®I ratio (i.e. ratio of each cycle) as a
function of fraction of sample consumed for a typical analysis of 500 ng of L-SVEC Lithium
and Specpure Lithium respectively. (Supporting spread sheet for calculation of typical ion
intensity ratio profile is shown in Appendix 4.1) Fig. 4.5¢c shows both integrated as well as
instantaneous 281/%1 ratio obtained by monitoring Na,BO," ions from the loaded sodium
lithium borate sample as function of fraction of sample consumed. The instantaneous ?1/73I
ratio in Fig. 4.5a and 4.5b shows a steady decrease in ratio till about 85% sample has been
consumed thereafter, the ratio changes steeply till most of sample has evaporated. Whereas for

integrated 21/7%I ratio after initial fluctuations observed at low ion intensity (low sample
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consumption), the change in ratio is very gradual and remains constant after the sample has
completely evaporated. This suggests that even if there is a small residual sample on the
filament the affect on the final ratio is expected to be insignificant. At 100% sample
consumption the measured integrated ratio should be equal to the true ratio. According to the
Raleigh distillation law the measured ratio equals the true ratio when the ~ 63% of the sample
has been consumed. It can be seen from Fig. 4.5a and 4.5b that at 63% sample consumption
the instantaneous ratio is very close to the integrated value at 100% consumption. As seen in
Fig. 4.5a and 4.5b the integrated "21/”I ratios for L-Svec and Specpure differ by about 0.12%.
As explained earlier, the measured "?1/7%1 ratio depends on the isotopic abundance of B and Li
in the sodium lithium borate and their isotope fractionation behavior. There is no difference in
the ion intensity ratio profile of Na,BO," of the two lithium samples namely L-SVEC and
Specpure as an aliquot of sodium borate prepared with NIST SRM-951 is added to both the
samples (Fig. 4.5c). Except for the initial fluctuations the instantaneous measured 81/%° ratio
is nearly constant throughout the analysis. The integrated 881/ ratio pattern overlaps with the
instant ratio values unlike the pattern observed for NaLiBO,*. It can therefore be concluded

that the fractionation profile of NaLiBO-" is primarily due to Lithium isotopes.

The SLi/’Li isotope ratio from ion integration of the completely consumed
sample is then calculated from the integrated "21/731 intensity ratio and #81/%1 intensity ratio
using Eqn. 3.1 under section 3.1.2 of chapter 3. Fig. 4.6a gives the integrated 21/l and %1/%°
values from five different analysis of L-Svec and Specpure lithium and Fig. 4.6b gives the
respective ®Li/’Li ratio derived from equation. An external precision of better than 0.1 % was
obtained for 500 ng of lithium for both L-Svec and Specpure lithium. For conventional analysis
of the lithium at least 1.5 pg lithium is required to obtain similar precision in ®Li/’Li ratio.

Average fractionation factor defined as K = [°Li/"Li]conventional / [*Li/"Li]re for L-Svec lithium
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= 0.08275 / 0.08190 = 1.0104 and for Specpure pure lithium = 0.08311 / 0.08224 = 1.0106
was obtained from analysis of 500 ng of lithium. Varying amounts of L-Svec lithium from 2
Mg to 50 ng have been analysed by TE & Il. Fig. 4.7 gives the variation in total ion current and
SLi/’Li ratio with the Lithium amount loaded on the filament. An average ®Li/’Li ratio of

0.08183 * 0.2% was obtained irrespective of the amount of lithium loaded on the filament.

4.4. Conclusions

The possibility of using polyatomic molecular ions for isotopic analysis of
lithium based on TE & Il method has been explored for the first time. Both NaLiBO" as well
as Na2BO_" formed from lithium loaded as sodium lithium borate were collected during the
experiments. With a precision of 0.1% for the °Li/’Li ratio employing 500 ng of lithium it is
possible to differentiate among natural lithium samples having minor difference in their
isotopic content. The developed TE & Il method has improved the sensitivity as well as
accuracy of the molecular ion method. It will be interesting to see if this fractionation profile

is maintained over a wide range of lithium isotopic content.
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Chapter 5

Preparation of Synthetic Lithium
Isotope Mixtures (SLIMS)
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5.1. Introduction

Thermal lonization Mass spectrometry methodology using polyatomic ions such
as LioBO," and NaLiBO;" as monitoring ions have been developed to produce stable ion
currents to give precise 8Li/’Li isotopic ratios for natural samples. It was observed that stable
ion currents are obtained when the B/Alkali atom ratio was > 5 for both these molecular ions.
The overall fractionation observed was less than 1% with increase in temperature of the
filament, which is much lower than the 9% fractionation observed for samples analysed by
monitoring atomic ions Li* [67]. The value of ®Li/’Li for L-SVEC lithium assigned by two
international certification laboratories National Institute for Standards and Technology, NIST
RM 8545 and Institute for Reference Materials and Measurements, IRMM 016 are 0.0832 +
0.0002 (1973) and 0.082154 + 0.000099 (2005) respectively differ by more than 1%. Even
though lithium was analyzed as Li* on single filament assembly by both the laboratories, the
loaded form (Lil during NIST experiments and Li + HsBO3 during IRMM experiments), time
of analysis, amount etc was probably the reason for the discrepancy in the L-Svec ®Li/’Li
isotope ratio. The reference material NIST — RM — 8545 L-SVEC Li>CO3z having natural
lithium composition yielded 8Li/’Li ratio of 0.08277 + 0.00006 using NaLiBO,* as monitoring

ions under the optimized condition developed in this laboratory.

In Chapter 4 the role of Total evaporation and lon integration with NaLiBO>" as
monitoring ion to arrive at an accurate and precise value which is almost fractionation free for
the L-Svec Reference Material has been discussed. The highlights being a) simultaneous
collection of ions at m/z 71-73 easily possible b) The analysis could be carried out comfortably
with 500 ng Li with an external precision better than 0.1% (1) compared to the conventional
fixed scan method which requires about 1.5 pg Li. ¢) The minimum sample requirement

decreased to 50 ng from pg amounts required for the conventional molecular ion method d)
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The ®Li/’Li ratio was independent of the amount of Li loaded and average °Li/’Li ratio of
0.08183 + 0.00016 was obtained for 1.5 pg to 50 ng lithium. The ®Li/’Li ratio of conventional
vs TE method of acquisition for L-Svec i.e. K = 1.0104 + 0.0010 obtained from five individual
analysis of L-Svec by the two methods. The designated fractionation factor, K (considering
SLi/’Li by TE to be true value) should be applicable over a wide range of °Li/’Li ratios and

requires further experiments.

In view of the above reasons experiments were undertaken to prepare and
characterize isotopic mixtures over a wide range of °Li/’Li atom ratios for calibration of mass
spectrometers over a wide range of ratios. This requires mixing of pure enriched calibrated
isotope solutions of °Li and ’Li on weight basis for making isotopic blends over a wide range
of ratios. Isotope mixtures are being used determine the correction factor K, for mass
discrimination of the measurement method and the mass spectrometer being used [173 - 178].
A.O. Nier performed the first measurements for isotope abundances, corrected for mass
fractionation by means of synthetic mixtures of enriched isotopes [179]. This technology is
being used since then for the determination of atomic weights and characterization of IRMs
(Isotope Reference Materials). Highly enriched and chemically purified isotopes were used to
gravimetrically prepare synthetic isotope mixtures, for which theoretical isotope abundance

ratios can be calculated from the isotope abundances of the enriched isotopes [173 - 182].

The experiments presented here involved in the preparation of synthetic lithium
isotopic mixtures (SLIMs) with ®Li abundances ranging from 1% to 85% using the calibrated
solutions of enriched ®Li and ’Li isotopes. Analysis was carried out by TIMS with NaLiBO,*

ion using both conventional and TE acquisition methods.

The objective of preparing synthetic lithium isotopic mixtures over a wide range of

isotopic ratios and analyzing them using NaLiBO2" as monitoring ions were:
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1) Verify and confirm the constancy of isotope fractionation factor over a wide range of
ratios for measuring the ®Li/’Li isotope ratio.

2) Identify reasons for non-linearity if any due to sample preparation, contamination,
blanks, weighing errors etc.

3) Ascertain the accuracy of the measured isotope ratios in unknown samples over a wide
range of ratios

4) To make available the isotopic working standards for quality control of data produced
by other mass spectrometric methodologies such as P-TIMS using atomic ions and
ICPMS

5) Calibration of additional working standards of pure Li>COz of non-natural isotopic

compositions for routine use for economic viability.

5.2. Experimental

Li,COs 95% enriched in ®Li procured from M/s. ICON and LiCO3z 99.91%
enriched in “Li from M/s. Eurotop. High Purity (99.998% purity) Spec Pure Li,COswith natural
SLi content obtained from Johnson Matthey was used for calibration of the enriched solutions.
Isotopic standards of lithium and boron NIST- RM — 8545 L-Svec (Li2CO3) and SRM-951
(H3BO3) were also used during the present investigations. High purity Na,COs (Alfa Aesar)
was used for preparing mixed alkali borates. Freshly deionized water (18.2 MQcm) obtained
from Milli Q system (Millipore) and quartz glassware were used for all dissolutions and

dilutions.

5.2.1 Calibration of Enriched °Li»CO3 and ’Li»COs solutions and
preparation of the synthetic isotopic mixtures

105



About 300 mg of each of Spec Pure Li.COs (Natural I.C. of Li), Enriched ®Li,COs,
and Enriched "Li,CO3 were heated independently in an oven at 105°C for 2 hrs or till constant
weight. This removed traces of moisture if any. Accurately weighed amount of each salt was
dissolved in Millipore water in Quartz flask to prepare a solution of approximately 50 pg/gm
of Li. Approximately one gm weighed aliquots each of both Spec Pure and ®Li enriched Li.COs
were mixed to prepare five Isotope Dilution Mass Spectrometry (IDMS) mixtures having
SLi/"Li ratio about one. The concentration of lithium in the °Li enriched stock solution was
determined using Reverse — lIsotope Dilution Mass Spectrometry (R-IDMS) equation.
Similarly, five calibration blends of the Spec Pure and Li enriched Li.CO3 were prepared with
the ratio Rwm (calculated) to be a geometric mean of the two for determining the concentration
of lithium in “Li,COs3 solution using the IDMS equation. The mass spectrometric analysis of

the pure solutions and blends were carried out by Isoprobe-T TIMS and TRITON TIMS.

The Lithium isotopic mixtures to be used as isotopic working standards were
prepared by gravimetric mixing of the highly enriched and calibrated °Li and “Li lithium
carbonate solutions in fresh polypropylene bottles. Calculated aliquots of the enriched isotopes
were mixed to give seven blends, SLIM - 1 to SLIM - 7, with °Li isotopic content of 1%, 8%,
20%, 35%, 50%, 75% and 85% respectively. The total lithium amount in each of the five
mixtures was about 10 mg. All solutions were shaken for homogeneous mixing and kept aside

for a week to allow complete isotopic equilibration.

5.2.2 Mass spectrometric analysis

The details of the chemical treatment, loading procedure and TIMS analysis
protocol for analysis of Li with NaLiBOz" ion is given in Table 3.2. The different molecular

ionic species of NaLiBO," with their abundances is given in Table 3.7. The analysis was carried
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out under the optimized conditions described in the earlier chapters, the stoichiometry of
B/Alkali ratio was 5 and Na/Li ratio was 1 in the mixed alkali borate loaded on the single
filament assembly. About 1.5 pg Li was loaded for analysis by conventional method. Data
acquisition was carried out by dynamic mode of multi-collection in two sequences, as
mentioned in Table 3.2. lon intensity ratios for 21/l (R1), 21/ (R2), "21/"1 (Rs) and 81/%°]
(Re) were recorded during analysis. The data was acquired for 3 blocks of 12 scans each. Each
scan consisted of 5 seconds of ion collection. The baseline measurement was made at the
beginning of a block at m/z, M £ 0.5 for 10s, where M is the isotope of interest. All calibrations
mixtures and the SLIMs were analysed following the analytical protocols mentioned in Chapter
3. The reproducibility of the analysis was obtained from four individual analysis of each of the

SLIM’s by the conventional limited block mode.

The seven SLIM’s were also analysed by TE and II method, using the procedure
given in chapter 4. Four individual analysis using 500 ng of each SLIM was carried out using

TRITON TIMS to establish the reproducibility of this method.

5.3. Result and discussion

Since analysis involves non-natural lithium samples, the change in the lon
intensities at m/z 71, 72 and 73 as a function of fractional abundance of ®Li is shown in Fig.
5.1. As can be seen the ion intensity at m/z 71 is less than 0.2% when the abundance of Li in
sample is 1% and increases to about 18% when the abundance of °Li increases to 100%. For
natural lithium samples with ®Li abundance of 7.6%, a very good precision is obtained for
72]/731 (R1) during analysis. With increasing abundance of °Li it should be possible to use lon
intensity ratios "21/”%1 (R1), "I/"M1 (R2), ?1/™1 (R3) for deriving Li/’Li ratio in the sample from

the equations given below.
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B-R;-2+R{BO
L, = [B-R,-2:R;B0)l Eqn. 5.1
[24¥R104+2%R{B0Op—1—2%B0,]

L, = (%0 Eqn. 5.2
2= R2—20b—2*%—0§ an.

1 1

L—3=R3_E_2*Oa -------- Eqn53

Where R1="21/I, Ro= "I/™1, Rs = "1/™| are the experimentally measured ratios
and L1, Lo and Ls are ®Li/’Li ratios derived from R1, Rz and R3 respectively. O/**0 = 0.00039
and 80/*®*0 = 0.002 denoted as O. and Op respectively. B = °B/*B isotopic ratio

(experimentally determined).

= m/z-71
® m/z-72

1 A m/z-73
0.8

071
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Abundance of LiNaBOz+ at m/z 71,72 and 73

T T T T T T T T T T T
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Fig. 5.1. Change in the lon intensities at m/z 71, 72 and 73 as a function of fractional abundance of ®Li
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However, our detailed studies carried out to identify the ion intensity ratios for
analysis of non-natural lithium samples showed that R3 gave unacceptable values when it was
used for deriving ®Li/’Li ratios in ®Li enriched samples [183]. Though our studies showed that
Rz could be used for deriving ®Li/’Li ratios in samples with 50% abundance of °Li, all our
experiments were carried our using "?I/”®1 (R1), since it gave very satisfactory results and could

be used universally for NaLiBO-" ions, irrespective of ®Li abundance in the sample.

The isotopic abundance of lithium in Spec pure natural Li,COs, SLi enriched
candidate spike and Li enriched carbonate solution used in this work are given in Table 5.1.
The Table 5.1 also gives the average atomic weight calculated from the isotopic analysis data.
The footnote of the Table 5.1 gives the concentration of lithium in the high purity Spec Pure
Li>COs standard solution calculated on gravimetric basis along with the uncertainty due to
weighing errors. The uncertainty budget in preparation of specpure stock solution is given

Table 5.2.

Table 5.1. Isotopic abundance of lithium in standard, ®Li enriched and ’Li enriched Li,COs

. eLi/"Li Isotopic Abundance Avg. atomic weight
Type of Li2COs isotopic ratio 5L L
5Li enriched 21.48 +0.04 95552 + 0.007 | 4.448+0.007 | 6.0596 +0.0001
7.0151 + 0.0001
Li enriched 0.00093 + 0.00004 | 0.093%0.004 | 99.907+ 0.04
S&ea‘iuprglr ¢ 0.08311 + 0.0001 7.67 £0.01 9233+ 0,01 | 8:9392+0.00016

Stoichiometric concentration of lithium in standard Spec pure Li;CO3z = 47.738 + 0.018@

@ Uncertainties due to weighing error of the balance (0.0001g) and isotopic ratio measurement of
natural Li in the standard used for calculation of average atomic weight.
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Table 5.2. Uncertainty budget in the preparation of Specpure stock solution

Term u = Uncertainity % (r.s.d.)
At Wt of natural Li in std (u1) 0.0022

Molecular weight of Li»CO3 Std (uz) 0.00033

Weight of Li,CO; Std and its dilution (u2) 0.037

Uncertainty in concentration of LioCO3 (Usta) Vu2+ul+u2 = 0.037

5.3.1. Determination of concentration of lithium in ®Li and "Li
enriched solution

Table 5.3 gives the details of the results of the spike calibration by Reverse-
IDMS using Specpure natural lithium as standard. The average concentration obtained by
analysis of the five blend aliquots along with the standard deviation (1c) is given in the Table
5.3. Two ion intensity ratios "21/”% (row 1) and 21/ (row 2) were measured during the
analysis of each blend to give two independent ®Li/’Li ratio which were used for obtaining two
independent concentration values for lithium in the spike. The detailed judicious selection and
the experimental verification of the ion pairs was carried out during our studies [183]. As can
be seen the reproducibility of lithium concentration determined from the five blends is better
than 0.1% with the overall propagated uncertainty from the various terms of the IDMS equation
being about 0.1%. Also, there is a close agreement between the concentration values obtained
using the two ion intensity ratios R1 and R2. The concurrence of concentration values obtained
from the two ion pairs "1/ and "31/7*1 used for deriving °L/’Li isotope ratio, indicates absence

of any bias due to isobaric interference or isotope fractionation.

110



Table 5.3. Calibration of °Li enriched solution

lon oL - SLi - 6Lj - 6Lj - 6Lj - Average
intensity IDMS-1 IDMS-2 IDMS-3 IDMS-4 IDMS-5 9
Ratios ]

used (Mg/gm Li)

3172 49.309 49.331 49.303 49.287 49.302 49.306 + 0.019"

B 49.354 49.370 49.321 49.290 49.305 49.328 + 0.033"

Table 5.4 gives the details of the results of the calibration of ’Li enriched
solution by IDMS using Specpure natural lithium as standard. The average concentration
obtained by analysis of the five blend aliquots along with the standard deviation (1c) is given
in the Table 5.4. "21/7 ratio was monitored and gave good precision during analysis. As can
be seen here the reproducibility of lithium concentration determined from the five blends was
better than 0.2%. This was because the SLi/7Li ratio (Rm) in the blends was about 0.009 and

could only be measured with a precision of about 0.1%.

Table 5.4. Calibration of “Li enriched solution

Li - Li— Li— Li-— Li - Average
lon intensity | IDMS-1 IDMS-2 IDMS-3 IDMS-4 IDMS-5 9
Ratios used
(Hg/gm Li)
B1/72) 53.185 53.338 53.329 53.275 53.203 53.256 + 0.09%
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5.3.2 Mass spectrometric analysis of the synthetic isotopic mixtures
by Conventional and TE acquisition
The results of the analysis of SLIMs - 1 to 7 by conventional method as well TE &
Il are given in Table 5.5. The expected value for the different SLIMs are calculated using the
concentration data of the two enriched solutions (from Table 5.3 and 5.4), the weight of the
aliquots of the two enriched solutions used for the particular SLIM and the isotopic content of

the enriched isotopes using the formula

[C*W*A-F-G]A> ([C*W*A.F.6]B)

R6/7 _ ([AV-At.Wt.]A [Av.AtWt]p

[AB] — ([C*W*A.F.7] A>+<[C*W*A.F.7]B)

+

-------—- EQn. 5.4

[A‘U.At.Wt.]A [A‘U.At.Wt.]B

where C denotes the concentration of lithium in the two enriched solutions A (6-Li
solution) and B (7-Li solution) obtained from the IDMS experiments, W the aliquot weight of
the each of the enriched solution in the given SLIM, A.F. is the atomic fraction of 6Li and "Li
in the two enriched Li,COs solutions and Av.At.Wt., is the average atomic weight of lithium

in the enriched 8Li,CO3z and "Li.COs

The average bias factor Kpias = Real/Robs, Where Ros is the 8Li/’Li ratio measured
by conventional method and Rear is the ®Li/’Li ratio calculated using Eqn. 5.4 for SLIMs 1 to
7. The Kbias (average) for SLIM 1 to 7 = 1.001436 + 0.00236 (0.23%). As can be seen the
calculated ratio for SLIM-1 is unexpectedly high and this is very likely to be due to human
error in the weights of the aliquots recorded during preparation of SLIM 1. If SLIM 1 is
excluded K = Rcal/Robs =1.00057 £ 0.00065 (0.06%). The closeness of Rca/Robs t0 0One is
expected as the enriched isotopes used for making the isotopic mixtures were calibrated by
IDMS using natural Specpure Lithium as standard. The results of analysis of these mixtures
validates the NaLiBO>" method for measurement of lithium isotopic ratios over a wide range
of SLi/"Li ratio.
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In addition to limited block measurement, TE & Il mode of data acquisition was
also carried out for all SLIMs 1 — 7 as a fractionation free ®Li/’Li ratio is possible using TE &
Il method. Column — 6 of Table 5.5 gives the fractionation factor K¢ = Robs/RTe Where Rops is
the SLi/’Li determined by conventional method and Rre the ®Li/’Li ratio measured by TE & I
for the different synthetic mixtures. A very consistent ratio of K¢ was obtained over the wide
range of ®Li/’Li isotope ratio of SLIMs. Average K = 1.0112 + 0.0015 (0.15%) for SLIM - 1

to 7 demonstrates the reliability of the TE method over a wide range of L/’Li ratio.

The agreement of K obtained for SLIM - 1 with the rest of the synthetic mixtures
confirms that variation of Rcai from Robs for SLIM - 1 seen in Table 5.5 is due to human error
possibly while recording the weights of individual fractions of the enriched lithium solutions.
The Table 5.5 also includes the fractionation factors (Ks) obtained for L-SVEC lithium and
Specpure Lithium recorded from conventional and TE analysis of the two natural Li samples.
The Table also gives the isotopic ratios of L-SVEC (NIST- RM — 8545) and Specpure Lithium
both having natural composition determined by Conventional and TE mode of acquisition. As
can be seen the there is a very good agreement of Average K = 1.0112 + 0.0015 of the seven
SLIM’s, K = 1.0106 + 0.0008 of Specpure Lithium with K¢ of L-SVEC lithium which is
1.0105 + 0.0010. The experiments establish the reliability of the procedure with NaLiBO," as
monitoring ion for determining ®Li/’Li ratio in samples with varying °Li abundance. The
constancy of K = Reonventionat/RTe OVer the range of 8Li/’Li ratios indicates that the fractionation
profile does not change with ®Li/Li ratios and therefore Rre obtained for a unknown compound

can be a good estimate of the true ratio.
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Table 5.5. Results of Kpias and Ksf factors for various SLIMS

®Li/’Li atom ratio KA/B KB/C
Blend No. | Theoretical calculation | Ltd. Block Measurement TE &I
(A) (B) © (KBias) (K
SLIM_1 | 0.01095 % 0.00003° | 0.01087 +0.00004* | 0.0107550.0003% | 1.007 % 0.004** 1.01 £ 0.03**
SLIM_2 | 0.09580 +0.00029 | 0.09563 % 0.00008 | 0.094532 % 0.0002 1.002 % 0.003 1.012 £ 0.002
SLIM_3 | 0.28996 + 0.00087 0.2899 + 0.0002 0.286171 * 0.0002 1.000 % 0.003 1.013 £ 0.001
SLIM_4 | 0.6366 + 0.0019 0.6367 + 0.00003 0.628684 * 0.0003 1.000 % 0.003 1.0127 % 0.0005
SLIM_5 | 1.1803 £ 0.0035 1.1796 + 0.0006 1.1644 % 0.0003 1.000 % 0.003 1.0131 % 0.0006
SLIM—6 | 27429 + 0.0082 2.7422 % 0.0014 2.717912 + 0.0003 1.000 % 0.003 1.0085 + 0.0005
SLIM-7 |  6.6233 £0.020 6.618 £ 0.003 6.552864 % 0.003 1.001 % 0.003 1.0099 + 0.0007
L-Svee | 0.08276 +0.00007 | 0.08190 + 0.00005 1.010 +0.001
(Li,COs)
Specpure | 0.08311 +£0.00004 | 0.08224 +0.00004 1.0106 + 0.0007
(Li-CO3)

“Std dev (1s) for four independent analysis; * propagated uncertainty

# The uncertainty in the ratios of the mixtures calculated from uncertainty for rest of the terms in the above equation
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5.4. Conclusions

Seven isotope mixtures of lithium with varying ®Li abundances were prepared by
mixing known amounts of pre-calibrated pure °Li enriched solutions with “Li enriched
solutions. The enriched isotopes were calibrated by IDMS using Specpure lithium as standard.
These isotope reference materials were used to verify the constancy of fractionation factor over
a wide range of Li/’Li determined by PTIMS using NaLiBO2" as monitoring ion. The average
bias factor for SLIM - 2 to 7 defined as Recatulated/Robserved Was 1.00057 (+ 0.06%) which is very
close to 1 as expected. The deviation of SLIM - 1 from this value was considered to be due to
weighing errors during its preparation. The fractionation factor K¢ defined as Ropserved/RTeE fOr
SLIM 1to7=1.0112 + 0.0015 (0.15%) is in agreement with that of L-Svec =1.0105 + 0.0010.
A similar fractionation profile is obtained irrespective of the ®Li/’Li isotopic ratio and this
observation underlines the fact that the NaLiBO," a reliable monitoring ion for determination
of SLi/"Li isotope ratio by TIMS. The consistency of Ky for wide ratios authenticates the use
of TE & Il for determination of ®Li/’Li ratio in different samples as a good estimate of the true

value.
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Chapter 6

Fusion method for isotopic analysis of
lithium and boron in refractory materials
employing molecular ions

116



6.1. Introduction

Precise isotopic measurement of lithium or boron in various chemical compounds
such as Li>COgz, LiOH, Li2B10016, LIAIO2, Li>TiO3, H3BO3, B203, B4C, TiB2, LaBs, CeBs,
ZrB; etc. is required in nuclear industry. Isotopic analysis of any element by TIMS requires the
sample to be in the solution, possibly in its purest chemical form. Among the various chemical
compounds, oxy-compounds of lithium and boron are easily soluble in water. A few pL
solution containing 1 — 2 pg of the Li or B sample is mixed with calculated proportion of
sodium borate or sodium carbonate respectively. By loading this mixture on rhenium single
filament assembly and monitoring NaLiBO>" and Na;BO>" molecular ions, precise isotopic
measurement can be easily carried out. On the other hand, isotopic analysis of lithium and
boron in refractory materials is tedious due to the difficulty associated with their dissolution.
Conventionally alkali fusion, microwave assisted acid digestion are the technigques being used
for the dissolution of refractory materials. There are some reports about the use of pyro-
hydrolysis for extraction of boron from refractory materials [184 - 186]. Although these
methods are reliable for ensuring the complete dissolution of the refractory materials or
extraction of boron, they involve a number of steps and large quantities of reagents which make

the sample processing laborious and can increase the reagent blank.

Instead of adding the alkali borate (alkali carbonate) to the dissolved sample
solution of lithium (or boron), our laboratory has already explored the feasibility of addition of
the sodium carbonate to the boron powder sample and directly fusing the sample slurry on the
rhenium filament by heating it to red hot. Though this direct fusion method has been applied
to boron carbide and acid leached irradiated TiB2 chunk samples, the suitability of this method
to the analysis of refractory lithium samples was to be still explored. Apart from that, adoption

of this direct fusion for the isotopic ratio analysis of boron in some of the boron alloy
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compounds and lanthanide borides has shown some erratic experimental results. So, present
chapter describes the implementation of direct fusion to the refractory lithium compounds
(LiAIO2 and LiTiO3) and the details of the challenges faced during the analysis of some of
these different refractory boron powder samples using the direct alkali fusion method and also

necessary modifications taken to overcome the difficulties.

In order to validate the fusion method used for formation and analysis as Na;BO,*
in these refractory materials, the mass spectrometric measurements of the direct fusion method
were compared with data obtained from analysis of the dissolved samples of these refractory
powders and the purified fractions of boron extracted using 5% 2-Ethyl Hexane 1, 3 Diol
(EHD) in chloroform. On the other hand, Total Evaporation and lon integration (TE & II)
method was carried out for the validation of the direct fusion method for the refractory

compounds (LiAIO2 and Li,TiO3) of lithium.

6.2. Experimental

6.2.1 Reagents and Materials

NIST — RM - 8545 (L-SVEC Li2CO3) and NIST — SRM — 951 (H3BO3) isotopic
standards of lithium and boron respectively were used to check the performance of the
methodology. LiAIO, (Alfa Aesar), Li2TiOz (Sigma Aldrich), high purity analytical grade
Na2COs, 2-Ethyl hexane 1, 3 diol (EHD) and high purity acids procured from Merck were used.
All the experiments were carried out using quartz beakers and separating funnels after leaching
with 3M HNOs. 1” X 17 inch Teflon sheets with a thickness of 0.2mm were used for treatment
of lithium and boron samples prior to mass spectrometric analysis. For all the dilutions freshly
deionized water (18.2 MQ cm) obtained from a milli Q system was used. Various refractory

materials of boron analyzed in this study are listed in Table 6.1. These were prepared in-house
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by various pyrometallurgical routes. The details of the preparation for these samples are

reported elsewhere [55 - 60].

Table 6.1. Refractory compounds of boron and their details

Sample Elemental composition Form Source

B4C B-major, C Pebble Pvt. industries and In-
house

B4C B-major, C Crystalline

LaBe La, B,C,0O

ZrB> Zr,B,C,0O

CeBe Ce,B,C 0 Fine Powder In-house

TiB> Ti, B

B-alloy-1 | Ti major, Cr, Mo, B, C, Si, Fe, Ta, O

B-Alloy-2 | Ti major, Cr, Mo, B, C, Si, Fe, Ta, O

6.2.2 Dissolution of boron samples

Around 0.1 g of each of these boron powder samples were fused with about 1.0 g

of sodium carbonate for 2 hours in a platinum crucible uisng Bunsen burner. The fused mixture

was allowed to cool and then leached in hot water. Digestion of these samples were carried out

in a water bath maintained at 60°C and filtered to obtain the dissolved sample solution.

6.2.3 Separation of boron by EHD extraction

Dissolved solutions of the samples like LaBs, CeBs, TiB2 and ZrB,, B4C were

subjected to EHD extraction. 10 mL of solution of the dissolved boron acidified with 1M HNO3

was equilibrated with 2 mL of 5% EHD in chloroform in a quartz separating funnel. After
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equilibration for about 5 minutes, organic layer containing boron extracted as B(OH)3.2EHD

complex was transferred into a quartz beaker after phase separation.

6.2.4 Instrumentation and Mass spectrometric analysis

TIMS instruments viz. Isoprobe - T and TRITON-PLUS each equipped with 9
movable faraday cups for the simultaneous multi-collection of ions were employed for the
present work. TRITON-PLUS has 1 SEM for analysis of minor isotopes and a functional TE
& 11 mode of acquisition in the software. Mass Spectrometric measurement has been carried
out for isotopic composition of lithium and boron by monitoring NaLiBO2" and Na;BO*
molecular ions respectively using two modes of data acquisition i) limited block measurement
with 3 — 5 block data (each block consists of 12 scans) and ii) Total Evaporation and lon
Integration.

The details of the loading and treatment procedures along with the data acquisition
parameters for limited block measurements of both the methods are given in Table 6.2. The

details of TE & Il mode of data acquisition are as given in section 4.2.2. of Chapter 4.

6.3. Results and Discussion

6.3.1 Refractory boron powder samples

Boron carbide samples are often available in different physical forms such as fine
powder, crystalline powder and pebble forms as shown in Fig. 6.1. Initial experiments were
carried out for the optimization of mole ratio of B/Na for the B4C fine powder samples by
varying B/Na from 5 to 0.5. Data acquisition was carried out at low filament currents (LFC ~
1.3 A) and high filament currents (HFC ~ 1.7 A) in order to check the severity in the isotopic

fractionation between the isotopes of boron. As seen from the Fig. 6.2, similar to the oxy
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Table 6.2. Details of loading and treatment procedures & data acquisition parameters for limited block measurements of TIMS analysis

S. No.

Type of Sample

Treatment Procedure

Refractory Boron Powder

samples

About 5 mg of boron sample powder was taken on Teflon sheet and sodium carbonate solution
was added in such a way that mole ratio of B/Na was in the range 5 to 0.5. A few pL of this slurry
containing about 2 pg of boron was pipetted out and loaded on to the centre of the rhenium
filament.

Dissolved boron samples

5 pL of solution containing 2 to 3 g of boron was directly transferred to the centre of the rhenium
filament by means of a micro-pipette. After heating the loaded filament to red hot and the filament
current brought down to zero ampere, about 2 — 3 pL of graphite (40 mg of graphite in 1 mL of
50% ethanol-water mixture) slurry was deposited on the filament and dried at 1.0 Amp current.

Purified Boron fractions

The organic solvent, CHsCl was vaporised under the IR lamp leaving 100 pL of EHD containing
the purified boron fractions in the quartz beaker. Millipore water treatment was given repeatedly
to remove traces of dissolved acid. Sodium carbonate and mannitol solution were added so that
the B/Na mole ratio was about 0.1 and mannitol/boron amount ratio about forty. This solution
mixture was further heated for about 15 minutes on hot pate to decompose the EHD. The residue
was dissolved in 20-50 pL of Millipore water. A few pL of this solution containing about 2 pg
of boron was pipetted out onto the centre of rhenium filament. Graphite was deposited of the
filament after heating the sample filament to red hot.

LiAlOz and Li2TiOs

About 5 mg of lithium sample powder was taken on Teflon sheet and sodium borate solution was
added in such a way that mole ratio of Li/Na ~ 1; B/Na ~ 10. A few pL of this slurry containing
about 2 pg of lithium was pipetted out and loaded on to the centre of the rhenium filament and
heated to red hot.

Loading

5 pL of the lithium borate solution or sodium lithium borate solution, containing 1.5 — 2 pg of lithium
was loaded on the zone refined Rhenium (single) filament and evaporated to dryness at LAmp current.
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Filament was further heated to 1.8A and held for 5 minutes and slowly heated to red hot for
formation of the required alkali borate.

TIMS analysis

Condition Na2BO2* NaLiBO2*
After achieving a sufficient vacuum in the ion source housing, the samples were degassed at 1.0
Degassing Amp for about 5 to 10 minutes

Initial focusing

lon current of 2Na

lons monitored @ mass m/Z

Na,BO,* (88 — 89) 81/%°]

NaLiBO2* (71 -73) 21/l and ®I/"*1 and "I/

Na2BO." (88 — 89) &1/%I recorded for independent
determination of IC of boron.

Data acquisition parameters

Peak centre, Auto focus, Baseline @ % 0.5 a.m.u of the isotope of interest prior to the

acquisition

Integration time is about 5 seconds per each scan, 12 scans are grouped in to a block
3 — 5 block data was recorded for the measurement

Simultaneous multi-collection
of all 881 and ®°lin each scan

Two sequences were carried out per scan by peak jumping
mode

Sequence 1: Simultaneous multi-collection of 71, 72 and 73
Sequence 2: Simultaneous multi-collection of 88 and 89
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compounds of boron, refractory powders of B4C also showed ~ 0.2% variation in the isotopic

ratio with the change in the mole ratio of B/Na.

Fig. 6.1 Various forms of B4C (i) fine powder (ii) Crystalline powder (iii) Pebbles

To understand the reason for the variations observed in the isotopic ratio of °B/*'B
with the change in the mole ratio of B/Na, various sodium containing buffers effective in the
pH range of 3 to 9 were employed, instead of the conventionally used sodium carbonate for
formation of Na;BO," ions in the ion source [172]. The use of buffer solution was to provide
insights on the role of pH and B/Na mole ratio on the experimentally observed °B/*!B ratio.
From the studies, it was concluded that, the foremost reason for variations in the isotopic ratio
of 1°B/1B is the amount of Na present as Na2O on the filament i.e., the B/Na stoichiometry in
the sodium borate compound formed on the filament. The outcome of this work has given us a
better understanding of the experimental parameters that effect the °B/!B isotopic ratio and
procedures that have to be adopted to improve its precision during analysis of boron as
Na:BO," by P-TIMS [172]. Drop deposition of graphite after loading of the boron sample is
required when the B/Na stoichiometry in the sodium borate compound is 0.5 or less (e.g.
2Na20.B»03) which would act as a reducing agent to form less volatile compounds of sodium

borate.
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From Fig. 6.2, it was observed that the difference in the analytical spread in the
19B/11B isotope ratios at mole ratio of B/Na 2 and 0.5 was very small when acquisition is carried
out at high and steady intensity of the ion beam (2 x 10"** A at m/z 89). A steady ion beam
resulted in an internal precision of better than 0.01% in most cases. Therefore, to avoid the use
of graphite, B/Na 2 was found suitable for routine analysis. The same strategy has been adopted
for other forms of B4C, crystalline powder and pebbles and the other refractory boron powder
samples mentioned in Table 6.1. The B4C pebbles were ground to fine powder before treatment.
Enriched sample of B4C was also analysed during the present investigations. The results of
triplicate analysis of the different samples are shown in Fig. 6.3.

As can be seen the 1°B/*!B ratio for two samples ZrB; and LaBgs were marginally
higher than the isotope abundance ratio of natural Boron and in the case of CeBgs and TiB> the
19B/11B were about 5% higher than expected data. All these samples were analysed with a
precision better than 0.02%. During the analysis of two other alloy samples, we observed a
steady increase in the'°B/!B ratio with time as well as with filament current contradictory to
reverse trend normally observed. This continuous fractionation observed for the boron alloy
resulted in very poor internal precision. Further investigations were carried out to resolve these
discrepancies and ensure the authenticity of the fusion process followed for refractory

compounds.
Case (i):

In the thermal ion source, the mass dependent isotope fractionation causes the
lighter isotope to evaporate at a faster rate than that of heavier isotope leading to continuous
decrease in the observed '°B/*'B isotopic ratio due to the depletion of 1°B in the sample residue

with time. However, a contradictory behaviour was observed for the two boron alloy samples
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wherein the 1°B/*B isotope ratios increased continuously with both time and filament current
(Fig. 6.4a & 6.4b). This resulted in very poor internal precision of 5% during a single analysis.

The reason for this trend in the fractionation pattern is attributed to incomplete
fusion of sample with sodium carbonate during loading stage. Other than Titanium, these alloys
contained hard metals such as Cr, Mo, Ta (see Table 6.1) to increase the refractory character
of these materials which possibly prevented complete fusion of the sample with the sodium
carbonate. In all probability under the high vacuum and temperature conditions of the ion
source the fusion process progresses further to form fresh sodium borate. This explains the
observed fractionation behavior of increasing *°B/*'B ratio as the fusion progresses.
Increasing the sodium carbonate so that B/Na mole ratio was about 0.5 during fusion, had no
effect on the fractionation pattern. The fusion method was further modified, wherein excess
sodium as sodium carbonate was added such that B/Na was about 0.1. This step was carried
out to make the fusion environment sufficiently alkaline to ensure complete reaction of the
boron-based alloys in the sample with sodium carbonate during the loading stage. The fusion
mixture was loaded on the filament and dried at 1 A and then raised to 1.8 A where it was kept
on hold for 5 minutes. The filament was then heated to red hot and instantaneously brought
down; this action was repeated twice for formation of homogenous melts. To avoid the
formation of sodium rich borates such as NasB2Os which are volatile in nature, the loaded
filament was coated with graphite layer to reduce the excess sodium oxide. About 120 ug
graphite in 2 ul of 1:1 ethanol was loaded on the filament and dried by passage of 1 A current
through the filament for 5 min. The results of this modified treatment and loading procedures
can be seen from the stable ratio obtained for the alloy shown in Fig. 6.5. The 100-scan data
acquired at %1 intensity of 2 x 101! A, gave a precision of 0.02%. Heating the filament further

did not change the '°B/*!B ratio.
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Fig. 6.4a Reverse fractionation resulting in increasing °B/*'B ratios
with scan no. for boron alloy sample. Fusion of sample with
Na.COs3, B/Na mole ratio 2.

127



0.27300 -

2 ' '

2027750 -

i 0.27700 -

3 ' ~a.‘. TYTN ..qp: e M:M M A

2027650 - N

/2

= 027600 4 N

&

= 027550 | . : : .
0 20 40 80 80 100

Fig. 6.5 100 Scans of B-alloy, B/Na mole ratio optimized at 0.1

Case (ii)

As mentioned in the previous section the isotopic composition of boron in LaBs,
ZrB; and B4C showed natural variations, 1°B from (18.8% to 20.1%), whereas some other
borides such as CeBs and TiB2 showed unexpectedly higher values of 1°B/*'B with 1°B content
as high as 21.7%. The measured values of °B/*B were not affected by changing the B/Na ratio
from 2 to 0.1. Further studies were therefore carried out to investigate whether this variation in
the ratio was due to the direct fusion process followed during loading of these refractory
samples or as a result of the synthesis processes involved in the formation of these compounds
from their starting materials and therefore inherent to sample. To understand the reasons for
the bias, both dissolved samples of the refractory compound and the purified boron samples
were analyzed by TIMS. Analysis of dissolved samples would help to understand if the reason
for observed bias was due to incomplete fusion. Also, to ensure that the observed deviation in
the isotopic ratios is not matrix induced, the dissolved samples were subjected to solvent
extraction of boron with 5% EHD in chloroform. The detailed procedures for the dissolution
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of the refractory boron powders, solvent extraction and the respective treatment and the loading
procedures listed in the sections 6.2.2 and 6.2.3 of this chapter. Table 6.3 compares the mass
spectrometric results obtained for the samples carried out by these two procedures with the
direct fusion method. The 1°B/*'B isotopic ratios of the NIST isotopic standard SRM-951 and
Natural Boric acid (Merck) in the dissolved compound and after extraction with EHD are also
given. The °B/M"B ratios for all the samples listed in the Table 6.3 obtained by the three
procedures are in good agreement with each other. All the three treatment and loading
procedures show similar deviation from natural °B/*!B ratio [187]. This signifies that the
measured data is intrinsic to the sample itself and is neither matrix induced nor due to faulty
treatment procedure. The investigations reaffirm the utilization of TIMS as reference technique
for measurement of isotopic composition in various materials using appropriate loading

techniques for different types of boron compounds.

Table 6.3. Comparison of 1°B/!B ratio of various samples analysed by direct fusion, after

sample dissolution and in the purified boron fraction of the respective samples

19B/11B isotopic ratio (r.s.d 10)
Sample
Direct Fusion Dissolved solution Separated fraction
using EHD in CHCls;

SRM-951* 0.24761(0.01%) 0.24748(0.02%)

Nat H3BO3 0.2506(0.01%) 0.2503(0.02%)

LaBs 0.2514(0.02%) 0.2512(0.03%) 0.2516 (0.04%)

TiB: 0.2642(0.02%) 0.2643(0.04%) 0.2641 (0.03%)

129



CeBe 0.2535(0.02%) 0.2532(0.03%) 0.2533 (0.03%)

B.C 0.2505(0.01%) 0.2504(0.02%) 0.2504(0.03%)

B.C 2.139 (0.02%) 2.134 (0.04%) 2.143(0.02%)

*10B/11B jsotopic ratio of NIST SRM — 951 = 0.2473 (0.08%)

6.3.2 For refractory Lithium powder samples

6.3.2.1. Limited Block Measurement

Based on the methodology developed for L-Svec Lithium standard, as mentioned
in chapter 3, refractory powder samples of LiAlO. (Alfa Aesar) & Li>TiOs (Sigma Aldrich)
were analysed for 8Li/’Li using NaLiBO2" molecular ions by limited block measurement mode
of data acquisition. The samples were analysed using the three different sodium borate
compounds having B/Na stoichiometry of 2, 5, 10 for fusion with the refractory materials.
Sample amount containing about 1.5 pg of lithium was fused with the fusing agent so that the
Na/Li mole ratio ~1 in the fusion mixture. Graphite had to deposited on the filament when the
sample was fused with sodium tetraborate to obtain moderately stable ion intensities of
NaLiBO:*, Na2BO>". Fusion with sodium pentaborate or sodium decaborate, did not require
graphite for obtaining stable ion intensity ratios. The acquisition was carried out when the ion
currents of "I ~ 0.5 x 10 A and I~ 1 x 10* A. Table 6.4 gives the 7?1/l and *°B/*'B ratio
determined for the two refractory compounds using the three forms of sodium borate for fusion.
Sodium borate with B/Na ratio of 20, yielded low NaLiBO-" ion intensity for lithium titanate,
though for lithium aluminate fairly stable ion intensities for NaLiBO.*, Na;BO." were

obtained. Best results were obtained when sodium borate with B/Na ratio in the range 5 to 10
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was used as fusion reagent. Average Li/’Li ratios, from three determinations using the three
different sodium borate compound as fusing agent is shown in the Table 6.4. External precision
of better than 0.07% was obtained for the °Li/’Li ratio determined in LiAlO2 & Li;TiOs. The
isotopic composition of the starting material for synthesis of the refractory compound i.e.

LioCOz are also given in the Table 6.4.

Table 6.4. Lithium and boron IC determined in Li2TiOs, LIAIO2, Li2B10O1s and Li2CO3

Sodium _ 10B/11B o
I compound | Li/Na 121/73 s SLi/7Li

Lithium compound . 1/ ratio as

used for ratio N (From Eqgn. 3.5)

fusi Na;BO,

usion
*Li,TiOs
(SigmaAldrich) Na2B40O- 1 0.32802 0.24623 0.08188
Li;TiOs NazB20031 1 0.33340 | 0.25164 0.08185
Li;TiOs NazB10O16 1 0.33289 0.25118 0.08181
Avg 0.08185 + 0.00004
*LiAlO;
(Alfa aesar) Naz2B4O- 1 0.32993 0.24702 0.08301
LiAIO; NazB200s1 1 0.33441 0.25163 0.08288
LiAIO; NazB10016 1 0.33389 0.25104 0.08295
Avg 0.08295 + 0.00006

Li>TiOs-a NazB20031 1 0.32964 | 0.24800 0.08174 + 0.00011*
Li>TiOs-b NazB20031 1 0.33031 0.24808 0.08232 + 0.00012
Li>COs
(Merck) NazB200s1 1 0.33017 0.24807 0.08220 + 0.00009
Li>COs
(SigmaAldrich) NazB20031 1 0.33031 0.24803 0.08238 + 0.00012
Li>COs
(Alfa aesar) NazB20031 1 0.33095 | 0.24790 0.08315 + 0.00011
Li-COs
(L-Svec) NazB20031 1 0.33075 | 0.24802 0.08282 + 0.00012

* Graphite loaded on the filament after fusion

# Propagated error from Eqn. 3.5
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Small differences in the ratio between the ceramic compounds and starting material could be
the due to the chemical processes involved in the formation of the compound. The table also
gives the results of two additional Li>TiOs samples which were analysed after fusion with
NazB200s1. In all these samples both "21/731 and °B/'!B ratio were measured with precision
better than 0.03% for 3 blocks of 36 scans [166].

6.3.2.2. Validation of direct fusion method of loading for

refractory compounds of lithium using TE & Il mode of
acquisition

TE & Il mode of acquisition wherein the isotopes are simultaneously collected in
multi-collector assembly till the sample on the filament is completely exhausted results in
fractionation free isotopic ratios. In TIMS since fractionation is the major cause of bias, the
isotope ratios obtained by TE are expected to be close to the true value. In chapter 4, we have
seen that the fractionation profile for lithium evaporating as molecular species is in accordance
with the theoretical prediction (Rayleigh distillation Law) and the Li/’Li ratio determined from
TE and 11 shows a close representation of true ratio. In order to check the reliability of the direct
fusion method adopted for loading the lithium refractory powder samples on the single Re
filament assemblies, these samples were also analysed by TE & II mode of acquisition. The
developed direct fusion method could be validated if the Ks (fractionation factor) (Kg =
[BLi/"Li]conventional/ [PLi/"Li]te) i.e. conventional limited block measurement Vs TE & Il method
for refractory materials is in agreement with L-SVEC Li>COs results [188]. The experiments
involved five repeated analyses of Li>TiOz and LiAIO> results of which are tabulated in Table

6.5.
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Table 6.5. Comparison of Li/’Li ratio in different lithium compounds obtained from

conventional and TE methods

Lithium compound Z:Loig/l_einrt?gr?a?) :_LEi/;IL‘iI Iratio (n K factor (I/11)
L-Svec Li2COs 0.08275 + 0.00006* | 0.08190 + 0.00005* | 1.0104 £0.0010**
Specpure Li>CO3 0.08311 +0.00004 | 0.08224 +0.00004 | 1.0106 = 0.0008
Li,TiOs 0.08181 + 0.00004 | 0.08086 + 0.00004 | 1.0117 + 0.0006
LiAIO, 0.08299 + 0.00005 | 0.08232 + 0.00004 | 1.0081 + 0.0007

*Uncertainty 1 ¢ from multiple analyses. ** propagated from I and II

The sample size of the refractory material to obtain steady ion current required for obtaining
good analytical precision during conventional acquisition should contain at least 1.5 pg of
lithium, whereas 500 ng of lithium was sufficient for obtaining reproducible results by TE &
Il. K obtained for the two different refractory compounds analysed by both conventional and
TE & Il methods were in agreement with that obtained for L-SVEC Li>,COs. This indicated
that fusion process opted for loading of the refractory material produces a homogeneous
mixture of lithium and ®Li/’Li obtained by TE & I, a representation of the true value which is
an essential requirement in the nuclear industry. This is depicted in Fig. 6.6, the average K
factor = 1.0102 + 0.0015 obtained for the different compounds of lithium implies that the
fractionation profile is independent of the form of lithium compound and can be reliably used
to differentiate between lithium compounds on the basis of natural variation in their 5Li/"Li
ratios. The TE & Il mode of acquisition therefore validated the use of direct fusion method for

analysis of refractory materials of lithium. The other known benefits of TE & Il being

133



improved sensitivity (minimum amount of sample required for analysis) and accuracy of the

molecular ion method resulting in 8Li/’Li ratios with reduced uncertainty.

1.020 -

1.014 1

1.008

(GLi/7Li) conventional ! (GLiﬂLi) TE

1.002 1

factor K

1 2 3 4
L-SVEC Specpure Li,TiOg LiAlO,

Fig. 6.6 The average fractionation factor K = 1.0102 + 0.0015 obtained for the different lithium
compounds shows that the fractionation profile is independent of the form of lithium
compound.

6.4. Conclusions

Isotopic analysis of lithium and boron in refractory materials by the direct fusion
method resulted in precise ®Li/’Li and °B/!B ratios respectively. Agreement of the 1°B/*!'B
isotope ratio obtained by the direct fusion method with the 1°B/*'B isotopic ratio in dissolved
samples as well as in the purified boron fraction of the respective samples has validated the
direct fusion method as a rapid method for obtaining a homogenous solution of the refractory
material during loading resulting precise °B/*!B ratio [187].

Agreement of the fractionation pattern of the refractory samples of lithium with

NIST —RM - 8545 (L - SVEC Li,COs3) authenticated the use of direct fusion method as a rapid
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analysis technique for precise analysis of lithium in refractory materials. This is demonstrated
by the concurrence of the K factor (K = [®Li/"Li]conventional / [°Li/’Li]te) obtained for the
refractory samples of lithium with the NIST — RM - 8545 (L - SVEC Li2COs) [188]. The
experiments authenticated the use of direct alkali fusion method as faster and reliable method
for obtaining accurate and precise isotopic ratios in refractory samples of lithium & boron and

thereby increasing sample throughput.
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Chapter 7

Conclusions & Future Scope



7.1. Summary

The present dissertation focuses on the application of molecular ions for the
development of robust methodologies for the precise and accurate isotope ratio measurement
of lithium and boron using Thermal lonization Mass Spectrometry. Both B and Li are
preferably analysed as alkali meta borate (M2BO,*, where M is Li, Na, Rb, Cs) ions owing to
their higher molecular weight compared to the atomic ions. B cannot be analyzed as B* by
TIMS due to its high first lonization Potential (8.3 eV). Molecular ions such as Na;BO",
Rb,BO;*, Cs2BO," are used for the isotope ratio determination of boron. Though atomic ions
of lithium (Li*) have high sensitivity in the thermal ion source, stringent analysis conditions
with respect to sample amount, the type of lithium compound, loading conditions and high
level of operator skills of the analyst are required for obtaining high precision and accuracy in
the ®Li/’Li isotope ratio. Analysis of Lithium using Li.BO," molecular ion offers an alternative
methodology for the thermal ionization mass spectrometric analysis of lithium. However, the
accuracy in the isotope ratio of lithium is compromised since the fractionation of boron isotopes

during analysis is not accounted and the value of the boron isotopic standard is directly used.

The aim of this thesis was to develop a robust methodology for precise and accurate
isotope ratio analysis of lithium and validate the developed methodology using Synthetic
Lithium Isotope Mixtures (SLIMs) having a wide variation in the atom percent abundance of
SLi, prepared using calibrated fractions of enriched ®Li and ’Li solutions. The studies included
experiments to explore the feasibility of adopting Total Evaporation and lon Integration
method to improve the sensitivity and accuracy of the molecular ion method. In addition to
this, the application of direct fusion method, for loading of various refractory samples of
lithium and boron using sodium borate and sodium carbonate as fusing agent respectively, for

analysis using alkali meta borate ions was successfully carried out to give precise isotopic ratios
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thus avoiding tedious sample dissolution procedures. The method was validated by carrying
out analysis of dissolved as well as purified samples of Boron. The fused lithium samples were
analysed by both conventional limited block as well as TE & 1l to compare the fractionation
profile of sample with L-Svec lithium standard. Agreement among the Kg values

(PLi/" Liconventional /°Li/"Lite) would help to establish the reliability of the fusion technique used.

7.2. Conclusions

The focus of Chapter 3 was to develop a method for the simultaneous determination
of SLi/’Li ratio and °B/*B ratio using the polyatomic molecular ion Li,BO2". This was
necessary to account for contribution of °B/!!B ratio in the evaporating Li.BO," ion, which
was used for determination of °Li/’Li ratio. A pair of polyatomic molecular ion ratios (Ri &
Rj) were monitored instead of a single ratio Ri. As the polyatomic molecular ion (Li.BO2") is
the combination of both lithium and boron, by solving the two equations generated from the
pair of ratios R; & R;, simultaneous measurement of isotope ratios of both lithium and boron
was carried out. However, it is obvious that the uncertainty in the final lithium or boron isotope
ratio will be affected by propagation of the experimental uncertainties in the measured ratios
Ri & R;j which depends on their specific isotope abundance distribution pattern. In this context,
a detailed study was carried out for the selection of a pair of combination of two molecular
ratios based on the magnitude of Relative Uncertainty Magnification Factors. The same criteria
were applied for the various combinations of atom percent abundance of ®Li and 1°B. Though
this simultaneous measurement of lithium and boron improved the measurement accuracy, this
method requires rigorous mathematical calculations in selecting the specific combination of a
pair of polyatomic molecular ion ratios depending on the level of enrichment of °Li in the

sample.

138



Alternate to alkali metaborate ion (Li.BO>"), the application of mixed alkali borate
ions (NaLiBO:") for accurate isotope ratio measurement of lithium is also described. Of the
two molecular ions studied, it was concluded that NaLiBO;" used as monitoring ion for
measurement of lithium isotopic ratio has the following advantages: i) higher mass numbers of
NaLiBO,*, m/z 71 to 73 than Li.BO2" monitored m/z 54 to 57 which reduces the severity of
ion-source isotope fractionation ii) as sodium is deliberately added for the formation of sodium
lithium borate, there is a relatively high tolerance of sodium in the sample iii) contribution
from isotopes of boron can be accounted from in situ measurement of °B/*!B ratio obtained
from Na2BO* ion (m/z 88, 89) also formed along with NaLiBO2*. Using this NaLiBO."
method, it was possible to distinguish between the two lithium compounds (L-Svec Li.COs3
(NIST — RM — 9545) and Specpure Li>COs) of natural origin with a difference of 0.5% in the
SLi/7Li isotope ratio.

However, in spite of the several advantages offered by the developed NaLiBO;*
molecular ion method it cannot be directly adopted by various other fields of interest such as
the geology, paleoceanography, as it is not as sensitive as atomic ions method, since it requires
at least 2 pug amount of lithium on the filament. This shortcoming was addressed in chapter —
4, by the application of Total Evaporation and lon Integration (TE & I1) technique wherein, the
ions emitted from the heated filament are simultaneously collected and integrated in multi-
collector assembly till the sample is completely exhausted. With a precision of 0.1% in the
SLi/"Li ratio for 500 ng of lithium, TE & Il mode of acquisition, improved both sensitivity and
accuracy of the NaLiBO2" method.

Reliability of isotope measurement of any new method has to be validated over a
wide range of isotopic abundances. In this context, Synthetic Lithium Isotopic Mixtures
(SLIMs) with varying isotopic abundances of °Li: 1%, 8%, 20%, 35%, 50% and 85% were

prepared and analysed under the optimized conditions to assess the performance of the
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NaLiBO2" molecular ion method over a wide °Li/’Li isotopic ratio. The experimental details
are described in chapter — 5. Samples (SLIMs) were analysed using conventional limited block
measurement as well as by TE & Il methods. An average K factor (K = [°Li/"Li]conventional /
[PLi/"Li]te) Ksuims =1.0112 +0.0015 (0.15%) was obtained for all SLIMs which shows a very
good agreement with the Ki.svec = 1.0105 + 0.0010, obtained from replicate analysis of NIST
—RM - 8545 (L - SVEC Li,CQOs). The experiments established the reliability of the NaLiBO2"
methodology for measurement of wide range of ®Li/’Li isotope ratio.

For isotopic analysis of Boron and Lithium in refractory samples a sample
dissolution step is normally required for analysis by TIMS. In chapter — 6, a direct fusion
method developed for isotopic analysis of B and Li in the refractory samples was described.
The refractory powder samples were directly fused with sodium borate and sodium carbonate
respectively on the filament itself. This helped in avoiding the elaborate dissolution and
purification procedures. The results of direct fusion method were validated by comparing the
experimental results with the °B/*'B ratios determined in dissolved and purified samples of
these boron-based refractory samples. For lithium based refractory samples the consistency of
the K- factor i.e. (K = [®Li/"Li]conventionat/ [PLi/"Li]te) of lithium-based refractory samples with
that of NIST — RM — 8545 L-SVEC Li>COs were examined to establish the reliability of the

method to obtain accurate 6Li/’Li ratio.

7.3. Future Scope

Though the present investigations demonstrated the potential of using molecular
ions for precise and accurate isotope measurement of boron and lithium, the present studies
were restricted to nuclear industrial applications. For the other fields of interest such as

hydrology, where elements are present in ppb/ppm quantities, the samples have to be subjected
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to chemical treatment procedures for purification and preconcentration of lithium and boron to
avoid adverse matrix effects. Conventionally a four-stage column separation is being employed
to remove the matrix elements and the isotopic measurement is carried out using atomic ions
of lithium (Li*) using lithium phosphate as the ion source loading material. The time required
to complete this separation is about 11-man hours and additionally to evaporate the volume
generated in each of the stages and for the conversion of eluted lithium chloride to lithium
phosphate, it takes about 5 - man hours. Since the conventional methodology is time
consuming, an alternate methodology was developed during the present investigations for a
quick and efficient separation of lithium from matrix and direct analysis of lithium in the eluent.
We employed ion chromatography using Methane Sulphonic Acid (MSA) as an eluent on a
weak cation exchanger column functionalized with carboxylic acid groups. The optimized
conditions for the efficient and fast separation of lithium consisted of 1mM MSA at a flow rate
of Iml/min. The volume of the eluted fraction of lithium in ImM MSA was about 5ml. The
time taken for the collection was about 1 - 2 hrs. The eluted fraction was evaporated and treated
with sodium borate solution so that the stoichiometry of Li/Na mole ratio ~ 1 and B/Na mole
ratio ~ 10. The measurement was carried out by employing of NaLiBO2" molecular ions to
determine the SLi/’Li ratio. Two synthetic ground water samples were prepared using high
purity salts for the common cations and anions. One was spiked with Spec. Pure Li.CO3 and
the other with Svec Li>COs to study the feasibility of the method.

Fig. 7.1 shows the chromatogram which shows a clear separation of lithium from
sodium in the synthetic ground water samples. Collection of lithium fraction was done from
3.5 minutes to 4 minutes. In order to avoid fractionation of lithium isotopes during the column
separation, sample collection was performed till complete recovery of lithium is achieved
within the injection volume. Also, since sodium is added deliberately to the lithium sample for

the formation of NaLiBO," complete separation of sodium is not required. Since the separated
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lithium is present in ImM MSA, its effect on the ®Li/’Li ratio determined using NaLiBO," ions
was studied initially. Lithium carbonate solution, 5uL containing 5ug Lithium, in 20 mL 1 mM
MSA was mixed the sodium borate (such that Li/Na mole ratio ~ 1 and B/Na mole ratio ~ 10)
and evaporated to about 10 uL. This pre-concentrated solution was deposited on to the center
of the rhenium single filament. Limited block measurement consists of 3 — 5 blocks was
recorded using NaLiBO:" ions. Good reproducibility of about 0.2% for ®Li/’Li isotopic ratio

was obtained in the presence of reagents for about 2 - 4 pg Li on the filament [189].

100
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Fig. 7.1. Separation of lithium from sodium in synthetic ground water sample.

The Specpure lithium in ImM MSA was also analyzed by TE & II mode of
data acquisition for 500ng of lithium in ~5 pL solution. 5 pL solution of Specpure Lithium
nitrate was also similarly analysed after treatment with sodium borate. A few analysis with 50
ng Li in MSA medium could also be analysed successfully. As shown from Fig. 7.2 and 7.3,
there is a very good agreement between "%/ and Li/Li isotope ratios treated with MSA (as
ion source loading material) and 1M nitric acid medium which helps us to conclude that the
®Li/"Li isotope ratios obtained by TE using NaLiBO2" does not depend on the type of lithium

compound loaded on the filament. Coupling of ion chromatography with TE & Il technique
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using NaLiBO," as monitoring ions for determination of °Li/’Li ratio has the potential to
increase sample throughput due to reduction in separation and treatment time for analysis by
TIMS and also decreases the sample size requirement to a few hundred nanogram levels [190].

It is proposed to carry out the isotopic analysis of lithium in groundwater
samples for the hydrological applications, rock and meteorite samples for geological and
cosmology studies. Here the solid samples have to be subjected to microwave assisted acid
digestion and thereafter lithium is to be separated by the developed ion chromatographic
method and analysed for isotopic content by TIMS using TE & Il of NaLiBO;" ions. These
feasibility studies reveal that geological samples containing trace quantities of lithium can be

analysed efficiently using the developed methodology described above.
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Appendix 3.1

As the polyatomic ion abundance ratio (R;) is a function of lithium (L) and boron (B) isotopic
ratios, these ratios can be written as a function of both Li and B isotopic ratios, that is,

fi(L,B) = (R; £ 8g,) --------- Egn. 3.1.1

fi(L,B) = (Rj * 8,) - Eqn. 3.1.2

Where 6 represents the experimental uncertainty on the particular polyatomic ion ratio R

Upon partial differentiation of Egn. 3.1.1 and 3.1.2 with respect to Ri & R;,
diL d4ie sp — sR. & UL 4B sB = SR.
0, SL + o 6B =6R; & 2, SL + 4 6B = OR;

On rearranging these terms, we get the uncertainty on lithium and boron isotopic ratio as
_ (dixdjp *6R; — d; * dip * OR;)

N
(d;j * dy, * 6R; — d; = d;y, * 6R;)

N

6L

6B =

Where N = diL * d]B - diB * jL

In the equations the terms d;, dj, di, dj., dis and djg are constants for a polyatomic ratio under
consideration and for a particular isotopic composition of lithium and boron. The relative

. elp - . SL 6B

uncertainty on lithium and boron abundance ratios are calculated as 6, = T&SB = —
- . (SR,: 5Rj
Similarly, §; = —&6; = —
R; R;j

The Magnification factors (MF) and Relative unceratinty magnification factors(RUMF) for
lithium and boron can be computed using following formula:

d; *d;g * R; d; *d;g * R;

L _ i jB i L _ 'J B j

B _ i jL i B _ j iL j
[MF]; = —p — &[MFlj = ——( ——
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|6,

RUMF|; = ————
[ ]L |61| + |6]|
1651
RUMF|g = ———
[ ]B |6i|+ |6]|

Appendix —4.1

Calculation of integrated ion intensity ratio, instantaneous (residual) ratio & fraction of

sample consumed

Total number of scans = n
Total integrated ion intensity of "1 =, /73 = Y™, 731
Total integrated ion intensity of "I = 721 = ¥, 721

Total integrated ion intensity of 31 = ,,,/31 = ¥, 731

Total integrated ion intensity (1) of all scans at
100% sample consumption =

72
Itotal - totall + totall + totalI

Integrated ion intensity ratio (“21/731) at k of n cycles

Integrated lon intensity of 2l at k cycle = ., /21 = ¥y 73
Integrated lon intensity of "l at k cycle == ., 731 = ¥, 731

2]
Integrated lon intensity ratio at k cycle = ("21/731) Keycle _ keycle

where 1 <k <n

where 1 <k <n

lel

731
kcycle

73
Zl 1 lI
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. . . . 72,y 72
Total integrated lon intensity ratio at n cycle ("21/")wotar = e =S
total i=1 i

Instantaneous ion intensity ratio (21/7%1) at k of n cycles = ("1/7®1)instantaneous

kcyc7lze1 ]_[ (k—1)cyc7lgl]

_ |
[

73] - 73]
kcycle (k—1)cycle

Sample consumption at k" cycle

Total integrated ion intensity (1) of all scans = Iiprar = rorgil + toril + to

73
tal 1

tal

Integrated ion intensity (1) at a particular cycle K = Iycycie = keyerel + keyciel + keycisl ~ Where

1<k<n

i I K (711472473
Fraction of sample consumed at k™ cycle = £2€€ 4« 100 = 2;;1 TLH7214731) 4 40
Itotal Yicq (71+721473))
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Appendix 5.1

Uncertainty in concentration determination of Li enriched solutions of 6Li & "L.i

Term

Uncertainty % (r.s.d.)

in 6-Li enriched [A]

Uncertainty % (r.s.d.)

in 7-Li enriched [B]

Aliguot of enriched isotope Wa / Ws (us) 0.037 (u11) 0.037
Amount of standard WstdCstd (us) 0.045 (uz2) 0.045
Concentration of the enriched solutions (us ) 0.04 (uz) 0.17
AF. of L (u7) 0.007 (u12) 0.15
AF. of 'Li (ug) 4 (u1s) 0.004
At Wt. of enriched Lithium (ug) 0.0015 (u16) 0.0015
Ra/ Rg Ratio °Li/’Li in enriched isotope (uzo) 0.2 (ur) 4

Uncertainty in 6Li/’Li isotopic ratios of the synthetic mixtures

([C*W*A.F.G]A> n <[C*W*A'F'6]B>
R6/7 _ \[Av.Atwt]s [Av.At.Wt]p

[4B] — ([C*W*A.F.7]A)

[Av.At.Wt]4

+

()

From uncertainty for rest of the terms in the above equation,

Total uncertainty in ®Li/’Li isotopic ratios (¥!’Rag) ) in synthetic mixtures was calculated to be

Urab = 0.3%
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