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SYNOPSIS

Nuclear power is the fourth-largest source of electricity in India after thermal,
hydroelectric and renewable sources of electricity. In 1950°s Dr. Homi Jahangir
Bhabha formulated the India’s three stage nuclear power program. In the first stage,
natural uranium fueled pressurized heavy water reactors (PHWR) is used to produce
electricity while generating Pu-239 as by-product. In the second stage, fast breeder
reactors (FBRs) fueled with Pu-239 is used, while the uranium-238 present in the fuel
transmutes to additional plutonium-239. The third stage envisages an advanced
nuclear power system involving Th-232 -U-233 fueled reactors [1].

For safe and smooth reactor operation, chemical quality control (CQC) of every
nuclear material is essential. The presence of some trace metallic and non-metallic
elements in the nuclear fuel can affect the optimum performance of a reactor (2, 3).
These trace elements which get incorporated in nuclear fuel either from the precursors
or during various fuel fabrication steps need to be quantified precisely and accurately.
The available instrumental techniques for the determination of trace metallic elements
in various nuclear materials are inductively coupled plasma mass spectrometry (ICP-
MS) (4), inductively coupled plasma atomic emission spectrometry (ICP-AES) (5),
flame atomic absorption spectroscopy (AAS) (6), ion chromatography (IC) (7) etc.
Among all these techniques, ICP-MS is the most versatile multi-elemental technique
with rapid analysis, high sample throughput, long linear calibration range, low
detection limit, and fewer spectroscopic interferences etc.

The objective of the work carried out as a part of the present thesis is to develop

methodologies for determination of trace elements in nuclear fuels beings used for



some of the advanced fuels proposed in Indian nuclear programme. A brief account of
the studies is given below.

Chapter 1 gives the introduction to the subject of chemical quality control of nuclear
materials with regard to trace element determination.

Chapter 2 gives the details of the experimental methodologies followed for
determination of trace metallic in nuclear materials viz., UsSiz, U-Mo, U-Zr, Dy, TiO3,
and Al;Os. Depending upon the matrix, different dissolution strategies were adopted.
The determination of trace metallic impurities was carried out by Time of flight ICP-
MS.

Chapter 3 describes the studies carried out towards determination of trace and ultra-
trace levels of elements in UsSi, fuel employing ICP-MS. Reduced enrichment for
research and test Reactor (RERTR) program has been initiated worldwide to replace
high enriched uranium (HEU) based fuel to low enriched uranium (LEU) based fuels
(8) in order to make it proliferation resistant. In order to compensate for the reduced
fissile content in LEU-based fuel, fuels are being studied so as to achieve high density.
Uranium-silicide (UsSi,) fuel dispersed in an aluminum (Al) matrix has been found to
perform extremely well even at high burn-up in LEU with U densities up to ~5.0 g
cm™® (9).

In the present study the matrix element silicon (Si) was separated as its volatile
fluoride (silicon tetraflouride SiFs) during dissolution, whereas uranium (U) was
separated by conventional solvent extraction method using tri-n-butyl phosphate
(TBP) in carbon tetrachloride (CCly). The recovery of various elements was studied
by standard addition method. Thirteen elements viz. B, Cd, Co, Cr, Cu, Dy, Eu, Gd,

Mg, Mn, Ni, Sm, and V were recovered quantitatively, and determined by ICP-MS.



An independent tracer technique with *'Cr and *******Eu tracers was also employed to
determine the recovery of transition elements and rare earth elements in the developed
separation method. The instrument detection limit (IDL) and the method detection
limit (MDL) for the 13 analytes were found in the range of 6-700 ng L™ and 8-200 g
kg™ respectively.

Chapter 4 describes the studies on development of an analytical method for
quantification of trace metallic impurities in U-Mo alloy employing time of flight
based ICP-MS. Several types of metallic fuels such as inter-metallic and alloys are
being studied which can provide high U density (10). Low enriched uranium alloys
with 6 to 12 wt. % of Mo are under consideration in the Indian nuclear program owing
to their high density. Further, alloying Mo with uranium stabilizes uranium in the vy-
phase, which is preferred owing to the advantages related to better accommodation of
fission products and swelling behavior. Reported studies show that maximum y-phase
stabilization can be achieved with 10% Mo in U-Mo alloy (11).

In the present study a separation method was developed for simultaneous separation of
U and Mo. U and Mo can be separated by solvent extraction; however their
simultaneous separation is not possible. To achieve the simultaneous separation anion
exchange method was considered. U and Mo form anionic complex in HCI medium.
In the presented study the anionic complexes formed, by U and Mo in 4 M HCI was
retained on an anion exchange column which helped in simultaneous separation of the
U and Mo matrix. Systematic study was carried out to evaluate the capacity of the
column in order to optimize the sample quantity during loading. Further studies were

carried out to determine the recovery of expected impurity elements with and without



the matrix during the column separation. Recovery in the matrix was also validated
using standard addition method.

The recoveries of Al, As, Ce, Cr, Co, Cs, Cu, Dy, Eu, Er, Gd, Hf, Ho, La, Lu, Mg,
Mn, Nd, Ni, Pb, Pr, Rb, Rh, Sc, Sm, Sr, Tb, Tm, V, W, Y, Yb and Zr, was found to
be 75-100%. The method was used to analyze simulated and real samples
successfully. The developed method is simple as compared to solvent extraction and
precipitation method; in addition for routine sample analysis the method is relatively
less laborious. Further the separation method does not generate any organic
radioactive waste. The instrument detection limit (IDL) and the method detection limit
(MDL) for the Thirty three analytes were found in the range of 5-200 ngL™ and 1-15
HgKg™ respectively.

Chapter 5 gives the details of the studies towards quantification of trace and ultra-
trace impurities in U-Zr alloy by ICP-MS after separation of U and Zr. The metallic
nuclear fuel based on U-Zr and U-Pu-Zr alloys are preferred in fast breeder reactors
(FBRs) compared to conventional oxides and carbides owing to their high fissile
density, high burn up, high breeding ratio, less doubling time, good fuel-clad
compatibility, high thermal conductivity, and inherent passive safety. In India,
fabrication and irradiation studies are being pursued in order to develop metallic fuel
based fast breeder reactors (12). Metallic fuels have been used in nuclear reactors in
the past (EBR I&Il USA) and are also proposed for advanced nuclear reactors, such
as, traveling wave reactor (TWR), fusion-fission hybrid reactor (FFHR), sodium
cooled fast reactors (SFR) etc. (13). In the fast breeder reactors U-Pu-Zr fuel is used in

the main core, whereas U-Zr is used as blanket material for breeding.



A methodology has been developed for determination of trace and ultra-trace
metallic impurities in U-Zr alloy fuel by ICP-MS after the solvent extraction of bulk
matrix. A detailed study was performed to optimize the concentration of tri-n-octyl
phosphine oxide (TOPO), tri-n-butyl phosphate (TBP), nitric acid and hydrochloric
acid for maximum removal of the matrix elements (U and Zr). The spectroscopic
interferences due metal oxides were eliminated using mathematical correction
formula.

Due to unavailability of certified reference material of U-Zr alloy, standard
addition method was used to validate the methodology. It was found that out of fifty
five elements(Ag, Al, As, B, Ba, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd,
Hf, Hg, Ho, Ir, La, Li, Lu, Mg, Mn, Mo, Nb, Nd, Ni, Pb, Pd, Pr, Pt, Rb, Re, Rh, Ru,
Sb, Sc, Se, Sm, Sn, Sr, Ta, Th, Te, Ti, Tm, V, W,Y, Yb and Zn) thirty six elements
(Al, Ba, Bi, Cd, Ce, Co, Cr, Cs Dy, Eu, Er, Ga, Gd, Ir, Ho, La, Lu, Mn, Nd, Ni, Pb,
Pr, Pt, Rh, Rb, Ru, Sc, Sm, Sr,Th, Te, Tm, V, Y, and Yb) have recovery more than
90% with %RSD <10. The matrix (U and Zr) concentration after separation was <10
pg ml™. The instrumental detection limit (IDL) and method detection limit (MDL)
were found to be in the range 0.1-9.4 ug L™ and 1.0-25.0 ug Kg™ respectively.
Chapter 6 describes the studies on microwave-assisted dissolution of dysprosium-
titanate (Dy,TiOs) followed by chemical characterization. Dysprosium titanate
(Dy,TiOs) is being used as control rod material in VVER reactors (14). In addition to
lower swelling the matrix has advantages of high melting point (~1870°C), resistance
to cladding materials, ease of fabrication and produce non-radioactive final isotopes.
Dysprosium titanate is fabricated by solid reaction route, using Dy,03-78.1%, TiO,-

19.7% and Mo-1.8%. Once fabricated like other nuclear materials the chemical quality



control of the material is crucial. It is important to certify the major matrix (Dy, Ti and
Mo) and the trace level impurities to ensure the desired performance of the material.

Dissolution of dysprosium titanate by conventional method is not possible;
therefore, a microwave dissolution method was developed and optimized. The
combination of acids and instrumental parameters were varied systematically. In
presence of HSO, and HCI in 3:2 (volume), dysprosium-titanate completely
dissolved in the optimized condition of microwave system.

Mo and Dy were determined by gravimetric method and Ti by
spectrophotometric method. The method was validated using synthetic solution
prepared from pure Dy, Ti, and Mo solutions. The Mo was precipitated using o-
benzoine oxime and Dy was precipitated using oxalic acid solution. The effect of Dy
and Ti on recovery of Mo was studied. It was found that recovery of Mo is affected
due to presence of Dy, while it is not changed in the presence of Ti. Also, Recovery of
Dy was studied in the presence of Mo, and Ti. It was found that Recovery of Dy is
affected due to presence of Mo, while Ti do not affect. Since, Dy and Mo, could not
be determined if present together, they were separated first before precipitation. An
anion exchange column was used to separate Mo from Dy and Ti. The precipitates of
Mo and Dy were converted to respective oxides on heating. The recovery of Mo, Dy
and Ti were excellent following the separation procedure. The purity of oxides of Dy
and Mo were checked by quantification of trace elements using ICP-MS.

Chapter 7 describes the studies on microwave assisted dissolution of Al,O5; followed
by quantification of ultra-trace amount of rare earth elements employing inductively
coupled plasma time of flight mass spectrometry (ICP-tof-MS) after pre-concentration

and matrix separation. Alumina is an exceptionally important ceramic material which
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has many technological applications. It has several special properties like high melting
point, chemical inertness, electrical and thermal properties. a-Al,O3 is one of the
promising insulating ceramic materials for International Thermonuclear Experimental
Reactor (ITER) and commercial reactors, because of its high electrical resistance (15).
Uranium aluminium alloys are used as fuel elements plates for advanced test reactor
(16). The presence of impurities in the alumina changes its properties drastically. The
rare earth impurities have a bearing on grain boundary strengthening in alumina (17)
Conventional dissolution method such as hot plate and alkali fusion could not
dissolved alumina completely. Therefore, microwave dissolution method was used to
dissolve the alumina matrix. The method was optimized for minimum acids and
dissolution time. In the present work an analytical method is developed to pre-
concentrate the ultra-trace amount of rare earth from the aluminum matrix. The rare
earth elements are precipitated with sodium hydroxide solution whereas the aluminum
in presence of excess amount of sodium hydroxide formed soluble sodium aluminates.
The rare earth elements are separated using Whatmann-542 filter paper and re-
dissolved in concentrated hydrochloric acid. The rare earth elements are finally taken
in 1% HNO; for ICP-MS analysis. The method is validated using standard addition
method employing ICP-MS and an independent tracer method using ******Eu tracer
by gamma spectrometry. It was found that recovery in both cases were more than 98%
with %RSD less than 5%. The instrumental detection limits (IDLs) and method
detection limits (MDLs) were found between 0.1-2.0 ng L™ and 1-5 pg Kg*
respectively.
Chapter 8 summarizes the highlights of the studies carried out as part o the present

thesis.
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Chapter 1
Introduction

1.1 Nuclear Energy

Nuclear energy is a clean, safe, reliable and competitive energy source. It is the only
source of energy that can replace a significant part of the fossil fuels (coal, oil and gas)
which pollute the atmosphere and contribute to the greenhouse effect. Nuclear energy is
produced by nuclear fission in a nuclear reactor. The nuclear fuel materials have fissile
isotopes, such as 2*°U, ?**U and *°Pu [1, 2]. In fission process two or three neutrons are
produced and they help the self-sustaining chain reaction which releases energy with a
controlled rate in a nuclear reactor. U and **Pu are the commonly used fissile isotopes
in nuclear reactors. Among the uranium isotopes **U is a naturally available fissile
material whereas it’s another fissile isotope, “*U is not available in nature and obtained
by the neutron irradiation of thorium (Th) in a nuclear reactor. **Th and #*®U being fertile
isotopes [3-6] get converted into fissile isotopes, namely U &%°Pu respectively by

following nuclear reactions:

B B
2821, (n,y) 2831, py _, B3

B B
238U (n,Y) 239U N ._’39Np N 239Pu
Fission of >*U by neutron can be described as:

By, + Iy —» 20Uy, —»¥"Ba+ YKr + 2.5 Ing + 200MeV



Some of the released neutrons cause fission of another U nucleus, thus sustaining the
fission chain reaction. One gram of uranium yields about as much energy as a ton of coal
or oil. Nuclear waste is correspondingly about a million times smaller than fossil fuel
waste, and it is totally confined.

1.2 Indian Nuclear Energy Program

Nuclear power is the fourth-largest source of electricity in India after thermal,
hydroelectric and renewable sources of electricity. In comparison to other fossil fuels,
nuclear power requires less quantities of fuel. No other source of energy can produce such
an amount of power from a very small quantity of material [7, 8]. Moreover it is also a
green source of energy. To utilize the large abundant of thorium in India, Dr. Homi J.
Bhabha envisaged a three-stage Indian nuclear power program in 1954 [9-11].

Stage 1: In the first stage natural uranium is used in pressurized heavy water reactors
(PHWR) to produce electricity and ***Pu. PHWR uses natural uranium as fuel and heavy
water as moderator and coolant. Plutonium produced is separated from the spent fuel in
reprocessing plants.

Stage 2: The second stage deals with the fast reactor technology. In the second stage the
plutonium obtained from the first stage is mixed with uranium (as a mixed-oxide (MOX)
or as metallic fuel) and used in the Fast Breeder Reactors. The fast breeder reactors utilize
fission of plutonium for power and breed more plutonium from the #®U. Thorium is
proposed to be used in the reactor to produce 22U.

Stage 3: The third stage of Indian nuclear program envisages utilization of thorium in

place of uranium for power generation. Advanced heavy water reactors (AHWR) will be



used in this stage. Power will be generated from the ***Th-?*3U fuel aided by plutonium.
Currently this stage is still in the research stage [12]. Effort are on towards developing an

advance heavy water reactor that will use both Th -?**U and Th-Pu mixed oxide as fuel.
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Fig. 1.1: Indian three stage nuclear program

1.3 Nuclear Fuel cycle

The nuclear fuel cycle includes a series of stages through which nuclear fuel progresses.
A lot of man power and technology input is required to develop such indigenous projects
starting from mining and milling of ores, fuel and structural materials fabrication and
processing, chemical and physical quality control and quality assurance, spent fuel
reprocessing, radioactive waste management, including designing, manufacturing,
construction of infrastructure and instruments. If spent fuel is not reprocessed, the fuel
cycle is referred to as an open fuel cycle (or a once-through fuel cycle); if the spent fuel is
reprocessed, it is referred to as a closed fuel cycle [13, 14]. India is following closed fuel
cycle [15] and following are the various processes.

(1 Uranium extraction from uranium ore, and conversion to yellowcake



(i) Conversion of yellow cake to UO;
(iii)  Fuel fabrication
(iv)  Fission and activation of the fuel in reactors
(v) Interim storage of spent nuclear fuel
(vi) Reprocessing of spent nuclear fuel.
(vii)  Nuclear Waste management
A schematic diagram of the processes involved in a nuclear fuel cycle program is given in

Figure 1.2.

Closed Fuel cycle Reprocessing

Waste
Management

Fig.1.2 Typical schematic diagram of nuclear fuel cycle



1.4 Important Nuclear Materials

1.4.1 Nuclear Fuels

Nuclear fuels are the materials which generate large amount of heat during nuclear fission
reaction. Types of nuclear fuels used in research and power reactors are different. Nuclear
fuel decides the various parameters in a nuclear reactor and could be classified depending
upon its nature as:

1.4.1.1 Ceramic fuels

These fuels are further categorized as oxides or non-oxides. Natural UO; is used as
nuclear fuel in pressurized heavy water reactors (PHWRS), while pressurized water
reactors (PWRs) and boiling water reactors (BWRs) use enriched UO,. The oxide fuels
are chemically stable and compatible with water. They also show high radiation
resistance. Mixed oxide (MOX) of U and Pu is the preferred choice as fuels for the fast
breeder reactors (FBRs). The proposed advanced heavy water reactors (AHWR) designed
for Th utilization will be using mixed oxide fuels of U, Pu and Th. The non-oxide ceramic
nuclear fuels are the mixed carbide and nitride of U and Pu. These fuels have certain
advantages such as better thermal conductivity, denser fissile content and better breeding
ratio over the oxide fuels. The Fast breeder test reactor (FBTR) at Kalpakkam, India,
utilises the mixed carbides of U and Pu, (U,Pu)C, as fuel (16). However, due to their
pyrophoric nature, their handling and fabrication need enhanced safety requirements.

1.4.1.2 Metallic fuel
Metallic fuel was the first to be selected for the experimental fast reactors in the USA and

the UK, in the 1950s, owing to ease of its fabrication, high thermal conductivity and high

fissile and fertile atom densities. They are capable of providing high breeding ratio.



Hence, they are considered to be suitable for fast reactors [17-20]. The EBR-I in the USA

used unalloyed uranium, U-Zr and Pu-Al and the Enrico Fermi reactor was fuelled with

U-Mo alloy [21]. Table 1.1 summaries properties for FBR nuclear fuels [22].

Table 1.1: Properties of FBR nuclear fuels

Properties (UosPup2)O,  U-19Pu-10Zr  U-15Pu (with Zr liner on clad)
Heavy metal density 9.78 14.30 18.80
(g/cc)
Melting point (°K) 3083 1400 1353
Thermal conductivity
(W/m °K)
1000K 2.6 25 -
2000K 2.4
Crystal structure Flourite bee (v) Orthorhombic (o)
Breeding ratio 1.09 1.36 1.56
Doubling time (y) 40 94 7
Swelling Moderate High High
Handling Easy Inert Inert
atmosphere ~ atmosphere
Compatibility:
Clad Average Eutectics Eutectic formation
formation issue
Coolant Average Good Good
Dissolution Established  Pyro- Pyro-
&Reprocessing reprocessing  reprocessing
amenability
Fabrication/irradiation  Large Limited No reported
experience Good experience




1.4.1.3 Intermetallic fuels

Uranium intermetallic fuels such as uranium aluminides (UAIl3) and uranium silicides
(UsSiy) are mainly used in research and test reactors for neutron production [23, 24]. As
compared to ceramic fuels, intermetallic fuels can achieve higher densities thereby
requiring lower fuel inventories. The fuel for Apsara research reactor at Bhabha Atomic
Research Centre was U-Al based intermetallic fuel which is replaced by U-Si based
intermetallic fuel in the new research reactor coming up at Trombay.

1.4.2 Cladding materials

The fission of U atoms produces fission products, which emit neutrons,  and y rays.
These particles can be lethal to humans, so the use of fuel cladding keeps the radioactive
materials isolated from the coolant/moderator, which surrounds the cladding at the same
time transmit the heat to coolant. The material for fuel cladding is selected after other
design aspects of the reactor’s core, such as, the nuclear fuel, the moderator and coolant
materials have already been decided. Therefore, there are multiple design constraints for
the selection of the fuel cladding material. These constraints include the neutron
absorption cross section, maximum service temperature, creep resistance, mechanical
strength, neutron radiation resistance, thermal expansion, thermal conductivity and

chemical compatibility with fuel, fission products and coolant [25-29]. The cladding

material should be transparent to neutrons, meaning that the material should have low
present a neutron absorption cross-section to minimize neutron losses (such as Mg, Be,

Si, Al, and Zr).



1.4.3 Control rods and burnable poisons

Control rods are used to control the fission reaction. These materials have elements with
high neutron absorption cross section, such as, B, Cd, Gd, Dy etc. Boron carbide (B4C) is
a widely used neutron absorber because of its high B content, high chemical inertness and
high refractory nature. The neutronic absorption of B4C is due to *°B, which undergoes

following capture reaction:

5B+ ont 5 He* + Li7 +2.4MeV

The cross section of this reaction varies from 3850 barns for thermal neutron to few barns
for fast neutron and allows the use of boron carbide with natural isotopic content (19.8%
19B) or enriched upto 90% depending upon the type of reactor [30].

Gadolinium has a very high thermal neutron capture cross section. The reaction product
has a very low capture cross-section. The element is therefore, used as a “burnable”
poison in the nuclear reactors to control the reactivity of fresh reactor fuel assembly. Ina
specific reactor requirement gadolinium is used in the form of gadolinium aluminate [31].
Dysprosium titanate (Dy,TiOs) is used to control the fission reaction in VVVERS reactors
[32]. Many pressurized water reactors (PWRs) operate with silver-indium-cadmium (Ag-
In-Cd) as control rods [33].

1.4.4 Moderator and Coolant

Moderator is used to slowdown the neutrons generated during nuclear fission reaction.

Light water (H20), heavy water (D;0), graphite and berrylium are used as neutron



moderator in different nuclear reactors [34-36]. Coolant is a medium which transfers heat
from the reactor core to turbine system. Light water is very good coolant for BWRs,
while in PHWR's heavy water is used as coolant. Fast reactor used liquid sodium as
coolant.

1.5 Chemical characterization of nuclear materials

Chemical characterization of materials is the first and the most important step in chemical
quality control (CQC) exercise, which involves determination of major, minor and trace
elements with good accuracy and precision. Chemical quality control provides a means to
ensure the quality of the fabricated material as per the required chemical specifications. In
the case of nuclear reactor materials, the finished products should meet the stringent
chemical specifications for major to trace constituents, since they affect the material
properties as well as performance under prevailing operating conditions. Besides major
and minor constituents, knowledge of concentrations of trace elements like H, N, C, S, B,
Cl, F, Cd, Co, and rare earth elements (REESs) is essential to establish the suitability of
the materials. The presence of trace metallic and non-metallic impurities in the nuclear
fuel can affect the optimum performance of a reactor [37, 38]. The materials of interest
are mainly nuclear fuels (UsSi;, U-Zr, U-Mo, U-Zr-Pu etc) and structural materials
(Dy,TiOs, Al,03, Gd,ZrOs, Zircoloy, stainless steel etc.) of existing as well as upcoming
Indian research and power reactors. Depending on the content of element of interest in the
matrix, IUPAC Gold book [39] describe the major, minor, trace and ultra trace element
as:

Major: >1 wt%  (>10000 pg g*)



Minor: <1 wt% and >0.01wt% (<10000 ug g™ and >100 pg g™)

Trace: <0.01wt% and >0.0001wt% (<100 pg g~ and >1 pg g*)

Ultra trace: <0.0001 wt%. (<1 pg g™)

The available methods for the determination of trace metallic elements in various nuclear
materials are inductively coupled plasma mass spectrometry (ICP-MS) [40-43],
inductively coupled plasma atomic emission spectrometry (ICP-AES) [44,45], flame
atomic absorption spectroscopy (FAAS) [46,47], ion chromatography (IC) [48,49], etc.

Analytical methodology for characterization involves the following steps:

151 Sample dissolution

152 Trace metal determination

153 Trace non-metal determination

154 Major content determination

155 Isotopic composition and Oxygen/ metal ratio determination

1.5.1 Sample Dissolution

Most analytical measurements are performed on solutions (usually aqueous) of the
analyte. While some samples dissolve readily in water or aqueous solutions of the
common acids or bases, others require powerful reagents and rigorous treatment. In
general, there are three methods of decomposing solid samples to obtain aqueous solution
of analytes. These are: (1) heating with aqueous strong acids (or occasionally bases) in
open vessels; (2) fusion in molten salt; (3) microwave heating with acids. These methods

differ in the temperatures and the strengths of the reagents used.
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1.5.1.1 Conventional Acid Dissolution

The most common reagents for open-vessel decomposition of inorganic analytical
samples are the mineral acids. Much less frequently, ammonia and aqueous solutions of
the alkali metal hydroxides are used. Ordinarily, a suspension of the sample in the acid is
heated by flame or a hot plate until the dissolution is judged to be complete by the
absence of a solid phase.

1.5.1.2 Dissolution by fusion method

The different types of refractory materials are encountered during CQC and for each type,
several different dissolution techniques are feasible. Methods in current use include acid
dissolution in pressure vessels and fusion techniques using a variety of flux mixtures
[50,51]. For routine work fusion methods are preferred because they are usually rapid
compared to acid dissolution, and a number of samples may be analyzed simultaneously.
For routine analysis of bulk elements, this dissolution method is appropriate. But, for
trace analysis, this method is not appropriate, especially when ICP-MS or ICP-AES is
used due to large total dissolved solid present in the dissolved samples. In Table 1.2 some
common fusion mixtures for typical dissolution of some refractory materials have been

listed [52-54].
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Table 1.2: List of fusion mixture (flux) commonly used for dissolution of refractory

materials
Flux Fusion Type of Crucible  Type of Sample Decomposed
(m.p. °C) Temperature
(’C)
Na,S,0- Up to red Pt For insoluble oxides and oxide-
(403 °C) or heat quartz porcelain containing samples, particularly those
K,S,0,(419°C) of Al, Be, Ta, Ti, Zr, Pu, and the rare
earths.
NaOH (321) 450-600 Ni, For silicates, oxides, phosphates, and
or KOH glassy carbon fluorides
(404 )
Na,CO; (853 ) 900-1000 Ni, For silicate and silica-containing
or K,COs3 Pt samples  (clays, minerals, rocks,
(903) (for short periods) glasses), refractory oxides, quartz and
insoluble phosphates and silicates.
Na,O, 600 Ni, Pt For sulfides; acid-insoluble alloys of
Fe, Ni, Cr, Mo,W, and Li; Pt alloys; Cr,
Sn, and Zn minerals
HsBO4 250 Pt For analysis of sand, aluminum
silicates, titanite, natural aluminum
oxide (corundum), and enamels
For AlI203; ZrO2 and zirconium ores,
Na,B,0- (878) 1000-1200 Pt

minerals of the rare earths, Ti, Nb, and

12



Ta, aluminum-containing materials;

iron ores and slags.

Li,B,O- 1000-1100 Pt, For almost anything except metals and

920 ) o r graphite sulfides. The tetraborate salt is

LiBO,(845) especially good for basic oxides and
some resistant silicates. The metaborate
is Dbetter suited for dissolving acidic
oxides such as silica and TiO2 and
nearly all minerals.

NH,HF, (125) 900 Pt For the removal of silicon, the

NaF (992) KF
(857) or

KHF (239)

destruction of silicates and rare earth
minerals, and the analysis of oxides of

Nb, Ta, Ti, and Zr.

1.5.1.3 Microwave Dissolution

The use of microwave ovens for the decomposition of both inorganic and organic samples
was first proposed in the mid-1970s and by now has become an important method for
sample preparation [55-58]. Microwave digestions can be carried out in either closed or
open vessels, but closed vessels are more popular owing to the higher pressures and
higher temperatures that can be achieved. One of the main advantages of microwave
decompositions compared with conventional methods using a flame or hot plate
(regardless of whether an open or a closed container is used) is speed. Typically,
microwave decompositions of even difficult samples can be accomplished in ten to

twenty minutes. In contrast, the same results require several hours when carried out by
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heating over a flame or hot plate. The difference is due to the different mechanism by
which energy is transferred to the molecules of the solution in the two methods. Finally
closed-vessel microwave decompositions are often easy to automate, thus reducing
operator time required to prepare samples for analysis. The details of microwave will be
discussed in the chapter 2 (instrumentation and method).

1.5.2 Assay of Trace metallic impurities

Among the trace impurities present in nuclear fuel, the trace metallic elements need to be
determined because they may have adverse affect on the neutron economy as well as the
physical properties of these materials. Thus, from the point of view of metallurgy and
neutrons economy, it is necessary to know the levels of these impurities and verify the
technical specifications. The compounds of uranium used in nuclear reactors have strict
limits for impurities such as Boron (B), Cadmium (Cd) and some rare-earths e.g.
Samarium (Sm), Europium (Eu), Gadolinium (Gd), Dysprosium (Dy), etc., [59]. These
elements have large neutron absorption cross-sections and hence are very significant in
thermal reactors for assessing neutron economy as well as for certifying the total
impurities as a part of the chemical quality assurance of fuels. Sodium, magnesium and
aluminium, if present in uranium oxide fuel in amounts higher than the specified levels,
may reduce the relative amount of fissile materials and form appreciable amounts of
uranates of these elements with uranium in lower and higher oxidation states in reactor
operating and transient conditions, respectively Formation of these uranates in
appreciable quantity may cause expansion of fuel volume leading to rupture of fuel

cladding. Also in minor accidents involving crack of cladding, uranates with higher
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valency of uranium may be formed which may lead to fuel expansion due to their low
density and propagate further cracking of the clad. Hence quantifying these elements
helps in deciding whether the prepared material can be taken for intended use . Zinc is
another metal whose quantification is important. It has very low meting point and if
present in larger amounts will cause liquid metal embrittlement thereby altering the fuel
structure. Refractory elements like tungsten, molybdenum and tantalum, if present in
large amounts, may cause creep resistance resulting in clad damage. Elements like iron,
chromium, nickel are monitored to check for the process pick-up and condition of process
equipment. Presence of iron and nickel in high concentration leads to problem in sintering
of the fuel, which is required to increase the fuel density for higher power production. In
particular, the trace metallic impurities affect the integrity of the fuel material and the
neutron economy significantly [60]. Table 1.2 gives the specifications of some of the
metallic trace elements in thermal and fast reactor fuels [61, 62].

Table 1.3 Specifications of metallic impurities in nuclear fuels (in pg g™)

Elements Thermal Reactors  Fast Reactors (Ceramic Grade) ThO,

Natural Enriched UO, PuO, (U,PU)O,

Ag 1 25 1 10 20 -

Al 50 400 500 250 500 50
B 0.3 1 10 10 20 0.3
Be - - 20 20 20 1
Ca 50 250 100 500 250 200
Cd 0.2 1 20 20 20 0.2
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Ce
Co
Cr
Cu
Dy
Eu
Fe

Gd

Mg

Mo
Na
Ni
Pb
Si
Sm

Sn

Zn

25

20

0.15

100

0.1

50

10

30

60

75

400

400

400

200

200

400

400

400

400

200

400

400

100

400

10

200

10

400

0.1

25

20

200

50

350

100

200

200

20

250

100

500

25

100

500

100

200

100

25

50

0.2

0.08

100

0.2

50

10

20

30

20

60

0.4
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Apart from nuclear fuel, various other materials such as moderator, coolant, structural
materials need to conform to stringent specifications with respect to presence of trace and
ultra trace metallic impurities in similar way.

1.5.3 Trace non-metal assay

The trace non-metallic impurities also affect the integrity of the fuel and structural
materials. Some of the non-metals are present in gaseous form in reactor operating
conditions. Apart from neutron economy, presence of gaseous impurities may cause
swelling of the fuel which may result in rupturing of cladding. Fluorine and chlorine get
incorporated into the nuclear fuel during the mining and reprocessing processes. These
two elements, being very corrosive, cause local depassivation of the oxide film on the
internal surface of the clad tube leading to detrimental effect in the operating reactor
environment. The effect of these halides is more prominent in the presence of moisture as
they form their respective acids, on reacting with moisture, which leads to corrosion of
the clad [63, 64]. In nuclear fuels, non-metallics (H, C, N, O, CI, F S, P etc.) present at
both trace and major level play an important role in their performance. Hydrogen in the
fuel, if present above 1 ppm can cause embrittlement in the clad. Sulphur causes problem
during the sintering of pellets while chlorine and fluorine cause local depassivation and
corrosion of the clad, if present above the specified limits. During fabrication of fuel
pellets, sintering is carried out in inert hydrogen atmosphere. If sulphur is present above
certain specified limits in fuel pellets, it results in the formation of corresponding actinide
oxo sulphides and H,S during sintering and this causes shattering of the pellets especially,

ThO, pellets in powder form [65]. Presence of carbon in excess amounts than the
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specified limits will cause carburization of structural materials by reacting with zirconium
alloys in thermal reactors and stainless steel in fast breeder reactors, thereby making them
fragile [66]. The hydrogen content of the sintered and dried nuclear fuel is an important
quality feature. Higher hydrogen contents may lead to damage of the Zircaloy clad tube.
Moisture content above the specified limits also causes corrosion of clad, modifies the
O/M ratio of the fuel and releases hydrogen which can cause pressure build-up. In nuclear
fuels, nitrogen gets incorporated as trace impurity during the dissolution and purification
steps. Nitric acid is invariably added during all these steps. The main problem with
nitrogen is formation of **C by the *N (n, p) **C reaction and its release as CO, which
leads to carburization and influences the operation of reprocessing process for spent
nuclear fuel [67, 68]. Nitrogen also reacts with clad materials to form oxynitrides and
these nitrides lead ultimately to poor corrosion resistance. Table 1.3 gives the
specification of non- metallic impurities for various nuclear fuel materials [60,69].

Table 1.4 Specification of non metals in nuclear fuels(in pg g™)

Elements Natural UO, Enriched UO, Ceramic grade PuO, ThO,

C 200 100 200 100
H 1 - - 1

N - 100 200 75
F 10 25 25 10
Cl - 15 50 25
S - - 300 50
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1.5.4 Bulk elements assay

The assay of bulk elements such as U, Pu, Zr and Th in the nuclear fuels, Zr in zircoloy,
Gd and Al in gadolinium aluminate, Dy and Ti in dysprosium titanate etc. decide the life
of fuel/nuclear materials inside the reactors. Therefore, accurate and precise
quantification of major (bulk) elements is essential prior to their application in a reactor.
Classical or traditional assay of bulk elements are mainly done by gravimetric and,
titrametric methods. Traditional gravimetric determinations have been concerned with the
transformation of the element, ion or radical to be determined into a pure stable
compound which is suitable for direct weighing or for conversion into another chemical
form that can be readily quantified. The mass of the element, ion or radical in the original
substance can then be readily calculated from a knowledge of the formula of the
compound and the relative atomic masses of the constituent elements [70-74].
Gravimetric analysis is a macroscopic method usually involving relatively large samples
compared with many other quantitative analytical procedures. It is possible to achieve a
very high level of accuracy, and even under normal laboratory conditions, it should be
possible to obtain repeatability of results within 0.3-0.5%. The details of precipitation of
few element important to nuclear industry are given in Table 1.4 with reagent and
product formula.

Titrimetry, in which volume serves as the analytical signal, made its first appearance as
an analytical method in the early eighteenth century. In titrimetry we add a reagent, called
the titrant, to a solution containing another reagent, called the titrand, and allow them to

react. The type of reaction provides us with a simple way to divide titrimetry into the
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following four categories: acid—base titrations, in which an acidic or basic titrant reacts
with a titrand that is a base or an acid; complexometric titrations based on metal-ligand
complexation; redox titrations, in which the titrant is an oxidizing or reducing agent; and
precipitation titrations, in which the titrand and titrant form a precipitate.

Table 1.5: Reagent and product formula used for assay of some important bulk elements

[75]
lon Reagent Product Special conditions
formula
Th Sebacic acid ThO, Ignite at 700-800 °C
Ti Tannic acid and TiO; Dry at 100 oC then ignite at 700-
phenazone 800 °C
U Cupferron UsOg Dry at 100 °C and ignite at 1000 °C
Zr Mandelic acid ZrO; Ignite at 900-1000 °C
REEs (M) Oxalic acid M203 Ignite at 850

For accurate titration we must combine stoichiometrically equivalent amount of titrant
and titrand. We call this stoichiometric mixture the equivalence point. Unlike
precipitation gravimetry, where we add the precipitant in excess, an accurate titration
requires knowledge of exact volume of titrant at the equivalence point, Ve The product
of the titrant’s equivalence point volume and its molarity, M, is equal to the moles of
titrant reacting with the titrand.

Moles of titrant = M 1 xVeq
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From the knowledge of the stoichiometry of the titration reaction, one can calculate the
moles of titrand. Precise quantification of many elements using titrametric method has
been discussed in reports [76-78].

1.5.5. Isotopic composition and Oxygen/ metal ratio determination

Precise determination of isotope ratios is required for the characterization of radioactive
waste materials from nuclear reactors and for dating of geological materials in
geochronology (based on the decay of natural long-lived radionuclide, e.g., ’Rb, **'Re, or
2%y and #*®U). Isotope ratio measurements of long lived radionuclides is also applied in
isotopic dilution methods ( e.g., the accurate determination of uranium, thorium or iodine
concentration spiked with U or U, *°Th and '*°I respectively). Conventional
radiochemical methods for the determination of isotopic ratios of long-lived radionuclide
at low level concentration require a careful and often time consuming chemical separation
of the analyte. Sometimes radioanalytical methods are unsuitable, e.g. for isotope analysis
of plutonium, where the radionuclides, such as, ***Pu and **°Pu cannot be distinguished
due to their similar o energies. In contrast, in comparison to classical radioanalytical
measurements ICP-MS provides high isotopic selectivity and sample preparation is often
easier. ICP-MS has proved to be an extremely efficient and sensitive analytical mass
spectrometric method in ultra trace analysis and this technique has been applied for the
precise determination of isotopic compositions of long-lived radionuclides in aqueous
solutions [79-81]. The highest precision for isotopic ratio measurements down to 0.002%
relative standard deviation (RSD) is possible using the thermal ionization mass

spectrometry (TIMS) with a multiple collector ion detection system. Accelerator mass
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spectrometry (AMS) is used to determine highly accurate isotopic ratios of U and Pu in
nuclear reactor fuels and environmental samples. AMS combines a highly specific
particle accelerator with highly sensitive mass analyzers to remove molecular isobaric
interferences and achieve much lower detection limits.

Oxygen amounts other than the specified values may change the oxygen to metal ratio
(O/M) of the oxide fuel resulting in changes in the physical and chemical properties of the
fuel [82, 83]. O/M ratio affects the thermal conductivity, melting point, diffusion
coefficients and vapour pressure. Apart from this, the O/M controls the chemical state of

the fission product and their interaction with fuel.

1.6 Importance of the thesis work

Uranium silicide is a high density intermetallic nuclear fuel based on low enriched
uranium (LEU). There are limited reports in literature on UsSi; fuels [84-87] the
discussed the physical, chemical and irradiation properties. The only report available for
chemical characterization of U3Si, is [88], does not discuss the trace impurities
determination. India, is using first time UsSi, as nuclear fuel in new reaserch reactor at
Trombay. Hence a thorough knowledge of chemical characterization for trace, minor and
major elements is essential. A method has developed for quantification of trace and ultra

trace impurities in UsSi, using ICP-MS.

U-Mo alloy is a metallic fuel, which has higher density than UsSi,. The report has

discussed physical, chemical, and irradiation properties [89-93]. Quantification of trace
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impurities in U-Mo nuclear fuel using ICP-MS is reported [94], where only few elements
have been analyzed, and is less useful for routine analysis due to memory effect of
matrix elements. In this work, a chromatography method has been developed for
separation of trace elements from the U-Mo alloy. The developed method quantitavely
separated thirty three elements which were quantified by ICP-MS. The method has been

validated using standard addition and gamma spectrometry method.

U-Zr and U-Pu-Zr alloys are preferred metallic nuclear fuel. Fabrication and properties of
this fuel has discussed elsewhere [95-99]. Only limited reports are available where trace
elements has been analyzed [94,100], and only few elements in the matrix have been
reported. There are no reports for simultaneous separation of both matrix elements
(U&Zr). In the present work a solvent extraction method has been developed for
quantitative separation of of U and Zr for determination of 36 trace elements in U-Zr
alloy. The method has been validated using standard addition method and sample has

analyzed.

Dysprosium-titanate is an alternative control rod material for boron based control rods. It
is advantageous compared to boron in many respect [101-103]. However, it is a refractory
material and dissolution method is not available in the literature. Also chemical
characterization of major, minor and trace element is not available. In the present work, a

microwave dissolution method has optimized and precise gravimetric method has been
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developed for estimation of dysprosium and molybdenum. Titanium has been estimated

using UV-Visible spectroscopy. The trace elements have been estimated using ICP-MS.

Alumina is a ceramic material used as insulating material in nuclear reactors [104,105].
Al is used as clad material in the research reactors working at low temperature [106-109].
The dissolution of refractory alumina powder is reported [110], but it was not possible to
dissolve the grains of alumina. A microwave method is optimized in the present work to
dissolve the alumina. A gravimetric method has been developed to separate the trace and
ultra trace level of rare earth elements from Al matrices. The method has been validated

using standard addition method and ICP-MS.

24



Chapter 2
Experimental methods and Techniques

2.1  Introduction

Characterization of nuclear materials can be carried out using several instrumental
techniques. Each technique has its advantages and disadvantages. The different
techniques are used depending upon the nature of material and the type of
characterization required. Several analytical techniques, such as, Neutron Activation
Analysis (NAA), Graphite Furnace Atomic Absorption Spectrophotometry (GFAAS),
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), Total Reflection
X-Ray Fluorescence (TXRF), UV - Visible spectrophotometry, gamma spectrometry,
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) etc., are in practice for
determination of trace impurities in the nuclear materials. Mass spectrometry is used for
major, minor, trace and ultra trace analysis. In the present thesis ICP-MS, UV-Visible
spectrophotometry, gamma spectrometry, solvent extraction, ion chromatography and
gravimetry have been used for characterization of major and trace elements. Microwave
dissolution system has been used to dissolved refractory materials such as, Dy,TiOs and
Al,O3. Muffle furnace was used to bring precipitates into corresponding oxides for major
analysis. Analytical balance has been used for weighing the samples.

The ICP-MS analysis is possible if total dissolved solid is less than 0.2%. Accordingly
trace element analysis by ICP-MS requires matrix separation which has been carried out
using solvent extraction, anion exchange and precipitation. The details of ICP-MS,

gamma spectrometry, UV-Visible Spectrophotometry, Microwave dissolution system,
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solvent extraction, anion exchange and precipitation gravimetric method have been

discussed in this chapter.

2.2 Mass spectrometry

In mass spectrometry (MS), the mass-to-charge ratio (m/z) is measured as a
dimensionless number. Sometimes the unit known as the Thomson (Th), in honor of J. J.
Thomson who in 1906, received Nobel Prize in physics for discovery of electron and
determination of its m/z ratio. Thomson’s early work on cathode rays laid the foundation
of the MS field. Thomson, with the help of his student Francis Aston (Nobel Prize in
Chemistry in 1922), built the first mass spectrometer to measure the masses of charged
atoms. In 1980 Goldstein discovered the anode rays, which are positively charged gas-
phase ions in a discharge tube. This method for generating positively charged ions was
used in the early mass analysis measurements by Wien [111], Thomson [112] and Aston
[113]. Discovery of isotopes of elements by mass spectrometry was started when
Thomson found that neon has two different isotopes of mass numbers 20 and 22. Few
years later Aston found another isotope of neon of mass 21. Thomson is accepted as the

father of the mass spectrometry.

F. W. Aston and other scientists redesigned the instruments to improve resolving power
and began using them to separate and prove the existence of elemental isotopes. Alfred
Nier, an electrical engineer, made significant contribution in building mass spectrometry;

including the 60° sector field instrument, which greatly reduced the size and power
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consumption of the magnet. He later produced a design that still bears his name and that
of his colleague E. G. Johnson: the Nier-Johnson mass spectrometer, which combines
electrostatic and magnetic analyzers in a unique conformation. A variant of this design
was commercially developed into one of the highest-resolving-power instrument. Nier
helped biologists by preparing **C-enriched carbon. He also assisted geochemists in
determining the age of the earth by measuring ?°’Pb/*®Pb in the planet’s crust, among
other achievements. One of Nier’s most notable accomplishments was his contribution to
U enrichment efforts as a part of Manhattan project. Nier was able to separate nanogram
quantities of the *°U isotopes by MS and John Dunning of Columbia University

confirmed that U was the isotope responsible for the slow neutron fission.

By the 1940s, mass spectrometers were commercially available, and it was firmly
established as a useful technique among physicists and industrial chemists The trio of
Fred McLafferty, Klaus Biemann, and Carl Djerassi, brought mass spectrometry to the
chemistry community and laid the ground- work for modern biological MS research
[114]. With the introduction of the spark ion source by Dempster in 1934 [115,116]
significant progress in inorganic mass spectrometry was made for the direct solid analysis
of electricaly conducting solids (e.g., metals, alloys) Finnigan introduced the first
commercial quadrupole mass spectrometer in 1968. Yost and Enke built the first triple
quadrupole mass spectrometer as an important tandem mass spectrometric instrument for
structure analyses in 1978 [117]. Paul and coworkers developed a quadrupole ion trap,

which can trap and analyze ions separated by their m/z ratio using a 3D quadrupole radio-
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frequency electric field [118-120]. For the development of the ion trap technique Paul

was honored with the Nobel Prize in 1989.

In 1946, Stephens presented his concept of the linear time-of-flight mass spectrometer
(ToF-MS) as the simplest mass separation technique. Goldsmith improved mass
determination with accuracy to the third decimal place for xenon isotopes employing
ToF-MS [121]. Major progress in inorganic mass spectrometry was made possible by the
development of ICP-MS in 1980 by Houk, Fassel and co-workers [122]. ICP-MS has
grown exponentialy and today plays the dominant role among the inorganic mass
spectrometric techniques for trace, ultratrace and isotope analysis [123]. The coupling of
a laser ablation system to ICP-MS was proposed by Gray in 1985 [124] and has been
commercially available since 1990. Nowadays, LA-ICP-MS is the most versatile and
sensitive solid mass spectrometric technique for direct trace, ultra-trace and surface

analysis and is extremely useful for isotope ratio measurement.

All types of mass spectrometric systems for analysis of inorganic and organic compounds
use the same basic principle. A schematic of a mass spectrometer and the principle of
operation for the qualitative and quantitative analysis of inorganic or organic compounds
is given in Figure 2.1. In this thesis work trace and ultra trace elements were quantified
using inductively coupled plasma orthogonal- time-of-flight mass spectrometry (ICP-

ToF-MS) of GBC 8000R model.
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Fig. 2.1: Basic diagram of mass spectrometry: generation of ions, separation of these ions
by their mass-to-charge ratio in the mass separator and detection of ions in the ion

detector.

2.2.1 Inductively Coupled Plasma Time-of-Flight Mass Spectrometry (ICP-tof-MS)

In 1964 Greenfield et al. [125] introduced inductively coupled plasma source (ICP) for
the excitation of atoms and molecules in inductively coupled plasma optical emission
spectrometry (ICP-OES). It is currently the most commonly used plasma ion source in
inorganic mass spectrometry due to its excellent thermal properties. The ICP source was

first successfully coupled to a quadrupole mass analyzer by Gray, Houk and Date [126-
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127]. ICP-MS has greater speed, precision, and sensitivity. An ICP-MS from GBC

Australia has been used in the present thesis work, the diagram is given in Figure 2.2.
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Fig. 2.2: Block diagram of orthogonal accelerated time-of-flight mass spectrometer
(GBC 8000R Model)
The different components of the instrument are:

I.  Sample Introduction System

I.  Sample lonization

1. lon Sampling/ Extraction
iv.  lon Focusing

v.  Mass analyzer

Vi. Detector
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2.2.1.1 Sample Introduction System

There are several approaches to introducing samples into an ICP. The particles must be
10 pum or less in diameter to be atomized in the plasma. Gaseous samples meet this
criterion and can be injected directly. Samples in solution form require nebulisation to
create the particles of desired size (aerosols). Concentric glass pneumatic (Meinhard )
nebulisers are frequently used [128,129]. A picture of such a nebuliser is shown in Figure
2.3. It consists of an outer glass tube through which gas (typically argon) flows at a rate
of 0.5 — 1.5 L min™. The gas rushing across the end of the inner tube causes a drop in

pressure, which leads to the liquid sample being drawn through the sample tube.

Concentric Nebulizer 1

—

Capillary Tubing

N" e

A

Argon Line y

Fig. 2.3: Concentric glass pneumatic (Meinhard ) nebuliser

The pneumatic nebulizer works on the principle of the interaction of a high velocity gas
stream with a steady flow of analyte solution. Energy is transferred from the gas to the
liquid stream causing disruption of the liquid stream into aerosol. This process is known

as Venturi effect. This is an automatic process, that is, the sample is sucked in
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automatically. Best long term stability of Meinhard nebulisers is generally obtained with
a pump, which is necessary to remove the waste solution from the spray chamber. The
solution uptake rate can be controlled by adjustment of the pump speed and through the
choice of pump tubing. The main drawback of such nebulisers is that they are blocked
very easily if solutions with high dissolved solids content are analyzed and requires the
total dissolved solid concentration in the liquid sample to be less than 0.2%.

The aerosol from the nebuliser is allowed to pass through a water cooled (at 15°C)
cyclonic spray chamber which acts as a drop size filter. The purpose of the spray chamber
is to ensure that only the smallest solution droplets (less than 10 um diameter) reach the
plasma, to ensure uniform loading of the plasma for blank, standard and sample. A
cooling water jacket is provided on the spray chamber to lower the water loading in the
plasma. The improved temperature stabilization of the spray chamber obtained allows the
instrument sensitivity to stabilize more quickly. A typical spray chamber is shown in the
Figure 2.4. The nebulisation efficiency of the pneumatic nebuliser combined with spray
chamber is only 1 to 2 % which is a constraint on the sensitivity of the instrument.

The laser ablation has also been used as a means of sample introduction, though less
commonly. In this method, a laser is focused on the sample and creates a plume of ablated
material which can be swept into the plasma. This is particularly useful for solid samples,
though difficulty to create standards is a challenge in quantitative analysis.

Other methods of sample introduction include electro thermal vaporization (ETV) and in

torch vaporization (ITV) hot surfaces (graphite or metal, generally). These require very
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small amounts of liquids, solids, or slurries. Other methods like vapor generation are also

known.

f

droplet <10 um enter in ICP S

Nebulized Sample

Fig. 2.4: Cyclonic spray chamber

2.2.1.2 Sample lonization

Once the sample passes through the nebulizer and is partially de-solvated, the aerosol
moves into the torch body and is mixed with more argon gas. A coupling coil is used to
transmit radio frequency to the heated argon gas, producing an argon plasma "flame"
located at the torch. The techniques used for interfacing the plasma source (ICP) to a
mass spectrometer were first developed by Dr. Alan Gray [130,131]. An atmospheric
inductively coupled plasma is formed when an inert gas usually argon, is introduced into
a quartz torch (Fassel torch) [132] that consists of three concentric tubes of varying

diameter. The inner tube carries the sample aerosol (nebulizer gas) in a flow of argon, the
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intermediate (auxillary gas), which forms and sustains the plasma and the outer (cool gas)

that cools the torch as shown in Figure 2.5.

Fig. 2.5: A Typical picture of Plasma Torch

On entering the torch the argon gas is seeded with electrons by initial excitation with a
Tesla coil. Radiofrequency energy is applied to the three turns of a coaxial water cooled
induction copper coil surrounding the torch. The high frequency current flowing in the
induction coil generates oscillating magnetic fields whose lines of force are axially
oriented inside the quartz tube and follow closed elliptical paths outside the tube. Induced
magnetic fields, in turn, induce electrons in the gas to flow in closed annular paths inside
the quartz torch. These electrons (eddy current), accelerated by the time varying magnetic
field collide with the neutral argon atoms and ionize them and resistive heating occurs.
Then through the process of radiative recombination, the argon ions are recombined with

electrons to lead to excited argon atoms and a significant optical background in the UV
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region (e-+ Ar+ — Ar +hv). The ions, electrons and neutral atoms continuously collide
and as long as the rf field and gas flow is maintained the plasma is sustained.

The resulting plasma is a dense annular shaped ball of highly excited atoms, ions, meta-
stable and neutral species. The operating temperature of an ICP is between 5000 to 10000
K [133]. Figure 2.6 shows some approximate temperatures at various positions in the
plasma [134].

Measurements of plasma temperature by optical means generally show gas temperature of
about 6000 K in the central channel, while excitation temperatures are found to be 7000 —

7500 K and the ionization temperature about 8000 K at 10 mm beyond the load coil.

20 LS 10 Height above Coll (mm) Sample Asroscl

&200 &500 BOOO Temperatura E = 10%

Fig. 2.6: Temperature profile of Plasma
The ICP source has two roles. The first is the volatilization, dissociation and atomization
of the sample to be analyzed in order to obtain free analyte atoms, usually in the ground
state, and the second is a partial ionization of the analyte atoms and the excitation of the
atoms and ions to higher energy states. The plasma acts as a reservoir of energy provided

by the RF field and transfers this energy to the analyte. Various ionization processes [135,
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136] have been suggested resulting from species that are obtained during the plasma

generation. The main modes of ionization by ICP [137] are:

1) Charge transfer ionization: Ar' + M — M+ Ar
2) Thermal ionization: M + e’(fast) — M" + e(slow)
3) Penning ionization: M+ AM M +Ar + ¢

Where Ar" is meta-stable argon.
In the ICP the principal mechanism by which ionization occurs is thermal ionization. The

degree of ionization of an element can be calculated from the Saha equation:

| . |
M* _ 1(2mmkT 2 Q* ei
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Where M*, n. and M° are the number densities of the ions, free electrons and neutral
atoms respectively, Q" and Q° are the ionic and atomic partition functions, respectively,
me IS the electron mass, k is the Boltzmann constant, T is the temperature, h is the
planck’s constant and Ep is the first ionization energy of the element.

At such high temperatures (5000 to 10000K) using the above equation it has been
calculated that most of the elements in the periodic table that have first ionization
energies of less than 9 eV are singly ionized to the extent of 90% and there is negligible
molecular species or doubly charged ions. lons are produced in a reproducible manner
and ion characteristics of dissolved solids are formed. Hence multi-elemental analysis can

be carried out by ICP-MS [138]. Most elements are efficiently ionized in the high
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temperature (7500 K) atmosphere of the normal analytical zone and it is generally the
region from which ions are sampled in ICP-MS. The position of the normal analytical
zone is dependent on the aerosol gas flow rate and, to a lesser extent, on the power
supplied to the coil.

The gas that is commonly used to generate the plasma is argon. Like any noble gas, argon
IS @ mono-atomic element with high ionization energy (15.76 eV), has meta-stable energy
states (11.55 and 11.75 ev) and is chemically inert. Consequently argon has the capability
to excite and ionize most of the elements of the periodic table. Argon is also the cheapest
noble gas owing to high concentration in air.

2.2.1.3 lon Sampling/ Extraction

The ICP reaches temperatures of 5000 — 10000 K at its core, operates with 10 -20 L/min
of argon support gas and, of course, operates at atmospheric pressure. The mass
spectrometer, on the other hand, operates at 10 to 10 Torr or below and, obviously,
cannot be subjected to the heat of the plasma. The coupling is achieved by interposing an
interface between the two. The differentially pumped interface [139] between the ICP and
mass spectrometer is a critical part of any ICP-MS system. The interface essentially
consists of two orifices [126, 140,141] and a slide valve to produce three stage expansion
chambers — an initial expansion stage (1 torr), an intermediate stage (10° torr) and an
analyzer stage (10 torr). The first orifice, known as the sampler cone, is a water cooled
metal cone with a circular hole of ~ 1.0 mm diameter [142]. A second metal cone known
as the skimmer (0.75 mm dia.) is placed behind the sampler and divides an initial

expansion chamber (1 torr) from the vacuum region that contains the focusing ion lenses
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(10° torr) and the mass analyzer (10° torr). The sampler is immersed in the normal
analytical zone of the plasma, 5-15 mm from the RF load coil.

2.2.1.4 lon Focusing

In order to collect as many ions as possible into a beam to pass into the mass analyzer, the
skimmer is followed by a series of electrostatic lenses. Before the lens a slide valve is
used, which enables the path into the high vacuum region to be closed behind the
skimmer. When this is shut, the aperture and skimmer may both be removed without
interfering with the pressure in the vacuum region. This valve is then not reopened until
the pressure in the extraction stage is re-established. The ion focusing lenses are crucial
for the overall sensitivity of the instrument because scattered ions will not be detected.
lon focusing is achieved by subjecting the charged ions to constant electric fields. The
system consists of a number of axially symmetric electrostatic lens elements on the
system axis and lens supply unit.

2.2.1.5 Mass analyzer

The mass analyzer sorts the ions extracted from the ICP source according to their mass to
charge ratio [143]. The mass spectrum is a record of the relative number of the ions of
different m/z, which is characteristic of the analytes present in the specimen Successful
operation, of the mass analyzer requires a collision free path for ions. To achieve this, the
pressure in the analyzer section of the spectrometer is maintained below 107 torr [144]. In
the mass analyzer the ions are sorted into discrete m/z values depending on the energy,
momentum and velocity. Each mass analyzer has its own special characteristics and

applications and its own benefits and limitations. The choice of mass analyzer should be
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based upon the application, cost, and performance desired. There is no ideal mass
analyzer that is good for all applications. The mainly used mass analyzers in ICP-MS are
as:
i.  Time of flight (TOF)

ii.  Magnetic (B) and/or Electrostatic (E)

iii.  Quadrupole (Q)
The Instrument used in the present thesis is based on time of flight mass analyzer. The
basic principle time of flight based mass analyzer is given below:
Time of flight (TOF) Mass Analyzer
A time of flight mass spectrometer measures the mass-dependent time taken by ions of
different masses to move from the ion source to the detector. The kinetic energy (T) of an

ion leaving the ion source is:

where, e is the charge, V applied voltage, m the mass and v is velocity of the ion. The

velocity of ion (v), is the length of the flight path, L , divided by the flight time, t:

L
vV=-
t

Substituting this expression for v into the kinetic energy relation, we can derive the

working equation for the time-of-flight mass spectrometer:

or, rearranging the equation to solve for the time-of-flight:
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The ions leaving the ion source of a time-of-flight mass spectrometer have neither exactly
the same starting times nor exactly the same kinetic energies. Various time-of-flight mass
spectrometer designs have been developed to compensate for these differences. A
reflectron is an ion optic device in which ions in a time-of-flight mass spectrometer pass
through a "mirror" or "reflectron” and their flight is reversed. A linear-field reflectron
allows ions with greater kinetic energies to penetrate deeper into the reflectron than ions
with smaller kinetic energies. The ions that penetrate deeper will take longer to return to
the detector. If a packet of ions of a given mass-to-charge ratio contains ions with varying
kinetic energies, then the reflectron will decrease the spread in the ion flight times, and
therefore improve the resolution of the time-of-flight mass spectrometer. A typical

diagram of orthogonal-accelerated-time of flight mass analyzer is given in Figure 2.7.
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Fig 2.7: Orthogonal Accelerated time of flight mass analyzer
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2.2.1.6 Detector

An electron multiplier is used to detect the presence of ion signals emerging from the
mass analyzer of mass spectrometer. The task of the electron multiplier is to detect every
ion of selected mass passed by the mass filter. The basic physical process that allows
electron multiplier to operate is called secondary electron emission. When a charged
particle (ion or electron) strikes a surface it causes secondary electrons to be released
from atoms in the surface layer. The number of secondary electrons released depends on
the type of incident primary particle, its energy and characteristics of the incident surface.
There are two basic forms of electron multipliers that are commonly used in mass
spectrometry: the discrete-dynodes electron multiplier and continuous-dynodes electron
multiplier (often referred as a channel electron multiplier or CEM). A typical discrete-
dynode electron multiplier has between 12 and 24 dynodes and is used with an operating
gain of between 10* and 10® depending on the application. Figure 2.8 shows the typical
diagram of the detectors. A typical mass spectra is given in Figure 2.9.

on
i, [eere eavta rig
cleciren
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Secondary Elecirons

(a) (b)
Fig. 2.8: Electron multipliers : (a) Discrete- dynodes electron multiplier and (b)

continuous-dynodes electron multiplier.
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Fig. 2.9: A typical mass spectrum (50 ppb multi-element standard solution ).

2.2.2 Interferences in ICPMS

Interferences in ICP-MS are of three types — spectroscopic, non spectroscopic and
memory effects. Spectral overlaps are probably the most serious types of interferences
seen in ICP-MS. The most common type is known as a polyatomic or molecular spectral
interference, which is produced by the combination of two or more atomic ions. They are
caused by a variety of factors, but are usually associated with either the plasma and
nebulizer gas used, matrix components in the solvent and sample, other analyte elements,
or entrained oxygen or nitrogen from the surrounding air. For example, the “°ArO*® has a
significant impact on the major isotopes of Fe at mass 56, “°ArCI* interfere with”As |
OArC*? interferes with °2Cr , “°Ar Na?® interferes with °*Cu etc. Another type of spectral
interference is produced by elements in the sample combining with H, **0, or °*OH

(either from water or air) to form molecular hydride (H), oxide (‘°0), and hydroxide
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(*°0H) ions, which occur at 1, 16, and 17 mass units higher than its mass [145]. The final

classification of spectral interferences is called “isobaric overlaps,” produced mainly by

different isotopes of other elements in the sample that create spectral interferences at the

same mass as the analyte ,e.g. **Fe and **Cr, **Sm and *Nd etc. Few ionic species

formed from used mineral acids (HNOs, HCI, HCIO,4, and H,SO,) and their overlap with

analyte is given in Table 2.1. Isobaric interference can be overcome by selecting a

different isotope of the concerned element or employing interference correction equations

[146].

Table 2.1 Some background ions observed from mineral acid solvents

Acid lons Mass Interfere with
HNO; N* 14 -
ArN* 54 YFe’, YCrt
NO* 30 Sgj*
N2" 28 2gi*
HCI, HCIO, CI+ 35,37 -
Clo® 51 Sy
53 Scrt
ArCl+ 75 Ast
77 se’
Clo," 67 zn*
H,SO04 S 32,33,34
SO* 48 BTt
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49 ST

50 SOTi+, SOCI'+, 50V+
SO, 64 #4zn*, “Ni*

65 %cy*

66 5Zn*

Suppression or enhancement of the analyte signal due to the presence of matrix is known
as Non spectral interference [147-149]. Heavy matrix elements cause more severe
suppression effects and light analytes are more seriously affected [150,151]. As a
mechanism of the mass dependence of the matrix effect, many reports [152,153 ] explain
that the suppression is caused by collision of analyte ions with heavy matrix ions which
are enriched on the central axis of the supersonic expansion region behind the sampler.
Tan and Horlick [151] and Gillson et al. [154] reported that the ion transmission through
the skimmer is affected by space charge repulsion with heavy ions being transmitted most
efficiently. The GBC 8000R model has introduced a blanker option, where unwanted
masses could be deviated from the path of their flight and stop to reach the detector. It
increase the life time of the detector.

Memory effects arise due to the deposition of the analytes or their compounds at the
sampler or skimmer orifice or at the focusing lenses and may continue to show some
signal at the analyte mass even after removal of the analyte solution. The memory effects
can be minimized by rinsing the system with blank solution (1% HNO3) for about a

minute or two so that the deposited traces are eliminated.
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2.2.3 Optimization and Calibration of ICP-MS
A complete optimization of the Opti Mass 8000R involves the adjustment of 24

parameters as follows:

Orthogonal Accelerator (OA) and Reflectron: 8 parameters
lon Optics 8 parameters
Plasma 8 parameters

The full optimization is required only after maintenance operations on the OA, reflectron
or detector or after every six months. A 5 ppb solution of Li, Sr, In, La and Bi in 1.0%
HNO; has been used to optimize the parameters. A systematic block diagram of
optimization is given in Figure 2.10. The mass calibration and blanker calibration is done

at every week. The optimized parameters of ICP-MS after one hour ignition of the

plasma is given in Table 2.2

Start with Plasma | lon Optics | OA and Reflectron
Parameters Adjustments |w

Baseline Calibration |/* | Blanker Calibration | Mass Calibration

— =1

Fig. 2.10: A systematic block diagram of optimization and calibration of ICPMS
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Table 3.2: Optimized operating conditions of ICP-MS

ICP-MS parameters Values

RF power 1200 W
Frequency 27.2 MHz
Plasma gas flow rate 11.0 L min—1
Auxiliary gas flow rate  0.60 L min—1
Nebulizer gas flow rate 0.75 L min—1
Sample uptake rate 0.5 mL min—1

Measurement mode
X-Position
Y-position
Z-position

Skimmer voltage (V)
Extraction (V)
Z1(V)

Y Mean (V)

Y deflection (V)

Fill (V)

Blanker (V)

Z Lens mean (V)

Z Lens deflection (V)

Lens body (V)

Dual (PC/analog)
10.0 mm
-2.2 mm
-1.6 mm
-1200
-950
-900
-265

4

-38.0
150

-870

-180
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Fill Bias (V) 1.25

Fill Grid (V) -12.0
Pushout plate (V) 655
Pushout Grid (V) -495
Reflectron (V) 670

Multiplier gain (V) 2500

2.2.4 Advantage and disadvantage of ICP-MS

The ICP-MS has following advantages:

Detection limits are 10-100 times superior to those of ICP-AES.

Ability to provide elemental isotopic ratio information.

Almost all elements can be analyzed in duplicate and with good precision in 1-2
minutes.

Large linear dynamic working range.

The effective combination of different types of ICP-MS instruments coupled with
the many varied types of sample introduction allow for customization of

techniques for a specific sample type or form of analyte.

Disadvantage of the techniques are:

The high-cost of ICP-MS systems.

Lower knowledge and insufficient understanding about the technique compared to
the other techniques.

Elements such as Ca and Fe are difficult to determine by conventional ICP-MS

because of mass spectral interferences by argides.
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iv.  Ni cones, due to which chances of nickel from cones is always there and nickel
quantification at ultra trace level becomes difficult. This can be alleviated by

switching to more expensive Pt cones.

2.3 Gamma Spectroscopy

Gamma spectroscopy helps in identification and/or quantification of radionuclides. The y-
rays emitted from radionuclides have energy range from a few keV to 3 MeV,
corresponding to the typical energy levels in nuclei. The equipment used in gamma
spectroscopy includes an energy-sensitive radiation detector, electronics to process
detector signals produced by the detector, such as a pulse sorter (i.e., multichannel
analyzer), and associated amplifiers and data readout devices to generate, display, and

store the spectrum. A basic block diagram of gamma spectrometer is given in Figure 2.11.

N A Ay
J—» Amplifier — MCA

‘Detector — Preamplifier

N )

PC

Fig. 2.11: Block diagram of basic gamma spectrometry system
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The most common detectors include sodium iodide Nal(TI) scintillation detectors and
high-purity germanium detectors. y-rays interact with detector material by photoelectric
absorption, the compton scattering, and pair production.

The photoelectric absorption is predominant for low energy rays and results in absorption
of all of the energy of the incident gamma ray. Full energy absorption is also possible
when a series of these interaction mechanisms take place within the detector volume.

The photoelectron is emitted with an energy (Ee) given by:

Where Ey is the binding energy of the photoelectron in its original shell, and hv is the
energy of incident y-photon.
The probability of photoelectric absorption depends on the gamma ray energy, the
electron binding energy and the atomic number of the atom. The probability of
photoelectric absorption is given approximately by the equation below:

T Z"/Ey*® (N=4=5).unnn... (7)
Where Z is the atomic number of the detector material and E is gamma rays energy.
In the case of Compton scattering, the photon collides with an electron and is scattered,
transfers a small fraction of its energy to the electron. As all angles of scattering are
possible, the energy transferred to the electron varies from zero to a large fraction of the
gamma ray energy. It could be shown by writing equations for conservation of

momentum and energy. The energy of the scattered photon is given by:

E'=hv=—M" ... (8)

1+27
mgyc“(1-Cos0)
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Where, E' is energy of scattered photon, mec? is the rest mass energy of the electron
(0.51MeV), and 0 is the scattering angle [155]. The probability of Compton scattering per
atom of the absorber depends on the number of atoms available as scattering targets and
therefore increases linearly with Z.

In case of pair production the photon energy is converted to a pair of electron and
positron (e” and €") in the vicinity of the nucleus. The photon must have higher energy
than the sum of the rest mass energies of an electron and positron (2 x 0.511 MeV =

1.022 MeV) for the pair production to occur. A typical gamma spectrum is given in

Figure 2.12.
)
COMPTON
NUMBER PLATEAU Va PHOTOPEAK
OF COUNTS |BACKSCATTER/ COMPT
PEAK EDGE
N /

ENERGY (CHANNEL NUMBER)

Fig. 2.12: A typical gamma-ray spectrum
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2.3.1 Nal (TI)- scintillation counters
Different types of detectors are used for detection of y- rays. One common method of
converting the energy of the gamma rays photons is called scintillation, which involves
turning the energy into visible light. Many materials are used for this detection including
inorganic crystals and organic plastics, but the most commonly used are alkali halide viz.
Nal(TI) [158]. the doping of a small quantity (~0.1%) of Tl in Nal creats active sits in the
band gap and results in high fluorescence yield of the detector at the same time the
wavelength of the fluorescence light falls in the visible region which is the response for a
PMT. Other common scintillation detectors include Csl(Na or TI) and bismuth germinate
(BGO) crystals and various organic plastic materials. The operation of a gamma
scintillation detector can be summarized as follows. Radiation produces a flash of light in
the scintillator which is coupled to the PMT to derive electrical signal. The light photons
strike the photocathode of the PMT and release photoelectrons. The photoelectrons are
multiplied by factors of 10° to 10" and produce a voltage pulse at the anode. The basic
processes involved in scintillation counting are:
)] The absorption of radiation within the scintillator resulting in the
excitation and ionization of atoms or molecules.
i) Photons are emitted when excited atoms or molecules return to their
ground state.
iii) Photons are absorbed by the photocathode of the photomultiplier tube
(PMT) and result in the emission of photoelectrons.

iv) The number of photoelectrons is amplified by the dynode series of the
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PMT. The photoelectrons are collected at the anode and produce a voltage
pulse.
V) The pulse produced at the anode, which is proportional to the energy

transferred to the scintillator, is amplified, analyzed and counted by scaler.

2.3.2 Detector Counting Efficiency and energy Resolution of Nal (TI)

The detector counting efficiency (DE) relates to the ratio of the no. of photons recorded
by the detector to that emitted by the source. It can vary with the volume and shape of the
detector material, absorption cross-section in the material, attenuation layers in front of
the detector, and distance and position from the source to the detector [157].

In the radioactivity measurement the absolute efficiency of the detector must be known. It
is defined as the ratio of the number of counts recorded by the detector (N.) to the number
of radiation (Ns) emitted by the source (in all directions) as represented in the following

formula:

Absolute efficiency of the detector depends not only on detector properties but also on the
details of the counting geometry. Various experimental and calculation works have been
reported for the detection efficiency work [158,159].

The energy resolution of a detector system is obtained from the peak full width at one-

half of the maximum height (FWHM) of a single peak using the following equation:

__ FWHM
Eo

R

X100 (10)
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Here R is energy resolution in % and is the related energy Eo. It determines the separation
for two adjacent energy peaks which will lead to identification of different nuclides in
spectrum. The energy resolution of the Nal(Tl) detector is nominally 5-10% for 0.662

MeV gamma energy of *'Cs.

2.4 UV-Visible Spectrophotometry

2.4.1 Basic principle

UV-Visible spectroscopy deals with the electromagnetic spectra within 200-800 nm
(ultraviolet 200-400 nm and visible 400-800 nm). When electromagnetic radiation falls
upon a homogeneous medium, fraction of this is radiation reflected from the medium
while some fraction of incident radiation gets absorbed and the rest transmitted from the

medium. Thus intensity of the incident radiation (lo) is given as:

lo=lat I+ Ip.o.... (11)

where 1, I; and I, are intensities of absorbed, transmitted and reflected radiation

respectively. If we eliminate the reflected fraction for a given air-quartz interface, we get

I, as:
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Absorption of visible and ultraviolet (UV) radiation is associated with excitation of
electrons, in both atoms and molecules, from lower to higher energy levels. Since the
energy levels of matter are quantized, only light with the precise amount of energy can
cause transitions from one level to another. The possible electronic transitions are given
in Figure 2.13 . In each possible case, an electron is excited from a occupied (low energy,
ground state) orbital into an empty (higher energy, excited state) anti-bonding orbital.
Absorption of light in the UV-visible region will only result in 1—x and n—ia
transitions. In order to absorb light in the region from 200 - 800 nm, the molecule must

contain either i1 bonding or non-bonding orbitals.

7 (anti-bonding) 7' (antionding)
A A |
] ¢" {anti-bonding)
=
5 o
a N (non-bonding) %
i ] :
N (one pair)
7 (bonding)
O (bonding) 7 (ondirg)
(a) (b)

Fig. 2.13: Electronic transitions: (a) Possible electronic transitions (b) Transitions in

UV-Visible region

UV-visible spectrophotometers can be used to measure the absorbance of ultra violet or
visible light by a sample, either at a single wavelength or perform a scan over a range in
the spectrum. The technique can be used both quantitatively and qualitatively. A

schematic block diagram of a UV-visible spectrophotometers is shown in Figure 2.14.
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— Splitter

Sample Detector

Fig. 2.14: A schematic block diagram of a UV-visible spectrophotometer

The spectrophotometer works on the principle of Beer-Lambert law.
Lambert’s law states that when a monochromatic radiation passes through a transparent
medium, the rate of decrease in intensity with the thickness of the medium is proportional
to the intensity of the radiation. In other words, the intensity of the emitted light decreases
exponentially as the thickness of the absorbing medium increases arithmetically. The law
may be expressed by the differential equation

diidi=kl ... (13)
where I is the intensity of the incident light of wavelength A, 1 is the thickness of the
medium and k is a proportionality factor for the wavelength and the absorbing medium
used. Integrating and putting I = I, when | = 0, we obtain

In (I,/15) = kI

or l=le™ ... (14)
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Beer’s law states that the intensity of a beam of monochromatic radiation decreases
exponentially as the concentration of the absorbing substance increases. This may be

written as

Where c is the concentration. Combining the two equations we get

= lee™ (16)
The equation can be rearranged into

log(lo/ly) = gcl .oueeeeenenne (17)
log(lo/1y) is defined as absorbance (A) of the sample.
This is the fundamental equation of spectrophotometry and is known as the Beer-
Lambert law. Here, if ¢ is expressed in mol L™t and 1 is in cm, ¢ is known as the molar
absorption coefficient or molar absorptivity. It depends on the wavelength of the
incident radiation, the temperature and the solvent employed.
If the absorbance of a series of sample solutions of known concentrations are measured
and plotted against their corresponding concentrations, the plot of absorbance versus
concentration should be linear if the Beer-Lambert Law is obeyed. This graph is known
as a calibration graph. Figure 2.15 gives the calibration plot for titanium determined by
hydrogen peroxide method. A calibration graph can be used to determine the

concentration of unknown sample solution by measuring its absorbance.

56



y =0.015x + 0.008
0.8 1 R?=0.999
8
S 0.6 -
2
2 04 -
<C
0.2 -
0 T T T 1
0 20 40 60 80

Concentration of titanium (ug ml-)

Fig. 2.15: Calibration plot for absorption spectra of titanium

( in 2.5N H,SO4 and 3% HzOz)

2.4.2 Advantage and disadvantage of UV-Visible Spectrophotometry
Advantages :
i.  Sample analysis using UV-visible spectroscopy is a very quick process compared
to other methods. This rapid analysis is achieved only through proper calibration.
ii. A light source shutter controls the amount of light from a specialized lamp that
passes through the sample. The shutter is the only moving component of a UV-
visible spectrophotometer. The advantage of this system lies in the simplistic
design of the instrument.
iii.  UV/Vis spectrophotometer is routinely used in analytical chemistry for the
quantitative determination of different analytes, such as transition metal ions,

highly conjugated organic compounds, and biological macromolecules.
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iv.

Spectroscopic analysis is commonly carried out in solutions but solids and gases
may also be studied.
The UV-visible technique is non-destructive to the sample and has a high

sensitivity for detecting organic compounds.

Disadvantages:

Beer law and Lambert law is capable of describing absorption behavior of
solutions containing relatively low amounts of solutes dissolved in it (<10mM).
When the concentration of the analyte in the solution is high (>10mM), the
analyte begins to behave differently due to interactions with the solvent and other
solute molecules and at times even due to hydrogen bonding interactions.
Beer-Lambert law is strictly followed when a monochromatic source of radiation
exists. In practice, however, it is common to use a polychromatic source of
radiation with continuous distribution of wavelengths along with a filter or a
grating unit (monochromators) to create a monochromatic beam from this source.
Stray radiation or scattered radiation is defined as radiation from the instrument
that is outside the nominal wavelength band selected. Usually the wavelength of
the stray radiation is very different from the wavelength band selected. It is known
that radiation exiting from a monochromator is often contaminated with minute
quantities of scattered or stray radiation. Usually, this radiation is due to reflection
and scattering by the surfaces of lenses, mirrors, gratings, filters and windows. If
the analyte absorbs at the wavelength of the stray radiation, a deviation from Beer-

Lambert law is observed similar to the deviation due to polychromatic radiation.
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iv.  Since UV-visible spectrophotometer is based on electronic transition, the

absorption spectrum of the sample changes with the change in pH of the solvent.

2.5 Microwave Dissolution

Anton Paar multiwave-3000 system has been employed to dissolve the highly refractory
materials such as dysprosium titanate and alumina in the present work. Microwaves are
the form of electromagnetic radiation with wavelength ranging from one meter to one
millimeter; with frequency between 300MHz (100cm) and 300GHz (0.1cm). Microwave
promotes the rotation of specific molecules in a reaction mixture. This rotation results in

increased molecular collisions and generation of heat.

* Dipole rotation

= Conduction » lon conduction

|
= Convection J

(a) (b)
Fig 2.16: Sample dissolution by: (a) Conduction and convection heating and (b)

microwave heating
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The acid solutions have the capability to interact with microwaves and generate heat. In
the conventional conductive heating, the heat is passed through the vessel walls prior to
reaching the reactants, which depends upon vessel material thermal conductivity. On the
other hand, microwave heating is independent of vessel material thermal conductivity.
Figure 2.16 shows how the conventional conduction heating and microwave heating

works. Microwave rotor and lip-type seal vessel are as shown in Figure 2.17.

Lip-type seal vessel

Vessel cap

» The cap ie simply screwed on by
hand.

Safety disk

» Along-life melal salely disk prolecls
the vessel in case of overpressure.

Lip-type seal

caling, no risk of
nd high overpressure
tolerance.

Liner

» Chemically incrt and clean: made of
high-purity PTTC-TTM.

Pressure jacket

Fig. 2.17: Microwave rotor and high pressure vessel

Microwave-heating techniques are now widely used in many applications of chemical
engineering including organic/inorganic synthesis [160-163].

2.6 Matrix separation Methodologies

There are various methods available to separate the matrix from the analyte. In the
present work solvent extraction, ion chromatography and precipitation method have been

used to separate the matrix. The details of these methods are given below :
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2.6.1 Solvent Extraction

In the solvent extraction method a solute is distributed between two immiscible liquid
phases. Typical diagram of solvent extraction process is given in Figure 2.18. At
equilibrium condition, the ratio of the concentration of the solute in the two phases will be
constant and is called as distribution coefficient (Kg). If the Ky value is large, the solute

will tend towards quantitative extraction into solvent 1 (organic phase).

_[Al

e (18)

where [A]:1 is concentration of a solute in its single definite form in the liquid phase 1,

and [A], is concentration of same form in the other phase 2.

[Alx

Organic Phase

[Al2 Kyq

Agueous Phase

Fig. 2.18: The distribution of a solute between aqueous and organic phase
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In practice one measures the distribution ratio (D) defined as the ratio of the total
concentration of a solute in the liquid phase 1, regardless of its chemical forms, to its total
concentration in the other liquid phase referred as 2. If phase 1 is organic and phase 2 is
aqueous then D is given as:

_ [A] org

D= AL, =

e (19)

Where [A]org is the total concentration of A in the organic phase and [A]aq is that in
aqueous phase.

D is independent of volume ratio. However, the fraction of the solute extracted will
depend on the volume ratio of the two solvents. If a larger volume of organic solvent is
used, more solute must dissolve in this layer to keep the concentration ratio constant so as
to satisfy the distribution ratio. The percentage of solute extracted into organic phase is
given by

[A] orgVorg
[A] org Vorg + [A]AqVAq

%E = X100.................... (20)

Where Vg and Vaq represent volume of organic and aqueous phase respectively. From
equations 19 and 20 we could get the relation between %E and D as:

100D

D + 21

Vorg

Often quantitative extraction is not accomplished in a single extraction step even while

using an efficient extraction reagent. Extraction can be increased by increasing the
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volume of solvent. However, quantitative extraction is most efficiently carried out in
batch extraction mode which involves performing multiple extractions with smaller
portions of the same volume of solvent. The amount of solute (W,) left in aqueous phase
(Vaqg) after “n” multiple batch extractions with organic solvent can be derived from eq.

(21) as,

V n
We=we|—2% | . (22)
a DVyrg + Vg

Where W° is initial amount of solute present in aqueous phase, and n is number of
extractions. In the present work the major element (U in U-Zr alloy and in UsSi,) has
been extracted from the aqueous phase using solvent extraction method, for matrix free
analysis of trace elements by ICP- MS.

2.6.2 lon Exchange chromatography

lon exchange chromatography (IEX) is used to separate molecules on the basis of
differences in their net surface charge. Molecules vary considerably in their charge
properties and exhibit different degrees of interaction with the column material according
to differences in their overall charge, charge density, and surface charge distribution.

An IEX column comprises a matrix of spherical particles substituted with ionic groups
that are negatively or positively charged. Some functional groups substituted onto a
chromatographic matrix determine the charge of the IEX medium, that is, a positively
charged anion exchanger or a negatively charged cation exchanger. The matrix is usually
porous to give a high internal surface area. The medium is packed into a column to forma

packed bed.
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The majority of the ion exchange resins manufactured in the world today are based on the
polymer, styrene, cross linked with divinylbenzene (DVB). Resin properties may be
significantly varied by changing the amount of DVB cross linking agent, which alters the
porosity of the finished ion exchange resin. Following the formation of the
styrene/divinylbenzene copolymer, functionalization of the polymer structure is done to
convert the polymer into an ion exchange resin. Functionalities added to the copolymer
include sulfonate, quaternary amine, and tertiary amine groups.

The first step in IEX method is the equilibration of the stationary phase to the loading
conditions. When equilibrium is reached, all stationary phase charged groups are bound
with exchangeable counter ions. Counter ions (salt ions) used in IEX are generally Na*
for cation exchange and CI” for anion exchange.

The second step is sample loading and washing. The goal in this step is to bind the ions of
interest and wash out all unbound material. Uncharged molecules, or those with the same
charge as the ionic group, pass through the column at the same speed as that of effluent.
When all the sample has been loaded and the column washed with loading solvent so that
all nonbinding molecules have passed through the column, conditions are altered in order
to elute the bound ions

A final wash with high ionic strength buffer regenerates the column and removes any
molecules still bound. This ensures that the full capacity of the stationary phase is
available for the next run. The column is then re-equilibrated with loading solvent before

starting the next run. A systematic diagram of steps has given in Figure 2.19.
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Counter ions

Analyte ions

Matrix io

Anionic
functional groups

Step 1: Conditioning  Step 2: Loading  Step 3: Matrix elution Step 4: Regeneration

Fig. 2.19: Steps in a ion exchange column chromatography

The sorption characteristics of uranium(V1) on strongly basic anion-exchange resins from

hydrochloric acid are extensively reported in the literature [164]. Many elements, such as

those in Groups I, 11, and part of 11, the rare earths, and thorium, do not adsorb at any
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HCI concentration. The transition metals show varied adsorption which is often
dependent on hydrochloric acid concentration. Thus, many schemes for separating
uranium from these elements are possible. Molybdenum(V1) adsorbs on the anionic resin
in the hydrochloric acid medium. Hence in the U-Mo alloy matrix, both U and Mo
elements were spontaneously separated using an anion exchange resin (tertiary
ammonium chloride form of AG 1X4 ) from the trace impurities. Chemical structure of

tertiary ammonium chloride with styrene and DVB is given in Figure 2.20.

(1L

/ ----——CH—CH,—— CH—CH,—----
/ ‘
\ \
-+--——CH,— CH—----
\ CH,N*(CH),CI

Fig. 2.20: Strong base resin in the form of tertiary ammonium chloride
The ion exchange separation is free from organic waste, hence it is very useful for the

routine sample analysis of U-Mo alloy.

2.6.3 Precipitation method
Selective precipitation of matrix element is a common method for analysis of trace

elements. Matrix separation and pre-concentration of trace elements using precipitation
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method has been reported [165- 169]. In the present work trace amount of rare earth
elements have been precipitated from the aluminum matrices. Aluminum and rare earth
hydrolyzed in sodium hydroxide solution, but in presence of excess sodium hydroxide
solution the aluminum formed soluble sodium aluminates and separated from the rare
earth after filtering through the Whtamann 542 filter paper. The method has validated
using a standard addition technique. The details has given in chapter 7.
2.7 Gravimetric method of major matrix analysis
Gravimetry includes all analytical methods in which the analytical signal is a
measurement of mass or a change in mass. When the signal is the mass of a precipitate,
we call the method precipitation gravimetry. If signal is based on deposition of analyte
as a solid film on an electrode in an electrochemical cell called as electro-gravimetry. If
the analyte is removed as a volatile species, using thermal or chemical energy the method
is called volatilization gravimetry. For an accurate gravimetric analysis it is essential
that the measured signal (whether it is a mass or a change in mass) should be proportional
to the amount of analyte in our sample. A systematic diagram of precipitation gravimetry
is given in Figure 2.21.
Sequential steps involved in gravimetric precipitation are:

I.  Preparation of the sample solution

il.  Precipitation process

iii.  Filtration
iv.  Washing
v. Drying
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vi.  Igniting

vii. ~ Weighing
viii.  Calculation
[ ) Suitable for weighing
Elements T
We want \/
to detect
these, Pure | If
know > Transformation > Stable Not
how form
much i
they are

Radicals

Treat Chemicall

Fig. 2.21: A systematic diagram for precipitation gravimerty
In precipitation gravimetry an insoluble compound forms when we add a
precipitating reagent, or precipitant, to a solution containing the analyte. All precipitation
gravimetric analysis share two important attributes. First, the precipitate must be of low
solubility, of high purity, and of known composition if its mass is to accurately reflect the

analyte’s mass. Second, the precipitate must be easy to separate from the reaction
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mixture. Physical nature of precipitates will be determined by rates of nucleation and
particle growth. If rate of nucleation >> rate of particle formation, then colloidal
precipitates form which absorb impurity and also it does not settle easily. Particle size of
precipitate is inversely proportional to the relative super-saturation of the solution during

precipitation. Von Weimarn defined the relative super saturation (RSS) as:

Where, Q is the solute's initial concentration and S is the solute's concentration at
equilibrium [170]. A solution with a large, positive value of RSS has a high rate of
nucleation, producing a precipitate with many small particles. When the RSS is small,
precipitation is more likely to occur by particle growth than by nucleation.

After precipitation and digestion of the precipitate, it is separated it from solution by
filtering. The most common filtration method uses filter paper, which is classified
according to its pore size and ash content on ignition. Ash less Whatmann filter papers are

generally used.

To provide accurate results, the solubility of the compound precipitated must be minimal.
Typically accuracy desied in a quantitative analysis, is better than £0.1%, which means
that the precipitate must account for at least 99.9% of the analyte. Extending this
requirement to 99.99% ensures that the precipitate’s solubility does not limit the accuracy
of a gravimetric analysis. The loss due to solubility is minimized by carefully controlling
the conditions under which the precipitation is carried out. In addition to having a low

solubility, the precipitate must be free from impurities. Because precipitation usually
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occurs in a solution that is rich in dissolved solids, the initial precipitate is often impure.
These impurities must be removed before determining the precipitate’s mass.

(1) One common impurity is inclusion. A potential interfering ion whose size and charge
is similar to a lattice ion, may substitute into the lattice structure, provided that the
interferent precipitates with the same crystal structure The probability of forming an
inclusion is greatest when the concentration of the interfering ion is substantially greater
than the lattice ion’s concentration. An inclusion does not decrease the amount of analyte
that precipitates, provided that the precipitant is present in sufficient excess. Thus, the
precipitate’s mass is always larger than expected.

An inclusion is difficult to remove since it is chemically part of the precipitate’s lattice.
The only way to remove an inclusion is through re-precipitation. After isolating the
precipitate from its supernatant solution, it is dissolved by heating in a small portion of a
suitable solvent. it is then allowed to cool, reforming the precipitate. Because the
interferent’s concentration is less than that in the original solution, the amount of included
material is smaller. The process of re-precipitation is repeated until the inclusion’s mass is
insignificant. The loss of analyte during re-precipitation, however, can be a significant

source of error.

(i) Occlusions form when interfering ions become trapped within the growing
precipitate. Unlike inclusions, which are randomly dispersed with- in the precipitate, an
occlusion is localized, either along flaws within the precipitate’s lattice structure or within

aggregates of individual precipitate particles. An occlusion usually increases a
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precipitate’s mass; however, the mass is smaller if the occlusion includes the analyte in a
lower molecular weight form than that of the precipitate.

Occlusions can be minimized by maintaining the precipitate in equilibrium with its
supernatant solution for an extended time. This process is called digestion. During
digestion, the dynamic process of solublization-precipitation, in which the precipitate
dissolves and reforms, ensures that the occlusion is re-exposed to the supernatant
solution. Because the rates of dissolution and re-precipitation are slow, there is less
opportunity for forming new occlusions.

(iif) After precipitation is complete the surface continues to attract ions from solution.
These surface adsorbates comprise a third type of impurity and can be minimized by
decreasing the precipitate’s available surface area, which can be done by digesting a
precipitate Surface adsorbates can also be removed by washing the precipitate, although
the potential loss of analyte cannot be ignored.

(iv) Another type of impurity is an interferent that forms an independent precipitate under
the conditions of the analysis. This can be minimized by carefully controlling the solution
conditions. If an interferent forms a precipitate that is less soluble than the analyte’s
precipitate, the interferent can be first precipitated and remove by filtration, leaving the
analyte behind in solution. Alternatively, one can mask the analyte or the interferent to
prevent its precipitation.

The scale of operation for precipitation gravimetry is limited by the sensitivity of the
balance and the availability of sample. To achieve an accuracy of +0.1% using an

analytical balance with a sensitivity of £0.1 mg, we must isolate at least 100 mg of
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precipitate. Precipitation gravimetry is usually limited to major or minor analytes. The
analysis of trace level analytes or micro samples usually requires a micro-analytical
balance. For a macro sample containing a major analyte, a relative error of 0.1-0.2% is
routinely achieved. The major limitations are solubility losses, impurities in the
precipitate, and the loss of precipitate during handling. For any precipitation gravimetric
method the following general equation relating the signal (grams of precipitate) to the
absolute amount of analyte in the sample is applied;
grams precipitate = k x grams analyte

where Kk, the method’s sensitivity, is determined by the stoichiometry between the
precipitate and the analyte. The advantage offered by gravimetric analysis are:

(i) Itis accurate and precise when using modern analytical balances.

(i) Possible sources of error readily checked, since filtrates can be tested for
completeness of precipitation and precipitates may be examined for the presence
of impurities.

(ii)It is an absolute method, i.e. it involves direct measurement without any form of
calibration being required.

(iv) Determinations can be carried out with relatively inexpensive apparatus; the most
expensive items are muffle furnace and sometimes platinum crucible.

Disadvantage:
I.  Time consuming process
ii.  Lack of selective precipitants

lii.  Waste generations
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Chapter 3

Determination of trace and ultra trace impurities in uranium silicide (UsSi,) nuclear

fuel employing ICP-MS
3.1 Introduction

Till late seventies the research and test reactors worldwide were using high enriched
uranium (HEU>85%U?*) plate type dispersion fuel elements, generally consisting of
UAI (mainly UAIs) or UsOg dispersed in aluminum matrix and with Al-alloy clad [171].
Nuclear proliferation and diversion are the biggest threats to civilization, and hence, the
use of highly enriched uranium which falls in the category of weapons-grade material, has
been restricted. In 1978, the Reduced Enrichment for Research and Test Reactor
(RERTR) program was initiated by the U.S. Department of Energy for the conversion of
worldwide research and test reactor cores from HEU to low enriched uranium-based
(LEU <20% *U) fuels [172]. Since then it has become an international norm for both
designing fuels for new reactors and for replacing the existing cores with low enriched
uranium fuel.

In order to compensate for the reduced fissile content in LEU-based fuel (meat) extensive
research and development programs have been pursued for the exploration of a fuel with
maximum metal density [173-175]. Though metallic uranium (U) can provide the highest
achievable uranium density, its poor irradiation performance and low melting point
restricts its application as a high burn-up fuel [176]. The most widely accepted technical

solution to overcome this limitation is the use of uranium silicide (U3Si,) fuel dispersed in
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an aluminum (Al) matrix. UsSi; was found to perform extremely well even at high burn-

ups (19-98% of **U in LEU) with U densities up to ~5.0 g cm™.

In 1955, the father of Indian nuclear program, Dr. Homi Jahangir Bhabha conceptualized
a pool type reactor using high enriched uranium fuel. The reactor, built with indigenous
effort, attained first criticality on August 4, 1956 and this event marked the beginning of
the success story of Indian nuclear programme. On January 20, 1957, the reactor was
dedicated to the nation and named as Apsara by Pandit Jawaharlal Nehru. The maximum
thermal neutron flux at the rated power (IMW) of the reactor was about 1x10"*n/cm2/sec
[177]. The Apsara reactor has been used extensively to carry out research in a number of
areas in basic sciences, production of radioisotopes, neutron radiography, detector testing,
shielding experiments, material characterization etc. The reactor has contributed
enormously towards training young scientists and engineers. Considering the long service
period extending over fifty three years, the reactor has been shut down in June, 2009 and
decommissioned.

In the new research reactor, nuclear research facility (NRF), coming up at Trombay,
reactor core will consist of low enriched uranium (LEU) in the form of U3Si;, dispersed in
aluminum matrix as fuel. The core is surrounded by beryllium oxide (BeO) reflectors.
The maximum thermal neutron flux is expected to be 6.1x10" n/cm?/sec. The higher
neutron flux will facilitate production of isotopes for applications in the field of medicine,
industry and agriculture. In addition it will provide enhanced facilities for neutron

activation analysis, neutron radiography and shielding experiments. The salient features
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of the NRF reactor are given in Table 3.1 [174]. The reactor core configurations is given

in Figure 3.1.

For safe and smooth reactor operation, chemical quality control (CQC) of every nuclear
material is essential. The presence of some trace metallic and non-metallic elements in the
nuclear fuel can affect the optimum performance of a reactor [38,178]. These trace
elements which get incorporated in nuclear fuel either from the precursors or during

various fuel fabrication steps, need to be quantified precisely and accurately.

Table 3.1 Salient Features of the NRF at Trombay [180]

Reactor type Pool type

Thermal Power 2 MW

Maximum Thermal Neutron Flux 6.1 x 10" n/cm2/sec
Maximum Fast Neutron Flux 1.3 x 10" n/cm2/sec

Maximum Thermal Neutron Flux in 4.4 x 10" n/cm2/sec

reflector region

Fuel Plate type UsSi; dispersed in aluminium
matrix

Loading density of Uranium 4.3 gm/cc

Reflector Beryllium Oxide

Coolant / Moderator Demineralised water

Shutdown system Fast acting Hafnium shut-off-rods
Shutdown core cooling Natural convection
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Fig.3.1 Core configuration of new nuclear research facility [8]

The available methods for the determination of trace metallic elements in various nuclear
materials are inductively coupled plasma mass spectrometry (ICP-MS) [40-43, 179],
inductively coupled plasma atomic emission spectrometry (ICP-AES) [45, 180], flame
atomic absorption spectroscopy (FAAS) [46,47], ion chromatography (I1C) [48, 49], etc.
Among all these techniques, ICP-MS is the most versatile multi-elemental technique with
rapid analysis, high sample throughput, long linear calibration range, low detection limit,
and fewer spectroscopic interferences, etc. [181-184]. For ICP-MS analysis, it is
recommended to analyze solutions with total dissolved solid content < 0.1%. Whenever
the analyte concentration in the matrix is in the trace/ultratrace level, it is necessary to

separate the matrix prior to quantification by ICP-MS as dilution alone may bring down
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the analyte concentration below the detection limit of the instrument. In the present work
a matrix separation procedure was developed for quantitative separation of thirteen
elements (B, Cd, Co, Cr, Cu, Dy, Eu, Gd, Mg, Mn, Ni, Sm, and V) from the U3Si, matrix,
followed by their quantification by ICP-MS.

The matrix element, silicon (Si), was removed as its volatile compound (SiF;) in the
presence of HNOs/HF. This process was carried out in the presence of mannitol to
prevent loss of boron [185, 186]. The other matrix element, uranium, was separated by
conventional solvent extraction using tri-n-butylphosphate (TBP) in carbon tetrachloride
(CCly). The raffinate was analyzed by ICP-MS employing the external calibration
technique. The method was validated by recovery studies by standard addition technique
in the spiked samples due to lack of certified reference materials (CRMs). The separation
procedure was cross validated by an independent tracer technique by adding carrier-free
'Cr and #'** Eu tracers before any chemical treatment and finally analyzing the
raffinate by gamma spectrometry. Three real UsSi, samples were analyzed for trace and
ultra-trace elements by the developed method.

3.2 Experimental Section

3.2.1 Instrumentation

Inductively Coupled Plasma Mass Spectrometry (ICPMS)

An inductively coupled plasma-orthogonal acceleration time of flight mass spectrometer
(ICP-0a-TOF-MS), Model Optimass 8000R (GBC, Australia), was used for the
determination of trace and ultra-trace elements in UsSi; matrix. Details of the

instrumental and operating parameters are given in Table 2.2.
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Table 3.2: Optimized operating conditions of ICP-MS

ICP-MS parameters Values
RF power 1200 W
Frequency 27.2 MHz

Plasma gas flow rate 11.0 L min—1
Auxiliary gas flow rate  0.60 L min—1

Nebulizer gas flow rate 0.75 L min—1

Sample uptake rate 0.5 mL min—1
Measurement mode Dual (PC/analog)
Acquisition time 5s

Nal (TIl) gamma spectrometer

A 37X3” Nal (TI) well-type detector coupled to a Multichannel Analyzer (Electronic
Corporation of India Limited) was used to study the percentage recovery of the tracers
(°'Cr and #**** Eu) in the final raffinate. The detector has a resolution of 46.2 keV
(FWHM) at 661 KeV. Activities of **Cr and ******* Eu were monitored using 320 keV and
122 keV, v lines respectively.

3.2.2 Reagents and Solutions

Suprapur® HNO; and HF (Merck), TBP (Merck), and CCl, (Merck) were used for

sample preparation. De-ionized water, obtained from a Milli-Q® system (18MQ c¢m) was
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used for dilution. The ICP standards of 1000 mg L™ (BDH) were diluted appropriately to
prepare multi-element standard solutions. Two radio tracers, namely, >'Cr and *****Ey,
were obtained from the Board of Radiation and Isotope Technology (BRIT), India.
Eppendorf® micropipettes, Nalgene® PP measuring flask and funnels, and Teflon® PFA
beakers were used throughout the experiment.

3.2.3 Dissolution and Matrix Separation

About 1.0 g of U3Si, was taken in a Teflon beaker with 10 mL concentrated HNO3 and 1
mL of 100 mg L™ manitol solutions. The mixture was then placed under an IR lamp, and
concentrated HF was added drop-wise until the solution became clear. The solution was
then evaporated to near dryness and brought into 10 mL 4M HNO3; medium. The typical
diagram of dissolution of the sample is given in Figure 3.2. Uranium was then separated
from the solution by three contacts with 20 mL 30% TBP in CCl, (O/A = 2). The raffinate
was again evaporated to near dryness and made up to 25 mL volume in 1% (v/v) HNO3

medium for ICP-MS analysis.

Fig.3.2 photographs of dissolution apparatus in fume hood

79



3.2.4 Choice of isotopes

In mass spectrometric analysis, selection of a suitable isotope is necessary so as to have
better sensitivity, low detection limit, and minimum or no isobaric/polyatomic
interferences. The isotopes of the elements chosen for our study are listed in Table 3.3,
along with their natural abundances and possible interferences.

Table 3.3 List of isotopes monitored during mass spectrometric analysis

Monitored Nuclides Abundance (%) Possible Interferences

g 80.2

ed 28.73 48n, ¥Mo'°0, *Ru*0
»Co 100

2Cr 83.8

%cu 69.17 “ITi**0

183py 24.97 4'sm'°0

B3ey 52.2 ¥7Ba'*0

*"Fe 2.2

10Gd 21.86 1Nd™*0, Hsm*®0, *°Dy
“Mg 78.9

>Mn 100

ONj 26.1

%25m 26.7 1%2Gd,**Ba™'N

Sy 99.75 --
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3.2.5 Recovery Studies using Standard Addition Technique

Almost equal amounts (~1.0 g) of a real U3Si, sample from the same batch were taken in
four Teflon beakers. One of these was considered as a sample blank, and standard
addition was carried out in the other three samples. Individual 1000 mg L™ elemental
standards of the analytes were added to the samples after appropriate dilution. The matrix
elements (U and Si) from these aliquots were separated. The separated solution was made
up to known volume with 1% HNOs3 for quantification of trace elements by ICP-MS.
3.2.6 Gamma spectrometry study

The separation of trace amounts of rare earth and transition elements was studies using
radiotracers, >*Cr and *******Eu. These were added in the samples and after separation the
aqueous solution were analyzed by Nal(TI) based scintillation gamma-spectrometry. One
stock solution of each tracer was prepared by adding the tracer to the individual solution
containing natural Cr and Eu, respectively. The specific activities of these solutions were
in the range 1.0-3.0 x 10° CPM mL™. The concentration of the chromium solution was 25
g mL™ and that of europium was 1 pg mL™. A 0.25 mL aliquot of these stock solutions
was mixed in a counting tube, and the volume was made up to 2.5 mL with 4M HNO3
which would serve as reference. Then, 1 mL stock solution of both tracers was mixed
with ~1.0 g of UsSi, and chemically treated in the same manner as discussed earlier.
Finally, the raffinate was made up to 10.0 mL in 4M HNO3; medium. In a counting tube,
2.5 mL of this solution was taken, and both the counting tubes (reference and sample)

were counted for °1Cr at 320 keV and for 2"*Ey at 122 keV.
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3.3 Results and discussion:

The real U3Si, samples were first qualitatively analyzed by ICP-MS which revealed the
presence of only 12 elements (B, Cd, Co, Cr, Dy, Eu, Gd, Mg, Mn, Ni, Sm, and V)
having specifications in the nuclear fuel. Other elements like Cu and Fe which have
specifications in the fuel, but not detected in the real samples, were also considered in the
recovery studies. The developed separation procedure ensures quantitative recoveries of
the 13 elements (B, Cd, Co, Cr, Cu, Dy, Eu, Gd, Mg, Mn, Ni, Sm, and V) and reduces the
total U matrix content to < 20 pg mL™ thereby yielding a decontamination factor of ~ 10°,
For the determination of iron, intensity at mass number 57 was monitored due to the
presence of isobaric interferences at mass number 54 (“°Ar**N) and 56 (*’Ar*°0).
However, due to the low abundance of *'Fe, the results were highly irreproducible and
hence, iron is not reported.

The quantitative removal of Si as its volatile fluoride compound was confirmed by
monitoring the separated solutions. The existing ICP-MS has interference at mass 28
(*®Si*) due to the formation of molecular ion (**C'®0") at the same mass. Therefore, Si in
the separated solution was quantified by ICP-AES. In the ICP-AES analysis, it is found
that only trace amount of Si remains after volatilization. Since boron also form volatile
boron triflouride (BF3) in presence of hydrogen fluoride. Mannitol was added prior to the
sample dissolution step to prevent loss of boron on heating and the consequent HF
addition step . The formation of an ester between either B(OH)3 or BF4(Lewis acid) and
the mannitol (Lewis base) causes the retention of B in the solution [187]. Addition of HF

was done slowly to remove most of the Si as silicon tetrafluoride (SiF;) because in the
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presence of excess HF, SiF, gets converted into water soluble hexafluoro silicic acid
(H2SiFs).

A 10 pg L* solution of individual analytes, which are responsible for polyatomic
interferences on the monitored isotopes was analyzed. It was found that other than oxide
ions of Ba and rare earth elements, the signals for other poly- atomic species were less
than the detection limit. It has been reported in the literature that in the case of REEs the
oxide ion formation yield (MO*/M") of the interfering species, relevant to the present
study, are very low [188]. Therefore, considering the low concentration of REES (present
in the sub-ppm range) and no detectable Ba in UsSi,, the individual analyte intensities
were only considered without applying any polyatomic interference correction equations.
It can be seen that only **Cd, '*°Gd, and '°2Sm have isobaric interferences from ***Sn
(0.65%), Dy (2.34%), and ?Gd (0.2%), respectively. The intensity of '®Sn
(abundance = 24.22%) was monitored in actual sample solutions and was found to be the
same as that of the blank value. Since the blank-corrected intensities were considered for
every element throughout the analysis, the interference of ***Sn on *Cd was
consequently taken care of. The interference of Dy and *°Gd on '*°Gd and *°2Sm,
respectively, was taken care of by applying the following interference correction

equations:

|aCt 160Gd — |0bs 160 — (Iact 163Dy X 234/2497) ............ (1)

and
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|aCt 152Sm = |(Jbs 152 — (Iact 158Gd X 02/2484) ............. (2)

where I°* and 1°™ are the actual intensity of the analyte and the observed intensity at a
particular mass number, respectively.

3.3.1 Method validation by Standard Addition Technique

Because of the unavailability of matrix-matched CRMs containing the analytes of
interest, recovery studies by standard addition were applied for method validation using a
real sample of UsSi,. Individual analyte standards of all the elements of interest were used
in the standard addition method and their concentration was varied near their specification
limit in the fuel. These specification limits were arrived at by the experience gained from
the fuel performance of thermal and research reactors. Analysis of the four solutions, one
of which was considered as sample blank and the other three spiked with different
concentrations of the analytes, by ICP-MS results in > 92% recovery for the 13 individual
analytes, as shown in Table 3.4. The precision indicated in the table is the overall
precision calculated by propagation of error, taking into account both the external (N=3)
as well as the internal (N=10) standard deviation.

Table 3.4 Results of Recovery Studies using ICPMS (Sample Amount: ~ 1.0 g, Vol. = 25

mL, and N = 10)

Analytes Specification Limit Amount Added Amount Found Recovery

(Mg g™ (1g) (1g) (%)
B 5 0 1.92+0.07 =
25 4.44+0.14 10146
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Cd

Co

cr?

cu?

Dy

10

25

50

10

10

20

12.5

25

50

25

50

100

6.75+0.22

11.7+0.4

1.08+0.08

1.96+0.11

3.92+0.20

4.46+0.13

9.55+0.32

14.4+0.8

24.3+0.6

14.2+0.6

26.8+1.1

38.1+1.6

64.2+2.4

ND

26.3+1.4

49.5+2.1

97.3+3.1

ND

0.92+0.4

2.04+0.10

2.92+0.12

9745

98+4

108+7

98+6

98+5

102+7

99+8

99+6

101+10

96+7

100+5

101+10

96+7

100+5

92+4

102+5

97+4
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Eu

Gd

Mg?

Mn

Ni®

Sm

<3

50

10

25

<3°

25

50

100

10

20

12.5

25

50

ND

1.00+0.05

1.98+0.06

3.10+0.16

ND

1.10+0.10

2.040+0.13

2.95+0.18

15.4+0.42

39.5+1.2

64.7+2.0

115.2+3.2

2.83+0.14

7.65+0.33

12.6+0.5

22.7+0.7

12.4+0.56

24.6x1.1

37.2+1.4

62.6+£2.3

0.28+0.02

0.76+0.04

100+5

99+3

103+5

11049

102+6

98+6

96+5

99+4

100+3

96+7

98+5

99+4

98+10

99+6

100+5

96+9
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2 1.77+0.06 99+4

3 3.25+0.13 100+5
\% 10 0 6.60+0.20 ---

5 11.3+0.3 94+7

10 16.9+0.5 103+5

20 26.4+0.8 99+4

*Determined by further diluting 1 mL of the solution into 10 mL
"Total rare earth element concentration should be less than 3 ng gt

ND: Not detected

To enhance our confidence in the separation procedure, recovery studies were also
carried out by an independent tracer technique. The results of this exercise are shown in
Table 3.5 where it can be seen that the recovery of both Cr and Eu is > 97%, thereby cross
validating the proposed method for transition metals and REEs.

3.3.2: Recovery Studies by y-Spectrometry Employing **Cr and ******Eu Tracers
Recovery study by y-spectrometry is a unique technique to validate any proposed
separation procedure as it permits no blank correction on the spiked amount. However,
unavailability or restricted availability of radiotracers limits the applicability of this
technique. In our case, we used *'Cr and *?**>*Eu tracers to validate the separation as
representative for transition and rare earth elements. Each sample was counted for 60
seconds and counting repeated for 10 times. The results of the recovery studies are listed

in Table 3.5.
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Table 3.5 Results of Recovery Studies by y-Spectrometry (N=10, 60 s Counting)

Sample  Counts for >’Cr Recovery Counts for ®*"™*Eu  Recovery

code (at 320 keV) (%) (at 122 keV) (%)
Reference 35776+248 55010+250
Sample-1  34854+160 97+1 54130+170 08+1
Sample-2 346944200 97+1 54500+200 99+1
Sample-3 349004225 98+1 53900+250 98+1
Sample-4 34540180 97+1 54710+300 100+1
Sample-5 34750+210 97+1 54020+280 98+1

3.3.3 Detection limits

Both the instrument detection limits (IDLs) and the method detection limits (MDLS) were
determined for all 13 elements as per the reported procedure [189-191]. The IDLs were
obtained by analyzing the 1% (v/v) pure HNO3 solution. For the MDL determination, the
discussed separation procedure was followed exactly in the absence of the sample, and
the solutions were analyzed by ICP-MS. The IDLs and MDLs are tabulated in the Table
3.6.

Table 3.6 Instrumental detection limit (IDL) and method detection limit (MDL) of All the

Analytes (N=5)

Analyte IDL (ngL™) MDL (ug kg™)

B 700 200

Cd 40 10
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Co 30 25

Cr 75 8

Cu 42 51
Dy 10 20
Eu 6 10
Gd 14 24
Mg 20 25
Mn 25 15
Ni 200 60
Sm 20 30
Vv 25 10

3.3.4 Analysis of the real uranium silicide samples

Three real UsSi, samples were analyzed by the proposed method, and the results are listed
in Table 3.7. It can also be seen from this table that all of the 13 elements are present well
below their respective specification limits in the fabricated fuel. The relative standard
deviation (1) of the analytes in these samples varied between 3—-9%.

Table 3.7 Results of Analysis of Three Real U;Si, Fuel for Metals by ICP-MS

Elements Sample-1 (ugg?) Sample-2 (ug g*) Sample-3 (ugg™?)

B 2.23+0.12 1.84+0.08 2.45+0.14
Cd 0.13+0.01 “‘BDL 0.16+0.01
Co 4.84+0.1 7.34+0.22 6.85+0.6
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Cr 10.5+0.5 13.7+0.6 12.6+0.3
Cu BDL BDL BDL

Dy BDL 0.33+0.02 0.54+0.02
Eu 0.27+0.2 0.23+0.01 0.37+0.02
Gd BDL 0.16+0.01 0.12+0.01
Mg 13.5+0.4 11.6+0.5 12.7+0.4
Mn 3.47+0.1 2.92+0.15 4.67+0.20
Ni 17.5+0.6 10.7+0.4 13.6+0.6
Sm 0.66+0.02 0.35+0.02 BDL

\Y 3.62+0.2 4.54+0.22 3.53+0.12

“BDL: Below Detection Limit

3.4 Conclusion

The proposed method effectively separates all 13 elements (B, Cd, Co, Cr, Cu, Dy, Eu,
Gd, Mg, Mn, Ni, Sm, and V) from the U3Si, matrix, which could then be quantified
precisely and accurately by ICP-MS. The developed separation procedure reduces the
matrix concentration to < 20 mg L™ in the final solution for ICP-MS analysis. The
methodology was validated by the standard addition technique, using ICP-MS, with
recoveries of > 92% for all of the elements of interest. An independent tracer technique
was also used to cross validate the method. Three real UsSi, samples were analyzed by
this developed procedure. The method provides a simple and efficient way of analyzing

trace and ultra trace elements in U3Si, fuel.
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Chapter 4

Quantification of Trace Metallic Impurities in U-Mo Alloy using ICP-MS

4.1 Introduction

As part of non proliferation of nuclear materials, various nuclear reactors which were
using very high U enrichment are being switched over to fuels of lower U-enrichment.
However, the resultant loss of power is compensated by raising the fuel densities. Several
types of fuels, such as intermetallic and alloys, are being studied which can provide high
density of U [192-194]. Two forms of U-Mo alloy fuel have been irradiation-tested in the
US GTRI (Global Threat Reduction Initiative) in order to qualify this fuel for the
conversion of research and test reactors from highly enriched uranium (HEU) to low
enriched uranium (LEU). One form, (dispersion fuel) consists of fuel particles dispersed
in an aluminum matrix and the other, (monolithic fuel) is of solid alloy fuel foil directly
bonded to aluminum cladding. The geometry for both fuel forms is a thin plate.
Schematic cross sectional view of dispersed and monolithic fuel is given in figure 4.1.
U-Mo alloy, as a potential fuel for research and test reactors, generally has stable
irradiation performance as long as fission product-induced swelling is concerned. Up until
very high burnup, fission gas bubbles are small and predictable at temperatures of

interest, which are below ~250 °C.

Low-enriched uranium alloys with 6 to 12 wt. % of Mo are under consideration in Indian
nuclear program as very high density fuels. Alloying Mo with uranium stabilizes uranium

in the y-phase, which is preferred owing to the advantages related to better
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accommodation of fission products and swelling behavior. Reported studies show that the
maximum y-phase stabilization can be achieved with 10% Mo in the U-Mo alloy [178,

195,196].

Fuel particle Fuel meat Fuel foil
| v /
= ¥
e
| "\
Al matrix ﬁﬁhl—alloy Al-alloy
cladding cladding
(a) Dispersion fuel form (b) Monaolithic fuel form

Fig. 4.1: Schematic cross sectional view of U-Mo fuel

There are a number of factors which need to be considered for realizing the designed
performance of the nuclear fuel inside the reactor. The fabricated fuels before their final
use should be certified for presence of various impurities. Owing to the deleterious effects
associated with these trace impurities their maximum limit is specified [182, 197- 199].
Boron, cadmium and some rare earth elements (Sm, Eu, Gd, Dy) have very large neutron
absorption cross sections and can affect the neutron economy. Low melting elements such
as zinc, if present, may cause liquid metal embrittlement (LME), alter the fuel structure,
which in turn may lead to failure. On the other hand, refractory elements, such as
tungsten, may cause “creep resistance” resulting in clad damage. Elements, which get
incorporated in nuclear fuel either from the precursors or during various fuel fabrication

steps, need to be quantified precisely and accurately.
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Various methods are available for the determination of trace metallic elements in various
nuclear materials, viz., inductively coupled plasma mass spectrometry (ICP-MS) [40-43],
inductively coupled plasma atomic emission spectroscopy (ICP-AES) [188], ion
chromatography (I1C) [48] etc. As discussed in chapter 3 Among all these techniques,
ICP-MS is the most versatile multi-elemental technique with rapid analysis, high sample
throughput, wide linear calibration range, low detection limit, and fewer spectroscopic
interferences, etc. [194-196].

The Mass spectrometry technique cannot be used for samples having high matrix
concentration. For ICP-MS analysis it is recommended to analyze solutions with total
dissolved solid content < 0.1%. Such samples require a pre-analysis matrix separation
procedure, which can reduce or eliminate the matrix. The matrix under study contains U
and Mo. Several studies are reported where solvent extraction is used to separate the U
matrix [200-206]. Similarly organic extractants like Cyanex-923 and oxime (8-diethyl-7-
hydroxydodecane-6-oxime) have been used for separating Mo [207-209]. Though the
solvent extraction methods have been used successfully, they are laborious, time
consuming and involve large volumes of organic solvents, especially when the method is
employed on routine basis. It is also possible to separate Mo matrix by precipitation
[210], uranium by hydrolytic precipitation or by formation of yellow cake [211, 212].
However, for the matrix under study, use of two different methods for U and Mo, will be
cumbersome. It is also important to consider that the separation method should not affect

the recovery of analytes. In view of the complexities associated with two different
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methods for separation of U and Mo and also to minimize the losses in the recovery of
analytes, it was decided to develop a method for simultaneous separation of U & Mo.
Various reports suggest that the, U and Mo can form chloride complexes, which are
anionic in nature [213, 214]. The anionic complexes formed with chloride have been
utilized for separation of U [215, 216] and Mo [217, 218] separately. It is possible to have
a medium where both U and Mo form anionic chloride complexes, which can be
separated simultaneously from the matrix. In the current work, anion exchange separation
is investigated for simultaneous separation of U and Mo, from the various analytes.
Recovery studies are carried out to understand the loss of analytes.

4.2 Experimental Section

4.2.1 Instrumentation

The Inductively Coupled Plasma - orthogonal acceleration- Time of Flight Mass
Spectrometer (ICP-oa-TOF-MS), Model Optimass 8000R (GBC, Australia) discussed in
chapter 3 was employed for quantification of trace and ultra trace elements in U-Mo
alloy. Details of the instrumental and operating parameters are given in Table 4.1.

Table 4.1: Optimized operating conditions of ICP-MS

ICP-MS parameters Values
RF power 1200 W
Frequency 27.2 MHz

Plasma gas flow rate 11.0 L min—1
Auxiliary gas flow rate  0.60 L min—1

Nebulizer gas flow rate 0.75 L min—1
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Sample uptake rate 0.5 mL min—1
Measurement mode Dual (PC/analog)

Acquisition time 5s

4.2.2 Chemicals and Solutions

Bio-Rad AG® 1X4, chloride form, 200-400 mesh (Bio-Rad) was used for the ion
exchange separation studies. Supra-pure HNO3z and HCI (Merck) were used for sample
preparation. De-ionized water having resistivity 18MQ.cm (Milli-Q™ system, Millipore)
was used for dilution. The ICP standards of 1000 mg L™* (BDH) were diluted
appropriately to prepare multi-element standard solutions. Eppendorf® micropipettes,
Nalgene® PP measuring flask and funnels, and Teflon® PFA beakers were used
throughout the experiment.

4.2.3 Preparation of anion exchange column

Approximately 2.0 gram resin, AG 1X4 (capacity 1.2 meg/ml resin bed), was mixed with
de-ionized water to make slurry. It was filled in the column (OD-4.0 cm, 1D-3.9 cm, and
hight-20.0 cm) to give a resin height of approximately 10 cm as given in Figure 4.2. To
ensure a uniform resin bed, about 15 mL of water was placed in the column, and the resin
was drawn from the column into the weight-burette and then released. The resin was
allowed to settle in the column. This helped to remove any air bubbles formed during
loading of the resin, and allowed the resin beads to settle uniformly in the column. The

resin bed was conditioned by adding 30 mL 4 M HCI. Glass wool was placed at the top of
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the resin bed to prevent the resin from being disturbed during the addition of reagents.

The average flow rate measured was 1.0 mL/min.

Fig.4.2 A photograph of anion exchange column

4.2.4 Preparation of Synthetic Samples

Due to non-availibity of Certified Reference Material (CRM), synthetic samples, having
90% of uranium and 10% of molybdenum in solution form, were prepared after
dissolving high purity uranium and molybdenum metal.

4.2.5 Dissolution of U-Mo alloy

In HNO3; medium the sorption of matrix elements (U & Mo) is not sufficient in the
anionic resin column. Chloride medium required to bring U and Mo in the anionic form.
Therefore, the alloy was dissolved in HCI medium.. Dissolution of U-Mo alloy in conc.
HCI only takes longer time; therefore few drops H,O, were added. The solution was
repetitively evaporated near to dryness with addition of 4M HCI, and finally made up-to

mark in 25ml class-A volumetric flask using 4M HCI.
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4.2.6 Column studies

The solutions were passed through the anion exchange column preconditioned with 4M
HCI. Three bed volumes of 4M HCI were passed through the column to ensure attainment
of equilibrium. The collected solution was evaporated and dissolved in 1% HNO; for
estimation of un-retained elements using ICP-MS. The column was re-generated using
1M HNO3; and 4M HCI before loading new sample.

4.3 Results and discussion

4.3.1 Retention Study of U and Mo

For the desired separation of matrix from the trace impurities it is important to optimize
the separation procedure such that the matrix is retained completely on the column and
the analytes are recovered in the eluent. It is reported that retention of U and Mo, on
anion exchange column increases with increasing HCI concentration and the conditions
are optimum at 9 M HCI for U [219] and 4 M HCI for Mo [217, 218]. On the other hand
some of the analytes of interest may also form anionic complexes with chloride at higher
concentration of HCI, in view of this 4 M HCI was chosen for the anion exchange column
separation experiments.

Initially column studies were carried out to understand the capacity of the column for
dissolved U and Mo separately. The U or Mo sample was loaded to the column, and their
presence in the eluent was observed using reported spectrophotometry method for U
[220] and ICP-MS for Mo. The experiments were repeated by gradually increasing the
loaded sample mass. It was observed that upto 125 mg of U and 120 mg of Mo could be

loaded separately on the column without detecting their presence in the eluent.

97



Similar experiment was performed using synthetic U-Mo sample. The experiment showed
upto 120 mg loading of the sample with the concentration of U and Mo in the eluent
being below the detection limit of the methods used. However on loading of additional 10
mg (U+Mo) sample, traces of U were found in the eluent. These observations helped in
optimizing the maximum sample loading (~120mg) possible during the actual matrix
separation experiments.

4.3.2 Retention of analytes

With the optimized conditions required for complete retention of matrix experiments
were carried out to determine the recovery of 52 different analytes. The column was
loaded with a standard solution containing different elements (200 ppb each). The
recoveries of different elements studied are indicated in the Table 4.2.

Table 4.2: Retention studies of 52 elements (each having 200 ppb) in the absence of

matrix
Recovery Analytes
(%)
90-100 Ba, Ce, Cr, Co, Cs, Cu, Dy, Eu, Er, Gd, Hf, Ho, La, Lu, Mn, Mg, Nd,
Ni, Pr, Rb, Sc, Sm, Sr, Th, Tm, V, W, Yb, Zr
75-90 Al, As, Ir, Pb,Rh, Y
25-50 Nb, Se and Zn
<10 Ag, Au, Bi, Cd, Fe, Ga, Ge, Hg, Os, Pd, Pt, Re, Ru, Sb, Sn, Ta, Ti
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The column experiment was further repeated with standard solution containing analytes
(200 ppb each) and U- Mo (equivalent to alloy concentration of 1 mg/ml). This time the
recovery was checked by performing standard addition method. In addition to recovery
study the standard addition method also helped in validating the method. Table-4.3 shows
that thirty three elements (Al, As, Ce, Cr, Co, Cs, Cu, Dy, Eu, Er, Gd, Hf, Ho, La, Lu,
Mg, Mn, Nd, Ni, Pb, Pr, Rb, Rh, Sc, Sm, Sr, Th, Tm, V, W, Y,Yb, and Zr) were
quantitively separated from the matrix, whereas, twenty one elements (Ag, Au, Ba, Bi,
Cd, Fe, Ga, Ge, Hg, Ir, Nb, Os, Pd, Pt, Re, Ru, Sb, Se, Sn, Ta, and Zn)) were retained
significantly on the column. The precision indicated in the table is the overall precision
obtained by propagation of errors, taking into account both the external (triplicate sample,
N=3) as well as the internal ( no. of ICP-MS analysis of each sample, N=10) standard
deviation.
Table 4.3 Recovery of trace elements in synthetic U-Mo Sample

(Sample Amount =0.1g, Volume=25mL, N=10)

Elements Added (ug) Determined (ug) Recovery (%)

Al 0 17.53+1.41 --
5 21.83+1.97 86.0+10.4
10 26.52+2.52 89.9+11.2
15 31.42+3.10 92.6+11.8
As 0 2.85+0.15 --
5 7.15+0.21 86.0+5.2
10 12.06+0.45 92.1+5.9
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Ce

Cr

Co

Cs

Cu

Dy

15

10

15

10

15

10

15

10

15

10

15

17.25+0.69

0.27+0.01

4.15+0.08

8.43+0.13

13.08+1.01

2.86+0.10

6.87+0.15

11.43+0.27

16.24+1.12

0.39+0.02

4.38+0.09

8.74+0.25

13.31+1.05

0.28+0.01

4.11+0.06

8.45+0.23

13.03+1.10

6.33+£0.23

11.15+0.38

16.08+0.45

21.23+¥1.21

0.27+0.01

96.0+6.3

77.6%3.2

81.6+3.3

85.4+7.3

80.2+3.3

85.7+3.6

89.2+6.9

79.8+4.4

83.5+4.9

86.1+8.1

76.5+3.0

81.7+£3.7

85.2+7.8

96.4+4.8

97.5+4.5

99.3+6.7
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Eu

Er

Gd

Hf

Ho

10

15

10

15

10

15

10

15

10

15

4.62+0.10

9.45+0.25

14.30+1.05

0.22+0.01

4.35%0.10

8.79+0.18

13.59+1.12

0.36+0.03

4.22+0.26

8.71+0.52

13.65+1.01

0.23+0.01

4.30+0.21

8.82+0.51

13.96+0.85

0.23+0.01

4.54+0.22

9.20+0.58

14.00+0.91

0.33+0.04

4.21+0.19

86.9+3.7

91.8+4.1

93.5+7.7

82.6+4.2

85.7+4.3

89.1+8.4

80.0+8.3

84.9+8.7

89.5+9.9

81.4+5.3

85.9+6.2

91.5+6.8

86.1+5.6

89.7+6.9

91.8+7.2

77.5%£10.0
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La

Lu

Mg

Mn

Nd

10

15

10

15

10

15

10

15

10

15

10

15

8.31+0.52

12.62+1.01

0.25+0.01

4.11+0.22

8.23+0.51

12.66+0.95

0.24+0.01

4.54+0.25

9.02+0.55

14.01+0.88

2.85+0.15

7.53+0.29

12.30+0.57

17.41+£1.15

4.27+0.32

9.24+0.65

13.98+0.61

19.22+1.21

0.22+0.01

4.20+0.28

8.57+0.53

13.11+1.09

79.8+10.9

81.9+11.9

77.2+7.4

79.8+8.1

82.749.1

85.9+5.9

87.8+6.5

91.8+6.9

93.6+6.1

94.5+6.6

97.148.2

99.4+10.2

97.1+8.4

99.7+9.8

79.6+6.4

83.5+6.4

85.9+8.1
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Ni

Pb

Pr

Rb

Rh

Sc

10

15

10

15

10

15

10

15

10

15

10.24+0.49

14.46+0.82

19.36+1.01

24.65%1.58

0.62+0.06

4.38+0.35

8.26+0.74

12.14+1.33

0.24+0.01

4.23+0.25

8.67+0.58

13.25+0.79

0.30+0.02

4.05+0.27

8.05+0.65

12.32+1.11

0.28+0.03

4.13+0.30

8.06 +0.71

12.21+1.31

0.32+0.03

4.15+0.35

84.4+6.3

91.2+6.5

96.1+7.7

75.249.4

76.4+10.1

76.8+11.2

79.8+5.8

84.3+6.6

86.7+6.3

75.0£7.1

77.548.1

80.1+9.0

77.0+£9.9

77.8+10.8

79.5%+12.1

76.6+9.7
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Sm

Sr

Th

Tm

10

15

10

15

10

15

10

15

10

15

10

15

9.35+0.86

14.19+1.21

0.22+0.01

4.35+0.28

9.65+0.63

14.81+1.18

0.34+0.03

4.12+0.29

7.94+0.65

11.95+1.18

0.24+0.02

4.96+0.33

10.10+0.61

14.95+1.11

0.24+0.02

4.65+0.26

9.61+0.59

14.15+1.18

0.49+0.03

4.25+0.25

8.11+0.62

12.24+1.21

90.3+11.9

92.5+11.7

82.6+6.5

94.3+5.1

97.3+8.9

75.6+8.5

76.0+9.1

77.4+10.2

94.4+10.1

98.6+10.2

98.1+10.9

88.2+8.9

93.7£9.7

92.7+10.6

75.246.4

76.2+7.5

78.3+10.8
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W 0 5.70 +£0.46 --
5 9.45 +0.76 75.0+£8.5
10 13.52 +1.49 78.2+10.7
15 17.64+1.78 79.6+10.3
Y 0 0.38+0.04 --
5 4.20+0.27 76.4+9.4
10 8.19+0.59 78.1+10.0
15 12.41+1.17 80.2+11.3
Yb 0 0.22+0.03 --
5 4.34+0.28 82.4+12.4
10 9.01+0.53 87.9+13.1
15 13.95+1.19 91.5+14.7
Zr 0 5.63+0.29 --
5 9.43+0.71 76.0+6.9
10 13.36+1.05 77.3£7.3
15 17.62+1.65 79.9+8.9

Recovery of the nineteen elements was < 10%, therefore results not tabulated. Reports
shows that these elements (Fe, Zn [221], Pd [222], Bi [223], Cd [224], Au [225], Nb, Ta
[226,227], Ir [228], Os [229], Pd, Pt [230], Re [231], Ru [232], Sb [233], Se [234], Sn
[235], Ag [236], Ga [237], and Ge [238] ) formed strong anionic complexes in presence

of hydrochloric acid and get absorbed in the anionic resin. On the other hand, thirty-three
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elements, have a good recovery because either they do not form anionic complexes or
have very small distribution coefficient. On the basis of the reports, it could be said that
the spread in the recoveries is due to their different affinity with anionic resin in the given
conditions [239-242].

4.3.3 Study of Isobaric Interferences

The instrument was optimized on daily basis and stability of plasma was studied after two
hours ignition of the plasma. Spectroscopic interferences due to isobaric and polyatomic
ions were corrected according to the reports [243, 244]. Considering the low
concentration of REEs (present in sub-ppm range) and no detectable Ba in U-Mo alloy,
the individual analyte intensities were only considered without applying any polyatomic
interference correction.

4.3.4 Detection limit

Most analytical instruments produce a signal even when a blank (matrix without analyte)
is analyzed. This signal is referred to as the noise level. The instrumental detection limit
(IDL) or limit of detection (LOD), is the analyte concentration that is required to produce
a signal greater than three times the standard deviation of the noise level. The IDL is
determined using 1% supra pure HNO3 solution. It is analyzed ten times and the standard
deviation is calculated. The method detection limit (MDL) is defined as the minimum
concentration of a substance that can be measured and reported with 99% confidence that
the analyte concentration is greater than zero and is determined from analysis of the
sample in a given matrix containing the analyte. It is determined using the standard

solution having 2.5 to 5 times the values of the LOD for the analytes. It is mixed with 5.0
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ml supra pure concentrated HCI (i.e. the amount of acid used in dissolution of 0.1g

sample) , evaporated, and the residue is re-dissolved in 10 ml 4M HCI. This solution

passed through the anion exchange column and additional 20 ml 4M HCI used to collect

the analytes. Finally, it is evaporated to dryness, and dissolved in 10 mL 1% HNO; for

ICP-MS analysis. Standard deviation (o) of ten analysis is used to calculated the MDL of

the analytes. The procedure has reported somewhere in [245]. The IDLs and MDLs are

tabulated in Table 4.4.

Table 4.4 Instrument detection limit (IDL) and Method detection limit (MDL) of all the

analytes (N=10)

Elements IDL(ngL™) MDL(ug Kg?) Elements IDL(ngL") MDL(ug Kg™)

Al

As
Ce
Cr

Co
Cs
Cu
Dy
Eu
Er

Gd

Hf

200

150

15

100

20

120

150

10

20

10

30

10

15

Nd
Ni
Pb
Pr
Rb
Rh
Sc
Sm
Sr,
Tb
T

\%

10

80

30

10

50

50

25

7

50

10

20

25

1

3
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Ho 25 1 W 100 5

La 10 2 Y 50 )
Lu 15 2 Yb 25 2
Mg 75 10 Zr 100 10
Mn 30 2

4.3.5 Analysis of Real Samples

Analysis of real samples of different lots was carried out following the methodology
described above. The flow diagram for the final optimized procedure is given in Figure
4.4. The results are given in the Table 4.5. As is evident from the table, the concentrations
of trace metallic impurities are well below the specification limit for ASTM nuclear grade
uranium metal specification. The fabrication procedure for U-Mo alloy has been
developed. The trace metallic impurity concentrations determined in different lots by this
method will help in understanding the lowest possible impurities during the fabrication.
This in turn will help in deciding the specification limits of trace metallic impurities for
the alloy.

4.4 Conclusion

Anion exchange separation was used for the simultaneous separation of U and Mo from
the analytes. It was possible to recover 33 analytes (Al, As, Ce, Cr, Co, Cs, Cu, Dy, Eu,
Er, Gd, Hf, Ho, La, Lu, Mg, Mn, Nd, Ni, Pb, Pr, Rb, Rh, Sc, Sm, Sr, Th, Tm, V, W,
Y,Yb, and Zr) from the sample quantitatively. The chromatography separation procedure

is simple, fast, and cheap; it can be employed for routine analysis of U-Mo samples. The
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generation of organic and radioactive liquid waste is reduced significantly. The method

was successfully employed for the analysis of trace impurities in several real samples.

Pre-weighted U-Mo

Dissolve in conc HCI

Acidity adjusted to 4 M

Matrix Separation

Analytes collection and
[0)

Analysed by ICP-MS

it

Fig. 4.3: Systematic diagram for the analysis of U-Mo alloy

Table 4.5: Trace element concentrations in the U-Mo Samples of different lots (in pg/g)

Elements Sample!l  Sample Il  Sample 11l
Al 220.6+19.5 159.4+7.8 183.5+9.5
As 99+12  153+09  1.5+0.2
Ce 26+0.16 0.20£0.01 <BDL

Cr 28.8+23 36.3t1.6  23.8+0.6
Co 3.9+0.3 <BDL <BDL

Cs 28+0.2 <BDL <BDL

109



Cu
Dy
Eu
Er
Gd
Hf
Ho
La
Mg
Mn
Nd
Ni
Pb
Pr
Rb
Rh
Sc
Sm
Sr
Th

Tm

63.7+5.1

22+0.2

2.3+0.2

3.7+0.3

24+0.2

23%0.2

3.4+0.3

2.5+0.2

28.7+1.7

42.9+3.0

2.2+0.2

103.2+6.2

83.8+7.4

2.4+0.2

3.0+0.2

2.7+0.2

3.2+0.2

2.2+0.2

3.2+03

24+0.2

2.4+0.2

7.1+0.6

62.3+3.1

0.3+0.02

<BDL

<BDL

<BDL

7.4+0.3

0.2+0.05

0.2+0.02

18.6+1.0

59.9+6.5

<BDL

73.5£3.1

7.5+0.3

<BDL

<BDL

<BDL

1.8+0.1

<BDL

0.7+0.05

0.06+0.01

<0.01

69.2+3.6

49.6+1.3

0.06+0.01

<BDL

1.0+0.11

<BDL

0.10+0.01

1.5+0.33

<BDL

13.8+0.6

56.3+4.5

<BDL

98.5+5.6

3.2+0.3

<BDL

<BDL

<BDL

1.4+0.1

<BDL

<BDL

<BDL

<0.01

0.6+0.04
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Yb

Zr

75.5+6.9 57.5+2.8 49.5+2.9

3.8+0.3 1.7+0.06 0.1+0.01

2.2+0.2 <BDL <BDL

70.8+6.8 299.5%+154 6.1+0.5

BDL: Below Detection Limit
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Chapter 5

Quantification of trace and ultra-trace impurities in U-Zr alloy using ICP-MS

5.1 Introduction

The metallic nuclear fuels based on U-Zr and U-Pu-Zr alloys are preferred in fast breeder
reactors compared to conventional oxides and carbides owing to their high fissile density,
high breeding ratio, less doubling time, good fuel-clad compatibility, high thermal
conductivity, and inherent passive safety. Fast reactors generally have an excess of
neutrons (due to low parasitic absorption), the neutrons given off by fission reactions can
“breed” more fuel from otherwise non-fissionable isotopes or can be used for other
purposes (e.g. transmutation of spent nuclear fuel) [246]. The most common breeding
reaction is an neutron absorption reaction on uranium-238, yielding ?**Pu as shown in

Figure 5.1.

neutron capture
n

239 B ® —™ Bemission

t1»=23.5 min

® — Bemission

b

~

t1,=2.35 davs

t1,=2.44x10% vrs

Fig.: 5.1 Formation of fissionable ?*°Pu from #8U
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The term “breeder” refers to the types of configurations which provide the breeding ratio

higher than 1. That means such reactors produce more fissionable fuel than they consume.

In India, fabrication and irradiation studies are being pursued in order to develop
metallics fuel based fast breeder reactors (FBR) [247]. Metallic fuels have been used in
nuclear reactors in the past (EBR 1&11 USA) and are also proposed for advanced nuclear
reactors, such as, traveling wave reactor (TWR), fusion-fission hybrid reactor (FFHR),
sodium cooled fast reactors (SFR) etc. [248, 249]. Systematic diagram of sodium cooled
fast breeder reactor is shown in Figure 5.2. In the fast breeder reactors U-Pu-Zr is

proposed as fuel in the main core, with U-Zr as blanket material for breeding

Fast Muclear Reactor

Comt >
Radiation Control Boronised graphite FPump Steam te
Shield Rod Mwclear shield turkimes

Assemhlies

[,

r | 1 I |
Sodium Fuel Fump Breeding Pﬂ.J.:ry Sodiwm Secondary Bailer
Coolant Aszemblies Blanket  heat exchanger heat exchanger Feed
550 C

Fig.5.2 Block diagram of sodium cooled FBRs
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Chemical characterization of nuclear fuels for major, trace and ultra-trace elements is
very important to ensure the desired behavior of fuels during reactor operation. The
elements, whose presence above the specification limit could lead to detrimental effects,
have very stringent specifications [250, 251]. Hence, it is essential to have precise and
accurate knowledge of their concentrations, in the starting raw materials and fabricated
fuel, prior to their loading in the nuclear reactors. Several analytical techniques, i.e.
neutron activation analysis (NAA), graphite furnace atomic absorption spectroscopy
(GFAAS), inductively coupled plasma atomic emission spectroscopy (ICP-AES), total
reflection X-ray fluorescence (TXRF), UV - visible spectroscopy, inductively coupled
plasma mass spectrometry (ICP-MS) etc. are in practice for determination of trace
impurities in the nuclear fuels [39, 252,253]. Each technique has its advantages and
disadvantages. However, the sensitivity and the matrix interference are the two key
elements in determination of trace impurities in uranium based nuclear materials.
Selection of technique depends upon sample size, detection limit, sensitivity, and sample

throughput.

Quantification of 12 elements (B, Ce, Cd, Co, Eu, Dy, Gd, Mn, Nd, Ni, Sm and Th) by
ICP-MS has reported where only one matrix element (uranium) has separated and the
matrix effect due to zirconium has studied using common analyte internal standard
(CIAS) method [94]. This method is tedious and only few elements has analyzed, it is not
suitable for routine analysis. In another ICP-MS report where both matrix elements (U &
Zr) has separated used sequential separation of U and Zr, and only rare earth elements has

reported for analysis [254]. Quantification of 16 elements (Al, B, Cd, Co, Cr, Cu, Dy,
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Eu, Gd, Fe, Mn, Na, Ni, Sm, and Zn) using ICP-AES has reported where high
concentration (7M) of nitric acid is used [100]. Trace amount of chlorine and florine has
determined by ion chromatography (IC) after pyrohydrolysis (PH) of U-Zr and U-Pu-Zr
samples [255]. These reported methods are not suitable for quantification of trace
impurities by ICP-MS. In the present work a method has developed for determination of

trace element impurities in U-Zr.

Owing to the very low detection limit, low spectroscopic interference, high sample
throughput, high sensitivity, and multi-element capability, ICP-MS is the technique of
choice for the trace analysis in U-Zr matrix. However, analysis of trace and ultra-trace
elements with high concentration of matrix elements leads to non-spectroscopic
interference and memory effect, as the sample solution is passed through a fine capillary
of nebulizer, and ions are transmitted to detector through small orifice of sampler and
skimmer cones. The sample solutions having high total dissolved solid (TDS) choke the
capillary of nebulizer, and orifice of sampler and skimmer, which introduce significant
systematic and random error in the measurements. Further, long washing time is required
to remove the memory effect from the matrix elements. Considering these problems it is
important to separate the matrix before the quantification of traces using ICP-MS.

Extraction of wuranium has been reported using dibenzo-24-crown-8 [256]
benzyloctadecyldimethylammonium chloride [225], cyanex-272 [229], cyanex-301 [257],
di-2-ethylhexyldithiophosphoric  acid  [228], N,N’-dihexanoylpiperazine [258],
dicyclohexyl-18-crown-6 [259], octaethyltetraamidopyrophosphate [260], 1-(4-tolyl)-2-

methyl-3-hydroxy-4-pyridone [261], tri-butyl phosphate [262], tri-n-octyl phosphine
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oxide [227, 226] etc. Similarly extraction of zirconium has been reported using aliquat-
336 [263], tri-2-ethyl hexyl amine [264], cynax-923 [265], tri-butyl phosphate [266], tri-
n-octyl phosphine oxide [267, 268] etc. For the matrix under study both U and Zr are to
be separated. It is important to have a single solvent extractant which can separate both
the species present in the sample simultaneously. As listed above, TBP can be used for
both U and Zr. However the experimental conditions required for the complete separation
are different for U and Zr. It is also possible to utilize the synergistic solvent extraction
procedure, where more than one extractant are used simultaneously as discussed in a
review by R.Sarkar et al. [269]. TBP is used in PUREX process for separation of uranium
from nitric acid medium, while TOPO is known to extract Zr from HCI medium [302,
303]. In the present work simultaneous extraction of U and Zr was investigated using a
combination of tri-n-butyl phosphate (TBP) and tri-n-octyl phosphine oxide (TOPO). A
detailed study was carried out to optimize the experimental conditions for simultaneous
extraction of U and Zr, leaving the impurities in the solution. The trace analysis of sample
prepared using the developed separation method was carried out by ICP-MS and due to
the unavailability of certified reference material (CRM) of U-Zr, validation was carried

out using standard addition method.

5.2 Experimental

5.2.1 Instrumentation

An inductively coupled plasma - orthogonal acceleration- time of flight mass
spectrometer (ICP-0a-TOF-MS), model optimass 8000R (GBC, Australia) was employed

for the quantification of trace and ultra trace elements in U-Zr alloy. Details of the
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instrumental operating parameters are chapter 2. A 3’X3’” Nal(TI) well-type detector
coupled to a multichannel analyzer (Electronic Corporation of India Limited) was used to
validate separation procedure using **>***Eu as tracer. Details of the spectrometer are
given in chapter 2. Eppendorf® micropipettes, Nalgene® PP measuring flask, and
separating funnels, and Teflon® PFA beakers were used throughout the experiment.

5.2.2 Chemicals and Solutions

TBP (Merck), TOPO (Aldrich), toluene (SRL), supra-pure HNO3 and HCI (Merck) were
used for solvent extraction and preparation of the sample. De-ionized water having a
resistivity of 18MQ.cm (Milli-Q™ system, Millipore) was used for dilution.The ICP
standards of 1000 mg L™ (BDH) were diluted appropriately to prepare multi-element
standard solutions.

5.2.3 Preparation of Aqueous and Organic Medium

The aqueous phase medium was optimized to be a mixture of 4M HCI and 4M HNO:s.
The final volume was made up to 100ml using water. In general, the concentration of
TBP and TOPO is expressed in percentage (v/v) and molar (M) values respectively.
Therefore, organic phase was prepared by adding weighed amount of TOPO to 30%
TBP( in toluene) so as to make the TOPO concentration as 0.1 M.

5.2.4 Preparation of Synthetic Solutions

Due to non-availability of certified reference material (CRM) for U-Zr alloy, a synthetic
solution of U-Zr was prepared. Nuclear grade Uranium and Zirconium metals were

dissolved separately and mixed together, so as to prepare working standards of
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concentration 94 mg mL™ U and 6 mg mL™Zr. Aliquots of this solution were spiked with
known amount of trace elements in this study.

5.2.5 Dissolution of U-Zr alloy

U-Zr could be dissolved in concentrated HCI and HNOs, however the dissolution was
slow. 100 mg of U-Zr alloy took around 1-1.5 hours for the complete dissolution in HNO3
medium, which was accelerated by addition of a few drops of HF. On completion of the
dissolution HF was removed by repetitive evaporation of solution to near dryness with
addition of HNO3-HCI (4M) solution. Finally, the dissolved sample was made in HNO3-
HCI (4M) medium for solvent extraction studies.

5.2.6 Separation of Matrix Elements

In order to develop a solvent extraction based separation procedure, a detailed study was
carried out using TBP and TOPO. For the separation studies toluene was selected as the
diluent. Many authors have used carbon tetrachloride as diluent [100, 254], however, it is
carcinogenic and aids in ozone depletion [271, 272]. Further, it forms CCl;.2TBP with
TBP, which decreases the extraction efficiency due to decrease in effective concentration
of TBP in organic phase. Experiments were performed in fume hood using separating
funnels. The volume of aqueous and organic phases taken for the equilibration was 5 ml
each.

5.2.6 Aqueous Phase Analysis

After the separation the aqueous phase was evaporated near to dryness and re-dissolved in

1% HNO; to a known volume. Zr and trace elements were determined by ICP-MS
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whereas U was determined by spectrophotometric method using Arsenazo-lll as a
chromogenic agent [244].

5.3 Results and discussion

5.3.1 Extraction of Zr from HCIl and HNO3; Medium in TBP

The extraction of U in TBP is reported to increase with increasing concentration of
hydrochloric acid, with the appearance of third phase (at Uranium concentrations > 1M)
at 5M HCI, [273]. In the PUREX process, the extraction of U is carried out from 4M
nitric acid in 30% TBP. Therefore it was important to know the extraction of Zr in TBP in
the conditions suitable for U extraction.

A set of separation studies were carried out where, Zr was extracted from varying
concentration of HCI or HNOs, in 30% TBP. For acid concentration of 7M, the extraction
in both the acid media increases upto 60% (Figure 5.3a). Extraction of zirconium in high
concentration of HNO3 (>8M) with TBP has been reported [274], but excess nitrate
concentration promotes the formation of un-extractable anions of uranium such as
[UO2(NOs)s]” [275]. Further, at higher concentration of HNO3; (>5M), probability of
extraction of trace analytes increases [276, 277]. Though both U and Zr can be extracted
in the TBP, the conditions required for their individual satisfactory extractions are
different.

5.3.2 Extraction of Zr in TOPO

In case of TOPO, U extraction from HNO; (4-5M) medium is nearly quantitative (~95%),
however for the quantitative extraction of Zr, HCI medium is required. Therefore detailed

studies were carried out to optimize the conditions for mixture of acids (HNO3; and HCI)
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and that of the extractants (TBP and TOPO). Extraction of zirconium in TOPO was
studied individually in HNO3; and HCI. The condition was optimized using 1000 pg of
zirconium with varying concentration of HCI, HNO3z and TOPO. The results show that Zr
is extracted up to 99 % at HCI concentration above 4 M HCI (Figure 5.3a), while in
HNO3; medium Zr extraction increased with acid molarity reaching around 25% at 4M
HNOs. In a separate study extraction of Zr from a mixture of HNO3; (4M) and HCI (4M)
to TOPO (concentration varied) was carried out (Figure 5.3b), wherein Zr extraction was

found to be better than 99% at and above 0.1M TOPO.
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Fig.5.3: Percentage extraction of zirconium: (a) with 30% TBP and 0.1M TOPO at
different concentration of HNO3; and HCI and (b) with different concentration of

TOPO at 4M HNO3, 4M HCl and 4M HNO3-4M HCI mixture.

5.3.3 Effect of TBP

In view of the efficient extraction of U in TBP, a set of experiments was carried out by
adding 30% TBP to the above optimized organic phase (0.1M TOPO in toluene).
Synthetic samples of Zr (6 mg) and varying concentration of U (0-125 mg) in HNO3- HCI
(4M) medium were equilibrated with the organic phase. The amount of U and Zr taken
was important because, it represents the U and Zr content in the dissolved U-Zr samples.
The percentage extraction of U and effect of increasing U concentration on Zr extraction

are plotted in Figure 5.4. It was found that extraction of uranium (up to 125 mg) was
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better than 95% as given in Figure 5.4a. On the other hand, the percentage extraction of
Zr was above 97% (lower than 99% observed with only Zr) with increasing uranium

concentration (Figure 5.4b).
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Fig. 5.4: Percentage extraction of U (a) and Zr (b) as a function of metal ion
concentration in presence of varying amount of U

5.3.4 Non Spectroscopic Interference

As a fraction of U (4-5%) and Zr (2-3%) was still present in the aqueous phase with the
trace analytes, it was decided to study the effect of the remaining U and Zr matrix on the
analytes of interest. Literature reports show that moderate amounts (0.01-0.5%) of the
matrix ions can change analyte signal significantly when analyzed by ICP-MS [153,278,
279].

To study the non-spectroscopic matrix effect, a range of samples were prepared with
same concentration of analytes (100 ng mL™ of rare earth and cadmium) and varying

concentration of U-Zr (0, 50, 100, 200, 300, 400, 500, 600, and 700 pg mL™). Each
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sample was analyzed for the trace analytes by ICP-MS. The counts of each samples was
normalized with 100 ng mI™* standard solution without matrix. It was observed that up to
100 pg mL™ of matrix had no significant effect on the analyte signal (Figure 5.5) above
which the normalized (with respect to the sensitivity in absence of matrix) sensitivity

(counts ng™ mI™*s™) decreased significantly
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Fig. 5.5: Variation in sensitivity with matrix concentration

In order to have quantitative separation of matrix (<100 pg mL™) more than one contact
with organic phase was required. The U and Zr content in the aqueous phase after three
contacts were found to be 10 and 0.1 ug mL™ respectively.

5.3.5 Recovery of Analytes

With combination of TBP and TOPO in the organic phase and that of HNO3; and HCI in
the aqueous phase, quantitative extraction was possible for U and Zr. To use this method
for matrix separation it was important to study the recovery of analytes during the

extraction procedure. The recoveries were studied with and without the matrix. In the first
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experiment, 55 elements were studied in absence of U and Zr matrix. Aqueous solutions
containing 100 ppb of individual elements in HNOs-HCI (4M) were equilibrated with
equal volume of 0.1M TOPO and 30% TBP (in toluene). Analysis of the aqueous phase
ICP-MS showed that thirty six elements were quantitatively retained in the aqueous
phase, while the retention was less for the remaining elements as given in Table 5.1.
Further studies are required for improving the retention of these elements in the aqueous
phase to enable there quantification. In the second experiment, the above procedure was
performed in presence of 100 mg synthetic U (94mg) + Zr (6mg) solution. The results
indicated that, the retention of analytes were same as observed without the matrix.

Table 5.1 Retention Studies of 55 Elements (each at 100 ppb) in the Absence of the

Matrix
Retention  Total Elements
(%) elements
95-100 36 Al, Ba, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu, Er, Ga, Gd, Ir, La,

Lu, Mg, Mn, Nd, Ni, Pb, Pr, Pt, Rb, Rh, Ru, Sc, Sm, Sr,Tb,
Te, Tm, V, Y, and Yb

60-70 2 Pd, Sb,
60-30 10 Ag, As, B, Fe, Mo, Nb, Re, Se, Sn, and Zn
<10 7 Hf, Hg, Ho, Li Ta, Ti ,W,

The reports shows that elements such as Ag [280], As [281], B [282], Fe [269], Hg [283],
Hf [284], Li [285], Mo [286], Nb [287], Re [288], Ta [289], Ti [290], W [291], and Zn
[292] have significant extraction in the organic phase with TBP and TOPO, hence
extracted along with the matrix elements (U and Zr). Other elements, such as, Al, Ba, Bi,

Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu, Er, Ga, Gd, Ir, La, Lu Mg, Mn, Nd, Ni, Pb, Pr, Pt, Rb,
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Rh, Ru, Sc, Sm, Sr, Th, Te, Tm, V, Y and Yb [293-299] have very small extraction in
hydrochloric acid medium with TBP and TOPO. Reports shows that these elements
formed anionic species in presence of chloride medium, therefore, do not extracted with
TBP and TOPO.
5.3.6 Standard Addition Method for Validation
The separation method was validated by standard addition method. Four aliquots of the
synthetic U-Zr solutions (1.0 ml) were taken in HNO3-HCI (4M). In the three aliquots
multi-element standards of 36 elements (Al, Ba, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu, Er,
Ga, Gd, Ir, La, Lu, Mg, Mn, Nd, Ni, Pb, Pr, Pt, Rb, Rh, Ru, Sc, Sm, Sr, Th, Te, Tm, V,
Y and YD) were added, each element having 1, 2 and 5ug and one aliquot was taken as
such. The matrix elements (U&Zr) were separated following the developed procedure and
retention of analytes in aqueous phase was studied. The instrument was externally
calibrated using six multi-element standards having concentration in the range, 50-750 ug
LY ™°In was used as internal standard to monitor any drift during analysis. ICP-MS
analysis shows that these analytes were retained in aqueous phase quantitatively (>90%).
The recovery results are listed in Table 5.2.

Table 5.2: Recovery of Trace Elements in Synthetic U-Zr Sample

(Sample Amount =0.1 g, Volume=25 mL, N=10)

Elements Added (ug) Found (ug) Recovery (%)

Al 0.11+0.01 ---
1.10+0.04 99.0+9.7

1.94+0.11 91.5+9.8

aa N = O

498 +£0.19 97.4+9.6
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Ba

Bi

Cd

Ce

Co

Cr

Cs

N PO O N P O O N PO O NP O O NP, O O NP, O O N+, O

0.12+0.01
1.10+ 0.04
2.1+0.09
5.05+0.21
1.1+0.05
2.05+0.15
3.08+0.25
5.89+0.25
BDL
1.00+0.04
1.95+0.15
4.89+0.25
0.10+0.007
1.08+0.04
2.05+0.10
5.08+0.20
0.11+0.01
1.09+0.05
1.99+0.09
5.10+0.20
2.90+0.15
3.85+0.25
4.89+0.31
7.87+0.55
0.10+0.008
1.09+0.05
2.05+0.10

99.0+9.0
98.0+9.4
98.6+9.2
95.0+7.0
99.0+9.2
95.8+6.1
99.0+4.0
97.0 +7.6
976 +5.1
98.0+ 7.7
97.5+8.3
99.6 +8.0
98.0+£9.9
94.0+£9.5
99.8+9.9
95.0+79
99.5+8.1
99.4 +8.6

99.0+9.1
97.5+09.1
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Cu

Dy

Eu

Er

Ga

Gd

O OO N B O OO N PB O OO N P O O N PP O OO N kP O OO NN P O O

4.95+0.25
2.91+0.13
3.90+0.25
4.92+0.30
8.00+0.60
BDL
0.98+0.09
1.95+0.15
4.99+0.45
0.10+0.006
1.12+0.03
1.99+0.11
5.14+0.22
BDL
0.95+0.09
1.96+0.15
4.85+0.40
0.3+0.02
1.25+0.09
2.21+0.14
4.98+0.27
BDL
1.0+0.02
2.01+0.10
4.99+0.20
BDL
0.95+0.08

97.0+9.2
99.0+7.7
100.5+ 7.6
101.8 +£8.9
98.0+9.2
975+75
99.8+9.0
102.0 £6.2
94.4+7.7
100.8 + 7.4
95.0+9.5
98.0+7.5
97.0+8.0
95.0+9.3
95.5+8.8
93.6 +8.0
98.0+5.0
99.5+4.9
99.4+4.0

95.0+84
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Ho

La

Lu

Mg

Mn

Nd

Ni

o O NP O O NP O O NP O O NP, O O NP, O O NP o OoN

2.01+0.17
4.91+0.48
BDL
0.93+0.07
1.91+0.18
4.85+0.41
BDL
0.95+0.08
1.89+0.16
4.86+0.41
BDL
0.97+0.09
1.90+0.15
4.95+0.45
2.6+0.16
3.55+0.28
4.52+0.31
7.54+0.56
1.80+0.15
2.75+0.25
3.77+0.35
6.70+0.65
BDL
0.98+0.07
1.93+0.15
4.95+0.35
4.51+0.24

100.5+8.5
98.2+9.6
93.0+7.5
95.5+9.0
97.0+8.5
95.0+84
945+8.0
97.2+84
97.0+9.0
95.0+7.5
99.00+ 9.0
95.0+8.5
96.0+8.4
98.8 +9.5
95.0+ 7.4
985+ 7.7
98.0+8.1
98.0+7.1
97.5+7.5
99.0+7.1
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Pb

Pr

Pt

Rb

Rh

Ru

g N P, O O NP O O NP O O NP o OO NP o OO NP, o O NPk

5.49+0.30
6.48+0.35
9.44+0.55
0.65+0.05
1.59+0.11
2.56+0.19
5.61+0.35
BDL

0.98+0.05
1.91+0.11
4.89+0.25
BDL

0.89+0.08
1.78+0.15
4.55+0.48
BDL

0.91+0.08
1.86+0.15
5.12+0.49
BDL

0.98+0.09
1.95+0.15
5.10+0.45
BDL

0.93+0.08
1.88+0.16
4.98+0.42

98.0+7.5
98.5+9.2
98.6 +7.8
940+ 9.7
95.5+8.0
99.2+9.8
98.0+5.1
955+5.6
97.8+5.1
89.0 £9.0
89.0+ 7.5
91.0+9.6
91.0+8.0
93.0+7.5
102.4 +9.8
98.0 £9.0
975 = 75
102.0+ 9.0
93.0+8.6
94.0+8.0
99.6+8.4
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Sc

Sm

Th

Te

Tm

N O O N P O O N P O O N P O OO N P O O N B O O N +—» O

BDL
0.95+0.09
1.85+0.17
4.51+0.45
BDL
0.98+0.05
1.92+0.10
4.89+0.26
BDL
0.92+0.07
1.88+0.11
4.79+0.27
0.51+0.02
1.48+0.15
2.41+0.13
5.39+0.29
BDL
0.91+0.09
1.85+0.16
4.80+0.42
0.10+0.005
1.08+0.05
2.06+0.11
5.01+0.25
0.25+0.02
1.22+0.07
2.21+0.12

95.0+£9.5
92.5+8.5
90.2+9.0
98.0+5.1
96.0+5.2
97.8+5.3
92.0+7.6
94.0+5.8
95.8+5.6
97.0+8.1
95.0+6.3
97.6+6.5
91.0+£9.9
92.5+8.0
96.0+8.6
98.0+6.8
98.0+7.2
98.2+6.9
97.0+£9.5
98.0+£9.5
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5.21+0.31 99.2+9.9
Yb BDL -

0.95+0.09 95.0+9.4
1.88+0.15 94.0+7.5

4.92+0.48 98.4+9.6

aa NN B O Ol

5.3.7 Study of Isobaric Interferences

The details of elements forming oxides, hydroxides, and doubly charged species which
can cause interference are given in literature [300-302]. Spectroscopic interferences of the
analytes in the present studies is given in Table 5.3. A discussion for correction of such
kind of interferences can be found in [303, 304]. In the reports the metal oxide to metal
ratios, and ratio of doubly charged to singly charged species, have determined. Based on
these procedures the ratios of metal oxide to metal (MO*/M") , double charged to singly
charged (M**/M"), were determined for the interfering elements. For this 10-100 ug L™ of
each element were independently analyzed by ICP-MS and the signal intensities of M,
M, MO" and MOH™ were determined. These signal intensities were used to determined
the ratio as given in Figure 5.6. The ratios were used for correction for spectroscopic
interferences. The mathematical equations were defined for correction, for example, the
signal intensity at mass 114 is given as:

I (m/z 114) = 1 (***Cd) + 1(***3n) + 1 (®*Mo™0) (1)

Rearranging terms we have

I(**Cd) = I(m/z 114) - 1(***Sn) - | (**Mo™®0) (2)
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To figure out the contribution of ***Sn to the signal at m/z 114, we take into account the
natural abundance of both *** Sn and **® Sn and the signal intensity of ** Sn:

1(**sn) = [AC¥sn)/A*ESN)] x 1(*8Sn) (3)
where A is the abundance. Substituting the abundance values we have

1(***Sn) = [0.65/24.23] x 1(**3Sn) (4)

or 1(***sn) = 0.0268 x 1(**33n) (5)
Similarly the contribution of ®*Mo*°0* was calculated as:

1(*®Mo0®0) = [®*M0*0/®*Mo] x 1(*Mo) (6)

or 1(®*Mo*®0) = 0.0019 x 1(**Mo) (7)
Putting the values of ***Sn and **Mo'°0 we get

1(***Cd) = I(m/z 114) -0.0268 x 1(**¥Sn)- 0.0019 x 1(**Mo) (8)
Similarly mathematical equations for other elements was defined and corrections were
incorporated.

Table: 5.3: Spectroscopic interference of the analytes due to isobaric, doubly charged

and oxide species.

Elements Monitored mass (abundance) Spectroscopic Interference
Isobaric Polyatomic

Al 27(100) - -

Ba 138(71.9) 1%8Ce(0.25), ***La(0.09) --

Bi 209(100) -- --

Cd 114(28.9) 1145n*(0.65) ®Mo'®0

Ce 140(88.48) - 12450
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Co
Cr
Cu
Dy
Eu
Er

Ga
Gd

Ho
La
Lu
Mg
Mn
Nd
Pb
Pr
Pt
Rh
Rb
Ru
Sc
Sm
Sr
Tb

59(100)
52(83.79)
63(69.1)
164(28.2)
153(52.2)
166(33.4)

69(60.2)
158(24.5)

193(61.5)
165(100)
139(99.91)
175(97.4)
24(78.8)
55(100)
146(17.19)
208(52.40)
141(100)
195(33.80)
103(100)
85(72.2)
102(31.6)
45(100)
152(26.6)
88(82.5)
159(100)

14Er*(1.56)

138 Ba++

15834+(0.09)

170 EI’++, 170Yb++
192p*(0.96)
902r++

12Gd*(0.21)

176Lu++

43Ca 160

47-|—i 160

148Nd 160

137Ba 160
150Nd160, 1508m160

53Cr16o
142Ce160 142Nd16o
177Hf160

123Sb16o
159-|—b16o

125-|—e160
179Hf160
878r160,868r160H

868r160

136Ba160,136C916O

143Nd16o
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Te

Tm

Yb
Zn

130(33.80)

169(100)
51(99.75)
89(100)
174(31.8)
64(48.9)

1Hf(0.18)
*Ni*(1.16)

114Sn160,114Cd16O

153Eu16o

73G916O

48C3.16O,48Ti16o

90Zr++/90Zr+

0.0043

48TiO/48Ti
47TiO/ATTi
125Te0/125Te
159TbO/159Th
1245n0/124Sn
114Sn0/114Sn
150SmO/150Sm
149SmO/149Sm
148SmO/148Sm
1235b0/123Sh
150NdO/150Nd
148NdO/148Nd
143Nd0O/143Nd
142NdO/142Nd
98M00/98Mo
177THFO/LTTHE
158Gd0O/158Gd
153Eu0/153Eu
158Dy0/158Dy
136Ce0/136Ce
142Ce0/142Ce
114Cd0O/114Cd
137Ba0/137Ba
136Ba0/136Ba

0.007
0.0052
7.57TE-04
0.0109
0.0011
0.0042

0.0063
0.0054

0.0058
6.21E-04
0.0232
0.0255
0.0237
0.0214

6.98E-04
0.0363
0.042

0.0022
0.0035
0.0034

0. 0.0125 0.025 0.0375
Singly charged metal oxide to metal ratio
Fig. 5.6: Experimentally determined MO*/M" ratios and Zr**/Zr* ratio by ICPMS at

0.05

optimized conditions
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5.3.8 Detection Limit

Both the instrument detection limits (IDLs) and the method detection limits (MDLS) were
determined for the analytes of interest as per the reported procedure [305]. The IDLs were
obtained by analyzing the elements in 1% (v/v) pure HNO; solution for all these
elements. For MDL determination, the discussed separation procedure was followed
exactly in the absence of the sample, and the solutions were analyzed by ICP-MS. The
IDLs and MDLs are tabulated in Table 5.4.

Table 5.4: Instrument Detection Limit (IDL) and Method Detection Limit (MDL) (N=10)

Elements IDL MDL
(MgL™) (Mg kg™)

Al 0.2 22.0

Ba 0.7 4.1

Bi 11 2.3

Cd 0.7 2.2

Ce 0.01 14

Co 0.02 24

Cr 0.10 15

Cs 0.12 5.1

Cu 0.15 11.5

Dy 0.01 4.3

Eu 0.01 1.0

Er 0.05 11

Ga 0.26 0.5

Gd 0.01 0.5

Ir 0.01 2.8
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Ho
La
Lu
Mg
Mn
Nd
Ni
Pb
Pr
Pt
Rb
Rh
Ru
Sc
Sm
Tb
Te
Tm

Yb

0.05
0.02
0.02
0.10
0.03
0.01
0.02
0.03
0.01
0.02
0.05
0.05
0.03
0.03
0.01
0.01
0.3

0.02
0.03
0.05
0.03

8.7
0.9
0.7
25.0
6.7
1.9
17.8
3.8
0.7
1.9
1.4
1.0
1.2
14.9
1.5
0.9
6.3
0.9
7.5
1.7
1.3

5.3.9 Validation of Separation Procedure by y-Spectrometry Using °**** Eu Tracer

Recovery study by y-Spectrometry is unique technique to validate any proposed

separation procedure as it does not require any blank correction on the spiked amount. To
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validate the recovery of rare earth elements, ****** Eu tracer was used. The tracer was
mixed with natural europium solution in such a manner that concentration of Eu in stock
solution becomes 1pug mL™. 1.0 mL of the stock solution was taken as reference and 1.0
ml mixed with U-Zr alloy (100mg) after dissolution. The U and Zr matrix was separated
by the optimized solvent extraction procedure and the activity of tracer retained in the
aqueous phase was determined by measuring 344 keV gamma energy in a Nal (TI)
detector. The recovery of tracer was calculated with respect to the reference. The results
of the recovery studies are listed in Table 5.5.

Table 5.5 Result of Recovery Studies by y-Spectrometry (N=10, 60 s Counting)

Sr.No.  Recovery of Eu (%)

Sample-1 98%1
Sample-2 97x1
Sample-3 98%1

5.3.10 Analysis of Real Samples

Analysis of real U-Zr alloy samples of different lots was carried out following the
methodology described above. The flow diagram for the final optimized procedure is
given in Figure 5.5 and the results are listed in Table 5.6.

5.4 Conclusion

A method, based on solvent extraction of major matrix followed by determination of
impurity concentrations using ICP-MS, has been standardized for analysis of trace level

impurities in U-Zr. The solvent extraction method is fast and effective for separation of
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trace elements from the U-Zr matrix. It is found that thirty six elements can be
quantitatively separated from the matrix. The methodology herein proposed led to low
detection limit for quantification of trace and ultra-trace elements for U-Zr alloy (1.0-25.0
Hg L™). The recovery of trace elements in spiked solution is quantitative (91-102.4%).
This method could be used to analyze U-Zr alloy nuclear fuel samples for 36 elements,
namely, Al, Ba, Bi, Cd, Ce, Co, Cr, Cu, Dy, Eu, Er, Ga, Gd, Ir, La, Lu, Mg, Mn, Nd, Ni,
Nb, Pb, Pr, Pt, Rb, Rh, Ru, Sc, Sm, Sr,Th, Te, Tm, V, Y, and Yb, with good accuracy

and precision.

Dissolution of U-Zr alloy
using HNO3z and HCI with
help of few drops of HF

Removal of HF by
repetitive evaporation and
final dissolution in
HNO;-HCI (4M)

Separation of U and Zr by
solvent extraction using
30% TBP-0.1M TOPO

(in Toluene)

Analysis of aqueous phase
for trace elements in 1%
HNO; by ICP-MS

Fig. 5.7: Systematic diagram for analysis of U-Zr alloy
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Table 5.6: Trace Element Concentration in the U-Zr Samples of different Lots (in ug g*)

Elements Sample | Sample 11 Sample I11
Al 960+70 1370+105 650+45

Ba 2.81+1.5 1.77+0.15 1.32+0.11
Bi 1.43+0.10 0.29+0.02 0.22+0.02
Cd 0.63+0.60 0.28+0.02 0.25+0.02
Ce 1.24+0.11 1.36+0.11 0.63+0.06
Co 20.72+1.84 19.47£1.55  0.49+0.05
Cr 3000£150 1100+65 64.0+4.5
Cs 20.0+0.9 15.5+¢1.0 5.0+0.2

Cu 85.16%7.5 272.74+25.5 20.86%2.05
Dy 4.65+0.41 3.04+0.30 3.92+0.31
Eu BDL" BDL BDL

Er 2.44+0.22 2.31+0.21 2.05+0.20
Ga 6.81+0.55 7.37+0.72 0.83+0.08
Gd 0.52+0.05 0.07+0.007  BDL

Ir 0.61+0.06 0.25+0.02 0.26+0.02
Ho 3.86+0.25 3.48+0.31 2.94+0.25
La 0.39+0.04 0.31+0.03 0.05+0.005
Lu BDL BDL BDL

Mg 30.58+2.91  38.15+3.51  37.83%3.33
Mn 301.28+25.5 57.71+4.89  8.82+0.75
Nd 0.47+0.04 0.63+0.06 0.06+0.006
Ni 17324200 4389+450 95.5.0+4.8
Pb 3.15+0.25 2.55+0.21 4.37+0.41
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Pr
Pt
Rb
Rh
Ru
Sc
Sm
Tb
Te
Tm

Yb

0.13+0.01
0.03+0.003
0.78+0.07
0.43+0.04
0.66+0.06
44.96+4.5
0.02+0.002
0.03+0.002
3.68+0.31
0.09+0.009

309.12+30.11

2.03+0.021
0.45+0.04

BDL

BDL
0.23+0.02
0.04+0.004
0.21+0.02
26.44+2.11
BDL

BDL
1.72+0.15
BDL
383.6+£35.55

121.19+10.51

0.13+0.01

BDL

BDL

BDL
0.01+0.001
0.15+0.01
18.26+1.55
BDL

BDL
1.51+0.11
BDL
29.82+2.65
11.41+1.12
BDL
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Chapter 6
Chemical Characterization of Dysprosium Titanate (Dy,TiOs)
6.1 Introduction

Control rods are used in nuclear reactors to control the fission rate. Boron based control
rods are used in several reactors but these control rods are associated with problems like
helium formation and swelling of clad material [101, 306]. In addition, formation of
tritium is possible in case of fast neutrons which impose additional challenges in nuclear
waste management [307]. Significant work has been carried out to explore neutron
absorbing materials which do not swell [32] and produce non-radioactive final isotopes.
Dysprosium is a strong neutron absorber, and is used as burnable poison in nuclear
reactors [308]. The post-irradiation examination demonstrated that lanthanoid oxides
(Ln205.MO,) with the fluorite structure have the best radiation damage resistance.
Dysprosium titanate (Dy,03.TiO;) is used in control rods of VVER reactors [309]. In
addition to lower swelling the matrix has advantages of high melting point (~1870°C),
resistance to cladding materials, and ease of fabrication and produces non-radioactive
end. The life time of dysprosium titante is longer than other control rods due to
comparable absorption cross section of all the isotopes of of Dy. The decay scheme of
irradiated boron and dysprosium is given in Figure 1. Dysprosium titanate is fabricated
by solid reaction route, using Dy,03TiO, and Mo oxide. Once fabricated, like other
nuclear materials, its chemical quality control is crucial. It is important to certify the
major matrix (Dy, Ti and Mo) and the trace level impurities to ensure the desired
performance of the material. The nuclear reactions of boron and dysprosium is given

below:

n + “YB——» “He+'Li+2.31MeV (Q value)
Abundance 19.9%

o 3840 b
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Dy (n,y) *'Dy (n,y) ***Dy (n,y) ‘*Dy (n,y) **Dy (n,y) ***Dy (n,y) **Dy

Abundance(%) 2.3 18.9 25.5 25.0 28.0 - -
c (b) 130 680 240 220 2780 2100 -

165Dy B 185 o (n,y) 2% Ho
tip 139 min. stable 27.3 min.

166 Dy B 166 1y
t1/2 82 h 27.3h

166 o B 186E (1,797 Er
173 Db

Analysis of any material involves two important steps, namely (i) dissolution and (ii)
analysis. However for complex matrices, separation of different constituents is also
crucial. The literature reports on Dy,TiOs, viz. its dissolution, separation and
determination of matrix composition including trace impurities are scarcely available.
The only literature report [310] on its characterization by ICP-MS after dissolution has
been as a part of calorimetric studies. However the details of dissolution and matrix
separation methods adopted were not reported. Further it is not advisable to use ICP-MS
for major matrix determination as it is associated with large RSD.

For quantification of percent level matrix constituents it is important to use a method with
high precision. For instance, percentage level of U and Pu are determined using
coulometric technique (RSD <0.2%) [311, 312]. Gravimetric method is known for precise

quantification of major constituents in a matrix [313]. However application of these or
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similar methods becomes difficult for complex matrices such as Dy,TiOs (doped with
percent level of Mo), specially owing to (i) difficulty in matrix dissolution and (ii)
challenges in separation of the major matrix elements from each other.

In classical methods for dissolution acids and their combinations are used for difficult to

dissolve matrices. However considering the complexity of the studied refractory matrix,
simple acid dissolution procedures are not adequate. It is important to explore and
optimize advanced dissolution procedures such as Microwave dissolution, which has been
reported for dissolution of refractory matrices [314, 315]. In the present work a detailed
study was carried out to optimize the combination of reagents and operating parameters
of microwave for the quantitative dissolution of the Mo doped Dy, TiO:s.

For the determination of the major constituents, in Mo doped Dy, TiOs, separation of Mo,
Dy and Ti from each other is very crucial. Further the determination of trace constituents
would require the separation of matrix from the trace elements. Solvent extraction
procedures have been reported for the separation of Dy [316], Mo [317] and Ti [318].
However these procedures involve significant amount of organic solvents and chemicals.
In addition, the solvent extraction is tedious and requires additional steps of striping the
analyte into aqueous phase for further analysis [319]. On the other hand precipitation and
chromatography have been used for successful separation of matrices, and their
combination can reduce the number of steps for preparing samples. In view of this
precipitation and chromatography techniques were examined for quantitative of for Dy,
Ti and Mo. Gravimetric and spectrophotometric techniques were explored for the final
quantification. The developed method was validated by taking appropriate amount of the
individual high purity oxides for preparing the synthetic samples.

Developing procedures for the determination of trace impurities in refractory samples is
quite challenging. Several types of analytical techniques such as Atomic Absorption
Spectroscopy (AAS), Total Reflection X-Ray Fluorescence (TXRF), UV - Visible
spectroscopy, Inductively Coupled Plasma Mass Atomic Emission Spectroscopy (ICP-
AES), Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [39, 277, 320-322] etc.
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are employed for the trace analysis of the nuclear materials. ICP-MS and ICP-AES are
advantageous owing to the possibility of multi-elemental analysis, high sensitivity, large
linear dynamic range and high sample throughput. In the present work total metallic
impurities present in the oxides (Dy,O3; and MoOj3 constituents of formed from Dy, TiOs)
were estimated by ICP-MS to assure the purity of these oxides.

6.2 Experimental
6.2.1 Instrumentation

Microwave-3000 dissolution system (Anton Paar) was used for dissolution of Dy,TiOs.
UV-Visible-NIR double beam Spectrophotometer (JASCO V-670) was used to record the
absorption spectra. Muffel furnace (META LAB Scientific) was used to heat the
precipitate and convert it into oxide form. An analytical balance (A&D Company) was
used to record the weights, and ICP-TOF-MS (8000R, GBC Australia) was used to
determine trace elements concentration in precipitates. The operating parameters of ICP-
MS had been reported elsewhere [304].

6.2.2 Chemicals

Bio-Rad AG® 1X4, chloride form, 200-400 mesh (Bio-Rad) was used for the ion
exchange separation studies. Supra-pure H,SO4, HNO3; and HCI (Merck), were used for
sample preparation. De-ionized water having resistivity 18MQ.cm (Milli-Q™ system,
Millipore) was used for sample preparation and dilution. The ICP standards of 1000 mg
L™ (BDH) were diluted appropriately to prepare standards for titanium and trace elements
standard solutions.

6.2.3 Microwave Dissolution of Dysprosium-titanate

The dissolution of Dy,TiOs by conventional methods using different acids and their
combination was found to be unsuccessful due to the highly refractory nature of the

matrix. Fusion with KHSO,4 was also attempted but the resulting compound was found to
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be insoluble in acids. Finally the Microwave route was used for dissolution. The
combination of acids and instrumental parameters were varied systematically. A
combination of H,SO, and HCI was found to achieve complete dissolution when the
acids were in 3:2 ratios by volume. For the dissolution the instrument parameters played
the most important role. The optimized conditions of microwave are given in Table 6.1.

Table 6.1: Microwave operating conditions

Power(W) Ramp(min.) Hold(min.)

400 20 20
500 10 20
300 20 20
0 10 10

6.2.4 Synthetic Sample Preparation

In order to study the separation and analytical procedures in detail, standard solutions
were prepared using high purity dysprosium oxide, molybdenum oxide and titanium
metal. The Dy, Ti and Mo in solution forms were mixed together in such a way that the
1.0 mL of this solution contains 68.0 mg of Dy, 11.8 mg of Ti, and 1.8 mg Mo. Three
aliquots of this solution in triplicates containing 0.5, 1.0, and 2.0 mL were labeled as
SDT-1, SDT-2, and SDT-3 respectively for recovery study of Mo, Dy and Ti.

6.2.5 Separation of Mo from Dy and Ti

Approximately 2.0 gram anionic resin, AG 1X4 (capacity 1.2 meg/ml resin bed) was
mixed with de-ionized water to make a slurry. It was filled in the column (OD-4.0 cm,
ID-3.9 cm, and hight-20.0 cm) to give a resin height of approximately 10 cm. To ensure a
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uniform resin bed, about 15 mL of water was placed in the column, and resin was drawn
from the column into the weight-burette and then released. The resin was allowed to settle
in the column. This helped to remove any air bubbles formed when loading the column,
and allowed the resin beads to settle uniformly in the column. The resin bed was
conditioned by adding 30 mL 4 M HCI. Glass wool was placed at the top of the resin bed
to prevent the resin from being disturbed during the addition of reagents. The average
flow rate measured was 1.0 mL/min. Mo could be separated from a mixture of Dy and
Mo using this anion column in 4M HCI.

6.2.6 Precipitation of Molybdenum

The retained Mo was eluted with 1M HNOj3; from the column and precipitated with 2% a-
benzoin oxime in alcohol. Precipitate was filtered using whatmann-542 filter paper and
converted to oxide after heating at 600°C for 3 hours.

6.2.7 Precipitation of Dy

The eluted solution from the column (in 4M HCI) was diluted (~ 1M HCI) using milli Q
water. Titanium and dysprosium were separated by precipitation of Dy (along with other
rare earths) with excess amount of 10% oxalic acid. Precipitate was filtered with
whatmann-542 filter paper and converted into oxide after heating at 850°C for 3 hours.
The filtrate containing titanium was preserved for Ti estimation.

6.2.8 Measurement of Absorbance for Titanium complex

The filtrate was diluted using milli Q water to known volume. Three aliquots of this
solution were completely evaporated to dryness and re-dissolved in 2.5N H,SO, and 3%
H,0, solution. The titanium formed a yellow color complex having absorbance at 410
nm. The absorbance of the samples and standards were recorded and amount of titanium

was calculated using calibration plot.
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6.3 Result and Discussion
6.3.1 ICP MS measurement of Dy, Ti and Mo

ICP-MS is widely used for trace and ultra trace measurements, while in some reports it
has been used for major element also. Therefore, first of all, 1CP-MS was employed for
analysis of major elements Dy, Ti and Mo in synthetic dysprosium-titante samples. After
appropriate dilution the synthetic samples were analyzed by ICP-MS and the data has
been given in the Table 6.2. It was found that the precession and accuracy was not good
by ICP-MS analysis. Which could be due to matrix effect and atmospheric plasma, Other
drawback of ICP-MS is memory effect, if high concentration of these elements are used.
Therefore, in the present work major elements have determined by either the conventional
method or the techniques that provide high precession.

Table 6.2: Determination of major elements using ICP-MS in the synthetic samples

Sample Dy Dy Mo Mo Ti Ti
Code Expected Found Expected Found Expected Found
(mg) (mg) (mg) (mg) (mg) (mg)
SDT-1 34 36.0+25 0.9 0.8+0.1 5.9 5510.5
SDT-2 68 625465 1.8 20+0.2 11.8 10.5+1.0
SDT-3 136 125.6 £10.0 2.7 25+0.2 23.6 20.5+2.0

6.3.2 Determination of molybdenum (Mo)

The conventional gravimetric method was developed for precise quantification of major
Mo ( ~1.8%). Determination of Mo was performed using a-Benzoin oxime, which is
known for selective precipitation of Mo [323]. The method was validated using the
standard solutions of only Mo, Mo with Dy, Mo with Ti, and Mo with Dy and Ti. This
study was important to understand the effect of Dy and Ti on the recovery of Mo. It was
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found that recovery of Mo was quantitative with only Mo solution (Table 6.3). However,
in the presence of Dy the recovery of Mo increases unexpectedly (Table 6.4). Previous
report shows that a-benzoin oxime forms complexes with dysprosium [324]. The method
was modified and Dy was precipitated with oxalic acid followed by precipitation of Mo
with a-benzoin oxime. However Mo was found to be co-precipitated with dysprosium
[325]. This study shows that separation of Mo and Dy is essential prior to their

estimation.

Table 6.3 Recovery of molybdenum in pure molybdenum solution (N=3)

Sample Code Expected Mo Found Mo Recovery

(in mg) (inmg) (%)
M-1 1.0 0.98+0.02 98.0
M-2 2.0 1.95+0.05 97.5
M-3 3.0 2.94+0.08 98.0
M-4 4.0 3.9+0.10 98.0
M-5 5.0 4.95+0.12 99.0

As per our earlier studies, Mo exists as anionic specie in 4M HCI and can be selectively
retained on an anion exchange column [304]. On the other hand Dy and Ti do not form
anionic species in the similar conditions and can be separated from Mo completely. The
results in Table 6.4 show precise and accurate determination of Mo.
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Table 6.4: Effect of Dy in the precipitation of Mo (N=3).

Mo Found (mg)

After separation

Sample  Amount Mo Without Precipitation of Anion
Code of Dy  Expected separation DV followed exchange
added (mg) p(mg) y Separation
(mg by Mo followed by
. Mo
estimation Lo
estimation
DM-1 34 0.9 3603 ND 0.9+0.02
DM-2 68 1.8 83+£05 <01 1.740.05
DM-3 136 2.7 12.£09 <02 2.6+0.08

Effect of titanium in the precipitation of molybdenum was also studied. The results in
Table 6.5 shows that Mo could be determined in presence of titanium.

Table 6.5: Recovery of Mo in presence of Ti (N=3).

Amount of Mo Mo Found
Tiadded Expected (mg)
Sample Code (mg) (mg)
Without separation  After separation
MT-1 5.9 0.9 0.9+0.01 0.8+0.05
MT-2 11.8 1.8 1.74£0.05 1.8+0.05
MT-3 23.6 2.7 2.6+0.08 2.61£0.10

6.3.3 Determination of Dysprosium (Dy)

Reports show that carboxylic acids such as oxalic acid, glycolic acid and malic acid are
very good complexing reagents for rare earth elements (REEs) and can be used for their
quantitative precipitation [326]. Oxalic acid is better complexing agent for rare earths
compared to glycolic and malic acid [327, 328]. Therefore, oxalic acid was selected to
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precipitate Dy (along with all REESs). For the complete precipitation it was important to
use high pH conditions to increase the de-protonated oxalate (C;0,%). However the
sample pH cannot be increased due to possibility of hydrolysis Dy and Ti. On the other
hand, at lower pH (< 2) the predominant form of oxalic acid is HC,O4". Hence, excess
amount of oxalic acid was used for quantitative precipitation of REEs at lower pH. The
dysprosium was precipitated using excess amount of 10% (w/v) oxalic acid. The effect of
Mo and Ti in the recovery of Dy were studied using synthetic solutions .The results in
Table 6.6 show that presence of Mo without separation interferes in the Dy recovery
while it is not affected in presence of titanium (Table 7) .

Table 6.6: Recovery of Dy in presence of Mo (N=3).

Amount of Dy Dy Found (mg)
Mo added Expected
Sample Code (mg) (mg)
Without separation  After separation
DM-1 0.9 34 35.0+£0.5 33.5+£0.5
DM-2 1.8 68 69.5+1.0 67.5+£1.0
DM-3 2.7 136 137.9+2.0 135.5+2.0

Table 6.7: Recovery of Dy in presence of Ti (N=3).

Amount of Dy Dy Found (mg)
Tiadded Expected
Sample Code  (mg) (mg)
Without separation  After separation
DT-1 5.9 34 33.5+0.5 33.910.5
DT-2 11.8 68 67.9£1.0 67.5£1.0
DT-3 23.6 136 135.5+2.0 136.2+2.0

6.3.4 Determination of Titanium (Ti)

Reports show that spectrophotometric methods can be employed for quantitative

estimation of titanium using different complexing reagents such as disodium-1,2-
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dihydroxybenzen-3,5-disulfonate[329], N-(2-hydroxybenzylidene)-3-oxobutanehydrazide
[330], 2,4-dihydroxy acetophenone isonicotinoylhydrazone [331], 2,3-
dihydroxynaphthalene [332] and hydrogen peroxide [333]. Most of these reagents are
expensive, difficult to obtain and not eco-friendly. Hydrogen peroxide, being nontoxic,

cheap and extremely sensitive, was used in the present work.

ICP standard of titanium was diluted to prepare calibration standard for spectrophotomtric
determination of titanium. The calibration plot was linear with regression coefficient of
0.9997. The synthetic samples of titanium with Mo and Dy, as discussed above, were also
analyzed for titanium using this calibration plot. The results in Table 6.8 and Table 6.9
show that titanium could be estimated in the presence of Mo and Dy without separation.

Table 6.8: Recovery of Ti in presence of Mo (N=3).

Amount of Ti Ti Found (mg)
Sample Code Mo added Expected
(mg) (mg) _ _ :
Without separation  After separation
MT-1 0.9 5.9 5.8+0.1 5.9+0.1
MT-2 1.8 11.8 11.6+0.2 11.5+0.2
MT-3 2.7 236 23.2+0.5 23.1+0.5

Table 6.9: Recovery of Ti in presence of Dy (N=3).

Amount of Dy Ti Found (mg)
Sample added Ti Expected
Code (mg) (mg)
Without After
separation separation
DT-1 34 5.9 5.9+0.1 5.810.1
DT-2 68 11.8 11.7+0.2 11.9+0.2
DT-3 136 23.6 23.4+0.5 23.1+0.5
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6.3.5 Analysis of Synthetic Dysprosium titanate samples

A synthetic sample of dysprosium titanate was used to validate the developed
methodology for estimation of matrix elements Dy, Ti and Mo. The molybdenum was
separated using anion exchange resin in 4M HCI and determined as discussed above. The
Dy and Ti were also estimated as discussed above. The results in Table 6.10 show that the
Dy, Ti and Mo could be quantified by the developed method with very good precession
and accuracy.

Table 6.10: Estimation of Mo, Dy and Ti by developed method in synthetic samples

(N=3)
Dy Dy Mo Mo Ti Ti
Sample Expected Found Expected Found Expected Found
Code  (mg) (mg) (mg) (mg) (mg) (mg)
SDT-1 34 34.3+0.5 0.9 0.9+0.01 5.9 5810.1
SDT-2 68 67.8 £1.2 1.8 1.7+0.04 11.8 11.7 £0.2
SDT-3 136 135.6 £1.8 2.7 2.6+0.07 23.6 23.510.4

6.3.6 Analysis of real Sample:

Several real samples of dysprosium-titanate were dissolved using the microwave method
and the major elements Dy, Ti and Mo were estimated using this method. The trace
impurities were also estimated in the oxides of Dy and Mo to assure the purity of oxides.

The flow sheet is given in Fig. 6.2. Results of three real samples are given in Table 6.11.
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Dissolution of Dy, TiO5
(Microwave)

Separation of Mo from Dy and Ti
(Using anion exchange column)

Estimation of Mo by gravimetry
(using 2% a-benzoin oxime)

Estimation of Dy by gravimetry
(using 10% oxalic acid)

I

Estimation of Ti by Spectrophotometry
(using 3% H,0, and 2.5N H,S80,)

Estimation of trace impurities by ICP-MS
(In MoO; and Dy,0, of Dy, TiO3)

Fig. 6.1: Flow-sheet of separation and estimation of Dy, Ti and Mo in Dy, TiOs

Table 6.11: Analysis of real dysprosium titanate samples of different lots

Elements Amount in (%)

Lot 1l Lot 2 Lot 3

Dy 70.1+0.5 69.5+0.8 71.1+1.0
Ti 11.5+0.2 11.8+0.5 11.2+0.5
Mo 1.8+0.1 1.9+0.1 1.7+0.1

6.3.7 Estimation of trace impurities in MoO3; and Dy,03 by ICP-MS

The purity of oxides formed in the above process was checked by ICP-MS. Known
amount of Dy,O3 and MoO; were dissolved separately and were taken in 1% HNO; to
estimate trace elements by ICP-MS. The trace impurities in the solution containing major
titanium was also analyzed. It was found that most of the elements were present only at

ultra trace level (<1ug g™) and the total impurity was < 10pg g* for each lot of the
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sample. The amount of trace elements found in both oxides in different lots is given in

Table 6.12.

Table 6.12: Estimation of trace impurities in the real samples by ICP-MS

Elements Impurities in oxides of Dy and Mo (ug g7)
Lot1l Lot 2 Lot3
Dy,O3 Mo0O; Dy,0;3 Mo00O3 Dy,03 MoOs;

Al ‘BDL 5.4 0.1 4.1 0.2 5.1
As 3.8 BDL 1.2 BDL 1 0.2
Ba 1.9 BDL 15 0.1 0.5 0.1
Be 0.7 0.9 0.5 1 0.2 0.1
Cd 0.6 3.3 0.1 0.5 BDL 0.1
Ce 1.3 BDL 11 BDL 0.1 BDL
Co BDL 1.7 BDL 1 0.2 0.5
Cr 12.4 14 5.5 0.5 10.5 11
Cs 1.1 1.2 0.5 0.6 0.5 0.6
Cu 1 0.5 11 0.7 1.3 0.5
Dy balance 3.5 balance 1.5 balance 2.5
Eu 0.7 BDL 0.1 BDL 11 BDL
Fe 12.4 32.4 9.5 155 11.5 7.5
Ga 0.5 14 0.2 0.1 12 0.1
Gd 2.8 0.1 15 BDL 15 BDL
Ge BDL BDL BDL 0.1 BDL BDL
Hf 15 3.3 0.5 11 1 3.9
Hg 12 0.2 0.1 BDL 0.2 BDL
Ho 12 BDL 0.1 BDL 0.5 BDL
La 1.7 BDL 0.2 0.1 0.2 BDL
Li BDL 2.6 0.5 3.1 1 10.5
Lu 1.8 BDL 0.2 0.2 11 BDL
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Mg 4.5 0.9 2.5 0.5 5.6 11

Mn BDL 14 BDL 1.2 0.1 2.5
Mo 3.5 balance 2.1 balance 4.1 balance
Nb 19.2 5.4 10.5 3.1 9.5 1
Nd 1.8 BDL 0.1 BDL 15 BDL
Ni BDL BDL BDL BDL 0.5 BDL
Os BDL 2.6 BDL 11 BDL BDL
Pd 18.5 1.9 9.5 1.2 4.3 <LOD
Pr 2.3 BDL 0.5 BDL 15 BDL
Pt BDL 1.6 BDL 0.5 BDL BDL
Re BDL 1.9 BDL 0.1 BDL 0.5
Rh 0.6 1 0.1 0.5 0.5 0.8
Ru 3.4 0.9 15 0.2 2.5 1

Sb 4.5 0.3 2.4 0.1 3 0.6
Sc BDL BDL 0.1 BDL BDL BDL
Sm 2.9 BDL 0.5 BDL 15 BDL
Sn BDL 22.8 BDL 14.5 BDL 12.5
Sr 1.9 1.2 11 1 11 0.4
Ta BDL 19.6 0.1 11.5 BDL 7.5
Tb 105.2 15 50.5 0.1 25.1 BDL
Ti 0.2 11 1 1 0.2 15
TI 16.3 BDL 5.6 0.1 4.6 0.5
Tm BDL BDL 0.1 BDL 1 BDL
V 5.5 12 3 15 3.5 1

W BDL 10.3 BDL 5.1 BDL 7.5
Y 2.8 11 2.1 11 3.5 14
Yb 2.1 BDL 0.5 BDL 2.1 BDL
Zn 26.6 141 20.5 9.5 20.5 8.6
Zr 4.9 1.3 5 11 4.5 1.3
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Total impurities 273.3 150 139.8 852 1345 825
“BDL is below detection of the ICP-MS.

(Percentage relative standard deviation (%RSD) for all elements analyzed by ICP-MS

was <10)
6.4 Conclusion

A methods has been developed for determination of major constituents of Dy,TiOs
following microwave dissolution of the refractory matrix and followed by gravimetry for
Dy and Mo and spectrophotometry for Ti. The microwave assisted dissolution of
dysprosium titanate is fast and requires small amount of acids. The gravimetric method is
an absolute method (standard and calibration not required) with high precision (<2%
RSD). In this work Dy and Mo has been determined by this method. After separation the
recovery of molybdenum was within 98.0-99.9% with precision 1.0-2.0 (%RSD). The
presence of titanium does not affect the recovery of molybdenum and dysprosium. The
recovery of dysprosium and titanium were 99.7-100.8% and 98.3-99.9% respectively.
Percentage relative standard deviation (%RSD) for dysprosium and titanium were <2%.
The total impurities in the oxides of Dy and Mo were estimated below 0.05% using ICP-
MS. The three real dysprosium titanate samples were analyzed following this method.
The percentage of Dy, Ti and Mo estimated in the real samples were much close to the

expected values. The developed method is simple, precise and accurate.
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Chapter 7

Chemical Characterization of aluminum oxide (Al,O3)
7.1 Introduction

Alumina (Al,O3) is an exceptionally important ceramic material which has many
technological applications [334-338]. It has several special properties like high melting
point, chemical inertness, electrical and thermal properties [339-343]. Alumina occurs in
nature as the minerals corundum, diaspore, gibbsite and bauxite. Production of alumina
from these minerals has been discussed in [344-346]. The precious stones ruby and
sapphire are composed of corundum with small amounts of impurities which give colors.
a-AlbOs is one of the promising insulating ceramic materials for International
Thermonuclear Experimental Reactor (ITER) and commercial reactors, owing to its high
electrical resistance [105, 347]. The presence of impurities in the alumina changes its
properties drastically [348-350]. The rare earth impurities have been studied for grain

boundary strengthening in alumina [351].

More than 90% alumina produced worldwide is utilized in the production of aluminum
[352]. Aluminum, with its low thermal neutron absorption, high radiation stability, low
cost, and good corrosion resistance to air and water in addition to the short half life of its
activation product Al (ti,= 2.24 min) is ideally suited for use in research and test
reactors [353]. Aluminum alloys have been used in fission reactors where the temperature
is limited to below 200°C [106]. The chemical compositions of aluminum alloys and their

applications have discussed in [107-109]. Various uses of aluminum in nuclear reactors
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have been discussed in IAEA report [354]. Aluminum is also used as dispersed phase for

uranium-aluminates /uranium-silicide nuclear fuels in research reactors [355].

y-Alumina is one of the most common crystalline materials used as adsorbents and
catalysts or as their support . Industrial applications in many separation and reaction
processes require the use of y-alumina in the granular form. Alumina is used in cosmetic
and personal care products as an abrasive , anti-caking agent, anti-bulking agent and as an
adsorbent [356, 357] . Aluminum salts are incorporated into some vaccine formulations as
an adjuvant to enhance the immune response in the vaccinated individual [358]. Alumina
has been approved by the FDA for use in medical devices. The alumina used in these
devices must comply with ASTMF603-12 (standard specification for high-purity dense
aluminum oxide for medical application) [359]. The use of ceramic femoral heads made
up of an alumina/ceramic composite have been approved for use in hip joint replacement
in humans. A typical replacement product is reported to be composed of ~75% alumina,
~25% zirconia, and < 1% chromium oxide [360]. Aluminum is poorly absorbed through
either oral or inhalation routes and is essentially not absorbed dermally in healthy humans

[361].

Chemical purity of nuclear grade aluminum, aluminum alloys and alumina is very
important to ensure the desired behavior during reactor operation. The impurities present
in nuclear grade aluminum, which form activation product on irradiation during reactor
operation have been discussed in [362]. The elements having large neutron absorption
cross section such as B, Cd and rare earth elements, have very stringent specifications in

nuclear materials [275, 322]. The effect of trace impurities in aluminium matrices have
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been reported [363-366]. Hence, it is essential to have precise and accurate knowledge of
their concentrations in the aluminum matrices. Determination of trace impurities in
aluminum matrix has been reported using several analytical techniques, such as, neutron
activation analysis,(NAA) , charged particle activation analysis (CPAA], graphite furnace
atomic absorption spectrometry (GFAAS) laser-induced breakdown spectroscopy (LIBS),
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and inductively
coupled plasma mass spectrometry (ICP-MS) [367-373]. Each technique has its
advantages and disadvantages. However, the sensitivity and the matrix interference are
the two key elements in determination of trace impurities. In most of the reports, where
trace impurities has been determined the dissolution of alumina and matrix separation
have not been discussed. The rare earth elements have large neutron absorption cross

section for thermal neutron [374] but their quantification is not reported in these reports.

Dissolution of refractory materials by conventional method and fusion method requires
large amount of reagent which increase the total dissolved solid and hence solution could
not be directly analyzed by ICP-MS. These dissolution methods are very tedious and time
consuming. Fusion with alkali salts is used to decompose samples containing refractory
oxides which are resistant to acids [375]. The main disadvantage of fusion method is the
high level of total dissolved solid (TDS) in solutions. High content of solid decreases the
sensitivity of ICP-MS resulting in poor detection limits and hence need frequent cleaning
of cones, nebulizer, and spray chamber. It is generally accepted that to achieve good
stability, the total dissolved solid (TDS) in the samples should not exceed 0.2% wi/v,

which can be a severe limitation if analytes concentration is extremely low. High
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dilutions are required with fusion prior to analysis, which also results in deteriorations in
detection limits.

In the present work microwave dissolution method has developed for quantitative
dissolution of alumina. The advantage of microwave dissolution are, it is fast, require
only small amount of acids, and no loss of volatile impurities [376, 377]. ICP-MS
technique has been used for quantification of trace impurities in Al,O3 due to its low
detection limit, low spectroscopic interference, high sample throughput, high sensitivity,
and multi-element capability. However, analysis of trace and ultra trace elements with
high concentration of matrix elements leads to matrix effect. The sample solutions having
high total dissolved solid (TDS) choke the capillary of nebulizer, and holes of sampler
and skimmer, which introduce significant systematic and random error in the
measurements. Further, long washing time is required to remove the memory effect from
the matrix elements. Therefore, in this work, a method has been developed to separate the

matrix (Al) from the trace amount of rare earth elements prior to analysis by ICP-MS.
7.2 Experimental

7.2.1 Instrumentations

An Inductively Coupled Plasma - orthogonal acceleration- Time of Flight Mass
Spectrometer (ICP-0a-TOF-MS), Model Optimass 8000R (GBC, Australia) was
employed for quantification of trace and ultra trace elements in U-Zr alloy. The
operational conditions of the equipment were optimized using a tuning solution (Li, Al,
V, Sr, In, Cs, and Bi 5ng ml™). Details of the instrumental operating parameters are given

in Table 7.1. Microwave-3000 dissolution system (Anton Paar) was used to dissolve the
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sample. Details of microwave have discussed in chapter 2. Eppendorf® micropipettes,
Nalgene® PP measuring flask, and separating funnels, and Teflon® PFA beakers were
used throughout the experiment.

Table 7.1: Optimized operating conditions of ICP-MS

ICP-MS parameters Values
RF power 1200 W
Frequency 27.2 MHz

Plasma gas flow rate 10.0 L min—1
Auxiliary gas flow rate  0.50 L min—1

Nebulizer gas flow rate 0.75 L min—1

Sample uptake rate 0.6 mL min—1
Measurement mode Dual (PC/analog)
Acquisition time 5s

7.2.2 Reagents and Solutions

Supra-pure H,SO4, HNO3 and HCI (Merck) were used for sample preparation. Sodium
hydroxide (AR grade, SRL). De-ionized water having resistivity 18MQ.cm (Milli-Q™
system, Millipore) was used for dilution. The ICP standards of 1000 mg L™ (BDH) were

diluted appropriately to prepare multi-element standard solutions.
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7.2.3 Microwave dissolution of Alumina

Known amount (100-250 mg in each Teflon pressure tube) of the samples were dissolved
using 5.0 mL milli Q water, 2.0 mL hydrochloric acid and 3.0 mL sulfuric acid. The
optimized operating condition for microwave is given in Table 7.2.

Table 7.2: Microwave operating conditions

Power(W) Ramp(min.) Hold(min.)

400 20 20
500 10 20
300 20 20
0 10 10

7.2.4 Dissolution of Aluminium metal

In the case of aluminium metal powder and chips dissolution has performed using
conventional dissolution method (hot plate). To weighted amount of samples, 5.0 mL
milli Q, 1.0 mL HCI and 1.0 mL HNO3; was added. The concentrated sulfuric acid (1.0
mL H,SO,) was added drop wise to accelerate the reaction rate. The samples were
dissolved within 5.0 minutes (~ 200 mg samples).

7.2.5 Separation of Trace elements

The dissolved alumina and aluminium samples were treated with 30% sodium hydroxide
solution where almost all metals got hydrolyzed (or precipitated). In presence of excess
amount of sodium hydroxide solution aluminium forms soluble sodium-aluminate while

the traces of REE impurities could be separated using Whatman-542 filter paper The
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precipitates were dissolved in conc. HCI, evaporated and finally taken in 1% HNO; for
ICP-MS analysis.

7.2.6 Gamma spectrometry study using ****** Eu as tracer

The separation method was validated using tracer, ****** Eu. The separation method was
repeated in the presence of tracer and activity was determined using Nal(TI) based
gamma spectrometry.

7.3 Result and discussion

7.3.1 Matrix dissolution and Separation

Microwave dissolution offers a very convenient method to dissolve the refractory oxides.
The reported method was followed for dissolution of alumina granules , but was not
successful. Therefore, it was modified and optimized for acids combinations and
microwave operating parameters. The alumina granules were completely dissolved
within 1.5 hours.

In the present study the rare earth elements have been pre-concentrated and separated
from the aluminium matrix prior to their estimation. Upon addition of excess amount of
~7.5M NaOH (30% w/v), the aluminum was left in solution as sodium aluminate, while
the rare earth impurities were precipitated as hydroxides [378]. The soluble aluminium
separated from the rare earth precipitates using Whatman 542 filter paper.

7.3.2 Recovery study of rare earth by standard addition method

Recovery of rare earth elements present in trace amount in alumina were studied by
spiked method due to non-availability of certified reference material (CRM). Four

aliquots of high purity aluminium solution (~ 1.0 g Al) were taken and in three aliquots 5,
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10, and 25 pg of rare earth elements were added. One aliquot was kept as such for blank
correction. The separation method was followed as discussed in this work and analytes
were collected and estimated by ICP-MS. The results (Table 7.3) show that rare earth
quantitatively recovered.

Table 7.3 Recovery of rare earth elements in high purity aluminium metal after matrix

separation (Sample Wt.= 1.0 g, Vol.=10 mL, N=10)

Elements Added (ng) Found Recovery

(Hg) (%)
Ce 0 <BDL --
5 47+03 938+6.3
10 9.6+0.7 95.7+7.0
25 125+0.9 100+ 7.2
Dy 0 0.1+0.01 --
) 48+0.2 94.0+100
10 10.1+0.5 100.0+11.1
25 248+0.7 98.8 +10.4
Er 0 0.1+0.01 --
S) 5.0+0.2 98.0+10.7
10 10.1 £ 0.6 100 +11.6
25 25.0+15 99.6 +11.7
Eu 0 <BDL --
5 48+03 96.0+6.3
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Gd

Ho

La

Nd

Pr

10

25

10

25

10

25

10

25

10

25

10

25

9.9+0.7

245+16

0.1+£0.01

49+04

10.0+0.5

249+1.0

<BDL

4.7+0.3

9.9+09

245+20

<BDL

<BDL

49+0.3

9.7+0.9

248+15

<BDL

48+04

9.8+0.8

25.0+2.0

99.0+7.1

98.0+6.5

96.0 +10.8

99.0+11.1

99.2 +10.7

940+6.4

99.0 +10.0

98.0 +8.2

96.0 +8.3

95.0 £9.5

99.8 +8.0

98.0 +6.3

97.0 £9.3

99.2+6.1

96.0 +8.3

98.0 +8.2

100.0+8.0
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Sm 0 <BDL --

5 49+04 98.0+8.2

10 9.9+0.7 99.0+7.1

25 242+18 96.8+7.4
Th 0 <BDL --

5 48+05 96.0+10.4

10 9.7+£09 97.0+93

25 248+15 99.2+6.1
Yb 0 <BDL --

5 48+0.3 96.0+6.3

10 9.7+£09 97.0+93

25 241+15 964 £6.2

7.3.3 Correction for spectroscopic interferences

The spectroscopic interferences were monitored and corrected as discussed in previous
chapter [339, 340], for precise and accurate quantification of trace and ultra trace
impurities.

7.3.4 Detection Limits

The instrumental detection limits (IDLs) and the method detection limits (MDLS) of the
method were determined as discussed in previous chapters, using the reported method

[341]. The results are given in Table 7.4.

167



Table 7.4: Instrumental detection limits(IDLs) and method detection limits (MDLS)

Elements IDL MDL
(MgL™) (Mg kg™)
Ce 0.01 14
Dy 0.01 4.3
Er 0.05 11
Eu 0.01 1.0
Gd 0.01 0.5
Ho 0.05 8.7
La 0.02 0.9
Nd 0.01 1.9
Pr 0.01 0.7
Sm 0.01 15
Tb 0.01 0.9
Yb 0.03 1.3

7.3.5 Recovery study by gamma spectrometry
Recovery study by y-Spectrometry is unique technique to validate any proposed

separation procedure as it does not require any blank correction on the spiked amount.
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Gamma spectrometric techniques have been reported by our group to validate the
recovery studies [322]. To validate the recovery of rare earth elements, ******* Eu tracer
was used. The tracer was mixed with natural europium solution in such a manner that
concentration of Eu in stock solution becomes 1pg  mL™. 1.0 mL of the stock solution
was taken as reference and 1.0 ml mixed with 100 mg aluminium solution. The
aluminium was separated by the optimized procedure and the tracer recovered was
determined by gamma spectrometry using Nal (TI) detector measuring 344 keV gamma
energy. The recovery of tracer was calculated with respect to the reference. The recovery
of Eu was found to be better than 98% with <2% RSD (Table 7.5).

Table 7.5 Result of recovery studies by y-spectrometry (N=10, 60 s Counting)

Samples Recovery of Eu (%)

Sample-1 99+1

Sample-2 98£1.5

Sample-3 99+1

7.3.6 Analysis of Real Samples
Aluminum metal powder, chips and aluminium oxides samples received from user
laboratories were dissolved and anlysed by ICP-MS following the separation method. The

results are given in Table7.6.
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Table 7.6 The impurities in real sample of alumina and aluminium metals

Elements AlLOs(ug g*) Al-Metal powder (ug g*) Al-metal chips (ug g™)

La 0.11+0.01 1.29+0.04 1.24+0.04
Ce 0.32+0.02 1.34+0.05 1.69+0.05
Pr 0.09+0.01 0.20+0.01 0.50+0.04
Nd 0.33+0.02 0.99+0.03 1.65+0.11
Sm 0.39+0.03 0.63+0.03 1.45+0.11
Eu 0.20+0.01 0.29+0.01 0.70+0.06
Gd 0.54+0.03 0.73+0.04 1.60+0.10
Th 0.09+0.01 0.13+0.01 0.35+0.03
Dy 0.89+0.05 2.42+0.07 3.14+0.12
Ho 0.11+0.01 0.09+0.01 0.15+0.01
Er 0.12+0.01 0.15+0.01 0.014+0.01

7.4 Conclusion
The refractory nature of aluminum necessitated to reduce the total dissolved solid content
in the solution. The reported dissolution methods in the literature was not suitable to

dissolve the alumina, therefore, the method was modified and optimized. The aluminum
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matrix was separated using gravimetric method. Method was validated using standard
addition method due to lack of certified reference material of aluminum/alumina. The
observed recovery in the synthetic samples were between 93-100% with good precision
between 6.1-11.6 (%RSD).The instrumental detection limits and method detection limit
were found within 0.01-0.05 ng L™ and 0.5-8.3 pg kg'respectively. The gamma
spectrometry analysis using Nal(TI)-scintillation shows that recovery for **2**>*Eu tracer
is >98.0% with very good precision <2% (RSD). The procedure is simple, organic waste

free and suitable for routine analysis .
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Chapter 8
Summary and future outlook

In the present chapter, the summary of all studies carried out as a part of the thesis have
been discussed with possible future outlook. In chapter 1, we have discussed the
importance of the nuclear energy and importance of the fuel characterization. In this
chapter different types of nuclear fuels used and characterization of major, minor and
trace level elements, specification of metallic and non-metallic impurities in nuclear fuels

have discussed.

In Chapter 2 the details of the instrumentation used for characterization of nuclear fuels,
such as, inductively coupled plasma mass spectrometry (ICPMS), Nal(TI)-scintillation
gamma spectrometry, and UV-visible spectrophotometry have been discussed. Brief
discussion of modern microwave dissolution method to dissolved refractory materials is
given in this chapter. The various matrix separation methods such as solvent extraction,

ion chromatography and gravimetric method have also been discussed in details.

In chapter 3, importance of reduced enrichment for research and test reactor (RERTR)
programe and development of analytical methods for characterization of trace metallic
impurities in low enriched uranium (LEU) based high density UsSi, fuel has been
discussed. The new pool-type research reactor, at Trombay will use UsSi, as fuel. A
solvent extraction method has been used to separate the matrix elements and trace
elements from the U3Si, fuel. Validation of separation method was done using standard
addition and tracer techniques. The proposed method effectively separates 13 elements

(B, Cd, Co, Cr, Cu, Dy, Eu, Gd, Mg, Mn, Ni, Sm, and V) from the U3Si, matrix, which
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could then be quantified precisely and accurately by ICP-MS. The developed separation
procedure reduces the matrix concentration to < 20 mg L™ in the final solution for ICP-
MS analysis. This method will be very useful in characterizing the fuel of new research

reactor facility using UsSi; as fuel.

In chapter 4, the quantification of trace metallic impurities in U-Mo alloy has been
discussed. The details of ion chromatography method for quantitative separation of 33
elements (Al, As, Ce, Cr, Co, Cs, Cu, Dy, Eu, Er, Gd, Hf, Ho, La, Lu, Mg, Mn, Nd, Ni,
Pb, Pr, Rb, Rh, Sc, Sm, Sr, Tb, Tm, V, W, Y,Yb, and Zr) from the U-Mo nuclear fuel
have been discussed. The separation method was validated using standard addition
method. The developed method does not involve any organic active waste and hence is
useful for routine analysis. U-Mo is the metallic fuel under consideration for Indian

research reactors. This developed method could be very useful for characterizing the fuel.

In chapter 5, quantification of trace metallic impurities in the metallic fuel for fast breeder
reactors such as U-Zr alloy has been discussed. U-Zr and U-Pu-Zr are preferred metallic
nuclear fuels for fast breeder reactors. Solvent extraction method was developed to
separate the matrix elements (U and Zr) from the trace amount of metallic impurities. The
developed method reduces the matrix concentration (< 10 ppm) with analyte solution.
The recovery studies of trace elements using standard addition method show that
minimum thirty three elements could be quantitatively separated from the U-Zr matrix.
The separation method was validated using independent gamma spectrometric method.

The studies show more than 97% recovery of *******Eu with high precision. The real
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samples of U-Zr alloy were analyzed , 33 trace metallic impurity were present at below

the specification limits .

The developed method could be used for characterization of U-Pu-Zr alloy. Due to
presence of Pu, the sample becomes highly radioactive and could be handled only in a
glove box. Therefore, a proper ventilated and isolated set up of instrumentation is
required. The existing ICP-MS system is not installed in a glove box, therefore, the U-

Pu-Zr sample could not be analyzed.

In chapter 6, chemical characterization of dysprosium-titanate(Dy,TiOs), an alternate
control rod material, has been discussed. Dysprosium-titanate being a refractory material,
is very difficult to dissolve by conventional method. Therefore, a microwave dissolution
method was developed to dissolved the Dy, TiOs. Initially major elements such as Dy and
Ti in dysprosium titanate were quantified using the ICP-MS, but the results obtained were
not to the desired accuracy and precision. Therefore, gravimetric and spectroscopic
method was developed for dysprosium and titanium estimation. Molybdenum could be
determined by ICP-MS, if separated from the matrix. However, in present work,
gravimetric method for molybdenum is developed . An ion chromatography method has
developed to separate the matrix elements. Gravimetric estimation of Dy and Mo in the
synthetic samples provide good accuracy (>99%) and precision (<2% RSD).
Spectrophotometric estimation of titanium in synthetic samples was achieved with
accuracy >98% and good precision (<%2). The oxides of Dy and Mo obtained from

dysprosium titanate were analyzed for trace impurities by ICP-MS. Dy,TiOs is used in
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VVER reactors as a control rod material and hence this method could be very helpful for

chemical characterization of dysprosium titanate .

Aluminum (Al) and alumina (Al,O3) are also very useful materials in nuclear industry.
Aluminum is used as dispersion medium for metallic and intermetallic nuclear fuels while
alumina is used as insulating material. In chapter 7, a detail study has been discussed for
quantitative separation and measurement of ultra trace amounts of rare earth elements in
Al and Al,O3. Microwave dissolution method has been developed to dissolve the
refractory alumina. The rare earth elements have been separated gravimetrically. The
separation factor is quite high, gives a decontamination factor of 10°. The study shows
that rare earth elements <1pug g™ could be easily quantified by ICP-MS. The separation
method was validated using independent gamma spectrometric method. Use of ***** Eu
as tracer shows that more than 98% could be recovered. The separation method does not
generate any organic waste and hence is very useful for routine analysis in nuclear

industries.

Thus as a part of the present thesis a series of separation procedure have been
standardized/ developed for analysis of major, minor, and trace elements in the various
nuclear materials used in nuclear industry in India. The procedures were developed as a
part of the ongoing chemical quality control of nuclear fuels and other nuclear materials

to achieve their desired performance during the operation of the nuclear reactors.
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