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SYNOPSIS
Limited uranium resources and abundant thorium resources in the country prompted
Dr. H.J. Bhabha, the initiator of Indian atomic energy program to envision a three
stage nuclear energy program for sustained growth of nuclear power program. This
obviously requires closed nuclear fuel cycle involving reprocessing of spent fuel
from the first stage to fuel the second and third stages. The Department of Atomic
Energy (DAE), India, is pursuing an indigenous power program linking the fuel
cycle of Pressurized Heavy Water Reactor (PHWR), Liquid Metal Cooled Fast
Breeder Reactors (LMFBR) and

232

Th-233U based advanced reactors [1-3].

Optimum utilization of fissile content in the nuclear fuels during reactor operation
can result in increasing power production. Improving the fuel quality is one of the
criteria to ensure longer residence time of fuel in the reactor. This in turn results in
higher burn-up leading to enhanced power. Reactor physicists and fuel fabricators
stipulate certain quality (specifications) to the nuclear fuel and other reactor
materials for this purpose. In order to realize the smooth and efficient functioning
of the reactor, the fuel should satisfy the specifications derived for it. The
specification includes both physical and chemical qualities of the material. The
chemical analyses pertaining to the Chemical Quality Control (CQC) process play
a pivotal role in achieving the quality of the material fabricated. The CQC analyses
mainly involve the analysis of feed (also known as starting materials) materials,
intermediate and the finished products [4-7]. In addition to the nuclear fuels,
strategically important nuclear materials like tritium generators [8] etc., are also
require determination of percentage and trace level components for their optimum
performance during reactor irradiation.
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Nuclear energy is generated either by fission or fusion. Fusion energy is generated
by fusing two light atoms, which are mostly the hydrogen isotopes. The waste
generated during fusion will largely be either helium or water [8]. India is involved
in the International Test Experimental Reactor (ITER) project (a fusion based reactor
program) and DAE supports this program by fabricating tritium breeders (Li2TiO3)
employing different methods [9]. This necessitates the development of analytical
methods for the analysis of tritium breeders for their chemical characterization.
Several analytical techniques are employed for the chemical characterization or CQC
analysis of nuclear materials [4]. Among them, elemental determinators, Inductively
Coupled Plasma- Atomic Emission Spectroscopy (ICP-AES) [10], Inductively
Coupled Plasma-Mass Spectrometry ICP-MS [11-12], Thermal Ionization Mass
Spectrometry (TIMS) [13], alpha and gamma spectrometry[14,15], X-ray Diffraction
(XRD) [16], electro analytical techniques, spectrophotometer etc are some of the
important techniques routinely employed for chemical characterization analysis. In
the

recent

past

chromatographic

techniques

like

High

Pressure

Liquid

Chromatography (HPLC) and Ion Chromatography (IC) have been introduced into
the CQC analyses of nuclear materials [17]. However, the CQC processes of various
nuclear materials demand the development of new analytical methodologies.
Improvement in the existing methodologies is also attempted with a view to
improving accuracy and precision, low detection limit, high selectivity, simultaneous
or multi-elemental analysis, minimum generation of analytical waste and minimum
use of chemical reagents etc.
Chromatography is a physical method of separation wherein the analytes are
separated due to their differential distribution between two immiscible phases. The
major advantage of chromatographic techniques is that they offer simultaneous

II

separation and quantification. Ion chromatography is used for separating both
cation and anion species wherein the separation occurs due to their different
affinities toward the ion exchange process on the, stationary phase[18] whereas,
HPLC is mainly employed for the

separation of organic as well as neutral

molecules. Capillary Electrophoresis (CE) is a simple, rapid and high efficient
separation method and is employed for separating ions as well as neutral molecules.
Unlike HPLC and IC, separation in CE is achieved by applying an electric field
which causes differential velocities of the ions or molecules due to their
electrophoretic migration. The separation is carried out inside a thin capillary of 50 100 µm diameter and a length of 0.5 to 1 meter and the separation is complete within
few minutes. CE is considered as a complementary technique to IC [19] and hence,
both IC and CE are being used for separating several ions in a wide range of sample
matrices.

Analytical methods which can analyze directly the dissolved sample solutions are
preferred as they eliminate the cumbersome sample preparation procedures. Few
applications of CE and IC, where direct analysis of the dissolved sample solution
without employing matrix separation have been reported in literature [20,21]. Such
direct analyses not only avoid the pre-separation of matrix or pre-concentration of
analytes but also useful in the absence of reference materials. In the present study,
efforts have been made to develop analytical methods for the direct analysis using IC
and CE.
Pyrohydrolysis is a physical method of separation where the analyte is removed from
the matrix by converting it into a volatile species. It is widely employed for
separating halides from various nuclear materials. During pyrohydrolysis the sample
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is heated at high temperature in presence of moist oxygen or a suitable carrier gas.
Chlorine, fluorine and boron are separated in the form of hydrochloric, hydrofluoric
and boric acids, respectively. Pyrohydrolysis separates halides and boron directly
from a solid matrix and produces a clean sample solution, which is favorable in
carrying out trace and ultra-trace level analysis [22,23]. Therefore, pyrohydrolysis
finds many applications in the determination of halides at trace level concentrations
in many complex matrices. Analysis of halides and boron in environmental and plant
samples involves tedious sample preparation procedures due to the presence of
organic compounds. The analytical methods that have been developed for the
analyses of nuclear materials involving initial pyrohydrolysis separation followed
by analytical determinations can be extended for the analyses of environmental
samples. In this thesis, the analysis of environmental samples like soil and plants
using pyrohydrolysis and ion chromatography have been reported.
In spite of the unique features of IC and CE, not many applications were reported for
the analysis of nuclear materials. Therefore, efforts have been made to utilize these
techniques for nuclear material analysis independently and validate the results. The
present thesis is divided into eight chapters and the brief description of each chapter
is given below.
CHAPTER ONE: This chapter discuses the need for high quality nuclear materials
and the importance of their Chemical Quality Control (CQC) analysis. It also
recounts the effect of the concentration of the specified elements (specification
limits) on the performance of the nuclear material or fuel. It also discusses about the
analytical techniques employed in the CQC analysis and emphasizes the need for
developing new analytical methods with a view to achieving better accuracy and
precision specially while determining the trace and ultra trace constituents (both
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metallic and non-metallic impurities). It highlights the importance and advantages on
the use of chromatographic methods like IC and CE in the CQC analysis of nuclear
materials.
CHAPTER TWO: This chapter deals with the experimental part of the studies
reported in the thesis. It describes the basic principles of the techniques employed.
Special emphasis has been given to ion chromatography and capillary
electrophoresis separations.

Pyrohydrolysis is basically a non-instrumental

separation technique which has been exploited employing an in-house designed
equipment. Details of this technique have been discussed along with IC and CE.
Other techniques like X-Ray Diffraction (XRD), Thermo Gravimetry (TG),
Inductively Coupled Plasma -Atomic Emission Spectrometry (ICP-AES) were also
used to obtain supportive information required for the investigation. The usefulness
of these techniques in the present studies has been described in this chapter.
CHAPTER THREE: This chapter deals with the direct separation of molybdenum
from solid uranium matrices employing pyrohydrolysis and its determination by ion
chromatography. Pyrohydrolysis (PH) is a well-established technique for the direct
extraction of non-metals like halides and boron from solid matrices without acid
digestion and use of chemical regents. However, PH extraction of metals or metal
species has not been reported. This is for the first time the pyrohydrolysis separation
of a metal, Mo in the form of MoO42- was reported. Systematic studies were carried
out to understand the high temperature chemistry of Mo and its oxides. It has been
shown that MoO3 volatilization is enhanced drastically in presence of moist
atmosphere [24].The volatilization behavior of MoO3 in presence of moist Ar at
950°C was carried out with TG to explore the feasibility of PH extraction of Mo. To
understand the mechanism and kinetics of the separation, the XRD patterns were
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attained for the material after pyrohydrolysing at different time intervals. The study
brings out the need for the suitable modification of the PH apparatus to improve the
recovery of Mo. The Mo in the distillate was determined by IC. The developed
method was extended to the analysis of Mo in ADU samples on routine basis.
CHAPTER FOUR: This chapter discusses the determination of chlorine and fluorine
in U-Zr and U-Pu-Zr alloys using pyrohydrolysis separation followed by IC
determination. U-Zr and U-Pu-Zr alloys are being considered as fuel for fast breeder
reactors due to improved breeding possibilities associated with metallic fuel [25].
These newly developed materials have specification limits for Cl and F and hence,
there is a need for developing an analytical method for the determination of chlorine
and fluorine in U-Zr and U-Pu-Zr alloys. The study reports the pyrohydrolysis of the
materials as well as the optimization of various pyrohydrolysis conditions required
for the maximum recovery of Cl and F. The samples were pyrohydrolysed for
different time intervals and their XRD patterns were recorded. The XRD data helped
in understanding the mechanism of pyrohydrolysis and to optimize the time of
pyrohydrolysis. This chapter also deals with the analysis of the real samples.
CHAPTER FIVE: This chapter discusses the development of ion chromatography
(IC) and capillary electrophoresis (CE) methods for the determination of Li in Li–Al
alloy. The Li-Al alloy is irradiated in reactor for the production of tritium (
6

Li(n,α)T). The Li content in Li–Al alloy is about 4%. The common analytical

methods employed for the determination of Li are ICP-AES and Atomic Absorption
Spectroscopy (AAS). However, these techniques could not be utilized for certifying
Li in Li-Al alloy because of certain inherent difficulties [26] (such as interferences
are observed in AES and signal suppression is observed in AAS due to Al matrix).
Hence, an IC method for the determination of Li in Li-Al alloy was developed.

VI

Although IC is capable of separating the alkali and alkaline earth metals, presence of
large amount of Al matrix may cause difficulty in separating Li. Since Al3+ ions will
have strong retention on the ion exchange column than Li+, elution of Li+ ahead of
Al3+ ion is desirable for the determination of Li. A weak strength mobile phase to
elute Li is the choice to realize this. otherwise it would get eluted along with unretained components. Using the weak-strength eluent also helps in retaining Al3+ on
the column. Therefore, IC separation was carried out on a high capacity cation
exchange column with methane sulphonic acid (MSA) as eluent with a view to
retaining Al on the column. While using MSA (20 mM MSA) as eluent, Li is eluted
in reasonable time whereas Al3+ is retained on the column and it would not get eluted
unless the mobile phase strength is increased five times. The developed procedure
showed high tolerance for Al and provided a precision better than 0.2% (RSD). In
the absence of a certified reference material to check the accuracy of the results,
another method based on capillary electrophoresis was developed independently and
the results obtained by this method were compared. Unlike IC the elution order in
CE separation is Al followed by Li. This is because the tri-positive charged Al
moves ahead of singly charged Li.

However, for the purpose of analytical

determination of Li such separation is not acceptable as the bulk Al peak
significantly affects the recovery of Li. To reverse the elution order, imidazole was
used as a co-ion, which forms complex with the metal cations also enables the
indirect detection of cations. Imidazole forms complex with Al selectively and
reduces its charge density, which resulted the appearance of Al peak after Li in the
electrogram. Moreover the developed method showed high tolerance for Al matrix.
The results obtained from both IC and CE were compared. IC provided better

VII

sensitivity and precision, whereas CE has the advantages lik fast analysis, low
sample volume, and reduction in waste generation.
CHAPTER SIX: This chapter deals with the development of a Capillary Zone
Electrophoresis (CZE) method for the determination of iron in uranium matrix
without employing the pre-separation of uranium. Iron is a common contaminant
picked up by the product material from various process equipments. In order to
control the process to obtain the desired quality of the end product, it is necessary to
check the Fe contents in both unfinished and finished products. This demands a
rapid as well as reliable method for the determination of Fe. For this purpose, a CE
method was developed as the dissolved sample solution can be injected directly into
CE and the total analysis time is few minutes. However, while developing direct CE
method for separating Fe from U matrices, the following conditions are to be
considered (i) the Fe peak should appear before uranium, (ii) sufficient resolution
between the Fe and U peak so that matrix is tolerated and (iii) the Fe peak should be
interference-free from other transition metals. Hence, to realize the separation with
the above conditions, CE separation was carried in the form of chloride complexes of
Fe and U [27,28]. Uranium and iron form positively charged chloride complexes.
The iron-chloride complex has higher positive charge density than uranium-chloride
complex which is responsible for the separation as well as to provide the required
elution order (iron peak is followed by uranium). Moreover, the chloride medium
brings the advantage of interference free determination of Fe as the other transition
metals form either anionic or neutral complexes [29]. The developed method was
validated by analyzing ILCE (IV) and (V) reference materials and the results for Fe
were within 5 % of certified value. Several other samples were also analyzed and
reported.
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CHAPTER SEVEN: This chapter discusses the application of ion chromatography
for optimizing washing procedure to be used for removal of chloride and nitrate from
Li2TiO3 microspheres using lithium hydroxide as wash solution. Li2TiO3 is proposed
for Test Blanket Material (TBM) for International Thermonuclear Experimental
Reactor (ITER). Li2TiO3 were produced through wet process where the microspheres
are contaminated with chloride and nitrate. Subsequently chloride and nitrate were
removed by washing with LiOH. Since the proposed Li2TiO3 contains 60% enriched
6

Li, washing is carried out with 6LiOH to avoid depletion in the 6Li content of

Li2TiO3. Therefore, the entire washing process is required to be completed with
minimum volume of in 6LiOH. The present work describes the ion chromatographic
(IC) determination of Cl- and NO3- in LiOH wash solutions at different washing
stages. Based on the results, a procedure was for the repeated use of LiOH, which
significantly reduces the volume of LiOH otherwise required. The final chlorine
content of Li2TiO3 was determined by IC after its pyrohydrolysis extraction. The
results obtained for the washing solutions helped in arriving at a washing procedure
wherein maximum impurities could be extracted with minimum washing solution of
LiOH.
CHAPTER EIGHT: This chapter reports an ion chromatographic method for the
simultaneous separation and determination of borate, fluoride, chloride and
molybdate ions, which is useful in the chemical characterization of nuclear fuels and
environmental samples (plant and soil). Though the pyrohydrolysis separation of
Mo from uranium matrix was discussed in chapter three, the present study deals with
the simultaneous separation of Mo B, F and Cl as molybdate, borate, fluoride and
chloride ions and their subsequent IC separation and determination. For the
determination of boron by IC, use of mannitol in the eluent is necessary to convert
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the weak H3BO3 into a strong anion complex form, which is amenable for the anion
exchange separation [23]. During the IC separation, it was observed that MoO42peak area decreased with increasing mannitol concentration. In general, the decrease
in peak area could be due to the effect of complexation, however, such effect should
cause change in retention time of the analyte which was not observed in this case.
Proper investigation was carried out to understand this behavior of mannitol and
molybdate. The retention behaviors of these ions was studied on different anion
exchange columns as well as with different mobile phase compositions. The study
resulted in many interesting observations and based on results obtained, the unusual
behavior was explained on the basis of complexation of Mo with mannitol at
different pH and deprotonation of mannitol.
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Chapter: 1
Introduction
1.1 Basics of nuclear energy:
Nuclear energy is produced either by nuclear fission or nuclear fusion. In practice
the nuclear energy or power is generated by carrying out nuclear fission in a nuclear
reactor. The nuclear fuel materials have fissile isotopes such as 235U, 233U and 239Pu.
[1, 2]. Nuclear fuels contain both fissile and fertile isotopes, which on interaction
with neutrons undergo fission. In every 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.

235

U and

239

Pu are the commonly used fissile
235

isotopes in nuclear reactors. Among the uranium isotopes
available fissile material whereas it’s another fissile isotope,
nature.

233

233

U is a naturally

U is not available in

U is obtained by the neutron irradiation of thorium (Th) in a nuclear

reactor. Thorium nuclei absorb neutrons and get converted into
(239Pu), another fissile material formed due to the irradiation of
Thus

238

U and

232

238

233

U. Plutonium

U with neutrons.

Th are also valuable nuclear resources, and are called fertile

materials, [3-6] as they can be converted into fissile material for fuelling nuclear
reactors.
1.2 Indian Nuclear Program:
Nuclear Energy is an important and perhaps inevitable option for the country for its
energy security in the long run. Nuclear energy is needed not only for producing
electricity but also for meeting non-electricity energy needs. In comparison to other
fossil fuels, nuclear power requires less quantities of fuel. No other source of energy
1

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 utilise 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

239

Pu. PHWR uses natural uranium as fuel and

heavy water as moderator and coolant. Plutonium produced is separated from the
spent fuel in plutonium 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 will fission plutonium for power and breed more plutonium from the

238

U.

Thorium will also be used in the reactor to produce 233U.
Stage 3: The third stage of Indian nuclear programme envisages utilisation 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 232Th-233U fuel
aided by plutonium. Currently this stage is still in the research stage [12]. Bhabha
Atomic Research Centre is developing an advance heavy water reactor that will use
both thorium 233U and thorium-plutonium mixed oxide as fuel.

2

Pu &
Th
fueled
FBR's

Figure 1.1: Indian three stage nuclear program
1.2.1 Nuclear fuel cycle:
The nuclear fuel cycle consists of mining, separation, refining, purifying, utilising as
fuel and ultimately disposing of the nuclear waste generated. The nuclear fuel cycle,
include a series of stages through which nuclear fuel progresses. The nuclear fuel
cycle is divided into two parts namely front end and back end. The front end of the
fuel cycle deals with all the processes (right from mining to fabrication) that are
involved before the use of fuel in the reactor. The back end fuel cycle consists of
reprocessing of the spent fuel and recovery procedures. 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 close end fuel cycle [15] and following are the various
processes. Figure 1.2 depicts the close end fuel cycle that India follows.
(i) Uranium extraction from uranium ore, and conversion to yellowcake
(ii) Conversion of yellow cake into uranium hexafluoride (UF6)
(iii) Enrichment to increase the concentration of U235 in UF6
3

(iv) Fuel fabrication to convert enriched UF6 into fuel for nuclear reactors
(v) Use of the fuel in reactors
(vi) Interim storage of spent nuclear fuel
(vii) Reprocessing (or recycling) of high-level waste
(viii) Final disposal of high level waste.

Figure 1.2: Nuclear fuel cycle

1.2.2 Types of nuclear fuels:
Typically, depending on the nature of nuclear reactor, different types of fuels are
used. These are classified as, (i) ceramic fuels (ii) intermetallic fuels (iii) metallic
fuels (iv) composite fuels and (v) advance fuels.

4

(i) Ceramic Fuels: The ceramic fuels are categorised into oxide and non- oxide
ceramic fuels. The oxide fuels are oxides of U, Pu and mixed oxides of U and Pu
(eg. UO2, and (U,Pu)O2) whereas the materials like (U,Pu)C and (U,Pu)N are
known as non-oxide ceramic fuels.
Uranium oxide and mixed oxide fuels: Natural UO2 is used as fuel in PHWR
which uses heavy water as coolant and moderator. The boiling water reactor (BWR)
and pressurised water reactor (PWR) use light water as coolant and moderator. As
light water (H2O) has somewhat higher absorption cross section for thermal
neutrons, to compensate for their loss, UO2 with some enrichment (up to 3% U-235
as against natural abundance of 0.72%) is employed. MOX fuels with 0.4% and 4%
Pu are also being tested in combination with UO2 in PHWR and BWR, respectively
to realise higher energy output without significant changes in the reactor design.
The oxide fuels are chemically stable and compatible with water. They also show
high temperature and high irradiation resistance. In addition to this, India has
expertise on the fabrication of oxide fuel and complete knowledge on the oxide fuel
performance in the reactor. Due to the above advantages of the oxide fuels and their
compatibility with liquid Na, MOX fuels are the preferred choice for FBRs [1618].The proposed AHWR reactor designed for Th utilization will be using mixed
oxide fuels of U, Pu and Th. Table 1.1 lists out the use of different ceramic fuels in
various Indian nuclear reactors.

5

Table1.1: Different ceramic fuels and their composition used for Indian nuclear
reactors.
Reactor

PHWR

BWR

Fuel

0.4%PuO2

composition

(inside 7 pins) enrichment,

UO2 of different

Low 0.9%
Nat.UO2
(outside 12
pins)

Med 1.55%

PFBR

FBTR

(U0.79Pu0.21)O2

(U0.3Pu0.7)C

(Inside)

(MKI)

(U0.72Pu0.28)O2
(outside)

(U0.45Pu0.55)C
(MKII)

High 3.25%

Non-oxide ceramic fuels (Carbide and Nitride): The non-oxide ceramic fuels
have certain advantages such as better thermal conductivity, denser fissile content
and better breeding ratio over the oxide fuels. The Fast breeder text reactor at
Kalpakkam utilises the mixed carbides of U and Pu, (U,Pu)C, as fuel [19]. Since the
FBTR core is smaller in size it requires fuel with high fissile content, mixed carbide
fuel, it was considered for FBTR. However, due to their pyrophoric nature, their
handling and fabrication call for enhanced safety requirements.
(ii) Intermetallic fuels: Uranium intermetallic fuels such as U–Al, U–Si, and U–
Mo are mainly used in research and test reactors for neutron production [20, 21]. As
compared to ceramic fuels intermetallic fuels can achieve higher densities thereby
requiring lower fuel inventories. APSARA research reactor at Bhabha Atomic
Research Centre was using U-Al based intermetallic fuel which in now modified to
U-Si based intermetallic fuel to reduce the U enrichment requirements.

6

(iii) Composite fuels: Composite fuels consist of a fissile element phase dispersed
in an inert matrix [22]. Composite fuels are of two types; cermet fuels and cercer
fuels. Cermet fuels consist of ceramic fuel particles dispersed in a metallic matrix
whereas the Cer-cer fuels consist of ceramic fuel particles dispersed in a ceramic
matrix [23]. Cermet fuel cores are most often metallurgically bonded to the cladding
material to improve heat transfer from the fuel core to the coolant. The composite
fuels are generally considered for the research and test reactors, however, due to the
higher fissile density, better thermal conductivity and possibility of improving
breeding ratio these fuels are also being considered for fast breeder reactors. These
fuels are also being considered for irradiation and power production from plutonium
and minor actinides.
Metallic fuel: Metallic fuels have higher densities of fissile and fertile materials and
high thermal conductivity. They are capable of providing high breeding ratio.
Hence, they are considered to be suitable for fast reactors [24-27]. Table 1.2 gives a
summary of some metallic fuels and their breeding ratio and doubling time. Metallic
fuels are known to cause problems due to high swelling. Such problems were
circumvented by reducing the fuel smear density to ~ 75% and by fission gas release
before fuel-cladding contact. Mechanically bonded U-Pu binary fuels as well as
sodium bonded U-Pu-Zr alloys (figure 1.3) are being considered as the most suitable
metallic fuel compositions due to their solidus temperatures and compatibility with
stainless steels. The spent metallic fuels can be reprocessed by pyro-process
recycling method, which was economically more attractive than the PUREX method
of reprocessing. Few metallic fuels were put into FBTR for test purposes and also to
understand their behavior. It is expected that India would go for its fast reactor

7

program based on metallic fuels in future to achieve significant growth in nuclear
power.

He
U-Pu-Zr

T91

Na

U-Pu

Zr

Figure 1.3: Metallic fuels designed for FBR.

Table1.2: Breeding ratio and doubling time comparison of different nuclear
fuels.
Fuel

U-Pu

U-Pu

U-Pu-10%

Material

Oxide

Carbide

Zr

U-Pu6% Zr

U-Pu with
150 μ
liner

Breeding

1.09

1.19

1.36

1.47

1.56

40

20

9.4

7.2

7

Ratio
Doubling
time (y)

8

Zr

1.2.3 Fusion Energy:
Fusion can provide large amounts of energy and does not cause any adverse effects
on the environment. One of the most prominent nuclear fusion reactions is that
between deuterium and tritium. The former can be obtained from the seawater
whereas the latter is obtained by the neutron irradiation of lithium blanket material.
Further, a fusion reactor will produce only short lived radioactive waste products
[28, 29].
During the fusion of deuterium and tritium an alpha particle is produced with a high
energy neutron (figure 1.4). Moreover, this fusion requires low activation energy
and thus low temperature as compared to other nuclear fusion reactions between H
and T or H and D.
D + T → He + n + 17.6 MeV

n

D

Energy
T

He

Figure1.4: Fusion Reaction using deuterium and tritium.

9

The International Thermonuclear Experimental Reactor (ITER) is envisaged with a
view to demonstrate the possibility of generating electricity by fusion reaction. India
is one of the participating countries in the ITER project financially and scientifically.
Nuclear fusion research in India is primarily carried out in BARC and Institute of
Plasma Research (IPR). Many research programmes are being pursued to develop
Test Blanket Modules (TBM) in order to demonstrate the production and extraction
of tritium [30-33]. ITER will be using lithium compounds for tritium breeding.
Among the solid lithium compounds the ceramic matrices are preferred due to their
more favourable physical characteristics in intense neutron fluxes and at high
temperatures [34-36]. Lithium-containing ceramics such as Li2O, LiAlO2, Li4SiO4,
Li2ZrO3 and Li2TiO3 have been considered as candidates for tritium breeding
materials. The tritium breeder blanket serves two primary functions in the fusion
reactor. One is breeding tritium and the second is converting the released energy into
heat. Both the functions are very important for the successful operation of a fusion
power reactor. The breeder materials should:
1. breed and release tritium,
2. possess physical and chemical stability at high temperature,
3. display compatibility with other blanket components, and
4. exhibit adequate irradiation behaviour. Studies revealed that Li2TiO3 is the
most preferred material for TBM and therefore, it was developed and
fabricated at BARC [37, 38].
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1.2.4 Chemistry in nuclear fuel cycle:
Optimum utilization of fissile content in the nuclear fuels during reactor operation
can result in increasing power production. Improving the fuel quality is one of the
criteria to ensure longer residence time of fuel in the reactor. This in turn results in
higher burn-up leading to enhanced power. Reactor physicists and fuel fabricators
stipulate certain quality (specifications) to the nuclear fuel and other reactor
materials for this purpose. In order to realise the smooth and efficient functioning of
the reactor, the fuel should satisfy the specifications derived for it. The specification
includes both physical and chemical qualities of the material. The chemical analyses
pertaining to the Chemical Quality Control (CQC) process play a pivotal role in
achieving the quality of the nuclear material fabricated into nuclear fuel. In addition
to the nuclear fuels, strategically important nuclear materials like tritium generators
[39] etc., also require determination of percentage and trace level components for
their optimum performance during reactor irradiation. As India is involved in the
International Test Experimental Reactor (ITER) project (a fusion based reactor
programme) and DAE supports this programme by fabricating tritium breeders
(Li2TiO3) employing different methods [38], the requirement for development of
analytical methods for the analysis of tritium breeders for their chemical
characterization need not be over emphasized.
Several analytical techniques are employed for the chemical characterization or
CQC analysis of nuclear materials [40]. Among them, elemental determinators, ICPAES [41], ICP-MS [42, 43], TIMS [44], alpha and gamma spectrometry [45, 46],
XRD [47], electro analytical techniques, spectrophotometer etc. are some of the
important techniques routinely employed for chemical characterisation analysis. In
the

recent

past

chromatographic

techniques
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like

High

Pressure

Liquid

Chromatography (HPLC) and Ion Chromatography (IC) have been introduced into
the CQC analyses of nuclear materials [48]. Some of the techniques used for CQC
measurements are described below:
1.2.4.1 Determination of major elements: Electroanalytical techniques are mainly
used for the determination of U and Pu in nuclear fuel materials. The electro
analytical methods are capable of analysing the fuel samples with a precision better
than 0.2 % [49, 50]. Complexometric titration using EDTA is employed for the
determination of thorium in the Th containing fuels [51, 52]. Determination of Zr in
metallic fuels is mainly carried out by gravimetric methods, where Zr is selectively
precipitated as its mandelate complex in hydrochloric acid medium [53].
(i) Determination of metallic impurities: Every fuel has a list of specifications for
different elements and other parameters with a view to achieve better performance
of the fuel as well as to ensure the safe operation of the nuclear reactor. Table 1.3
lists out the specifications for metallic impurities for a variety of fuel materials
meant for both thermal and fast reactors.
Atomic Emission Spectroscopy (AES):
DC Arc-AES: Analyses of metallics in the uranium containing fuels are being
carried out by converting the uranium into U3O8 form. Subsequently a known
amount of the sample is mixed with a carrier and loaded to a graphite electrode. The
electrode is excited in a DC arc and its emission spectrum is recorded. Solid samples
are analysed by using D. C. Arc as an excitation source [54, 55]. However D.C.-Arc
method suffers from certain limitations including its poor precision. In the case of
Pu bearing materials, a sample mixture of 100 mg (total) was prepared by mixing
5% AgCl, 35% Pu and pure U3O8 contributes the rest. While analysing the
12

plutonium carbide or mixed carbide fuels it is necessary to convert them into their
oxide form prior to the analysis. D.C.-Arc method is useful in analysing a group of
metallics which includes, Al, Be, Ca, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Mo, Na, Ni,
Pb, Si, Sn, Ta, V, W and Zn. Their limits of detection are in the range of 0.1 ppm to
100 ppm in nuclear materials. The technique requires precise matching of standard
and samples to achieve better accuracy.
Table 1.3: Specification limits of metallics for thermal and fast reactor fuels.
Impurity

Thermal Reactors (ppmw)

Fast Reactors (ppmw)

UO2

PuO2

(U,Pu)O2

UO2

PuO2

(U,Pu)O2

Ag

1

10

25

1

10

25

Al

25

250

400

25

250

500

B

0.3

2

1

0.3

2

2
10

Be
Ca

50

500

250

50

500

100

Cd

0.2

6

1

0.2

6

1

25

75

25

200

Co
Cr

25

200

400

15

200

300

Cu

20

50

400

10

50

100

Fe

100

500

400

100

500

1000

13

Gd

0.1

1

1

0.1

1

Mg

50

200

200

10

200

50

Mn

10

100

400

10

100

200

Mo

4

200

400

2

200

200

400

Na
Ni
Pb

20

200

400

200

400

100
20

200

500

200

200
10

Sn
400

V

100

W
Zn

200

400

200

200

200

100

100

Zr

ICP-AES: This technique has good sensitivity and also capable of analysing the
refractive matrices. In the case of ICP-AES analysis of nuclear fuels require preseparation of matrix element(s) [56-58]. The chemical separation is carried out
mainly by solvent extraction as it provides faster separation. Ion exchange
separation is also used in some cases. Elements like Sm, Eu, Gd, and Dy have
stringent specifications in the fuels and these elements can be determined with a
precision better than 10% at 0.1 ppm. Although this technique is used for the
determination of all metallic impurities, it is not recommended for some elements
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like Mo, W etc. as they are expected to be lost partially during dissolution of the fuel
samples. The use of chemical separation procedures can lead to possibility of
contamination and loss of few analytes like Si, W, Sn, Mo etc.
Atomic Absorption Spectroscopy (AAS): AAS is an element specific technique
and it requires a characteristic radiation source and a source to atomise the analyte.
Atomisation can be achieved by using a flame or Electro Thermal Atomization
(ETA).It is possible to analyse solid samples in ETA-AAS with better sensitivity
[59]. Determination of all the metal impurities in AAS is a slower process and
hence, one element is analysed at a time.

Like atomic emission spectroscopy

methods, AAS also requires prior separation of matrix element(s). The uranium
containing fuels are analysed after the separation of uranium by solvent extraction
with tributylphosphate (TBP) in HNO3. ETA-AAS based methods have been
developed for the analysis of Ag, Al, Ca, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Na, Ni,
Pb, Sb, Sn, and Zn in variety of nuclear materials. Compared to the D.C.Arc.-AES,
the atomic absorption procedure, though longer, provides better sensitivity and
precision.
ICP-MS: ICP-MS is one of the versatile analytical tools for carrying out trace and
ultra-trace level analysis. It is a rapid and highly sensitive technique [60]. ICP-MS
provides quantitative determination as well as isotopic ratios or composition.
Therefore, it is possible to detect the isotopes that unnatural isotope abundances.
Along with the multi-elemental capability it has very low limit of detection (LOD)
i.e. in the range of 1-10 ppt. ICP-MS gives a precision of 5% or better at the
concentration of ppb level, however, at time the method suffers from isobaric
interferences and memory effects. One of the limitations of ICPMS analysis is that
the dissolved solids in the sample solutions should not be more than 0.4%, and this
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demands rigorous sample preparation procedure to the samples of low dissolved
contents that are amenable to the ICP-MS analysis. ICP-MS coupled with laser
ablation source is a good choice for the solid sample analysis.
Total Reflection X-ray Fluorescence (TXRF): TXRF, an advanced variant of
Energy Dispersive X-ray Fluorescence (EDXRF) is a comparatively new technique
of material characterization [61]. The geometrical improvements in TXRF help in
achieving better detection in comparison to that of EDXRF. It has multi-elemental
capability and can analyse most of the elements above Z=11. The LOD for the
technique is relatively higher (in ppm range) as compared to AES, MS and AAS
techniques. Therefore trace impurities present in ppm and above concentration range
only can be quantified. The precision of measurements is up to 5%.
Nuclear analytical techniques: In nuclear analytical techniques the material under
analysis is subjected to a nuclear reaction by irradiating them with either neutrons or
protons followed by the measurement of emitted gamma energy. This technique is
widely employed in the characterisation of many nuclear materials such as,
zircaloys, stainless steels, Ni alloys, high purity aluminium and graphite and
uranium oxide, U-Th mixed oxides, uranium ores and minerals etc. Instrumental
neutron activation analysis (INAA) uses neutrons generated in the reactor and is a
good technique for medium and high Z elements. Hence, it finds useful in the
determination of trace metallic impurities. The detection limit for the method varies
from ppb to ppm range depending upon the matrix being analysed. It is a nondestructive direct solid sample analysis technique and provides a good precision up
to 1% [62, 63]. However requirement of reactor as the neutron source is one of the
set back of the technique that restricts its use.
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Spectrophotometry: Spectrophotometry is a simple and economically viable
technique for the determination of many metallic and their species. Due to the
availability of several multi-elemental techniques with good precision and
sensitivity, spectrophotometry is less commonly used. However, it is widely used for
the elemental specific analyses where the other workhorse techniques fail. The
detection limits (LOD) for many methods lay in the ppb to ppm range. Interferences
are the common problems with spectrophotometric methods and therefore, they
require suitable masking reagents or other procedures to circumvent the
interferences.
1.2.4.2 Isotopic composition analysis:
Isotopic composition of several elements in nuclear fuels and other nuclear
materials are being carried out by thermal ionisation mass spectrometry (TIMS) [64,
65]. The isotopic composition of uranium and plutonium are analysed for every fuel
material to ascertain the fissile element(s) content(s). Other important nuclear
materials like boron, cadmium, gadolinium, zirconium, heavy water etc. are also
analysed for the isotopic composition. In the case of plutonium and uranium,
analytical methods based on gamma spectroscopy are also available for determining
isotopic composition.
1.2.4.3 Determination of Non-metallics: Analyses of carbon, nitrogen, phosphorus,
sulphur, chlorine, fluorine, hydrogen, moisture, total gas content etc. are some of
non-metallic analyses. Quantification of carbon is based on the combustion method
wherein the C present in the sample is converted into CO2 at 1273K in a graphite or
alumina crucible using copper or tungsten as an accelerator in presence of oxygen
flow. The CO2 thus formed is purified and detected by thermal conductivity or
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infrared (IR) detection [66]. The oxygen present in the fuel is determined by inert
gas fusion method. Sample is fused at 2773K in He/Ar flow in graphite crucible.
The oxygen present in the sample forms CO which is determined by IR [67].
Nitrogen present in the sample can be determined by the inert gas fusion or Kjeldahl
distillation methods [68]. In fusion method sample is fused in graphite crucible at
2773K. N2 thus produced in the process is purified and determined by thermal
conductivity measurements. Hydrogen is also determined by inert gas fusion method
where the fusion is carried out at lower temperature of 2273K without any flux.
After purification and separation using a GC column, hydrogen is determined by
thermal conductivity [69]. Sulphur is determined by combustion to form SO2,
followed by IR detection or by a mass spectrometer [70].
Chlorine and fluorine in the samples are determined by a two-step method. The
halides were separated by pyrohydrolysis technique followed by their quantification
using spectrophotometry or ion chromatography [71]. During the pyrohydrolysis
separation the solid sample is subjected to action of heat and moisture
simultaneously in presence of a carrier gas. This converts the F and Cl into HF and
HCl, respectively and they are trapped in a dilute NaOH solution. Pyrohydrolysis is
the only separation technique available for separating chlorine and fluorine in low
concentrations. Dissolution of samples using acids or fusion methods are not useful
in determining the halides as the reagents contribute significant amount of these
halides leading to introduction of high blank. Ion chromatography is being employed
for the routine analysis of Cl and F in the fuels as the concentration of these halides
normally found to be less than 10 ppm. Although a few nuclear analytical techniques
have been reported for the determination of Cl and F in several nuclear materials,
they do not find much use in the routine CQC measurements.
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Boron, a non-metal, is included in the list of metallic impurities. The concentration
of boron in the nuclear materials is often determined by D.C.Arc-AES method along
with other metallic impurities. Alternatively, selective separation of boron using
diols followed by spectrophotometric determination with curcumin as chromogenic
agent is a sensitive method [72]. Nuclear analytical methods were also reported for
the determination of boron in different matrices. Boron in many nuclear and other
materials (solid samples) can be separated by pyrohydrolysis and trapped as boric
acid in dilute NaOH [73]. The pyrohydrolysis distillate thus obtained can be
analysed for boron content by IC, ICP-MS, ICPAES, AAS and spectrophotometer.
Table 1.4 lists the specification limits of non-metallics in several nuclear fuel
materials.
Table1.4: Specifications for non metallics.
Elements

UO2

PuO2

O/M
C/M

(U,Pu)O2

(U,Pu)O2

(U,Pu)C

(U,Pu)C

(Thermal)

(Fast)

(Mark-1)

(Mark-2)

1.98-2.02

1.98

1.025

1.025

±0.002)

0.02

±

M2C3
C

N

150

200

ppm

ppm

200

200

ppm

ppm

200 ppm

100 ppm
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300 ppm

200 ppm

±

0.005

0.005

5-20%

5-20%

(4.8±

(4.8±

0.25)%

0.25)%

±

O

6500 ppm

5000 ppm

O+N

7500 ppm

6500 ppm

1 ppm

3 ppm

300

300

50 ppm

ppm

ppm

Cl

25 ppm

50 ppm

15 ppm

25 ppm

25 ppm

25 ppm

F

25 ppm

25 ppm

10 ppm

25 ppm

25 ppm

25 ppm

H2O

5000

10 ppm

30 ppm

10 ppm

1 ppm

3 ppm

4.5 ppm

4.5 ppm

2 ppm

5.5 ppm

5.5 ppm

5.5 ppm

5.5 ppm

H
S

ppm
B
B. Eq.

10 ppm

1.2.5 Scope of Present Investigations:
The CQC processes of various nuclear materials as mentioned above demand the
development of new analytical methodologies. Improvement in the existing
methodologies is also desirable for realizing higher accuracy and precision, low
detection limit, high selectivity, simultaneous or multi-elemental analysis, minimum
generation of analytical waste and minimum use of chemical reagents etc.
Analytical methods which can analyse directly the dissolved sample solutions are
preferred as they eliminate the cumbersome sample preparation procedures. Few
applications of CE and IC, where direct analysis of the dissolved sample solution
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without employing matrix separation have been reported in literature [74, 75]. Such
direct analyses not only avoid the pre-separation of matrix or pre-concentration of
analytes but also useful in the absence of reference materials.
As discussed in the preceding sections that spectrometric techniques like AES, ICPMS, AAS etc. have been used for the material characterisation analysis on routine
basis. Electro-analytical techniques also find immense applications in the analysis if
major components. However these methods sometime suffer from several limitations
such as interferences, poor sensitivity, labour-intensive sample preparations etc.
Chromatography methods offer simultaneous separation as well as quantification
and therefore, chromatography techniques like ion chromatography, HPLC etc. are
being introduced in the chemical characterisation analysis.

Ion chromatography is

a useful technique for the determination of common anions and cations whereas
reversed phase ion interaction chromatography is used for the separation and
determination of both transition and inner transition elements [76-79]. Moreover, the
chromatography separations can be used for the speciation studies. For example
chromatography methods can distinguish different metal oxidation states, such as
Cr(III) and Cr(VI) and also Fe(II) and Fe(III) [80,81]. Different methods for the use
of IC in nuclear industry have been reported in literature. Separation of fission
products, trace impurities, lanthanides along with different actinides are some of
them to be mentioned [82, 83] where ICP-MS was used as the detector. IC coupled
to scintillation detector has also been used for alpha active actinide separation and
determination [84, 85]. Ion interaction chromatography (IIC) has been used for
determination of lanthanides, uranium, thorium and plutonium in irradiated fuel
samples [86]. IC has been significantly contributing in analysing the distillates
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obtained from pyrohydrolysis of fuel samples [73] for boron and halides. However
considering the ability of the method its full potential has not been utilised.
Like ion chromatography, capillary electrophoresis (CE) is another technique which
can be used for simultaneous separation and determination of cations and anions
[87-90]. CE with indirect detection has been applied to the analysis of inorganic
anions, cations, organic acids, alkali metals, amino acids, and nucleotides [91, 92].
Lanthanides, transition metal ions and alkali and alkali earth metals have been
analysed in several materials [93-95]. However these methods have not been applied
to the analysis of nuclear fuel or other nuclear materials. The method requires nano
grams of sample injection, which can reduce radioactive waste significantly. One of
the important advantages of the CE is it can be utilised for direct sample analysis
without carrying out the matrix separation.
In spite of the unique features of IC and CE, not many applications were reported for
the analysis of nuclear materials. Therefore, efforts have been made to utilise these
techniques for nuclear material analysis independently and validate the results.
Pyrohydrolysis as a separation technique has found several applications like cement,
soil, nanoparticles and nuclear material [96-99]. The term pyrohydrolysis was
adopted to describe hydrolytic reactions whose equilibrium constants and higher
reaction rates seem to be favoured at higher temperatures. During pyrohydrolysis the
sample is heated at high temperature in presence of moist oxygen or a suitable
carrier gas. Pyrohydrolysis finds many applications in the determination of halides
at trace level concentrations in many complex matrices as it separates halides and
boron directly from a solid matrix and provides an interference free clean distillate
carrying out trace and ultra-trace level analysis [73,100]. Pyrohydrolysis has been
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used to separate halides and B directly from a solid sample [73]. However the
method has potential to be used for few other analytes specially metals. The
simultaneous separation and determination of anions by IC is very special as similar
sensitive and simultaneous analysis of anions is not possible with any other
technique. Therefore Pyrohydrolysis and IC form a great combination and have
significant potential for application in nuclear material sample analysis.
Analysis of halides and boron in environmental and plant samples involves tedious
sample preparation procedures due to the presence of organic compounds. The
analytical methods that have been developed for the analyses of nuclear materials
involving initial pyrohydrolysis separation followed by analytical determinations can
be extended for the analyses of environmental samples.
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Chapter: 2
Principles of Experimental Techniques
2.1 Introduction:
A number of analytical instruments have been employed during the course of current
investigations. Some of these techniques are common to more than one investigation.
For example, pyrohydrolysis followed by ion chromatography has been employed
for determination of halogens in U-Zr and U-Pu-Zr samples described in Chapter-3,
for Mo in U-Mo samples described in Chapter-4 and for simultaneous determination
of BO3-, F-, Cl- and MoO42- ions in nuclear materials. Ion chromatography and
Capillary electrophoresis has been employed for the determination of Li in U-Li
samples described in Chapter-5. Chapter-6 describes application of Capillary Zone
Electrophoresis (CZE) for the determination of Fe in Uranium matrix. Lastly ion
chromatography has once again been employed for optimising washing procedure to
be used for removal of chloride and nitrate from Li2TiO3. Instead of describing the
principles of these techniques each time in subsequent individual chapters, general
description is given in this Chapter. The experimental details, as applicable are given
in the respective Chapters.
In addition, a number of other techniques have also been employed as supporting
tools to generate the requisite information on the samples investigated. These
techniques were employed primarily for getting more information to interpret the
experimental observations for drawing meaningful conclusions. This information
includes XRD data, and other trace elemental techniques such as TGA, AAS, ICPAES. Details of such techniques are also given in this Chapter.
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2.2 Chromatography
Chromatography is a separation technique that separates components of complex
mixtures on the basis of their retention behaviour on a stationary phase in presence
of a mobile phase. It is defined as the physical method of separation where the
analytes are distributed or partitioned between two immiscible phases viz. stationary
and mobile phases. Modern chromatographic techniques are coupled with suitable
detection systems and thereby they offer sequential separation as well as
quantification of analytes from a single sample aliquot. In all chromatographic
separations a mobile phase is passed through an immiscible stationary phase, which
is fixed. The analytes in the sample distribute themselves between the mobile and
stationary phases. Due to the flow of mobile phase the weakly retained components
move ahead of strongly retained components [1-3]. The mobile phase entering the
column is called eluent whereas the eluent emerging from the end of the column is
called eluate and the process of passing mobile phase through a chromatography
column is called elution.
2.2.1 Types of Chromatography
Chromatography can be divided into several types based on the basis of the
mechanism of interaction between the solute and the stationary phase, as shown in
Figure 2.1.
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Figure 2.1: Major types of Chromatography

Adsorption chromatography: The retention of solute on the stationary phase is due
to the adsorption. Stationary phase is a solid surface whereas mobile phases can be a
liquid or a gas [4].
Partition chromatography: The retention mechanism in this case is similar to
solvent extraction. Solute is partitioned between a mobile phase (liquid or gas) and a
stationary liquid phase adsorbed on solid surface [5].
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Ion-exchange chromatography: Anions or cations of analytes in the sample aliquot
during elution get exchanged with their corresponding counter ions on the stationary
solid phase due to the ion exchange mechanism. Stationary phase is usually a resin
suitably modified as an ion exchanger and the mobile phase is a liquid [6].
Size exclusion chromatography: Size-exclusion chromatography (SEC), also called
gel-filtration or gel-permeation chromatography (GPC), uses stationary phase
impregnated with porous particles of varying size to separate molecules of different
sizes. It is generally used to separate biological molecules, and to determine
molecular weights and molecular weight distributions of polymers. Molecules that
are smaller than the pore size can enter the particles and therefore have a longer path
and longer transit time than larger molecules that cannot enter the particles [7].
Affinity chromatography: This technique utilises specific interactions between one
kind of solute molecule and a second molecule that is immobilized to the stationary
phase [8].
Chromatographic techniques are also classified on the basis of the physical states of
both stationary and mobile phases used.
Gas-liquid chromatography (GLC): Solid or a liquid adsorbed on a solid support
is the stationary phase and the mobile phase is always a gas.
Gas-solid chromatography (GSC): The mobile phase is a gas whereas the
stationary phase is a solid.
Liquid-liquid chromatography (LLC): Stationary phase is liquid adsorbed on solid
and mobile phase is liquid.
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Liquid-solid chromatography (LSC): Stationary phase is a solid whereas mobile
phase is a liquid.
2.2.2 Ion-Exchange Chromatography:
The ion exchange chromatography separation is mainly based on the differences in
the ion exchange affinities of the sample ions towards the fixed ions of the stationary
ion exchange resin. Hence, depending upon the affinities of the ions they will have
different retention times, which is defined as the time in which an ion or a species is
retained inside the column. In anion exchangers, positively charged groups are fixed
on the stationary phase, which attracts solute anions whereas in the case of cation
exchangers, fixed negatively charged ions on the stationary phase attract the cations
of the solute. In general, ion exchangers favour the binding of ions of higher charge
density [9].
Generally the ion exchange resins are the polymers and co-polymers of organic
compounds.

Polystyrene

based

ion

exchangers

are

synthesised

by

the

copolymerization of styrene and divinylbenzene (DVB). The DVB content is varied
from 1 to 16% to increase the extent of cross-linking. The phenyl rings are
substituted with appropriate functional groups to obtain cation exchange or anion
exchange resins. For instance, substitution of sulfonate group was performed to
obtain the cation exchange resin whereas a quarternary ammonium group is
introduced to obtain an anion exchanger.
2.2.2.1 Ion Exchange equilibria:
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The law of mass action can be used to treat ion-exchange equilibria [10]. For
example, when a dilute solution containing metal ions is passed through a column
packed with a sulfonic acid resin, the following equilibrium is established (fig. 2.2):

Column
Stationary
Phase

Figure 2.2: Schematic representation of Ion Exchange mechanism.

Mn+(aq) + nH+(res)=Mn+(res) +nH+(aq)

-------------------------

(1)

for which the equilibrium constant Kr is given by
K r=[M]res[H]naq / [M]aq[H]nres

-------------------------

(2)

Polyvalent ions are much more strongly retained than singly charged species.Within
a given group of ions having same charge, the differences among values for K appear
to be related to the size of the hydrated ion as well as other properties. Therefore, for
a typical sulfonated cation-exchange resin, values of equilibrium constant for
univalent ions decrease inthe order Ag+, Cs+, Rb+, K+, NH4+, Na+, H+,Li+.For
divalent cations the order is Ba2+, Pb2+,Sr2+, Ca2+, Ni2+, Cd2+, Cu2+, Co2+, Zn2+, Mg2+,
UO22+.
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Analyte ions with different selectivity coefficients for a specific combination of resin
and eluent anion will be separated due to different degrees of interaction with the
stationary phase. The mechanism for anion exchangeseparation is analogous.
2.2.2.2 Conductivity detection:
Ion chromatography coupled with conductivity detector became a powerful tool for
the quantification of ions after the development of low-exchange capacity columns.
Improvement in the sensitivity of detection as well as very low limit of detection
limit (LOD) was achieved after the introduction of suppression technology. The
suppression technique is employed for reducing the conductivity of the mobile phase
after the column and before the detector.
Electrical conductivity measures the ability of a solution to conduct an electric
current between two electrodes across which an electric field has been applied. The
conductance of a solution (ƍ) is commonly expressed by the SI unit Siemens (S), and
is the reciprocal of the resistance (R) measured in ohm (Ω).
ƍ =1/

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

3

Conductivity detectors are simple devices consisting of a detection cell with two
electrodes, which can either be in contact with the stream of eluent. Conductivity
detection is the natural choice for IC, since the separated analytes are electrically
conducting. The conductance signal depends on the electrolyte concentration (C) of
the ionic species present (both eluent and analyte ions, either + or -) and their
limiting equivalent ionic conductances (λ).
In suppressor-based ion chromatography, the ion-exchange column is followed by a
suppressor column, or a suppressor membrane, that converts an ionic eluent into a
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non-ionic species that does not interfere with the conductometric detection of analyte
ions [11].
Currently,

several

other

detector

types

such

as

spectrophotometer

and

electrochemical detectors are available for ion chromatography.
2.2.3 Terms used in chromatography separations:
The mechanism of chromatography separations is understood by Column theory.
Following are important factors that control the separation of analytes on the
column.
(i)

Column dead time (t0): it is the time necessary for a non-retained
component to pass through the column. And the volume of mobile phase
corresponding to the dead time is known as dead volume (V0).

(ii)

Retention time (tR): It is the time taken for an analyte to emerge out of the
column after its retention on the column in which the components reside
inside the column. This includes the dead time of the column.

(iii)

Resolution (R): Resolution is the measure of how a peak is separated with
respect to its neighbouring peaks. The resolution R of two neighboring peaks
is defined as the quotient of the difference in the absolute retention times and
the arithmetic mean of their peak widths w at the respective peak base.

R = (tR2 - tR1) /[ (w1 + w2) /2]

------------------------

(4)

where tR2 and tR1 are the retention times for components 1 and 2 respectively,
w1 and w2 are their corresponding peak widths.
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(iv)

Selectivity (α): the selectivity is defined as the ratio of the solute retention
times of two different components.
R = (tR2 – t0) /(tR1– t0)

------------------------

(5)

The selectivity is a thermodynamic quantity and at constant temperature, it is
determined by the properties of the stationary phase.
The selectivity of the column is due to several factors, e.g., the support
material and the chemical structure of the ion exchange group.
The selectivity factor () of two analyte ions A and B eluting close to each
other is the measure of how well these ions are separated, and is calculated
according to:
=k'B/k'A

------------

(6)

wherek'A and k'B are the retention factors for the first and the last eluted ion,
respectively.
(v)

Retention factor (k'): it is also known as Capacity factor. It is the product of
the phase ratio Ф between stationary and mobile phase in the separator
column and the Nernst distribution coefficient, K.

k' = K x (Vs / Vm)
K = Cs / Cm
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---------------------------------

(7)
(8)

where K is Nernst distribution coefficient, Vs is volume of the stationary phase, Vm
is volume of mobile phase, Cs and Cm are solute concentrations in the stationary and
mobile phase respectively.

Practically k' for any peak of a component is measured as

k' = (tR – t0) / t0

………….. (9)

Number of Theoretical Plates (N)
A chromatography column does not contain anything resembling physical distillation
plates or other similar features. Theoretical plate numbers are indirect measure of
peak width for a peak at a specific retention time.The number of theoretical plates is
a mathematical concept and can be calculated using Equation,
N = 16L2/w1/2

-----------

(10)

(Where L is the column length and w1/2 is width of peak at half peak height).
Columns with high plate numbers are considered to be more efficient, that is, have
higher column efficiency, than columns with a lower plate count. A column with a
high number of theoretical plates will have a narrower peak at a given retention time
than a column with a lower N number [12].
2.2.4 Plate Height Equation:
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Another measure of column efficiency is the height equivalent to a theoretical plate
denoted as H. It is calculated using Equation, H= L/N and usually reported in
millimetres (Where L is the column length and N is number of theoretical plates of
the column). The column efficiency is considered as high when the number of
theoretical plates is more per unit length of the column.
Plate height, H, is proportional to the variance of a chromatographic band. The
smaller the plate height, the narrower the band. The Van-Deemter equation tells us
howthe column and flow rate affect the plate height:
H =A +B/ux + Cux

-----------

(11)

Where ux is the linear flow rate and A, B, and C are constants for a given column and
stationary phase. Changing the column and stationary phase changes A (Eddy
diffusion), B(longitudinal diffusion), and C (resistance to mass transfer).
A - Eddy diffusion:
The mobile phase moves through the stationary phase which is packed under high
pressure. Solute molecules will take different paths through the stationary phase at
random. This will cause broadening of the solute band, because different paths are of
different lengths.
B - Longitudinal diffusion:
The concentration of the analyte is less at the edges of the band than at the center.
Analyte diffuses out from the centre to the edges. This causes band broadening. If
the velocity of the mobile phase is high then the analyte spends less time on the
column, which decreases the effects of longitudinal diffusion.
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Figure 2.3: A typical Van Deemter plot.
C - Resistance to mass transfer:
The analyte takes a certain amount of time to equilibrate between the stationary and
mobile phase. If the velocity of the mobile phase is high, and the analyte has a strong
affinity for the stationary phase, then the analyte in the mobile phase will move
ahead of the analyte in the stationary phase. The band of analyte is broadened. The
higher the velocity of mobile phase, the worse the broadening becomes.
For each peak in the chromatogram, the capacity factor, k’, is defined as,
-------------------

(12)

The separation factor (α) is defined as the ratio of the retention factors (k),

--------------
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(13)

It is useful to relate the resolution to the number of plates in the column, the
selectivity factor and the retention factors of the two solutes;

---------------------

(14)

To obtain high resolution, the three terms must be maximised. An increase in N, the
number of theoretical plates, by lengthening the column leads to an increase in
retention time and increased band broadening - which may not be desirable. Instead,
to increase the number of plates, the height equivalent to a theoretical plate can be
reduced by reducing the size of the stationary phase particles.
Other experimental parameters which can affect the resolution are,
(i) Changing mobile phase composition
(ii) Changing column temperature
(iii) Changing composition of stationary phase
Using special chemical effects (such as incorporating a species which complexes
with one of the solutes into the stationary phase) etc.
2.2.5 Instrumentation:
The schematic shown below (Fig. 2.4) represents an ion chromatography system.
The sample is introduced into the system via a sample loop on the injector. When in
the inject position the sample is pumped onto the column by the eluent and the
sample ions are then attracted to the charged stationary phase of the column. The
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eluent elutes the retained ions which then go through the detector (which is most
commonly conductivity) and are depicted as peaks on a chromatogram.

Figure 2.4: Block diagram for an Ion Chromatography system.

Figure-2.5 represents an IC system designed for analysis of radioactive samples.
Some parts of the system which are in direct contact with the active samples, viz.
sample injector, column, suppressor and detector are detached from the main system

Figure 2.5: Schematic representation of an Ion Chromatography system
designed for radioactive samples.
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and are installed in a fume hood. The fume hood is under sunction and the air of
fumehood is passed through HEPA filters before getting released to atmosphere. The
liquid waste collected in fume hood are disposed as per the standard procedures of
radioactive liquid wastes.
Studies described in this dissertation utilised the ion chromatography for determining
various anions like F-, Cl-, NO3-, MoO42- etc. The separations were carried out on
anion exchange columns with suppressor conductivity detection.
2.3 Capillary Electrophoresis:
Capillary electrophoresis (CE) is a rapid separation technique and it turned to be a
good analytical tool by coupling suitable detectors. CE separates ions based on their
electrophoretic mobility caused by application of potential (applied voltage). The
electrophoretic mobility is dependent upon the charge of the ion, the viscosity, and
the radius of the ion or molecular species. The rate at which the particle moves is
directly proportional to the applied electric field, the greater the field strength, the
faster the mobility. Neutral species are not affected, only ions move with the electric
field. If two ions are the same size, the one with greater charge will move faster than
the one with lesser charge. For the ions of same charge, the ion with small size will
have faster migration rate as it will experience less friction in the medium. The
capillary electrophoresis has some advantages over other separation techniques such
as fast separation, very small sample size and separations with high resolution. CE is
a useful technique because there is a large range of detection methods available [12].
Employing a capillary in electrophoresis had solved some common problems in
traditional electrophoresis. For example, the narrow dimensions of the capillaries
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greatly increased the surface to volume ratio, which eliminated overheating by the
application of high voltages.
2.3.1 Electrophoretic Mobility:
Electrophoresis is the process in which sample ions move under the influence of an
applied voltage. The ion experiences a force that is equal to the product of the net
charge and the electric field strength. It is also affected by a drag force that is equal
to the product of, the translational friction coefficient, and the velocity. This leads to
the expression for electrophoretic mobility [14]:

-----------------------

(15)

Where f stands for a spherical particle is given by the Stokes’ law; η is the viscosity
of the solvent, and r is the radius of the atom. The rate at which these ions migrate is
dictated by the charge to mass ratio. The actual velocity of the ions is directly
proportional to E, the magnitude of the electrical field and can be determined by the
following equation:

---------------------------

(16)

This relationship shows that a greater voltage will quicken the migration of the ionic
species.
2.3.2 Electro osmotic Flow:
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The electro osmotic flow (EOF) is caused by applying high-voltage to an electrolyte,
which is filled in a capillary. The flow of electro osmatic flow is explained on the
basis of an electrical double theory. According to this mechanism, –SiOH of the
silica releases a proton to become SiO- ions when a buffer solution having pH more
than 3 is allowed to pass through the silica capillary. Hence, the capillary wall then
has a negative charge, which develops a double layer of cations attracted to it. The
inner cation layer is stationary, while the outer layer is free to move along the
capillary. The applied electric field causes the free cations to move toward the
cathode creating a bulk flow, which is known as electro osmatic flow. The rate of the
electroosmotic flow [14] is governed by the following equation:
------------------------------------

(17)

Where, ε is the dielectric constant of the solution, η is the viscosity of the solution, E
is the field strength, and ζ is the zeta potential. Because the electrophoretic mobility
is greater than the electroosmotic flow, negatively charged particles, which are
naturally attracted to the positively charged anode, will separate out as well.

2.3.3 Instrumentation:
A typical CE system consists of a high-voltage power supply, a sample introduction
system, a capillary tube, a detector and an output device. Each side of the high
voltage power supply is connected to an electrode as shown in the Figure 2.6. These
electrodes help to induce an electric field to initiate the migration of the sample from
the anode to the cathode through a capillary tube. The capillary is made of fused
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silica and is sometimes coated with polyimide. Each end of the capillary tube is
dipped in a vial containing the electrode and a background electrolytic solution.
There is usually a small window near the cathodic end of the capillary for UV-ViS
detection.

Figure 2.6: Capillary Electrophoresis instrumentation.
There are six types of capillary electrophoresis available [15] and they are (i)
capillary zone electrophoresis (CZE), (ii) capillary gel electrophoresis (CGE) (iii),
micellarelectrokinetic capillary chromatography (MEKC), (iv) capillary electro
chromatography (CEC), (v) capillary isoelectric focusing (CIEF), and (vi) capillary
isotachophoresis (CITP).
2.3.4 Capillary Zone Electrophoresis (CZE):
In CZE analytes move in the EOF but separate into bands because of differences in
their electrophoretic mobilities, μ. Differences in μ make each analyte's overall
migration velocity slightly different, and difference in migration velocity is
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responsible for the separation. As it was discussed earlier in the presence of an
applied electric field, the diffuse layer migrates towards the negatively charged
cathode creating an electrophoretic flow (μep) that drags bulk solvent along with it.
Anions in solution are attracted to the positively charged anode, but get swept to the
cathode as well. Cations with the largest charge-to-mass ratios separate out first,
followed by cations with reduced ratios, neutral species, anions with smaller chargeto-mass ratios, and finally anions with greater ratios. The electroosmotic velocity can
be adjusted by altering pH, the viscosity of the solvent, ionic strength, voltage, and
the dielectric constant.
In liquid chromatography the separations are carried out on a packed and there the
peak broadening is being explained on the basis of van Deemter equation, which
accounts the broadening due to three phenomena namely multiple flow paths,
longitudinal diffusion, and finite rate of mass transfer. In capillary electrophoresis,
there is no stationaryphase. Therefore, the only fundamental source of broadening
under ideal conditions is longitudinal diffusion.
The present thesis reports about the developed CZE methods for determining Fe in
uranium matrices and Li in Li-Al alloys. The method that deals with the
determination of Fe in U matrices utilised chloride as the complexeing agent in the
BGE. In the CZE method for the determination of Li in Li-Al alloy was developed
by using Imidazole as the co-ion.
2.4 X-ray powder diffraction analysis (XRD):
XRD is perhaps the most widely used X-ray based analytical technique for
characterizing materials. As the name suggests, the sample is usually in a powdery
form. The positions and the intensities of the peaks are used for identifying the
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underlying structure (or phase) of the material [16]. The three-dimensional structure
of crystalline materials is defined by regular, repeating planes of atoms that form a
crystal lattice. When a focused X-ray beam interacts with these planes of atoms, part
of the beam is transmitted, part is absorbed by the sample, part is refracted and
scattered, and part is diffracted. X-rays are diffracted by each structure differently,
depending on what atoms make up the crystal lattice and how these atoms are
arranged. When an X-ray beam hits a sample and is diffracted, we can measure the
distances between the planes of the atoms that constitute the sample by applying
Bragg's Law, named after William Lawrence Bragg, who first proposed it in 1921.
Bragg's Law is:
nλ =2d sinθ,

------------------------

(18)

where the integer n is the order of the diffracted beam, λ is the wavelength of the
incident X-ray beam, d is the distance between adjacent planes of atoms (the dspacings), and is the angle of incidence of the X-ray beam. We can measure the dspacings. The geometry of an XRD unit is designed to accommodate this
measurement. The characteristic set of d-spacings generated in a typical X-ray scan
provides a unique fingerprint of the material or materials present in the sample.
When properly interpreted, by comparison with standard reference patterns and
measurements, this fingerprint allows for identification of the material.
Instrumentation: In XRD, X-rays are generated within a sealed tube which is under
vacuum. A filament present inside the tube is heated by applying current and the
filament emits electrons. Moreover, higher the current the greater the number of
electrons emitted from the filament. A high voltage, typically 15-60 kilovolts, is
applied within the tube. This high voltage accelerates the electrons, which then hit a
49

target, commonly made of copper. When these electrons hit the target, X-rays are
produced. The wavelength of these X-rays is characteristic of that target. These Xrays are collimated and directed onto the sample, which is in fine powder form. A
detector detects the X-ray signal; the signal is then processed either by a
microprocessor or electronically, converting the signal to a count rate [17].
The XRD technique was utilized during various studies to understand the various
structural transformations occur during their pyrohydrolysis. The structural
information obtained from the XRD is vital in interpreting the mechanism of
pyrohydrolysis for the material under investigation.
2.5 Thermogravimetric Analysis:
Thermogravimetric analysis (TGA) measures the change in weight of a material as a
function of temperature (or time) under a controlled atmosphere. TGA is widely
employed for the measurement of a material’s thermal stability, moisture, solvent
content, and composition of components (in percentile level) in a compound [18]. A
TGA analysis is performed by gradually raising the temperature of a sample in a
furnace as its weight is measured on an analytical balance that remains outside of the
furnace. In TGA, mass loss is observed if a thermal event involves loss of a volatile
component. Chemical reactions, such as combustion, involve mass losses. A plot of
sample weight versus temperature or time is used to illustrate the thermal transitions
in the material.
The studies described in this dissertation, TGA was utilised specially to understand
the chemistry of volatilization of MoO3 in moist atmosphere at different
temperatures.
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2.6. Inductively Coupled Plasma Atomic Emission Spectrometry:
Atomic emission spectrometry (AES) is a method of chemical analysis that uses the
intensity of light emitted from a flame, plasma, arc, or spark at a particular
wavelength to determine the quantity of an element in a sample. The wavelength of
the atomic spectral line gives the identity of the element while the intensity of the
emitted light is proportional to the number of atoms of the element. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) uses ICP to produce
excited atoms and ions that emit electromagnetic radiation at wavelengths
characteristic of a particular element.Advantages of ICP-AES are excellent limit of
detection and linear dynamic range, multi-element capability, low chemical
interference and a stable and reproducible signal. Disadvantages are spectral
interferences (many emission lines), cost and operating expense and the fact that
samples typically must be in a liquid solution [19,20].
The ICP-AES technique has been used in the studies of this thesis to validate the
results obtained by the developed methods by comparing the values obtained from
ICP-AES.

2.7 Pyrohydrolysis:
Pyrohydrolysis is one of the separation techniques where the analytes are directly
separated from the solid materials without dissolving them. Pyrohydrolysis is based
on the principle where the decomposition solid materials in presence of heat and
water vapour. During the simultaneous action of heat and steam, the analytes are
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converted into their volatile form and get extracted through the flow of steam, which
is subsequently condensed and collected in the form of distillate.
Domange and Wohlhuter [21] had determined the equilibrium constant for the
reaction
UF4 + 2H2O = UO2 + 4HF
in the range 200° to 500° C. They concluded that higher temperatures favour the
formation of the hydrolysis products, the equilibrium constant being 1.36 X 10-1 at
250°C. and an estimated value of 1.93 at 1000°C.Warf et al [22]

extended the

observations of Domange and Wohlhuter and postulated that in the case of a
general equation
MF2n + nH2O = MOn + 2nHF
the free energy of formation is expected to become more negative with rising
temperatures, because the standard entropy of 2 moles of hydrogen fluoride is
roughly twice that of 1 mole of steam.
A plot of Free energy formation and the temperature for different metal halides [23]
is shown in Figure 2.7. It is seen that as the temperature increases the G becomes
more and more negative. The end product is the halogen acid and the corresponding
metal oxide. It leads to the conclusion that quantitative release of halogen from the
solid matrix is facilitated through opening of the solid matrix and conversion of the
metal halide to metal oxide. Besides high temperature, for effective interaction of
moisture with metal halide to occur the sample should preferable be in the powder
form to offer large surface area. The kinetics of release of halogens is thus directly
related to the kinetics of formation of metal oxide.
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After extensively investigating different metal halide systems, Warf et al[22]
classified them into a rapidly hydrolyzable group and a slowly hydrolyzable group.
The first included A1F3, BiF3, MgF2, ThF4, UF4, UF3, UO2F2, VF3, ZnF2, ZrF4,
ZrOF2, and the rare earth fluorides.

Figure 2.7:Gibb’s free energies of formation of various compounds [23].
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The second group included the fluorides of the alkali metals, the alkaline earth
metals, and beryllium. Those in the first group were hydrolyzed quantitatively in 20
minutes or less at 1273K.
The

volatile

halogen

acids

are

collected

in

a

PVC bottle containing dilute NaOH (trapping solution) and this solution is known as
pyrohydrolysis distillate. The pyrohydrolysis distillates obtained are subsequently
analysed by selective instrumental methods for quantifying the analytes. Similarly
boron can be separated in the form of boric acid from several materials [24-26].
Pyrohydrolytic separation mainly depends on (i) temperature of pyrohydrolysis (ii)
carrier gas flow rate (iii) sample mass and (iv) time (duration ) of pyrohydrolysis.
(i) Pyrohydrolysis temperature: Temperature is an important parameter as the
material under pyrohydrolysis is needed to be decomposed or brought changes in the
volume of the material either by physical or chemical means. For organicas well as
easily pulverisable materials, a moderate temperature range between 673 and 973K
is chosen. However, refractive materials which are highly resistive for the action of
heat require quite high temperature (more than 1273K).

(ii) Carrier gas choice and flow rate: The carrier gas selection and its flow rate are
important parameters in pyrohydrolysis. It indirectly helps in improving the
sensitivity of the analytical determination. Most of the pyrohydrolysis are carried
out with oxygen as carrier gas except for the cases where oxygen may cause
unwanted or unfavourable reactions. For instance, pyrohydrolysis of uranium carbide
or plutonium carbide or mixed uranium and plutonium carbide is carried out with
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Argon gas (inert gas) due to their pyrophoric nature. The flow rate of steam is
controlled by the carrier gas flow rate and therefore, it directly controls the
condensed distillate volume. Typically the pyrohydrolysis distillate collection
volume is kept around 25 mL in 30 minutes collection. This is very important to
have appreciable concentrations of the analytes in the distillate.
(iii) Mass of the sample: A sample mass of 10 mg to 5g are taken for
pyrohydrolysis. For a given sample, the sample mass is decided by considering the
concentration range of analytes present in the sample.
(iv) Time of pyrohydrolysis: Time of pyrohydrolysis is the most important one as it
decides the recoveries of analytes. Depending upon the pyrohydrolysis temperature
and the concentration of the analytes the separation kinetics is varied. Therefore, the
time of pyrohydrolysis needed to be optimized for each matrix. For example the
uranium or plutonium carbides are pyrohydrolysed for only 15-20 minutes for the
complete recovery of chlorine and fluorine whereas in certain ceramic and refractive
materials like zirconia, thoria etc. is pyrohydrolysed for few hours.
Literature survey shows a variety of samples like geological samples, coal, organic
materials, nano particles, cement, nuclear materials etc. [27-31] are regularly
analysed for their halide contents after pyrohydrolysis separation. The basic design
of the pyrohydrolysis apparatus is presented in the Figure 2.8. Depending on the
materials to be pyrohydrolysed some modifications in the apparatus are also being
incorporated.
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Figure 2.8: Basic Pyrohydrolysis instrument.

In order to carry out the pyrohydrolysis of radioactive materials, the apparatus is
housed inside an active glove box. This limits the free handling or operation of the
PH apparatus and from the safety point of view, it poses many challenges. Therefore,
many modifications have been incorporated in the system to carry out the operations
and handling easier and safe. In addition, to increase the sample through-put during
routine sample analyses, necessary changes were incorporated in the design with a
view to carry out the sample loading and unloading is easier and safe. These
requirements resulted in advance pyrohydrolysis system as depicted in Figure-2.9.
The main features of the design are, (i) pre-heater for the carrier gas is not required
as the same furnace where the sample is heated is utilized for heating moist carrier
gas. (ii) The furnace is movable, which helps in easy access to the reaction tube. (iii)
The combination of outer and inner reaction tube allow easy and fast loading of
sample boat. (iv) The overall space occupied is reduced significantly.
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Figure 2.9: The modified Pyrohydrolysis apparatus for Glove Box operation.

Pyrohydrolysis was used for clean sample preparation. Studies were carried out to
understand the pyrohydrolysis behaviour of U-Zr and U-Pu-Zr alloy samples. A
novel method was also developed where Mo was separated directly from U matrix
using pyrohydrolysis. For analysing environmental samples pyrohydrolysis was used
to providea simultaneous separation of B, F Cl and Mo.
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Chapter: 3
Direct Extraction of Molybdenum from Solid Uranium
Matrices Employing Pyrohydrolysis and Its Determination
by Ion Chromatography
3.1 Introduction:
Uranium is used as a nuclear fuel both in ceramic (UO2) and alloy forms. Both the
types of fuels have their own advantages and disadvantages. Depending upon their
composition and properties they are considered suitable for different reactors.
Molybdenum is an alloying element for metallic fuels such as U-Mo, U-TRU-Mo
(TRU, trans-uranium elements such as Np, Pu, and Am), and so on. These alloys are
advantageous due to their γ phase stability of U [1]. Presence of Mo in ceramic fuel
causes creep resistance (results in swelling of fuel pellets and causes adverse effects
on the integrity of clad material). Hence, the presence of Mo even at a trace level
concentration is undesirable in oxide or mixed oxide fuels of U and Pu. Another
important factor is the oxygen potential of the Mo/MoO2 couple which is very close
to that of the stoichiometric UO2 [2] and can affect the o/m ratio of UO2. Therefore,
separation and determination of Mo in nuclear fuels in the concentration range of
trace to percent levels is an important requirement.
Methods that are being used in the chemical characterisation of nuclear materials for
the determination of Mo in U or U-Pu matrices involve dissolution of the material in
appropriate acid media followed by solvent extraction or ion exchange separations
[3-7]. These methods are laborious and generate radioactive liquid wastes. Unless
precautions are taken there may be loss of Mo during the sample preparation steps.
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This loss of Mo leads to erroneous determination of Mo. Such loss was encountered
while determining Mo in ammonium diuranate (ADU) [8]. Therefore, it is desirable
to have a sample preparation procedure that does not lead to loss of Mo and also
brings reduction in the radioactive waste generation.
Pyrohydrolysis (PH) is a separation method which separates the analyte(s) directly
from the solid matrix and do not use any organic reagent or acids. PH is a wellknown technique for separating halogens and boron from several solid matrices [915]. The pyrohydrolysis conditions or separation parameters governing recoveries of
the analytes depend on the matrix and also the nature of the analyte [16, 17].
Pyrohydrolysis is widely used for separating non-metals such as halogens, boron,
and sulphur, and its application for separating metals or metal species has not been
explored and reported so far.
Several studies (18-20) indicate that MoO3, the more stable oxide of Mo has higher
vapour pressure. In addition, the volatilisation of Mo is enhanced when the
atmosphere contains moisture [20, 21]. This implies the feasibility of separating Mo
quantitatively from solid matrices by making use of associated vapour chemistry of
Mo. Present investigations are aimed at exploring the feasibility of adapting
pyrohydrolysis for separating molybdenum from uranium based nuclear materials.
3.2 Experimental Section:
3.2.1Reagents:
For the preparation of synthetic standards, U metal and UO2 (nuclear grade, Bhabha
Atomic Research Centre (BARC), Mumbai, India) and Mo metal powder and MoO3
(>99.95% Alfa Aesar, Heysham, U.K.) were used. The standard solutions of F–, Cl–,
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NO3–, and SO42– were prepared by dissolving their respective Na salts (>99.9%,
Merck, Darmstadt, Germany). Standard solutions of MoO42– were prepared by
dissolving (NH4)6Mo7O24 (>99.98%, Sigma-Aldrich, St. Louis, MO, USA) in high
purity water. All other reagents were of analytical grade. For the preparation of all
solutions and production of steam, high purity water (18.2 MΩ·cm) obtained from a
Milli-Q system (Millipore, Billerica, MA, USA) was used.
3.2.2 Preparation of Standards Containing Mo:
In order to study the recovery of Mo by pyrohydrolysis, in-house standards with
known Mo contents were prepared. Since the real samples can have different
chemical forms of uranium matrix, the standards were prepared in metal (U-metal)
as well as in the oxide form (UO2). The standards were prepared in the concentration
range between 100 and 5000 ppm. Two U–Mo alloys having 500 and 5000 ppm of
Mo were prepared by Arc melting method [22]. Two different mixed oxide (UO2 +
MoO3) working standards, each with 100 and 500 ppm of Mo, were prepared by
mixing calculated amounts of MoO3 and UO2 powders. The powders were ground
thoroughly for about 3 h to get homogeneity. In addition, UMoO6 was synthesized
by following a reported procedure [23].
3.2.3 Instrumentation:
An all-quartz pyrohydrolysis apparatus was used [24]. The description of the
apparatus was given in the chapter 2. A 150 mm length Liebig condenser with
chilled water (∼278K) circulation was used. A commercial ion chromatograph (IC;
DX-500 model; Dionex, Sunnyvale, CA, USA) consisting of a gradient pump (GP50), ED-40 conductivity detector, and an anion self-regenerator suppressor (ASRSII) was used for obtaining the chromatograms., IonPac AS16 (250 × 4 mm) along
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with its guard column, IonPac AG16 (50 × 4 mm). The TG analyses were carried out
on a TGA-DTA Instrument (Netzsch STA 409 PC, NETZSCH-Geratebau GmbH,
Germany). XRD patterns were recorded using Rigaku MiniFlex-600 X-ray
diffractometer.
3.2.4 IC Analysis of Mo:
Since during pyrohydrolysis the volatile form of Mo i.e. MoO42- will be trapped in a
dilute solution of NaOH, there is a need to develop an ion chromatography
separation method for separating MoO42-ion along with other common anions. In the
basic medium Mo exist as MoO42-. Using ion chromatography the MoO42- ion can be
separated on an anion exchange column. An ion exchange column, Ionpac AS16
was selected owing to its high capacity and good selectivity. Dilute NaOH solutions
in the concentration range between 10 and 35 mM were used as mobile phases as the
sample is in NaOH medium. It was observed that a mobile phase of 15 mM NaOH at
a flow rate of 1 mL min–1 was found to be optimum for separating the MoO42- ion
from the other common anions. Figure 1 shows a typical chromatogram obtained for
a standard solution containing MoO42- ion. The limit of detection (LOD) of the
method was calculated on the basis of the S/N ratio = 3 method, and it was found to
be 80 ppb for Mo.
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Figure 3.1: Chromatogram of an anion mix standard containing F– (0.5 ppm),
Cl– (1.0 ppm), NO3– (2.0 ppm), SO4–2 (2.0 ppm), and MoO42– (10.0 ppm):
column, IonPac AS-16; eluent, 15 mM NaOH; flow rate, 1 mL min–1.
3.3 Results and Discussion:
The feasibility of separating Mo from uranium matrices using pyrohydrolysis was
explored with a view to determining Mo accurately in uranium. To start with, a
thermogravimetryanalysis (TGA) was carried to understand the vapour chemistry of
MoO3. During TGA moist atmosphere condition was maintained to know the effect
of moisture on the loss of MoO3 at high temperatures. TGA of MoO3 using Ar
carrier gas with and without water vapour at elevated temperatures may provide
information relevant to the vaporization of Mo under the conditions similar
topyrohydrolysis. The reported TGA studies on MoO3 have shown loss of MoO3 by
increasing temperature [25], however, TGA studies on the effect of water vapour on
the vaporization of MoO3 under isothermal conditions were not reported.
3.3.1Thermogravimetric Analysis:
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For this purpose, ∼3 mg of the sample (MoO3) was heated at a rate of 298K min–1 to
the desired temperature, and thereafter, it was kept constant. At first TGA was
performed at 1073K with Ar by keeping its flow rate at 100 mL min–1 (Figure 2.2
a). The atmosphere maintained was dry.
To perform a similar analysis in moist conditions the Ar carrier gas was passed
through boiling water, which saturated the Ar with moisture. The weight loss curve
with this moist condition is shown in Figure 2.2 b.
In case of the dry Ar atmosphere the weight loss of MoO3 was ~21% whereas the
weight loss was around 43% when the experiment was performed in moist Ar. This
observation was similar to the observation of enhanced vapour pressure of MoO3 due
to presence of moisture atmosphere [21] and reconfirms the fact that the presence of
water enhances the volatilization of MoO3.

Figure 3.2: Isothermal thermograms of ∼3 mg of MoO3 at different
temperatures and carrier gas conditions: (a) 1073K in dry Ar carrier gas; (b)
1073K in moist Ar carrier gas; (c) 1273K in moist Ar carrier gas; (d) 1473K in
moist Ar carrier gas.
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The moist Ar condition was further explored at 1273K as well as 1473K and the
thermograms obtained were shown in Figure 2.2 c and d, respectively. The weight
loss of MoO3 was found to be 83% at 1273K whereas the same was 96% at 1473K.
The results indicate that the rate of vaporisation of MoO3 is temperature dependent.
Since the apparatus used for pyrohydrolysis is made up of quartz, pyrohydrolysis
should not be carried out above 1273K for longer duration especially for the routine
kind of work. In view of this, the TGA time of analysis was increased to 200 min at
1273K and under this condition 97% weight loss of MoO3was observed.
3.3.2 Pyrohydrolysis of Mo Containing Standards:
Though the TGA studies showed more than 97% volatilisation of MoO3 in moist Ar
at higher temperatures, it is necessary to maintain conditions during pyrohydrolysis
which favours formation of MoO3 (In U matrices Mo can be present in forms other
than MoO3, which are not volatile). In view of this during pyrohydrolysis moist
oxygen was used as the carrier gas. During the pyrohydrolysis of sample in moist
oxygen the Mo may undergo following changes:
(i) Oxidation of Mo to its oxide, MoO3(s)
(ii) Volatilization of MoO3(s) to MoO3(g) and
(iii) Dissolution of MoO3(g) in water vapour due to formation of MoO3·H2O, which
would drastically enhance the volatilization of MoO3
MoO3 Standards:
In order to study the pyrohydrolysis of Mo containing uranium materials, synthetic
standards were prepared. Two synthetic mixed oxide standards (UO2 + MoO3)
having 100 and 500 ppm of Mo were prepared and subjected to pyrohydrolysis for
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different time durations. Sample masses of ~1g and 0.5 g were taken for 100 ppm
and 500 ppm standards, respectively. A plot of Mo recovered as a function of time is
shown in Figure 2.3a. Though quantitative recovery of Mo was realized in the both
standards, the time of pyrohydrolysis required for achieving the quantitative
recovery in each case was different.

Figure3.3. Recovery curve in moist O2 carrier gas (a) for UO2 + MoO3 mixture
standard containing 100 and 500 ppm Mo and (b) for UMo alloy standard
containing 500 and 5000 ppm Mo.

68

Table 3.1. Minimum Time Required for Recovery of Mo Better than 95%, from
Alloy and Oxide Standards.

standard

Mo (ppm)

sample weight

time (h) of PH

(g)

for >95%
recovery

UO2 + MoO3

UMo alloy

100

1.0

2.0

500

0.5

2.5

500

0.5

3.0

5000

0.5

3.5

Alloy Standards: In addition to the oxides, two more synthetic standards of U-Mo
alloy (500 and 5000 ppm of Mo) were also prepared and pyrohydrolyzed. A sample
mass of ~0.5g of each standard was pyrohydrolysed. The Mo recovery as a function
of time is shown in Figure 2.3b. Table 1 lists out the comparison of time required for
pyrohydrolysis of oxide and alloy standards.
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3.3.3 Kinetics of Mo Separation:
Following are the important observations made during the Pyrohydrolysis of
standards
i.

The time required for the quantitative separation of Mo depends upon the
concentration of Mo and the sample mass.

ii.

Although the carrier gas flow rate during PH was kept nearly 20 times higher
than TGA, the time of pyrohydrolysis in all of the cases was observed to be
longer than expected.

The probable reasons for these observations could be the slow vaporization of MoO3
in uranium matrix and/or the formation of non-volatile Mo compounds due to solid
state reactions. It is necessary to investigate the cause for this slow kinetics and to
take necessary action for improving the kinetics of separation.
Vaporization Kinetics: To understand the vaporisation of MoO3 in U matrix under
pyrohydrolysis conditions, a synthetic mixed oxide standard containing 20% Mo by
weight was subjected to pyrohydrolysis for different time durations, i.e., 1/2, 1.0, 1
1/2, and 2.0 h, in moist O2 atmosphere at 1273K.
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Figure 3.4. XRD patterns of UO2 and MoO3 mixture recorded after (a) 1/2, (b)
1, (c) 1 1/2, and (d) 2 h of pyrohydrolysis. The downward arrow symbol
indicates a few major peaks for MoO3.
The materials obtained after pyrohydrolysis in each case were subjected to XRD
analysis, and Figure 3.4 shows an overlay of the recorded XRD patterns. As the
XRD patterns shows with peaks corresponding to vaporization of MO3 decreases
with time. It can also be observed in 2 hrs the content was below the detection limit
of XRD. This indicates the vaporization is prompt enough, even when the Mo
content is quite high.
Formation of Non-volatile Compounds: In the present case, U and Mo can form
compounds such as UMo2O8, U2MoO8, UMoO5, and UMoO6 [27]. Reported studies
71

show that UMo2O8, U2MoO8, and UMoO5 under oxygen atmosphere and in the
temperature range of 760–796K are converted to UMoO6. The reported
decomposition temperatures for UMoO6 were found to be different in different
literatures1200K [26] and 1400K [27]. It may be possible that UMoO6 is formed
during pyrohydrolysis (temp ~1223K) and remains un-decomposed. This can affect
the separation kinetics. Therefore, it becomes necessary to understand the behaviour
of UMoO6 during PH. For this purpose, UMoO6 was synthesized [22] and it was
pyrohydrolyzed for 2½ h. XRD analyses of UMoO6 before and after pyrohydrolysis
confirmed the complete conversion of UMoO6 to U3O8 (Figure 3.5).
Since the formation of UMoO6 could not be ascertained for the delay in
pyrohydrolysis, the possibility of local condensation of MoO3·H2O vapour on parts
of the reaction tube (relatively at lower temperature) was considered. This was
investigated by heating the parts of the apparatus which are at lower temperatures.
After heating the apparatus externally the recovery increased considerably. This
indicates that there is reversible local condensation responsible for the slower
recovery of Mo.
To improve the kinetics of separation, a short reaction tube was incorporated in the
PH apparatus which provides a shorter path length as well as relatively higher
temperature as it was closer to the furnace. The modified apparatus brought
quantitative recovery of Mo within 2½ h irrespective of the Mo content in the
samples.
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Figure 3.5: XRD patterns of (a) UMoO6 powder and (b) U3O8 formed after
pyrohydrolysis of UMoO6 (all peaks are characteristic to U3O8): carrier gas,
moist O2; time, 2½ h; temperature, 1273K. (c) The picture of UMoO6 before
and after pyrohydrolysis.
3.3.4 Optimization of Pyrohydrolysis Conditions:
Pyrohydrolysis at 1573K: It may be recalled that the TGA studies showed that the
rate of volatilization of MoO3 increases with temperature. Pyrohydrolysis was
carried out at 1573K by varying the time of pyrohydrolysis. Results showed
quantitative extraction of Mo within 1½ h. During the study it was also observed
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that continuous operation of the quartz PH apparatus for about 20 h (in 2 days)
showed visible effects of devitrification.
Optimization of Sample Mass: For U-Mo alloy standard having 5000 ppm of Mo
the standard deviation in the recovery of Mo was varied from 3 to 12% while the
sample mass was increased from 50 to 1000 mg. Therefore it was concluded that for
samples containing higher concentration of Mo it is important to keep sample mass
low in order to get good precision. For mixed oxide standard having 100 ppm of Mo
showed acceptable precision only when the sample mass was above 250 mg. This is
because of the concentration of Mo in the distillate becomes less than the detection
limit of IC. The analysis of samples containing low Mo requires high sample mass
(∼1000 mg) during PH.
Therefore, depending upon the expected concentration of Mo in the sample, the
sample size for pyrohydrolysis would vary between 50 and 1000 mg
Optimized Pyrohydrolysis Conditions:
Based on the results, the optimum pyrohydrolysis conditions are as follows:
(i) Sample mass, 50–1000 mg (depends on Mo content)
(ii) PH temperature, 1273 K or more
(iii) Time duration of PH, 2½ h or more for 1423 K
(iv) Carrier gas flow rate, 2 L min–1
(v) Trapping agent, 5 mL of 25 mM NaOH.
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3.3.5 Method Validation and Sample Analysis:
A certified reference material (CRM) of U3O8 (ILCE-4, Department of Atomic
Energy (DAE), Mumbai, India) was analysed for its Mo content [28]. The Mo
content in this standard is certified as 47.1 ± 8.7 ppm. The CRM was also analysed
by ICP-AES method (without heating) and the results obtained are listed in Table
3.2.
Method was extended to the real samples of ammoniumdiuranate (ADU) samples
containing enriched uranium were analysed. The determination of Mo in these
enriched U containing ADU samples is important because:
i.

During enrichment process, the Mo present in the form of MoF6 is also in the
vapour phase and gets enriched in the U-235 phase. This may result in Mo
concentrations more than expected.

ii.

The existing method for the determination of Mo in ADU involves heating of
the sample to 800°C, which may cause loss of Mo as ADU has significant
amount of moisture.

This loss of Mo from ADU due to the heating of ADU prior to its dissolution was
confirmed by carrying out separate analyses of ADU with and without heating. In
first analysis, the existing procedure involving the heating of ADU to 1073K and
converting into the matrix into U3O8. Further the oxide was dissolved in nitric acid
and it was treated with TBP to extract the U matrix. The remaining aqueous sample
was analysed by ICP-AES for Mo content. In the second analysis, the same
procedure was followed except the heating step. The results obtained from both the
analyses are given in Table 3.2. It is seen from the results that heating step caused
significant loss of Mo. In a separate analysis the same sample was analysed by
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following the developed method in which the Mo was separated by pyrohydrolysis
and the distillate was analysed by IC and ICP-AES. The values obtained from IC as
well as ICP-AES were listed in the Table 3.2.
Table 3.2. Comparison of results obtained for ADU Samples by the Developed
Method, Solvent Extraction Followed by ICP-AES, and Pyrohydrolysis
followed by ICP-AES Methods.
Sample

Concentration of Mo (ppm)
Certified

ICP-

ICP-AES2

PH distillate

PH distillate by IC

AES1

(ppm)

by ICP-AES

(ppm)

(ppm)

(ppm)

ADU-1

20 ± 6

35 ± 5

38 ± 4

37 ± 2

ADU-2

17 ± 5

38 ± 4

40 ± 5

41 ± 3

ADU-3

-

-

52 ± 3

45 ± 5

42 ± 2

ILCE-IV

47.1 ± 8.7

1

Conventional procedure, ADU heated to 850 °C, dissolved in HNO3, U separated by TBP, and aqueous phase

analyzed for Mo content.
2

ADU directly dissolved in HNO3 to avoid Mo loss due to heating, separated by TBP, and the aqueous phase

analyzed for Mo content.

3.4 Conclusion:
The present study explored the feasibility of separating Mo in uranium matrices
using pyrohydrolysis for the first time.

A simple, green, and eco-friendly

pyrohydrolysis separation of Mo directly from the solid matrices without the use of
acids and other organic reagents was developed. The pyrohydrolysis separation
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followed by ion chromatography determination was successfully applied to ADU
samples having enriched uranium.
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Chapter: 4
Studies on U-Zr and U-Pu-Zr Alloys for Determination of
Cl and F Using Pyrohydrolysis
4.1 Introduction:
Metallic fuels are being considered for future Indian fast reactors program. This is
mainly because of the advantages associated with these fuels. Unlike oxide fuel,
metallic fuel with its higher breeding ratio and shorter doubling time will be able to
produce more plutonium to help commission many more nuclear power reactors. It
may be mentioned that to meet the increasing energy demand, the country has
embarked on a major programme to generate additional 20,000 MW of nuclear
power by 2020 and the target is to have 30GW by 2020. This can be achieved only if
many nuclear power plants are commissioned. And for this to happen, sufficient
nuclear fuel should be available. Oxide fuel with only 1.1 breeding ratio produces
very little extra plutonium compared to metallic fuel with a breeding ratio of 1.4-1.5.
Hence the doubling time is more in the case of oxide and least for metallic fuel. The
doubling time for metallic fuel is ten years while it is thirty years in the case of oxide
fuel. It is judicious to have a fuel cycle with shorter doubling time.
The other important advantages are:
i.

High thermal conductivity

ii.

heavymetal density

iii.

ease of fabrication

iv.

Possibility of Pyro-process for recycling [1, 2].
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In view ofthis, the long term Indian Fast Reactor programme will be based on
metallic fuels [3].
Use of U or U-Pu as metallic fuel has few limitations such as their unfavourable
melting during fabrication and formation of low melting compounds with the
stainless steel clad materials. U-Zr and U-Pu-Zr alloy fuels are the material of choice
due to their higher solidus temperature and higher eutectic with T91 clad. The
fabrication of these materials and their test-irradiation in FBTR is an ongoing project
in BARC. Like any other nuclear fuel the presence of F and Cl may cause problems
to the integrity of fuel cladding due to their corrosive nature [4–6]. Since these
halides cause depassivation of clad surface and corrosion, F and Cl have stringent
specification limits in various types of fuels. Hence, their concentration in the fuels
needed to be controlled [7]. The chemical reagents that are used in the processes of
fabrication and reprocessing are the major sources for Cl and F and they get added
into the nuclear materials as impurities. It is known that during fabrication of alloys
the impurities can be easily picked up by the highly reactive molten metallic
components. It is important to have sensitive and reliable methods for the analysis of
chlorine and fluorine at various stages of fabrication of U-Zr and U-Pu-Zr alloys.
In pyrohydrolysis the halides are separated using either moist argon or oxygen as
carrier gas and by heating the matrix at high temperature. The chlorine and fluorine
released from the solid sample are in the form of HCl and HF, respectively. The HCl
and HF thus formed are carried away by the moist carrier gas which is subsequently
trapped in a dilute NaOH solution (pyrohydrolysis distillate).
Once the distillate is available, suitable analytical techniques are employed for the
determination of individual analytes. The determination of halogen using
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pyrohydrolysis separation followed by ion chromatography in various matrices can
be found in [10–24].
In our laboratory also, pyrohydrolysis technique followed by ion chromatography is
being routinely employed for this purpose. Necessary analytical methodologies have
been developed by optimising experimental conditions for quantitative extraction of
halogens from different nuclear fuel matrices such as U3O8, (U, Pu)O2, (U, Pu)C,
ThO2 etc. The present study investigates different pyrohydrolysis conditions to
understand the behaviour of U-Zr and U-Pu-Zr matrices for realising quantitative
extraction of chlorine and fluorine.
4.2: Experimental Section:
4.2.1 Pyrohydrolysis setup:
All quartz pyrohydrolysis set up consisting of two concentric tubes was used for
pyrohydrolysis purpose. The outer tube has an inlet and serves as a pre-heater for
moist carrier gas. The inner tube houses the sample boat and it is attached to gas
outlet. The gas outlet tube is cooled by a condenser. The condensate is collected in a
bottle containing dilute NaOH. A schematic diagram of the pyrohydrolysis set up is
presented elsewhere [22].
4.2.2 Ion chromatography system:
A commercial (Dionex DX-500) ion chromatography system consisting of an IP-20
isocratic pump, anion self-regenerator suppressor in external recycle mode, ED-40
conductivity detector with a DS3 stabilizer has been used for obtaining all the
chromatograms. Samples were introduced through a 100

l loop fitted with a

Rheodyne injector. Separation of anions were achieved on an analytical column
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(Dionex, Ion PacAS16, 250x4mm) coupled with its guard column (AG16, 50x4
mm). A software viz. Chromeleon was used for instrument control as well as for data
collection and processing. Other IC details are provided in the literature [22].
4.2.3 XRD instrument: The oxidized product of U-Zr samples were analysed using
Rigaku MINIFLEX 600 X-ray differactometer ( -2
radiation (

geometry) using Cu

= 1.5406 Å) with a scan rate of 1° min−1 was used. The oxidized

products of U-Pu-Zr alloy were characterized by using Cu

(

= 1.54184 Å)

radiation employing Diano X-ray differactometer (Diano Corporation, Wobmn, MA)
and graphite monochromater. The instrument is housed in a glove box to handle the
radioactive material.
4.2.4Thermoanalyzer:

Mettler

Thermo

Analyzer

(model:

TGA/SDTA851 /MT5/LF1600) in flowing dry air at heating rate of 10°C/min up to
1000°C. Thermo analyzer was calibrated from the weight loss obtained for the
decomposition of 100mg of CuSO4.5H2O to CuO, while heating at 1000°C in air.
4.2.5 Alloy fabrication and characterization:
U-Zr and U-Pu-Zr alloys were fabricated in the Radiometallurgy Division, BARC,
using arc melting method [23,24]. The U and Pu contents in the U-Zr and U-Pu-Zr
alloys were determined by electro analytical methods (bi-amperiometry whereas the
concentration of Zr was determined by gravimetric method. The determined weight
percentage of U, Pu and Zr are given in Table 4.1. The metallic impurities in these
alloys are determined by ICP-MS and ICP-AES [25, 26].
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Table 4.1: Chemical analysis of U, Pu and Zr from U-Zr and U-Pu-Zr alloy.
Material

wt. % Zr

wt. % U

wt. % Pu

U-Pu-Zr

4.7

76.1

19.1

U-Zr

6.1

93.8

-

Table 4.1: Chemical analysis of U, Pu and Zr from U-Zr and U-Pu-Zr alloy.
4.2.6 Pyrohydrolysis procedure:
The alloys were pyrohydrolysed with moist Ar and moist O2, separately. The
condensed aqueous phase or distillate was collected in 5ml of 25mM NaOH solution
(trapping solution). The distillate thus collected during pyrohydrolysis was diluted to
25 ml and was subjected to ion chromatography analysis.
4.3 Results and discussion:
Owing to the pyrophoric nature of Pu-alloys and mixed carbide fuels, the
pyrohydrolysis is generally carried out in Ar atmosphere to avoid the vigorous
reactions between the pyrophoric alloys and O2/H2O and also to release analytes in a
controlled manner. The halides present in the alloy matrices are mainly in form of
metal halides (MXn).
The chemical reaction responsible for the release of halides from the matrix is,

MXn+
2 +nH2O  MOn +2nHX
The reaction occurs at 1173K or above since the free energy for the reaction is
favourably negative at high temperatures. James C Warf et al. [18] have reported the
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pyrohydrolysis of UF4, UF3, UO2F2, ZrF4, and ZrOF2. However; the pyrohydrolysis
of Pu-alloys have not been much investigated. Therefore, this study was directed to
investigating pyrohydrolysis of U-Zr and U-Pu-Zr alloys and quantification of
fluorine and chlorine contents employing ion chromatography. As reference
materials of U-Zr and U-Pu-Zr with certified fluorine and chlorine contents were not
available, Initially the pyrohydrolysis was carried out with Ar as a carrier gas [20]
maintaining experimental conditions same as were followed for UO2, (U,Pu)O2
samples. However with a view to achieving maximum recovery the F and Cl from
the alloy matrices, the pyrohydrolytic behavior of U-Zr alloys were studied by
pyrohydrolysing the materials for different time intervalsin moist argon. Figure 4.1
depicts the results.

Figure 4.1 Pyrohydrolysis of U-6%Zr sample. (Conditions: 1173K moist Ar)
From the figure following observations could be drawn:
i.

Pyrohydrolysis conditions used for UO2 and (U,Pu)O2 samples can also be
used for pyrohydrolysing alloy samples

ii.

The results for both fluorine and chlorine show tendency to saturate
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iii.

However the time taken to reach saturation or maximum concentration value
is higher than in the case of UO2 and (U,Pu)O2 samples.

From the above observations following preliminary conclusions could be drawn:
a. The pyrohydrolysis of alloy samples is also thermodynamically feasible. This
suggests that the chemical processes occurring in the case of UO2 and
(U,Pu)O2 samples may be occurring in the case of alloy samples also.
b. The kinetics of the conversion process seems to be slow in the case of alloy
samples.
To confirm these preliminary conclusions,
Although it is known that the kinetics of separation can be enhanced by using a
suitable accelerator such as U3O8 or V2O5 [29], in the present case the uranium in the
sample initially gets oxidised and acts as an in-situ accelerator and therefore no
external accelerator was added.
In order to understand the reason behind the slow extraction as well as the extraction
mechanism, it is necessary to observe the changes in the material during
pyrohydrolysis. Therefore, the pyrohydrolysed products obtained at different time
intervals were analysed by X-ray powder diffraction method. The XRD patterns of
the oxidized product of U-Zr alloy under different duration of heating at 1173K in
moist Ar atmospheres are shown in Figure 4.1. The different identified products
formed during pyrohydrolysis are summarized in table 4.3. The XRD pattern of U-Zr
alloy heated in moist Ar atmosphere for 10 min (Figure4.1a) indicated X-ray lines
similar to UO2 (FCC phase). No lines due to ZrO2 were observed in XRD pattern
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indicating the solubility of ZrO2 in UO2. Recent studies howed that up to 35 mole %
of ZrO2 can be dissolved in UO2 undermild oxidizing conditions at 1673K [30,31].

Figure 4.2: XRD patterns of pyrohydrolysed products of U-Zr alloy heated in
moist Ar atmosphere at 1173K for (a) 10 min., (b) 30 min., (c) 50 min. and (d)
90 min. (o and * represent UO2and -U3O8, respectively).
Table 4.2: The summary of products identified by XRD on heat treatment of UZr alloy.
Starting

Heat treatment

material

U-Zr alloy

Dry

End product identified Lattice parameter of
by XRD

FCC solid solution (Å)

( -U3O8)ss

-

air/1000°C/10°C orthorhombic
/min
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U-Zr alloy

Moist Ar/900°C/ (U, Zr)O2+x FCC

5.458 (2)

10 min
U-Zr alloy

U-Zr alloy

U-Zr alloy

Moist Ar/900°C/ ( -U3O8) orthorhombic

-

30 min

5.410 (3)

+ (U,Zr)O2+x FCC

Moist Ar/900°C/ ( -U3O8) orthorhombic

-

50 min

5.410 (3)

+(U, Zr)O2+x FCC

Moist Ar/900°C/ ( -U3O8)ss
90 min

-

orthorhombic

XRD pattern of the U-Zr alloy heated inmoist Ar atmosphere for 30 min (Figure
4.1b) showed thelines due toU3O8+UO2 phase indicating incomplete oxidation of the
alloy. XRD pattern shown in Figure 4.1c clearly reveals U3O8 as a major phase and
FCC phase corresponding to UO2 as a minor phase in the 50 minutes heated
material. The weak lines due to UO2 indicate that even 50 min heating is not
sufficient to oxidize alloy sample completely to U3O8. The XRD obtained for the
material pyrohydrolysed for 90 minutes showed the complete oxidation of uranium
to

U3O8 (Figure 4.1d). Since the volume of the material expands during the

oxidation and this condition is favourable for separating the halides and the same is
confirmed by the recoveries obtained for Cl and F. Since the oxidation of uranium is
slow for the first 30 minutes of pyrohydrolysis, it is possible to use moist oxygen
instead of moist Ar carrier gas. The use of moist oxygen will enhance the rate of
oxidation; however, a controlled oxidation is necessary in case the rate of oxidation
is high. Hence, similar investigation was repeated with moist oxygen carrier gas
instead of moist Ar and the results obtained were listed in Table 4.4. Interestingly, it
was observed that a maximum recovery of both chlorine and fluorine were obtained
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even before 30 min. As seen from the Table 4.4, the percentage recovery of Cl and F
from U-Zr alloy matrix is close to 100% when the samples are heated in moist O2
atmosphere for 30 min. Between F and Cl, the recovery of Cl is faster than F as
reported earlier [18]. These observations indicate that the chlorine and fluorine
pyrohydrolysis extraction kinetics is determined by the formation of U3O8, however,
it needs to be investigated.
Table 4.3: Pyrohydrolysis data for U-6wt%Zr alloys sample for varying time
using moist oxygen as a carrier gas.
Duration of

Recovery of F (%)

Recovery of Cl (%)

10

96.7 ± 14.0

100.1 ± 7.1

20

99.2 ± 8.1

98.8 ± 5.3

30

100.0 ± 5.2

100 ± 3.7

50

101.0 ± 2.3

99.2 ± 3.8

pyrohydrolysis
(min)

To investigate the oxidation behaviour of U-Zr alloy in oxygen atmosphere, a study
was carried out using thermogravimetric (TG), differential thermal analysis (DTA)
and differential thermogravimetric analysis (DTG) simultaneously.

Figure 4.2

shows TG and DTA plots for oxidation of U-Zr alloy in dry air. The analysis of TG
and DTG data indicate that the oxidation of alloy takes place in single step in the
temperaturerange of 473 to 773K. The XRD pattern for the pyrohydrolysed product
obtained at 1273K was similar to that of U3O8. Thermogravimetric study showed
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that the oxidation of the alloy was completed before it reached 1173K and got
converted into U3O8. This clearly shows that the complete oxidation of U-Zr alloy is
necessary for the quantitativeextraction of Cl and F from the matrix. However, in the
case of the pyrohydrolysed samples in moist Ar obtained at different time intervals at
1173K showed that the complete recoveryof Cl and F was possible only when the
alloy was pyrohydrolysed for at least 90 minutes.

Figure 4.3: TG and DTA of U-Zr alloy in dry air with a heating rate of10K/min.

All the above observations can be attributed to the density variations of the alloy
during the oxidation process. Itis known that U metal is thermodynamically unstable.
While in contact with air and on heating U metal forms a hyperstoichiometric oxide
represented as UO2+x and when the exposure proceeds, phase transformation to
U4O9, U3O7 and finally U3O8 will takeplace at 773K. During this oxidation process,
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the crystal structure will also change from FCC (UO2) to orthorhombic (U3O8). The
density calculated from X-ray datais 8.34 g/cc for U3O8 compared with 10.96 g/cc
for UO2 and this decrease in density resulted by the formationof U3O8 phase (∼36%
increase in unit cell volume forconversion of UO2 to U3O8). This micro structural
change can break up the material and lead to a large macroscopic expansion.
Based on the results obtained for U-Zr alloys, further studies were extended to U-PuZr alloy. U-Pu-Zr alloys were also analyzed in moist oxygen atmosphere.
Pyrohydrolysis of the U-Pu-Zr alloy samples was carried out by varying time of
pyrohydrolysis at 1173K and the data are given in Table 4.5.
Table 4.4: Pyrohydrolysis data for U-19 wt% Pu–4.7 wt% Zr alloy sample for
varying pyrohydrolysis time, with moist oxygen as carrier gas.
Duration of

U-Pu-Zr alloy

pyrohydrolysis

Moist O2

(min)

Recovery of F (%)

Recovery of Cl (%)

10

91.5 ± 10.1

96.6 ± 5.1

20

99.6 ± 9.8

99.6 ± 6.7

30

100.0 ± 5.5

100.0 ± 4.7

Table 4.5 shows that heating of 30 minutes is sufficient for the quantitative recovery
of Cl and F. The XRD pattern obtained for U-Pu-Zr alloy after heating in moist
oxygen atmosphere was shown in Figure 4.3. The summary of products identified by
XRD on heat treatment in moist oxygen atmosphere is given in Table 4.6. Though
the concentration of U3O8 is more than the FCC phase of PuO2 in the product phase,
peaks due to U3O8 and (Pu, Zr)O2 were observed for U-Pu-Zr. The solubility of
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ZrO2 in actinide oxide increases with decreasein size of actinide ion [28] and it is
reported that the solubility of ZrO2 in PuO2 is around 77 mol% at 1673K.

Figure4.4: XRD patterns of pyrohydrolysed product of (a) U-Zr and (b) U-PuZr alloy heated in moist oxygen atmosphere at 900°C for30 min. (*and #
represent ( -U3O8) and (PuO2)ss, respectively)
Table 4.5: The summary of products identified by XRD on heat treatment of UZr and U-Pu-Zr alloys.
Starting
material

Heat treatment

U-Zr
alloy
U-Pu-Zr
alloy

MoistO2/900°C/
30 min
MoistO2/900°C/
30 min

End product Lattice parameter
identified by of
FCC
solid
XRD
solution (Å)
( -U3O8)ss
( -U3O8)ss
orthorhombic
+
FCC
(Pu,
Zr)O2

5.386 (1)

The above study has revealed that in moist oxygen, U present in the alloy gets
converted in to U3O8 in 10 min of pyrohydrolysis. An in-house working standard of
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uranium oxide (UO2) with known concentration of chloride and fluoride was used
for validating the method and recovery calculations. Analysis of this standard was
carried out prior to sample analysis to ensure the recoveries of F and Cl and a
recovery of 95% was obtained. Replicate analysis of the sample showed good
reproducibility of values.
Since the determination of chloride and fluoride was carried out by ion
chromatography, the IC separation conditions were optimised. After studying the
effect of eluent concentration on the retention of chloride and fluoride, the eluent
was fixed as 13mM NaOH at flow rate of 1 mL/min. Limit of detections (LOD)
calculated for chloride and fluoride were 20 ppb and 10 ppb, respectively.

Figure 4.5: Chromatograms for different distillates analysed by IC. (a)
standard solution, (b) blank run, (c) U3O8 standard (d) U-Zr sample and (e) UPu-Zr samples.
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The optimised IC separation conditions could successfully be used for the analyses
of the samples and the IC results obtained for samples are listed in Table 4.7. The
reproducibility of measurement (precision in the measurement) was better than 5% at
0.1 ppm of both chloride and fluoride.
Table 4.6: F and Cl content of some routine samples analysed by pyrohydrolysis
using moist oxygen.
Pyrohydrolysis followed by IC
Samples aliquots F content (ppm)

Cl content (ppm)

U-Zr alloy-1

4.1 ± 0.4

4.8 ± 0.3

U-Zr alloy-2

3.6 ± 0.4

9.2 ± 0.4

U-Zr alloy-3

5.0 ± 0.3

8.3 ± 0.5

U-Pu-Zr alloy-1

8.1 ± 0.6

25.8 ± 0.13

U-Pu-Zr alloy-2

2.9 ± 0.2

6.4 ± 0.4

U-Pu-Zr alloy-3

1.0 ± 0.2

4.3 ± 0.4

U-Pu-Zr alloy-4

1.6 ± 0.3

3.8 ± 0.5

4.4 Conclusions:
A pyrohydrolysis method for the separation of Cl and F in U-Zr and U-Pu-Zr alloys
was developed. Extensive investigation on the pyrohydrolysis behaviour of the
alloys revealed that the complete recovery of both chlorine and fluorine by
pyrohydrolysis is possible only after converting the uranium into U3O8. The
relevance between oxidation of uranium to U3O8 was confirmed by carrying out the
XRD and TG/DTA studies.

Pyrohydrolysis with moist oxygen facilitated the

formation of U3O8 in minimum time of heating and also facilitated the quantitative
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release of halides. The developed method was successfully employed for the routine
analysis of real samples.
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Chapter: 5
Development of Ion Chromatography and Capillary
Electrophoresis Methods for the Determination of Li in Li–
Al Alloy
5.1 Introduction:
Lithium aluminium alloy is used as a target material for producing tritium by the
nuclear reaction 6Li(n,α)T. Li is alloyed with Al to reduce the high reactivity of Li
with air and moisture [1]. In addition Al is having low neutron absorption crosssection and helps in dissipating heat.The material has potential for its use in fusion
reactor, where tritium produced from Li diffuses out from solid matrix and get into
the plasma of the reactor to fuse with deuterium. Li-Al alloy has advantages over
pure Li such as high melting point (973K) and greater vapour pressure of tritium
from the matrix [2].
For the use of the Li-Al material as a target for tritium production or for use in fusion
reactor, it is important to know the exact Li content in addition to 6Li/ abundance,
and this would enable to ensure the calculated performance of the reactor. Therefore,
certification of lithium content in Li–Al alloy demands an accurate and precise
method.
The methods available for Li determination in Li-Al alloy are based on Atomic
Absorption Spectrometry (AAS) and Inductively Coupled Plasma–Atomic Emission
Spectrometry (ICP-AES) [3]. However, the literature shows that these methods
suffer from few limitations. For instance, in AAS the Al matrix causes incomplete
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atomization of Li if not separated. On the other hand in the ICP-AES the Al matrix
affects the signal intensity of Li lines. This demands the separation of Al matrix prior
to the sample analysis by these methods. It may be required to use the standard
addition method in the absence of matrix matched standards. Electrochemical
techniques may not be amenable due to lack of suitable redox valence states for
alkali elements. Chromatography techniques have found extensive applications in
elemental separations. There is a scope for developing a simple and rapid Ion
Chromatography method where direct sample analysis without any matrix separation
step is possible. Ion chromatography (IC) has found several applications for the
determination of alkali and alkaline earth metals in different matrices [4–7]. Ion
chromatography provides online separation as well as determination. This feature
along with the flexibility of optimizing several parameters helps in modifying the
separation scheme to suit the analysis of analyte(s) in complex matrices.
Capillary Electrophoresis (CE) is yet another efficient separation technique where
the analytes can be separated rapidly by controlling some parameters without
resorting to matrix isolation [8]. Many applications of CE have been reported for the
determination of alkali metal determination [7–13]. Since IC and CE are
complementary to each other, in the absence of a suitable matrix matched certified
reference materials both ion chromatography and capillary electrophoresis methods
can be used to validate the results obtained from each other. The validation is
acceptable because separation in each method is based on different physico-chemical
parameters. The present study is aimed at developing analytical procedures for the
determination of Li using both ion chromatography and capillary electrophoresis,
without resorting to matrix separation.
5.2 Experimental:
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5.2.1 Instrumentation:
IC separations were performed on a commercial IC system (DX-500 Dionex)
consisting of a gradient pump (GP-50), conductivity detector (ED-40) and a cation
self-regenerating suppressor (CSRS) for suppressing background conductivity of the
mobile phase. IC separations were carried out on acation exchange column CS12
(Dionex). Capillary electrophoresis (CE) instrument, CEC-770 model (Prince
Technology Netherlands), was employed and it is equipped with diode array
detector. Silica capillaries of dimension (50 µm i.d. and 60 cm total length) were
used throughout the study.
5.2.2 Reagents:
Methane sulphonic acid (MSA), imidazole (99.9 % purity) and stock solutions of
standard alkali metal used were of Sigma-Aldrich make. Rest of the solutions were
prepared using A.R. grade reagents. All the solutions were prepared in high purity
water obtained from the Milli-Q Academy apparatus.
5.2.3 Sample preparation:
Prior to dissolution, the alloy samples were washed repeatedly with acetone to
remove organic contaminants. Accurately weighed (~0.1g) sample was boiled in
concentrated nitric acid (5ml) till complete dissolution. In order to bring the medium
of sample in 1% nitric acid the dissolved solution was heated to near dryness and 1%
nitric acid was added.
5.3 Results and discussion:
5.3.1 Ion Chromatography Studies:
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Direct sample injection of the dissolved sample without separation of the matrix is
possible when the analyte of interest gets eluted ahead of the matrix element. Such
separation is possible on a cation exchange column (order of the elution is Li
followed by the matrix element Al). Since Al in the solution is in its +3 oxidation
state and therefore is retained for longer time. However complete elution of Al from
the column takes long time which curtails fast turn around time for multiple
analyses. Therefore there is a scope to reduce the time of analysis in order to increase
the sample throughput. To achieve this, a high capacity cation exchange column was
selected (carboxylic acid functional group) along with its guard column. The
separator column has a total capacity of 3.36 meq. In order to optimize the
concentration of the eluent (MSA), separation was carried by varying the
concentration of MSA. Based on the separation obtained, it was observed that 20
mM of MSA was found optimum. Elution of alkali and alkaline elements and NH4+
was performed with low concentration MSA. At this concentration of MSA and the
flow rate, the matrix element Al has strong retention. Figure 5.1 shows a
chromatogram of Alkali metal ion standards for the optimised elution conditions.
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Figure 5.1: A standard sample chromatogram. Peaks 1–7 are (1) Li (2 mg/L),
(2) Na (2 mg/L), (3) NH4+, (4) K (5 mg/L), (5) Cs (5 mg/L), (6) Mg (3 mg/L) and
(7) Ca (5 mg/L). Column: Ion Pac CS12; Eluent: 20 mM MSA; Flow rate
1ml/min.

Li was separated from Li-Al matrix using the optimised conditions. At this MSA
concentration separation of Li was good without anyinterference from a solution
having around 2.0 g/L of Al matrix (Li/Al ~ 500 to 1000).
0.1g of the sample is dissolved and diluted to 100 ml. Considering the 25µL
injection volume around 2.7 µmoles of Al was injected into the column. After
performing 25 sample runs the column is loaded with around 62.5 µmoles of Al,
which is around 2% of the total capacity of the cation exchange column (3.36 meq).
Therefore, presence of Al does not affect the separation of Li. Chromatogram of a
typical sample run is given in Fig. 5.2.
After every 25 sample injections, the column was thoroughly washed with higher
concentration of MSA (0.2M) to remove the matrix element Al.
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Figure 5.2: A typical sample chromatogram obtained for a sampleColumn: Ion
Pac CS12; Eluent: 20 mM MSA. Flow rate 1mL/min. Detection Suppressed
Conductivity.
The precision of the method is found to be 4.5 % at 0.3 mg/L of Li. The LOD for Li
is 25 ng/L, which was calculated on the basis of S/N = 3 method. Calibration plot
was constructed by using Li standards in the concentrationrange between 0.5–25
mg/L and it showed a regression coefficientbetter than 0.999.
5.3.2 Capillary electrophoresis studies:
The capillary electrophoresis separation of Li from Li-Al alloys without any prematrix separation poses two challenges.
(i) Due to the higher charge of Al (Al3+) it is expected to appear before Li in the
electrogram. An early appearance of matrix peak can mask the analyte
peak or disturb the base line. This causes erroneous determination of Li.
(ii) Li+ ion do not absorb in the UV-Vis region which is necessary for detecting
trace Li+.
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The first problem can be addressed by using a complexing agent, which is selective
for Al ion. The complexing agent forms a complex with Al3+ as this reduces the
charge density of Al ion. Therefore the Al matrix peak would appear after the
analyte peak. The second problem is generally circumvented by using a co-ion in the
back ground electrolyte (BGE). The co-ion is a molecule which absorbs either in UV
or in Visible region, and provides a base line absorption for the BGE. When the
analyte species appear in the detector due to the dilution of co-ion the baseline
absorption decreases causing detection of analyte as a negative peak. Both the
requirements were met using imidazole as the co-ion. Imidazole is one of the most
suitable molecules used for the analysis of alkali metals as it has appreciable
absorbance at 214 nm with (0.44 m2/kV/s) similar to alkali metal ions [9]. Imidazole
is known to have significant complexation with Co(III), V(III) and Fe(III) [14–16],
therefore, it can form complex with Al (III).
Therefore, 20 mM imidazole solution at pH 2 was chosen as BGE. For achieving
better sensitivity a high potential is applied. However, generation of high current due
to higher conductivity of BGE is the limiting factor. Hence it is important to
maintain the BGE ionic strength as low as possible, as it can affect the joule heating
significantly. Buffers that are used in the BGE are the important contributors in
increasing ionic strength. Thus, use of any buffer was avoided and frequent
replacement of BGE was practiced to avoid any variation in pH. With this final BGE
having 20 mM Imidazole at pH 2 without any buffer, several runs were performed to
optimize the applied potential. For the sample matrix under study and selected BGE
composition, 20 kV of potential was found to be suitable for desired results. The
electropherogram showing separation of K+, Na+, Ca2+,Mg2+, and Li (Fig. 5.3).
Under thesame separation conditionthe Al peak could not be observed up to10 min.
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Figure 5.3: Capillary 50 lm (i.d.) 9 60 cm (total length), BGE 20 mM Imidazole
pH 2 Sample: (K, Na, Ca, Mg, Li) Li 1 mg/L others 0.5 mg/L.
A typical electropherogram obtained for a Li–Al alloy sample is shown in Fig. 5.4. A
calibration plot was constructed with series of Li standards in the concentration
range of 1–15 mg/L with regression coefficient of 0.981. It was possible to get
further improvement in the regression coefficient. In CE the peak time
reproducibility is relatively poor (as compared to IC), which causes variation in the
peak area. To overcome the effect a plot of peak area/peak time versus Li
concentration for the same concentration range was prepared, which showed

an

improved regression coefficient of 0.994 (Fig. 5.5). The ratio of peak area to peak
time provided a correction for the variation in peak area because of small changes in
peak time. The improved calibration was used for the quantitative determination of
Li in samples. The limit of detection (LOD) of Li is 120 ng/L.
Several Li-Al alloy samples were analysed following the developed IC and CE
methods and the results of Li contents are reported in Table 5.1.
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Figure 5.4: Capillary 50 µm (i.d.) and 60 cm (total length), BGE 20 mM
Imidazole pH 2, Sample: (real sample having 2.1 mg/L Li)

Figure 5.5: Calibration plot of peak area/peak time versus Li concentration.
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Table 5.1: Comparison of Li percentage determined by CE and IC in Li–Al
alloy samples.

Sample

IC (%Li)

CE (%Li)

1.

3.2 ± 0.02

3.3 ± 0.2

2.

4.7 ± 0.02

4.5 ± 0.2

3.

4.1 ± 0.02

4.1 ± 0.2

4.

4.3 ± 0.02

4.0 ± 0.2

5.4 Conclusion:
An IC method was developed for the determination of Li in Li-Al alloy. High
capacity column along with a weak eluent was used to obtain interference free
separation and determination with good precision and sensitivity. On the other hand
selective complexation of imidazole with Al ion was used successfully in the CE
method to push the matrix after analyte peak. In view of no interference from Al,
samples were analyzed without any matrix separation. Both CE and IC methods
produced results which were comparable and thus validate each other. Better
sensitivity and lower standard deviation showed superiority of IC method over the
CE method, though the latter has an advantage of faster analysis than IC.
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Chapter: 6
Rapid Separation and Quantification of Iron in Uranium Nuclear
Matrix by Capillary Zone Electrophoresis (CZE)
6.1. Introduction:
Determination of trace elements in nuclear materials is imperative as the
performance of the materials depends on their chemical purity [1]. While developing
new nuclear materials, it is necessary to analyse the raw materials as well as the
products obtained at different stages of manufacturing for their metallic impurities.
In the case of new nuclear fuel development, chemical characterisation of the
product material at different process stages is desirable to account for the addition of
impurities, if any. Fe and Ca are two common metallic impurities getting added up in
the nuclear fuel through the process equipment [2]. Presence of these elements
beyond the specified limit is undesirable. Moreover, the concentration of Fe in the
fuel enables the fabricator to take adequate measures to achieve the desired purity.
Several analytical methods are available for the determination of iron in nuclear
materials. The methods involving ICP-AES [3,4], ICP-MS [5], spectrophotometry
[6], ion chromatography [7,8] and HPLC [9] are well known. These instrumental
methods are associated with laborious and time consuming sample preparation steps
as they require matrix separation prior to the instrumental analysis.While following
such separation procedures, it is necessary to have a reference material to assess the
recovery of analytes from the matrix. However, in the case of nuclear materials
availability of reference materials is limited. Development of an analytical method
for the direct instrumental analysis of the dissolved fuel samples without separating
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matrix will be advantageous. This chapter deals with the development of a simple,
and rapid method to for determination of Fe in nuclear fuel samples.
Capillary Zone Electrophoresis (CZE) is a powerful separation method. It can
provide high speed of separation, high separation efficiency and resolving power
with very small sample size. Though CZE has not been widely used for the analysis
of nuclear materials, many studies have been reported in the literature where the
CZE analyses of inorganic substances for common cations and anions [10-15].
Further few CE methods have been reported for the determination of metallic or
cations in non-aqueous media [16,17] using partial or complete complexation
techniques [18,19]. CZE in hyphenation with ICP-MS [20-22] or using quantitative
microchip [23] were also used in determining very low concentrations of the metal
ions. Despite the increased applications to inorganic materials, the application of CE
in nuclear industry is somewhat limited [24, 25].
The separation in CZE is based on the differential electrophoretic mobility of
charged compounds. The difference in charge-to-mass ratio varies the mobility of the
analytes and the separation is achieved. However, in the case of transition metal
cations their mobilities are almost similar due to their similar size and identical
charge. This causes difficulty in their separation. Therefore, for the CZE separation
of transition metals is being achieved by incorporating the following approaches
[26]:
(i) addition of a complexing agent to the carrier electrolyte [27,28]
(ii) addition of a complexing ligand to the sample solution before introduction
into the capillary [29].
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Applications of CZE for the determination of iron in water, electroplating baths and
cyanide complexes have been reported [30-34]. In the case of Fe, separation of
Fe(II) and Fe(III) after complexing with o-phenanthroline and EDTA has been
reported [35]. Another study reports the separation of Fe(III) as its DTPA complex
[36]. However these reported methods cannot be adopted for the analysis of Fe in
nuclear fuel samples as these ligands also form an anionic complex with U(VI),
which has higher charge density than the Fe complex. For instance, with EDTA
Fe(III) and U(VI) form (Fe-EDTA)- and (UO2-EDTA)2- complexes, respectively [33,
37]. Hence the order of separation in CZE will be U followed by Fe and with this
elution order injecting the dissolved uranium samples directly into the capillary will
result a large peak of U matrix, which will mask the Fe peak. This demands the
reversal of EOF (Electro Osmotic Flow) towards the detector direction. A common
practice for achieving the reversal of EOF direction is coating the capillary with
cetyltrimethyl ammonium bromide (CTAB) in alkaline pH BGE (Background
Electrolyte). However, this coating method cannot be adopted in the case of uranium
and iron separation as the basic pH medium of BGE will cause the hydrolysis of
metal ions. Hence, alternatively, complexion with chloride was considered for the
separation of iron in uranium matrix as the chloride complexes of uranium and iron
are favourable for the desired separation.
The present study is aimed at developing a CZE method for the separation and
quantification of iron in uranium matrix without employing pre-separation of
uranium matrix. Direct analysis of the dissolved sample will lead to significant
reduction in the analysis time and such analysis is helpful in analysing the process
control samples.
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6.2. Experimental:
6.2.1. Instrumentation:
Separations were performed on a commercial capillary electrophoresis apparatus
(Prince Technologies, CEC-770, Netherlands) equipped with a photodiode array
detector. Fused silica capillaries of 50 µm i.d. and 60 cm long were used. A capillary
having 75 µm i.d. and 60 cm longwas also used. Sample was injected in
hydrodynamic mode by applying 50 mbar pressure for 0.2 minutes duration on the
sample vial at which, a sample volume of 1.5 nL would get injected. System DAX
software was usedfor data acquisition. Direct UV detection was performed at 214
nm. All the experiments were conducted at roomtemperature (25-27˚C). A pH meter
(Eutech, Tutor-model, Malaysia) was used for measuring the pH of the solutions.
6.2.2. Reagents and Solutions
Standard stock solution of Fe(III) was prepared by dissolving Fe(NO3)3•9H2O
(99.99%, Aldrich Chemicals,USA) in 0.01N HNO3. Subsequently, the working
standards were made from the stock by appropriate dilutions. High purity HCl and
HNO3 acids (suprapure, MERCK, Germany) were used for the sample and
electrolyte preparations. Potassium chloride (GR grade, MERCK, Germany) was
used. Nuclear grade UO2 (NFC, India) was used for the preparation of standard
uranium solution and the concentration of U was obtained from biamperometric
determination [38]. All solutions, electrolytes and standard solutions were prepared
with ultrapure water (18 MΩ) obtained from a MilliQ-Academic System (Millipore,
India).

113

6.2.3. Procedure for Conditioning Capillary and Sample Injection:
The capillary used was first washed with 0.2 M NaOH for 15 min and then with
water for 10 min followed by rinsing with BGE for 15 min. About 1.5nL of the
sample solution was injected into the capillary hydrodynamically by applying 50
mbar pressure for 0.2min. A potential of 15 kV was applied during the sample run
and in between two sample runs, the capillary was again rinsed with BGE for 5 min.
6.3. Results and Discussion:
Although the capillary zone electrophoresis (CZE) applications involve samples
containing analytes in comparable concentration, this study is an attempt to analyse
the Fe in trace concentration in presence of high concentration of uranium. Such
direct analysis is advantageous as it provides hassle free sample preparation. Since
the dissolved uranium sample solution has high ionic strength, the direct injection of
sample into the capillary can cause difficulties like:
(i) peak broadening (ii) variation in the EOF (iii) poor precision on the migration
time and (iv) poor separation efficiency.
Despite these difficulties, direct separation of trace analytes in presence of bulk
matrix is feasible in CZE provided the method satisfies two conditions:
(i) the analyte and the matrix elements should have large difference in their relative
mobilities and (ii) the mobility of the analyte should be faster than matrix element.
Under these conditions, the analyte reaches the detector much earlier than the matrix
element and therefore, it can be free from matrix effects. In the present case, since
both uranyl and ferric ions (in their hydrated form) had little difference in their
charge densities, it is difficult to separate them under normal conditions and addition
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of a complexing agent is essential for their separation. As discussed earlier the
organic ligands that had been used in the metal ions separations in CZE [30-36, 39]
may not be suitable in the present study. Hence, complexation of these metal ions
with chloride was considered because chloride forms different types of complexes
with UO22+ and Fe3+ ions. Both urnayl and ferric ions form cationic complexes but of
different charge densities. Moreover, the chloride medium enables the direct
detection of selected metal ions [40,41] including iron.
The uranylion predominantly forms UO2Cl+ complex at lower concentrations of
chloride ion (<0.5 M) [42,43] when the pH is between 2 and 3. When the
concentration of chloride exceeds 5 M, it forms anionic complexes. Similarly, Fe(III)
can form both cationic and anionic complexes with chloride such as FeCl2+, FeCl2+,
FeCl3 and FeCl4-. At lower concentrations of chloride, Fe(III) forms predominantly
FeCl2+ [44]. The formation constants (log values) for the UO2Cl+ and FeCl2+
complexes are 0.17 and 1.52, respectively. This indicates that the Fe+3 has more
affinity towards chloride complex formation [43,45] than UO22+.
Therefore, with low chloride concentration it is possible to have UO2Cl+ and FeCl2+
complexes, which had different mobility due to difference in their charge
differences. Therefore complexation with chloride can bring the desired separation in
CZE. Since the divalent transition metal ions such as Zn(II), Cu(II), Cd(II), Mn(II)
etc., [46] form either anionic or neutral chloride complexes [47] and hence, they do
not interfere with Fe(III). The absorbance of the peak for iron as FeCl2+ complex was
measured at 214 nm [45].
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6.3.1. Optimization of Background Electrolyte:
A combination of HCl and KCl was considered for BGE. The role of HCl in BGE is
to prevent the hydrolysis of iron, uranium and their chloride complexes by providing
acidic pH whereas the KCl ensures the stability of the chloride complexes formed.
All the separations were carried out with 15 kV applied voltage.
Initially the separation behaviour was investigated at different pH conditions, for this
separation of Fe(III) was performed in BGE with 10-2, 10-3, 10-4 and 10-5 M HCl
solutions corresponding to pH 2, 3, 4 and 5 without KCl. This has been carried out
with a view to obtaining a BGE with minimum ionic strength possible so that effect
of joule heat can be minimized.While carrying out the CZE separation, the standard
iron solutions were also prepared in the respective HCl solutions in order to have
almost identical composition in the BGE as well as in the standards.

Figure 6.1.Electropherograms obtained for a standard iron solution (25 mg•L-1)
with BGEs of different pH.
(1) 10-2 M HCl BGE corresponding to pH 2;
(2) 10-3 M HCl BGE corresponding to pH 3;
(3) 10-4 M HCl BGE corresponding to pH 4 and
(4) 10-5 M HCl BGE corresponding to pH 5,
Conditions: Capillary: 60 cm × 50 µm, Applied voltage: 15 kV. Detection: direct
UV
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Figure 6.1 shows the overlay of electropherograms obtained for each carrier
electrolyte which shows that decreasing the pH of the carrier electrolyte decreased
the migration time of Fe(III). The change in migration time in this case may be
possibly due to,
i.

At higher pH the silanol group of the capillary provides negatively charged
sites which retain the free metal ions of iron for longer time.

ii.

At higher pH solutions complex formation is not significant due tolower
concentrations of chloride.

iii.

The hydrolysis of Fe(III) and its chloride complexes may occur and form
neutral species [44].

Since the above observations are due to varying concentrations of chloride (as
concentration of HCl varies), it is necessary to investigate at constant chloride
concentration. Also it is necessary to study the influence of pH on the separation at a
fixed chloride concentration and the effect of chloride concentration at fixed pH
condition. For this purpose, three sets of solutions corresponding to pH 2, 3 and 4
were prepared. In each set, the pH was maintained by keeping a fixed concentration
of HCl but the total chloride contentwas varied from 30 to 100 mM by adding KCl.
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Figure 6.2. Effect of total chloride concentration on the peak area of iron
obtained with pH 2. (BGEs were of 10-2 M HCl (fixed) and varying amounts of
KCl). Capillary: 60 cm × 50µm, Applied voltage: 15 kV; Detection: direct UV at
214nm.
It was observed (Fig. 6.2) that for pH 2 BGE the sensitivity of Fe peak increased
with increasing chloride concentration and it was saturated when the chloride
concentration was 75 mM chloride (10mM HCl + 65mM KCl). Increasing the
chloride concentration above 75 mM caused only marginal changes in the peak
areas. On the other hand, at higher pH and chloride concentrations the base line was
noisy and could not be used for analysis. It is expected that during the CZE
separation a little change in the pH of the electrolyte due to applied potential and
protonation of silinol groups. The effect of this slight pH variations was studied with
electrolytes of pH 1.8, 2.0 and 2.2. However, it was found that under these three pH
conditions the variations in peak time and peak area were within ± 1%. Based on the
observations, a BGE of 10mM HCl and 65mM KCl (pH 2) was found as optimum
BGE composition.
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With the optimized BGE condition the uranyl ion (as UO2Cl+) appeared much later
than iron peak. On the other hand the transition, alkali and alkaline earth metal
cations could not be detected even up to 60 minutes and this could be due to the
formation of their anionic complexes, which are moving either with low mobility or
in opposite direction. The peaks of Fe(III) and U(VI) were confirmed by injecting
the standard mixture solutions of different concentrations.
6.3.2. Optimization of Applied Voltage:
In CZE the number of theoretical plates (N) can be expressed as [48],
N = µexp(V/2DS)
where N is efficiency, µ is constant,V is applied voltage and Ds is the diffusion coefficient. The above equation shows that higher efficiency of separation may be
achieved by applying higher potential. Hence the effect of applied potential on the
separation between Fe(III) and U(VI) was studied between 5 and 30 kV. It was
observed that when the applied potential is 20kV the change in the mobility and
reproducibility of Fe and U peaks was significant and the resolution between Fe and
U at higher voltages were found to be poor. A plot of current Vs applied voltage
showed that the current and voltage was non linear beyond 18 kV. This indicates that
the capillary is unable to dissipate the Joule heat generated in the capillary at this
high voltage. Therefore, an applied voltage of 15 kV was fixed for further separation.
Figure 6.3 shows typical electropherograms obtained for Fe(III) of different
concentrations under the optimized conditions.
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Figure 6.3.Electropherograms obtained for a standard solution of Fe(III) and
Uranium. (A) Fe(III) (5 μg/mL) + U(VI) (80,000 μg/mL) standard solution; (B)
Fe(III) standard solution (1μg/mL); (C) Fe(III) (0.08 μg/mL) standard solution.
BGE: 10 mMHCl in 65 mMKCl (pH 2), Conditions: Capillary: 60 cm × 50 μm,
Applied voltage: 15 kV. Detection: direct UV at 214 nm.
6.3.3. Matrix element tolerance:
Since the separation is aimed at determining iron in presence of matrix uranium, the
tolerance of uranium was studied. For this purpose, 50 ppm Fe standard was taken
in varying amounts of U(VI) (0.1-90 mg of U/mL) and they were analysed for the
Fe. The values obtained are tabulated in Table 6.1 and it showed overall precision
and accuracy better than 5%. The data also show a good recovery of Fe in presence
of bulk uranium.
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Table 6.1: Recoveries of spiked iron in uranium solutions of various
concentrations.

Uranium

Fe spiked in U

Fe determined

% of

(ppm)

solution (ppm)

by CE (ppm)

recovery

1.

10

50

48.6 ± 2.4

97.2

2.

1000

50

48.3±2.7

96.6

3.

10000

50

51.9±2.9

103.8

4.

50000

50

47.9±3.1

95.8

5.

75000

50

52.3±2.6

104.6

6.

90000

50

51.8±2.8

103.6

No.

6.3.4. Validation of Method:
The possible interferences from transition metal ions

was studied and

it was

observed that the metal ions like Cu(II), Pb(II), Ni(II), Zn(II), Mn(II), Co(II), Cd(II),
Cr(III), alkali, alkaline earth metals (300 ppm each) did not interfere at Fe peak.
Hence, the CZE separation is highly specific for Fe(III).
A linear calibration plot was constructed using the Fe(III) standards in the
concentration range of 1-50 ppm. The linear correlation coefficient obtained in this
case was 0.9995. The limit of detection (LOD) for Fe(III) was calculated and it was
found to be 0.1 ppm. The absolute LOD is 9 × 10-14 g, where the sample volume
was 1.5 nL. An electrogram obtained for 0.08 ppm of iron, which is very close to the
detection limit was also shown in Figure5.3.
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The reproducibility of peak area and peak time was studied with two standards viz.
Std-1 (5 ppm of Fe alone) and Std-2 (5 ppm of Fe(III) and 80 ppm of U(VI)). Ten
consecutive run of the standards provided a precision better than 2% on peak area
whereas a precision of 1% was obtained on the peak time of Fe(III). However,
replicateanalyses (n = 20) of a 1 ppm iron standard solution underthe optimized
conditions brought about a precision of 3.5%.
6.4. Analysis of Certified Reference Materials:
To check the accuracy of the developed procedure, two reference materials of
U3O8viz. ILCE-4 and ILCE-5 (CRM-DAE) [49] were used and analysed. Accurately
weighed quantities (0.3 - 0.4 g) of the reference materials were dissolved in 5 mL of
high purity Conc. HNO3 and the solution was heated to near dryness and the process
was repeated twice or thrice until the sample is completely dissolved. Further 3.5
mL of 0.01 N HCl (pH 2) acid solution was added at warm condition. The pH of
adjusted using 0.01 N HCl solution, if required.

Priorto sample injection, the

solution was transferred into a standard volumetric flask and made up to 5 mL using
0.01 N HCl. The nitric acid dissolution helped in maintaining the higher oxidation
states of Fe and U. The sample preparation step completes within 30 minutes as it
does not involve any separations. Table 6.2 compares the results obtained for the two
reference materials and the values obtained by this method are in good agreement
with the certified values.
Table 6.2: Comparison between iron determination via the developed method
and certified method.
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No.

Reference
standard

Concentration of Fe (ppm)
mean

certified

% deviation

code
1.

ILCE-IV

163.5 ± 2.8

170

3.8

2.

ILCE-V

275.2 ± 2.9

290

5.4

6.5. Real Sample Analysis:
The method was applied to nine uranium fuel samples from an advanced fuel
fabrication facility. The samples are either in metallic or oxide form of uranium.
Samples were dissolved by following the procedure as described above for the
standard reference materials. Dilutions of the samples were carried out as per the
requirement to bring Fe concentration to the linearity range. Table 6.3 lists the
typical iron contents determined in the samples. An electropherogram obtained for a
sample is presented in Fig. 6.4.

Figure 6.4: A typical electropherogram obtained for a sample solution.
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Table 6.3: Results obtained for the samples.

Sample Code

Fe (ppm)

M1

882 ± 52

M2

1311 ± 70

M3

753 ± 37

M4

801 ± 36

M5

913 ± 46

U1

318 ± 19

U2

723 ± 33

U3

626 ± 29

U4

389 ± 18

6.6. Advantages of the CZE Method:
The method developed for the determination of Fe in U matrix by CZE brought
following advantages:
(i) specific for iron
(ii) shows high tolerance for uranium matrix
(iii) simple sample preparation procedure
(iv) rapid separation
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(v) provides good precision and better recovery of Fe
(vi) generation of minimum analytical waste
6.7 Conclusions
A rapid, reproducible and simple CZE method for the determination of iron in
uranium matrix was developed. For the desired separation chloride complexation of
both the species were explored. The capability of the method for determining iron
with high background of the matrix element was proved by analyzing matrix match
reference materials. The method was applied successfully to the determination of
iron in different uranium fuel samples.
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Chapter : 7
Application of Ion chromatography for Optimizing
Washing Procedure for Removal of Chloride and Nitrate
from Li2TiO3 Microspheres using LiOH Solution.
7.1 Introduction:
For the International Thermonuclear Experimental Reactor (ITER) programme
different types of Li compounds have been considered as Test Blanket Material
(TBM) for tritium breeding. In these materials tritium is generated due to the nuclear
reaction with neutrons: 6Li(n,α)3T. Tritium formed in the breeder matrix will be
recovered by purging with helium. For the purpose of producing tritium, many
ceramic lithium compounds such as Li2O, LiAlO2, Li2ZrO3, Li2TiO3 and Li4SiO4 are
under consideration. Among them Li2TiO3 has relatively better chemical stability and
tritium recovery at lower temperatures. Although it can be fabricated by various
methods [1-5], the sol-gel based processes have several advantages over the other
methods. In BARC synthesis of Li2TiO3 (Lithium enriched to 60% in Li-6) is being
carried out by following an internal gelation technique of sol-gel process[6]. Lithium
nitrate and TiOCl2 are the starting materials for the synthesis. It is seen the final
product Li2TiO3 microspheres is getting contaminated with significant quantities of
nitrate and chloride from the feed materials. Presence of nitrate and chloride are not
desirable because, they cause cracking of microspheres during sintering at high
temperatures. Therefore, in order to improve the fabrication procedure to obtain
nitrate and chloride free product, it was planned to wash the product with enriched
LiOH solution. The washing with enriched LiOH is necessary in order to avoid
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leaching of Li from the final matrix and also to avoid dilution of 6Li due to the
isotopic exchange with 7Li. Only minimum quantities of 6LiOH should be used to
conserve this precious material. Therefore the enriched LiOH has to be used
judiciously. In order to decide the total volume of 6LiOH required, it is necessary to
know the total nitrate and chloride contents in the microspheres and also the
quantities of Cl- and NO3- removed during each washing cycle. The amount of
impurities removed in the washed solutions will help in deciding the washing
program which will use minimum LiOH. The wash solutions were analysed for the
concentrations of chloride and nitrate.Various methods were reported for the analysis
of Cl- and NO3-. Ion Chromatography is widely used for determination of chloride
and nitrate in different types of matrices [7-11]. Optimization of various IC
parameters to realize good separation between nitrate and chloride and their
determination is necessary as the samples are of high ionic strength.
In addition to the determination of chloride and nitrate in wash solutions it is also
important to analyse the finished product to confirm the removal of impurities. It is
important to certify the chloride impurity in the product as chloride is corrosive in
nature. This necessitates the determination of chlorine in the final product of Li2TiO3
as a part of its chemical characterization. In general the impurity analyses in various
matrices are carried out using an appropriate method after the dissolution of the
sample. However, for the analysis of trace impurities, the dissolution of the sample
can lead to high background and blank contributions.

In view of these, non-

destructive analysis (NDA) methods are always preferred [12]. In addition to this
Li2TiO3 is difficult to dissolve.
Pyrohydrolysis is a well known separation technique mainly used to separate halides
directly from a solid sample. The separated analytes are collected in a dilute NaOH.
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The distillate collected is clean and interference free, which can be used for trace
level analysis. The final determination of halides can be carried out by suitable
methods such as, spectrophotometry or ion chromatography etc. [13-21]. In addition
to halides, nitrogen from the sample is also separated but their separation is not
quantitative, however qualitative information regarding the presence of nitrogen in
the sample can be obtained. The present study is aimed at (i) proposing a simple IC
method for the determination of chloride and nitrate in LiOH washing solutions, (ii)
developing a washing strategy to minimise the volume of LiOH and (iii) developing
a pyrohydrolysis- ion chromatography combined method for the determination of
chlorine in the Li2TiO3 microspheres.
7.2 Experimental:
7.2.1 Materials and reagents:
Analytical grade LiCl, LiNO3, hexamethylenetetramine (HMTA), urea, TiCl4 and
LiOH were used for the synthesis of Li2TiO3. Standard solutions of chloride and
nitrate were prepared by dissolving their respective Na salts of 99.9% purity. NaOH
(99.9% purity) was used for the preparation of mobile phase. All reagents were
obtained from Merck, Germany. For the preparation of all solutions and production
of steam, high purity deionised water (18.2 MΩcm) obtained from a Milli-Q water
system (Millipore, USA) was used.
7.2.2 Instrumentation:
A quartz pyrohydrolysis (PH) apparatus was used. The details of the pyrohydrolysis
apparatus was described elsewhere [22]. A commercial ion chromatograph (DX-500
model; Dionex, USA) consisting of a gradient pump (GP-50), ED-40 conductivity
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detector and an anion self-regenerating suppressor (ASRS-II) was used for obtaining
the chromatograms. Samples were introduced through a Rheodyne injector fitted
with a 50-μL loop. Ion chromatographic separations were carried out separately on
two analytical columns, viz. IonPac AS16 (250 × 4 mm) and IonPac AS18 (250 × 4
mm) along with their respective guard columns, IonPac AG16 (50 × 4 mm) and
AG18 (50 × 4 mm) respectively.
7.3 Results and Discussion:
For optimisation of process parameters, initial experiments were carried out using
natural Li bearing compounds. This has been done to conserve the more expensive
enriched Li-6 bearing compounds. The optimised parameters were then used for the
enriched material.
7.3.1 Preparation and washing of Li2TiO3:
Lithium titanate microspheres were prepared by using the internal gelation process
[6]. By mixing 3 M HMTA/urea solution, 3 M TiOCl2 and 3 M LiCl/ LiNO3
solutions with Li to Ti mole ratio as Li:Ti = 2:1, a feed solution was prepared. This
feed solution in the form of droplets was dispersed in hot silicone oil, where Li2TiO3
microspheres are formed. The microspheres formed are first washed with CCl4 and
then with LiOH. The washing with LiOH was required for removal of nitrate and
chloride, which are responsible for cracking of microsphere during drying and
heating steps. To stop the leaching of Li from the microspheres washings were
performed with 1.55 M LiOH. In this work washing processes were carried out batch
wise with minimum volume of LiOH solution (Li-natural) and the generated
washing effluents were reused with a view to reduce the total volume of LiOH
solution actually required. The amount of nitrate and chloride in the washing
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solutions obtained in each step helped in planning a washing strategy for Li2TiO3
microspheres so as to realise minimum volume of LiOH.
7.3.2 Sample preparation for IC analysis
Each washing effluent was sampled and filtered through 0.2 μm filter paper to
remove the microspheres. Since the washing solutions were reused during the entire
process, the solutions obtained from the initial washings had higher concentrations
of chloride and nitrate. Therefore, the samples were diluted appropriately to bring the
Cl- and NO3- concentrations within the dynamic calibration range (100 ppb to 10
ppm) of IC analysis.
7.3.3 Ion chromatographic analysis:
IC can facilitate the simultaneous separation and determination of different anions
especially halides, nitrate, sulphate etc. The samples have high ionic strength and
varying concentrations of the analytes. This necessitates the selection of appropriate
eluent as well as analytical column. Because the sample contains a large amount of
OH- ions hydroxide eluent was preferred over the carbonate.
For the selection of separator column, two anion exchange columns viz. IonPac
AS16 and IonPac AS18. Both columns have been selected based on the column
chemistry as well as differences in their column capacities. Standard solutions of
fluoride, chloride, nitrate and sulphate were prepared in 1.5 M LiOH and injected
into the IC. [Figures 7.1 (a) and (b) show plots of retention time vs. NaOH
concentration for IonPac AS18 and IonPac AS16, respectively.] It can be seen that
for a given concentration of the eluent, the AS16 column offers faster elution than
IonPac AS18 column. Figure 7.2 shows the chromatograms obtained with both
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IonPac AS16 and AS18 columns using 15mM and 40mM NaOH eluents
respectively. Although the chloride peak appeared at the same time with both the
columns, the IonPac AS16 column provided a better resolution between chloride and
nitrate compared to the IonPac AS- 18 column. Based on the observations, the
IonPac AS16 column along with 15 mM NaOH eluent at a flow rate of 1 mL/min
was identified as suitable for the elution of chloride and nitrate.

Fig. 7.1: Effect of [NaOH] on the retention times of various anions.
(a) IonPac AS18 column and (b) IonPac AS16 column.
Calibration plots were constructed for both Cl- and NO3- in the concentration range
of 0.1 to 10 ppm. The linear regression coefficient obtained for the plots
corresponding to Cl- and NO3- are 0.998 and 0.995 respectively. The limit of
detection (LOD) for chloride and nitrate were calculated as 25 and 40 ppb,
respectively. The precision of the measurements was better than 5% (RSD) at 0.3
ppm of Cl- and 0.5 ppm of NO3- (Figure 4).
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Figure 7.2: Standard chromatograms obtained for standard with F-, Cl-, NO3and SO42- (10.0 ppm each). (a) Column: AS16 column, Eluent: 15 mM NaOH.
(b) Column: AS18 column, Eluent: 40 mM NaOH.

135

7.3.4 Reduction in volume and recycling of LiOH washing effluent:
A single batch of lithium titanate microspheres weighing about 200g was prepared
using internal gelation process. Further it was divided into four parts (A, B, C and
D). Part A was digested at 60°C in LiOH solution (50 ml) for 18 hrs and the
supernatant was filtered. The filtered effluent is labelled as effluent A1 and it cannot
be reused as it contains large quantities of chemicals leached out during digestion.
Further the microspheres were given three washes of LiOH, with the washings
labelled as A2, A3 and A4 and the effluents produced were kept for their reuse as
these solutions contain less impurities compared to A1. However, the other three
parts of the microspheres viz. B, C and D were also digested but not with fresh
LiOH. Further a systematic washing plan was envisaged by knowing the level of
impurities present in each washing effluent as shown in Figure 7.6. For instance, the
effluent A2 would be reused as B1, which means it would be used for digesting the
microsphere part B. Similarly A3 would act as B2, the second wash of B2 and so on.
Each wash had a volume of 50 mL and therefore, the total volume of LiOH wash
solution required as per the wash plan was 350 mL against the actual requirement of
800 mL (similar level of impurities were removed using single wash of 800ml
LiOH). Therefore the developed washing procedure significantly reduced the volume
of fresh LiOH solution. The concentration of chloride and nitrate were analysed and
Figure 7.7 shows a bar graph depicting the concentrations of chloride and nitrate in
each washing. The figure indicates the reduction in the concentrations of chloride
and nitrate sequentially.
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Figure 7.3 The optimised reuse of LiOH washing solution. A, B, C, and D are
different Li2TiO3 lots, the numbers 1, 2, 3 represent no. of washing. The
washing solution containing lower impurity are reused for samples containing
higher impurities

Figure 7.4: Concentration of chloride and nitrate in wash solutions collected at
different steps of optimised washing method.
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The optimised process parameters were used for washing enriched Li2TiO3 material
to be used as TBM for ITER. It was possible to reduce the consumption of enriched
LiOH by more than 50% (350 mL against 800 mL).
7.3.5 Determination of chlorine Li2TiO3 microspheres:
The determination of chlorine in the finished product, Li2TiO3 microspheres was
carried out to ensure the efficient washing to certify the final product. This
determination was carried out using pyrohydrolysis extraction of chlorine followed
by ion chromatography determination combined method. Around 0.5 g of Li2TiO3
microspheres were pyrohydrolysed at 1273K with moist oxygen as the carrier gas.
The carrier gas flow rate was maintained as 1.5 litres/min and the condensed
distillate was collected in 5 mL of 15 mM NaOH. The distillate was further analysed
by IC for chloride and nitrate contents.
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Figure 7.5: Chromatograms obtained for the Li2TiO3 pyrohydrolysis distillates
(a) before washing (initial product) (b) after washing.
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The maximum recovery of chlorine was confirmed by pyrohydrolysing different
aliquots of the sample of the same lot for different time intervals. It was observed
that 45 minutes of pyrohydrolysis could extract chlorine as HCl completely. Pyro
hydrolysis could not extract all the nitrogen oxides. This is because nitrogen can
form different species during pyrohydrolysis, these species have different solubility
and pyrohydrolysis behaviour. However, the amount of nitrate present in the
pyrohydrolysis distillate indicates presence or absence of nitrate in the sample as
well as it provides the concentration semi-quantitatively. Table 7.1 summarizes the
typical concentrations of chloride in the real samples.
Table 7.1 chlorine obtained for real samples of Li2TiO3 finished
products.

Sample

Chlorine(µg/g)

code
LiT‐1

6.2 ± 0.4

LiT‐2

4.9 ± 0.5

LiT‐3

17.8± 1.3

LiT‐4

13.1± 0.8
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7.4 Conclusions
1. A washing procedure for Li2TiO3 microspheres for the removal of the Cl- and
NO3- cntamination using LiOH solution was established.
2. The proposed washing procedure achieved significant reduction in the total
volume of LiOH required and this would help in the judisious use of enriched LiOH
solution.
3. The chlorine cncentration in the washed product for is CQC certification has been
realised by developing a PH-IC combined method.
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Chapter: 8
Development of Ion Chromatographic Method for the
Simultaneous Separation and Determination of B, Cl and
Mo in Plant and Soil Samples
8.1 Introduction:
Boron, chlorine and molybdenum along with copper, iron, manganese and zinc are
important micronutrients for plants [1]. Boron plays an important role in Nmetabolism, photosynthesis and cellular differentiation and development. Chlorine
plays a vital role in maintaining the cell charges. Mo is important for enzyme
function and N2 fixation. On the other hand, in many cases, these micronutrients
become toxic when their concentration exceeds certain limit. The micronutrient
elements are available for the plants through soil. Analyses of plant and soil samples
for the determination of these micronutrients are helpful in various studies relevant to
both diagnostic and monitoring [2]. The concentration of micronutrient elements is
also helpful as it is correlated to plant growth and yield of crops [3-5]. There are
different analytical methods available for the analysis of micronutrients. Most of the
methods are based on the extraction of micronutrient(s) into an aqueous phase [6]
followed by instrumental analysis. However, the separation procedures followed are
not amenable to simultaneous analyses as they are mostly element specific. For
example, separate procedures for the extraction of B, Cl and Mo are reported in the
literature [7]. The method for extracting boron uses HCl as one of the reagents and
hence, it is not possible to determine Cl in the extract. Similarly the extraction of Mo
uses several reagents, which causes problems in the determination of Cl and B.
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Distilled water and ranex-30 solution is often used for extracting chloride, which
cannot extract boron, Mo etc. Since these extraction procedures use concentrated
acids for sample digestion, ion chromatographic analysis of anions become
impractical [7,8].
Pyrohydrolysis, a simple separation technique, is being employed for the separation
of boron, chlorine, fluorine, molybdenum etc. directly from the solid matrices
without their dissolution [9, 10]. The separated species are trapped in a dilute NaOH
solution. Though the organic matrices like plant samples are easily combustible at
high temperatures, they need extra care during the pyrohydrolysis as the organic
matrices are prone to cause flare. This demands a controlled heating pattern of the
organic samples during pyrohydrolysis so as to prevent the analyte loss. The main
advantage of pyrohydrolytic separation is that the distillate obtained from
pyrohydrolysis has much lower ionic contents compared to the dissolved solution
and therefore, the distillate is more amenable for ion chromatographic analysis. Since
the non-metallic elements like Cl, B etc are present in anionic form in the distillate
their simultaneous separation by IC is feasible. The pyrohydrolysis and IC
combination methods have been successfully employed for the analysis of carbon
nano tubes, coals and graphite [11-13] samples, which suggests the feasibility of
employing pyrohydrolysis for the plant samples. Many studies have been reported on
the pyrohydrolysis separation of halides and B in carbon compounds [14-16]. In
addition to the extraction of non-metallics by pyrohydrolysis, feasibility of separating
Mo in solid uranium matrices have been reported [10]. Hence, there is a scope of
applying pyrohydrolysis for the simultaneous separation of B, Cl and Mo from plant
and soil samples. For this purpose, it is necessary to identify the various
pyrohydrolysis conditions. The present study deals with developing a pyrohydrolysis
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method for the simultaneous separation of B, Cl and Mo. In order to find the
optimum pyrohydrolysis conditions, the determination of these analytes recovered
under PH conditions needed to be carried out. For this, initially an IC method was
developed for carrying out simultaneous separation and determination of B, Cl and
Mo. Ion chromatography is the best choice for their simultaneous determination
because these three analytes are in ionic form in the solution. Moreover, the
procedures for their individual separation and determination has been reported in the
literatures.
The IC has been used for simultaneous determination of nitrate, chloride sulphate
and phosphate in plant extracts [17]. B has been determined using IC by converting it
to tetrafluoroborate [18] or by using mannitol as a complexing agent [19]. In addition
to this Mo in form of molybdate has been determined in different environmental
samples [20, 21]. However, there is no IC method reported for their simultaneous
analysis and hence, it is proposed to develop an IC method in the present work.
For the separation and determination of anions, diluted solutions of NaOH or
carbonate/ bicarbonate are being used as eluents. Ion chromatography separation and
determination of boron has been carried out by adding d-mannitol as a complexing
agent in the eluent [9]. The determination of B by IC requires mannitol because the
complex of B and mannitol has lower de-protonation constant as compared to boric
acid. The lower pKa helps in getting B in anionic form during column separation and
in detector (after passing through suppressor). In order to support the development of
pyrohydrolysis method (for simultaneous separation of B, Cl and Mo from plant and
soil samples), ion chromatographic studies were carried out to understand the effect
of mannitol (as a part of eluent) on retention and sensitivity of Mo, and the
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observation were employed in developing a gradient method for the simultaneous
detection of B, Cl and Mo.
8.2 Experimental:
8.2.1 Reagents and materials:
The standard solutions of F-, Cl-, NO3- and SO42- were prepared by dissolving their
respective Na salts of 99.9% purity (Merck, Germany). Standard solutions of MoO42were prepared by dissolving (NH4)6Mo7O24 (99.98% pure, Sigma-Aldrich, USA).
Standard boron solution was prepared by dissolving known amount of boric acid
(Merck Germany). For the eluent the GR grade NaOH and d-mannitol, of Merck
Germany make were used. The NaHCO3 used was AR grade (Thomas Baker, India).
For the preparation of all solutions and production of steam, high purity deionised
water (18.2 MΩ.cm) obtained from a Milli-Q water system (Millipore, USA) was
used.
8.2.2 Apparatus and instrument:
All quartz pyrohydrolysis set up consisting of two concentric tubes was used for
pyrohydrolysis purpose. The outer tube has an inlet and serves as pre-heater for
moist carrier gas. The inner tube houses the sample boat and it is attached to gas
outlet. The gas outlet tube is cooled by condenser. The condensate is collected in a
bottle containing dilute NaOH.
A commercial ion chromatograph (Dionex, modelICS-5000) consisting of a selfregenerator suppressor (ASRS-II) and a conductivity detector was used. Samples
were introduced through a 50 l loop fitted with a Rheodyne injector. Separation of
anions was achieved with anion columns viz. IC-Pak anion (Waters) and Ion Pac
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AS16 (Dionex). A software namely Chromeleon was used for instrument control,
data collection and data processing.
8.2.3 Samples:
Rice plant and soil samples were obtained from the experimental gamma field at
Trombay.
8.3 Result and Discussion:
8.3.1 Separation studies:
One of our earlier studies showed that while separating boron along with halides the
sensitivity of B peak was strongly dependent on the concentration of d-mannitol
presentin the eluent [9]. Based on this, an eluent consisting of HCO3- and d-mannitol
was considered for separating boron as borate ion along with other anions. An anion
exchange column, IC Pak Anion (Waters) was considered.
Chromatograms were obtained by injecting a standard solution having mixture of
anions viz. fluoride, chloride, nitrate, sulphate and molybdate by taking the eluents as
17.5mM HCO3- with varying mannitol concentration from zero to 0.56M. Following
observations were made from the chromatograms.
i.

Retention times of all anions did not change with change in the d-mannitol
concentration in the eluent. Figure 8.1(a) as can be observed in figure 1(a),
the retention times of all the anions are nearly same.

ii.

Although there is no change in the retention time of Mo peak while
increasing the d-mannitol concentration in the eluent, the sensitivity of
molybdate peak decreased significantly (Fig. 8.1(b)).
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Figure 8.1: (a) Peak height of molybdate peak (20ppm) (b) retention time of
anions; Column: IC-Pak anion, Eluent: NaHCO3 (0.01755M) and d-manntiol
(concentration varied), flow rate 1 ml/min.
One possible reason for the effect of mannitol on molybdate peak sensitivity is
complex formation between Mo and mannitol. However, in the event of such
complex formation, the charge density of the Mo-complex is expected to vary and
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hence its retention time. However, there was no effect of mannitol concentration on
the retention time of molybdenum peak. Further to understand the role of chemistry
of stationary phase on the sensitivity of molybdate peak, a similar study was carried
out on Ion Pac AS-18 (dionex) analytical column. The observations were similar to
that of the previously used IC Pak column. Figure 8.2 shows the observation of
decreasing Mo peak sensitivity and no change in the retention times of anions due to
increasing concentration of mannitol. Hence, the stationary phase has no role on the
sensitivity of Mo peak.
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Figure 8.2: (a) Peak height of molybdate peak (20ppm) (b) retention time of
anions; Column: Ion Pac AS16, Eluent: NaHCO3 (0.01755M) and d-manntiol
(concentration varied), flow rate 1 ml/min.
Further it was proposed to investigate the problem by changing the eluent
combination. Instead of bicarbonate-mannitol eluent, sodium hydroxide-mannitol
combination was considered. Since the IC Pak anion column is not compatible with
the eluents having pH more than 12, the separation with NaOH-mannitol was carried
out on Ion Pac As-18 column. During all the separations, the NaOH concentration
was kept constant at 30 mM and d-mannitol concentration was varied from 0 to
0.56M. Following observations were made.
i.

The retention times of all the anions under study increased gradually while
increasing the d-mannitol concentration in the eluent (Fig.8.3).

ii.

Since the retention time of Mo varied significantly by increasing the mannitol
concentration, the relation between sensitivity of Mo peak against
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concentration

of

mannitol

could

not

be

correlated.

Figure 8.3: Retention time of anions; Column: Ion Pac AS16, Eluent: NaOH
(30mM) and d-manntiol (concentration varied), flow rate 1 ml/min.
In order to study the effect of d-mannitolonmolybdate sensitivity in NaOH
combination eluent, a sensitivity study was carried out without using the separation
column (flow injection mode). During this experiment the eluent composition was
varied by changing the mannitol concentration and a molybdenum standard solution
was injected. The peak height of Mo peak decreased systematically with increasing
d-mannitol (figure 8.4).
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Figure 8.4: (a) Peak height of molybdate peak (5ppm); No separation Column,
Eluent: NaOH (30mM) and d-manntiol (concentration varied), flow rate:
0.1ml/min.
The observations from the above experiments infer that the effect of sensitivity and
change in the retention time while using NaOH eluent are due to the role of mannitol.
However, the observations could not explain the following:
i.

Why there is no change in the retention time of Mo when HCO3- was used in
the eluent and it decreased only the sensitivity?

ii.

Why does NaOH-mannitol combination cause changes both in retention time
and sensitivity of Mo peak?

8.3.2 Explanation:
Molybdate anion-d-mannitol complex was studied and reported in the literature [23].
The study presented speciation diagrams wherein it was seen that a fraction of Mo
was present in different forms as a function of log[H+]. It can be observed that a
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complexation of Mo and mannitol is favoured at lower pH (higher [H+]). From the
speciation diagram it is understood that in the presence of high concentration of
mannitol and at pH 8 or above the dominant form of Mo is molybdate. Whereas at
pH ≤3 a complex is formed and it consists of two mannitol, one Mo and three
protons. On increasing the pH the complex undergoes deprotonation.
In order to correlate the pH of the mobile phases and complex formation between Mo
and mannitol, the pH of the mobile phases were measured at two points viz. one at
the column out-let and the other at suppressor out-let. For a 50mM NaOH the pH
was 13.1 and for 50 mM HCO3- pH was 8.8.
Both in NaOH and NaHCO3 mobile phases the pH of eluents in the column is above
8, and at this pH conditions Mo exists predominantly as molybdate. Therefore the
separation of Mo occurs as un-complexed molybdate ion.
On the other hand the pH conditions of these eluents after suppressor were found to
be 7.5 (NaOH) and 4.4 (NaHCO3), respectively. And as per the speciation diagram of
Mo and mannitol [23], the conditions are favourable for complex formation between
Mo and d-mannitol. Therefore, formation of the complex takes place after the
suppressor and prior to reaching the detector. This causes the decrease in sensitivity
of detection with increasing d-mannitol in eluents of NaOH and NaHCO3. Hence the
out-come of the experiment shows that (i) retention behaviour of molybdate and
other common anions were not altered while increasing the d-mannitol concentration
in the carbonate eluent as the pH of the eluent inside the column is more than 7 and
at this condition, molybdate does not form complex with d-mannitol (ii) retention
behaviour of molybdate and other common anions were changed (increase in
retention time) when the d-mannitol concentration was increased in the NaOH eluent
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and (iii) the detection sensitivity (suppressed conductivity) of moblydate was found
to be decreasing with increasing d-mannitol concentration in the eluents of both
carbonate and hydroxide.

Figure 8.5: Retention time of anions; Column: Ion Pac AS16, Eluent: NaOH
(30mM) and boric acid (concentration varied), flow rate 1 ml/min.
It is necessary to investigate the question why retention times of molybdate and other
common anions are changing while increasing d-mannitol concentration in the
NaOH eluent and it did not occur in carbonate eluent. To understand the role of
mannitol on the retention time, mannitol was replaced with boric acid in the mobile
phase. The boric acid was considered in place of mannitol because it is weak acid
(pKa1 = 9.1) and it has been used as weak eluent for separating anions [24]. The
concentration of boric acid was varied between 0 and 55 mM in the eluent whereas
NaOH concentration was remain constant throughout the experiment. Figure 8.5
depicts the retention trends obtained due to increasing boric acid concentration in the
eluents. The trend shows that the behaviour of boric acid was same as d-mannitol up
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to 15 mM i.e. the retention times of all anions including the molybdate. When the
boric acid concentration was more than 15 mM, the retention times of all anions
remain uncahnged; as it happened with carbonate eluents. The unchanged retention
times of anions can be explained as follows. Boric acid being a weak acid, (stronger
than mannitol) initial addition of boric acid neutralised the NaOH, which reduced
the strength of NaOH and thereby, the retention time increased. After the
neutralisation of NaOH, a buffer was formed and further addition of boric acid could
not cause any change in hydroxide concentration.
The Pka1 of d-mannitol is 13.0 [25]. This shows that when eluent pH is above 12
(possible in the case of NaOH) significant fraction (more than 10%) of d-mannitol is
present in de-protonated form. The mannitol concentrations are in molar range
whereas NaOH concentration is in millimolar range in the mobile phase. Hence a
significant amount of dissociated d-mannitol is available in the mobile phase which
can neutralise the NaOH eluent and reduce the strength of the eluent, which causes
increase in the retention times of all the anions.
The dissociation (deprotonation) of d-mannitol does not occur in the bicarbonate
mobile phase as the pH of bicarbonate eluent is less than 9. Therefore in presence of
NaHCO3, mannitol in the eluent remains as a neutral molecule and cannot affect the
retention time of anions.
8.3.3 Development of gradient elution procedure:
Based on the results of the above investigations it is obvious that presence of dmannitol in the eluent is undesirable as it reduces the detection sensitivity. On the
other hand the presence of d-mannitol is crucial for the separation and detection
boron as borate ion. In view of this, a gradient elution method was developed to
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achieve the simultaneous separation and detection of B and Mo along with other
common anions. A concentration gradient elution procedure was incorporated where
the d-mannitol concentration was brought to zero in the eluent prior to the elution of
molybdate peak. The final optimized gradient elution program is mentioned in table
8.1.
Table 8.1: The optimized gradient elution program for simultaneous separation
and determination of B, Cl and Mo. Column: Ion Pac AS16, flow rate 1 ml/min.
Time (min.)

NaOH

Mannitol

(mM)

(M)

0

5

0.56

5

5

0.385

8

10

0.14

12

20

0

20

30

0

8.3.4 Sample Analysis:
Different parts of rice plants viz. root, stem and leaves were cut and dried at 353K.
Each sample was pyrohydrolysed in moist oxygen carrier gas at 1373K for 2 h. The
distillate was collected in 5mM NaOH. The separation and determination of B, Cl
and Mo was carried out by following the developed IC method. During
pyrohydrolysis it was observed that the plant samples completely burned and no
traces of the sample remain in the sample boat. The results obtained for the samples
are listed in Table 2. It was found that the Mo content in the samples was below the
IC detection limit and therefore the distillates were analysed for Mo by ICP-AES.
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However, two rice plants that were grown in the laboratory conditions with Mo
stress. Mo was added in the soil in form of ammonium molybdate. These samples
were subjected to pyrohydrolysis and the distillates were analysed. In these two
samples molybdate peaks were detected and quantified (Table 2). The Cl, B, and Mo
were also analysed by the conventional method and results are reported in table 8.2.
When the soil samples were pyrohydrolysed it was possible to detect the B, Cl and
Mo using the IC method developed. However the results of different aliquots of the
same sample were not reproducible. This indicates that during pyrohydrolysis the
complete recovery of analytes is not possible during the pyrohydrolysis.
Table 8.2: The concentration of B, Cl and Mo obtained in dried plant samples
and Soil PH distillates by the developed IC method and their comparison with
conventional methods.
Sample

B (mg/kg)
Ph-IC

Cl (mg/kg)
1

Mo (mg/kg)
2

Conventional3

0.9 ± 0.2*

PH-ICPMS
1.2 ± 0.3

Leaf

56 ± 9

PH-ICPAES
51 ± 5

Conventional

PH-IC

Conventional

Ph-IC

41 ± 8

121 ± 9

112 ± 14

Stem

83 ± 8

76 ± 7

-

623 ± 34

561 ± 42

0.7 ± 0.3*

0.9 ± 0.2

0.8 ± 0.2

root

23 ± 4

-

-

12 ± 4

-

1.2 ± 0.4*

-

-

Soil

22± 15

31 ± 15

-

625 ± 30

-

32± 2

-

-

-

* the samples were concentrated ~50 times by vacuum evaporation.
dried 2 g leaf, ash at 773 K, dissolved in 20% HCl, diluted, filtered and B determined by ICPAES.
2
dried 2 g plant sample, extraction with hot water, filtered and Cl determined by IC.
3
dried 2 g stem, ash at 773 K, organic matrix destroyed using H2SO4 and H2O2, diluted (5 ml), filtered and Mo
determined by AAS.
1

8.4 Conclusion:
Effect of d-mannitol on anions during IC separation was studied in detail and it was
found that presence of mannitol effects the Mo peak sensitivity. Depending on the
observations a gradient elution IC method was developed for the analysis of PH
distillates. The PH-IC method was used successfully to determine B, Cl and MO
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simultaneously in plant samples. For the soil samples the Pyrohydrolytic procedure
followed could not provide complete recovery.
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SYNOPSIS
Limited uranium resources and abundant thorium resources in the country prompted
Dr. H.J. Bhabha, the initiator of Indian atomic energy program to envision a three
stage nuclear energy program for sustained growth of nuclear power program. This
obviously requires closed nuclear fuel cycle involving reprocessing of spent fuel
from the first stage to fuel the second and third stages. The Department of Atomic
Energy (DAE), India, is pursuing an indigenous power program linking the fuel
cycle of Pressurized Heavy Water Reactor (PHWR), Liquid Metal Cooled Fast
Breeder Reactors (LMFBR) and

232

Th-233U based advanced reactors [1-3].

Optimum utilization of fissile content in the nuclear fuels during reactor operation
can result in increasing power production. Improving the fuel quality is one of the
criteria to ensure longer residence time of fuel in the reactor. This in turn results in
higher burn-up leading to enhanced power. Reactor physicists and fuel fabricators
stipulate certain quality (specifications) to the nuclear fuel and other reactor
materials for this purpose. In order to realize the smooth and efficient functioning
of the reactor, the fuel should satisfy the specifications derived for it. The
specification includes both physical and chemical qualities of the material. The
chemical analyses pertaining to the Chemical Quality Control (CQC) process play
a pivotal role in achieving the quality of the material fabricated. The CQC analyses
mainly involve the analysis of feed (also known as starting materials) materials,
intermediate and the finished products [4-7]. In addition to the nuclear fuels,
strategically important nuclear materials like tritium generators [8] etc., are also
require determination of percentage and trace level components for their optimum
performance during reactor irradiation.
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Nuclear energy is generated either by fission or fusion. Fusion energy is generated
by fusing two light atoms, which are mostly the hydrogen isotopes. The waste
generated during fusion will largely be either helium or water [8]. India is involved
in the International Test Experimental Reactor (ITER) project (a fusion based reactor
program) and DAE supports this program by fabricating tritium breeders (Li2TiO3)
employing different methods [9]. This necessitates the development of analytical
methods for the analysis of tritium breeders for their chemical characterization.
Several analytical techniques are employed for the chemical characterization or CQC
analysis of nuclear materials [4]. Among them, elemental determinators, Inductively
Coupled Plasma- Atomic Emission Spectroscopy (ICP-AES) [10], Inductively
Coupled Plasma-Mass Spectrometry ICP-MS [11-12], Thermal Ionization Mass
Spectrometry (TIMS) [13], alpha and gamma spectrometry[14,15], X-ray Diffraction
(XRD) [16], electro analytical techniques, spectrophotometer etc are some of the
important techniques routinely employed for chemical characterization analysis. In
the

recent

past

chromatographic

techniques

like

High

Pressure

Liquid

Chromatography (HPLC) and Ion Chromatography (IC) have been introduced into
the CQC analyses of nuclear materials [17]. However, the CQC processes of various
nuclear materials demand the development of new analytical methodologies.
Improvement in the existing methodologies is also attempted with a view to
improving accuracy and precision, low detection limit, high selectivity, simultaneous
or multi-elemental analysis, minimum generation of analytical waste and minimum
use of chemical reagents etc.
Chromatography is a physical method of separation wherein the analytes are
separated due to their differential distribution between two immiscible phases. The
major advantage of chromatographic techniques is that they offer simultaneous
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separation and quantification. Ion chromatography is used for separating both
cation and anion species wherein the separation occurs due to their different
affinities toward the ion exchange process on the, stationary phase[18] whereas,
HPLC is mainly employed for the

separation of organic as well as neutral

molecules. Capillary Electrophoresis (CE) is a simple, rapid and high efficient
separation method and is employed for separating ions as well as neutral molecules.
Unlike HPLC and IC, separation in CE is achieved by applying an electric field
which causes differential velocities of the ions or molecules due to their
electrophoretic migration. The separation is carried out inside a thin capillary of 50 100 µm diameter and a length of 0.5 to 1 meter and the separation is complete within
few minutes. CE is considered as a complementary technique to IC [19] and hence,
both IC and CE are being used for separating several ions in a wide range of sample
matrices.

Analytical methods which can analyze directly the dissolved sample solutions are
preferred as they eliminate the cumbersome sample preparation procedures. Few
applications of CE and IC, where direct analysis of the dissolved sample solution
without employing matrix separation have been reported in literature [20,21]. Such
direct analyses not only avoid the pre-separation of matrix or pre-concentration of
analytes but also useful in the absence of reference materials. In the present study,
efforts have been made to develop analytical methods for the direct analysis using IC
and CE.
Pyrohydrolysis is a physical method of separation where the analyte is removed from
the matrix by converting it into a volatile species. It is widely employed for
separating halides from various nuclear materials. During pyrohydrolysis the sample
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is heated at high temperature in presence of moist oxygen or a suitable carrier gas.
Chlorine, fluorine and boron are separated in the form of hydrochloric, hydrofluoric
and boric acids, respectively. Pyrohydrolysis separates halides and boron directly
from a solid matrix and produces a clean sample solution, which is favorable in
carrying out trace and ultra-trace level analysis [22,23]. Therefore, pyrohydrolysis
finds many applications in the determination of halides at trace level concentrations
in many complex matrices. Analysis of halides and boron in environmental and plant
samples involves tedious sample preparation procedures due to the presence of
organic compounds. The analytical methods that have been developed for the
analyses of nuclear materials involving initial pyrohydrolysis separation followed
by analytical determinations can be extended for the analyses of environmental
samples. In this thesis, the analysis of environmental samples like soil and plants
using pyrohydrolysis and ion chromatography have been reported.
In spite of the unique features of IC and CE, not many applications were reported for
the analysis of nuclear materials. Therefore, efforts have been made to utilize these
techniques for nuclear material analysis independently and validate the results. The
present thesis is divided into eight chapters and the brief description of each chapter
is given below.
CHAPTER ONE: This chapter discuses the need for high quality nuclear materials
and the importance of their Chemical Quality Control (CQC) analysis. It also
recounts the effect of the concentration of the specified elements (specification
limits) on the performance of the nuclear material or fuel. It also discusses about the
analytical techniques employed in the CQC analysis and emphasizes the need for
developing new analytical methods with a view to achieving better accuracy and
precision specially while determining the trace and ultra trace constituents (both
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metallic and non-metallic impurities). It highlights the importance and advantages on
the use of chromatographic methods like IC and CE in the CQC analysis of nuclear
materials.
CHAPTER TWO: This chapter deals with the experimental part of the studies
reported in the thesis. It describes the basic principles of the techniques employed.
Special emphasis has been given to ion chromatography and capillary
electrophoresis separations.

Pyrohydrolysis is basically a non-instrumental

separation technique which has been exploited employing an in-house designed
equipment. Details of this technique have been discussed along with IC and CE.
Other techniques like X-Ray Diffraction (XRD), Thermo Gravimetry (TG),
Inductively Coupled Plasma -Atomic Emission Spectrometry (ICP-AES) were also
used to obtain supportive information required for the investigation. The usefulness
of these techniques in the present studies has been described in this chapter.
CHAPTER THREE: This chapter deals with the direct separation of molybdenum
from solid uranium matrices employing pyrohydrolysis and its determination by ion
chromatography. Pyrohydrolysis (PH) is a well-established technique for the direct
extraction of non-metals like halides and boron from solid matrices without acid
digestion and use of chemical regents. However, PH extraction of metals or metal
species has not been reported. This is for the first time the pyrohydrolysis separation
of a metal, Mo in the form of MoO42- was reported. Systematic studies were carried
out to understand the high temperature chemistry of Mo and its oxides. It has been
shown that MoO3 volatilization is enhanced drastically in presence of moist
atmosphere [24].The volatilization behavior of MoO3 in presence of moist Ar at
950°C was carried out with TG to explore the feasibility of PH extraction of Mo. To
understand the mechanism and kinetics of the separation, the XRD patterns were
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attained for the material after pyrohydrolysing at different time intervals. The study
brings out the need for the suitable modification of the PH apparatus to improve the
recovery of Mo. The Mo in the distillate was determined by IC. The developed
method was extended to the analysis of Mo in ADU samples on routine basis.
CHAPTER FOUR: This chapter discusses the determination of chlorine and fluorine
in U-Zr and U-Pu-Zr alloys using pyrohydrolysis separation followed by IC
determination. U-Zr and U-Pu-Zr alloys are being considered as fuel for fast breeder
reactors due to improved breeding possibilities associated with metallic fuel [25].
These newly developed materials have specification limits for Cl and F and hence,
there is a need for developing an analytical method for the determination of chlorine
and fluorine in U-Zr and U-Pu-Zr alloys. The study reports the pyrohydrolysis of the
materials as well as the optimization of various pyrohydrolysis conditions required
for the maximum recovery of Cl and F. The samples were pyrohydrolysed for
different time intervals and their XRD patterns were recorded. The XRD data helped
in understanding the mechanism of pyrohydrolysis and to optimize the time of
pyrohydrolysis. This chapter also deals with the analysis of the real samples.
CHAPTER FIVE: This chapter discusses the development of ion chromatography
(IC) and capillary electrophoresis (CE) methods for the determination of Li in Li–Al
alloy. The Li-Al alloy is irradiated in reactor for the production of tritium (
6

Li(n,α)T). The Li content in Li–Al alloy is about 4%. The common analytical

methods employed for the determination of Li are ICP-AES and Atomic Absorption
Spectroscopy (AAS). However, these techniques could not be utilized for certifying
Li in Li-Al alloy because of certain inherent difficulties [26] (such as interferences
are observed in AES and signal suppression is observed in AAS due to Al matrix).
Hence, an IC method for the determination of Li in Li-Al alloy was developed.
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Although IC is capable of separating the alkali and alkaline earth metals, presence of
large amount of Al matrix may cause difficulty in separating Li. Since Al3+ ions will
have strong retention on the ion exchange column than Li+, elution of Li+ ahead of
Al3+ ion is desirable for the determination of Li. A weak strength mobile phase to
elute Li is the choice to realize this. otherwise it would get eluted along with unretained components. Using the weak-strength eluent also helps in retaining Al3+ on
the column. Therefore, IC separation was carried out on a high capacity cation
exchange column with methane sulphonic acid (MSA) as eluent with a view to
retaining Al on the column. While using MSA (20 mM MSA) as eluent, Li is eluted
in reasonable time whereas Al3+ is retained on the column and it would not get eluted
unless the mobile phase strength is increased five times. The developed procedure
showed high tolerance for Al and provided a precision better than 0.2% (RSD). In
the absence of a certified reference material to check the accuracy of the results,
another method based on capillary electrophoresis was developed independently and
the results obtained by this method were compared. Unlike IC the elution order in
CE separation is Al followed by Li. This is because the tri-positive charged Al
moves ahead of singly charged Li.

However, for the purpose of analytical

determination of Li such separation is not acceptable as the bulk Al peak
significantly affects the recovery of Li. To reverse the elution order, imidazole was
used as a co-ion, which forms complex with the metal cations also enables the
indirect detection of cations. Imidazole forms complex with Al selectively and
reduces its charge density, which resulted the appearance of Al peak after Li in the
electrogram. Moreover the developed method showed high tolerance for Al matrix.
The results obtained from both IC and CE were compared. IC provided better
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sensitivity and precision, whereas CE has the advantages lik fast analysis, low
sample volume, and reduction in waste generation.
CHAPTER SIX: This chapter deals with the development of a Capillary Zone
Electrophoresis (CZE) method for the determination of iron in uranium matrix
without employing the pre-separation of uranium. Iron is a common contaminant
picked up by the product material from various process equipments. In order to
control the process to obtain the desired quality of the end product, it is necessary to
check the Fe contents in both unfinished and finished products. This demands a
rapid as well as reliable method for the determination of Fe. For this purpose, a CE
method was developed as the dissolved sample solution can be injected directly into
CE and the total analysis time is few minutes. However, while developing direct CE
method for separating Fe from U matrices, the following conditions are to be
considered (i) the Fe peak should appear before uranium, (ii) sufficient resolution
between the Fe and U peak so that matrix is tolerated and (iii) the Fe peak should be
interference-free from other transition metals. Hence, to realize the separation with
the above conditions, CE separation was carried in the form of chloride complexes of
Fe and U [27,28]. Uranium and iron form positively charged chloride complexes.
The iron-chloride complex has higher positive charge density than uranium-chloride
complex which is responsible for the separation as well as to provide the required
elution order (iron peak is followed by uranium). Moreover, the chloride medium
brings the advantage of interference free determination of Fe as the other transition
metals form either anionic or neutral complexes [29]. The developed method was
validated by analyzing ILCE (IV) and (V) reference materials and the results for Fe
were within 5 % of certified value. Several other samples were also analyzed and
reported.

VIII

CHAPTER SEVEN: This chapter discusses the application of ion chromatography
for optimizing washing procedure to be used for removal of chloride and nitrate from
Li2TiO3 microspheres using lithium hydroxide as wash solution. Li2TiO3 is proposed
for Test Blanket Material (TBM) for International Thermonuclear Experimental
Reactor (ITER). Li2TiO3 were produced through wet process where the microspheres
are contaminated with chloride and nitrate. Subsequently chloride and nitrate were
removed by washing with LiOH. Since the proposed Li2TiO3 contains 60% enriched
6

Li, washing is carried out with 6LiOH to avoid depletion in the 6Li content of

Li2TiO3. Therefore, the entire washing process is required to be completed with
minimum volume of in 6LiOH. The present work describes the ion chromatographic
(IC) determination of Cl- and NO3- in LiOH wash solutions at different washing
stages. Based on the results, a procedure was for the repeated use of LiOH, which
significantly reduces the volume of LiOH otherwise required. The final chlorine
content of Li2TiO3 was determined by IC after its pyrohydrolysis extraction. The
results obtained for the washing solutions helped in arriving at a washing procedure
wherein maximum impurities could be extracted with minimum washing solution of
LiOH.
CHAPTER EIGHT: This chapter reports an ion chromatographic method for the
simultaneous separation and determination of borate, fluoride, chloride and
molybdate ions, which is useful in the chemical characterization of nuclear fuels and
environmental samples (plant and soil). Though the pyrohydrolysis separation of
Mo from uranium matrix was discussed in chapter three, the present study deals with
the simultaneous separation of Mo B, F and Cl as molybdate, borate, fluoride and
chloride ions and their subsequent IC separation and determination. For the
determination of boron by IC, use of mannitol in the eluent is necessary to convert
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the weak H3BO3 into a strong anion complex form, which is amenable for the anion
exchange separation [23]. During the IC separation, it was observed that MoO42peak area decreased with increasing mannitol concentration. In general, the decrease
in peak area could be due to the effect of complexation, however, such effect should
cause change in retention time of the analyte which was not observed in this case.
Proper investigation was carried out to understand this behavior of mannitol and
molybdate. The retention behaviors of these ions was studied on different anion
exchange columns as well as with different mobile phase compositions. The study
resulted in many interesting observations and based on results obtained, the unusual
behavior was explained on the basis of complexation of Mo with mannitol at
different pH and deprotonation of mannitol.
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1ml/min.
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Fig. 5.2 A typical sample chromatogram obtained for a
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sampleColumn: Ion Pac CS12; Eluent: 20 mM MSA.
Flow rate 1mL/min. Detection Suppressed Conductivity.
Fig. 5.3 Capillary 50 lm (i.d.) 9 60 cm (total length), BGE 20
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mM Imidazole pH 2 Sample: (K, Na, Ca, Mg, Li) Li 1
mg/L others 0.5 mg/L.
Fig. 5.4 Capillary 50 µm (i.d.) and 60 cm (total length), BGE 20
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mM Imidazole pH 2, Sample: (real sample having 2.1
mg/L Li)
Fig.5.5

Calibration plot of peak area/peak time versus Li
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concentration.
Fig. 6.1 Electropherograms obtained for a standard iron solution
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(25 mg•L-1) with BGEs of different pH.
Fig. 6.2 Effect of total chloride concentration on the peakarea of
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iron obtained with pH 2. (BGEs were of 10-2 M
HCl(fixed) and varying amounts of KCl). Capillary: 60
cm × 50µm, Applied voltage: 15 kV; Detection: direct
UV at 214nm.
Fig. 6.3 .Electropherograms obtained for a standard solution of
Fe(III) and Uranium. (A) Fe(III) (5 μg/mL) + U(VI)
(80,000 μg/mL) standard solution; (B) Fe(III) standard
solution (1μg/mL); (C) Fe(III) (0.08 μg/mL) standard

XVI
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solution. BGE: 10 mMHCl in 65 mMKCl (pH 2),
Conditions: Capillary: 60 cm × 50 μm, Applied voltage:
15 kV. Detection: direct UV at 214 nm.
Fig. 6.4

A typical electropherogram obtained for a sample
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solution.

Fig.7.1

Effect of [NaOH] on the retention times of various

134

anions.
(a) IonPac AS18 column and (b) IonPac AS16 column.

Fig.7.2

Standard chromatograms obtained for standard with F-,
-

-
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2-

Cl , NO3 and SO4 (10.0 ppm each). (a) Column: AS16
column, Eluent: 15 mMNaOH. (b) Column: AS18
column, Eluent: 40 mMNaOH.

Fig.7.3

The optimised reuse of LiOH washing solution. A, B, C,
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and D are different Li2TiO3 lots, the numbers 1, 2, 3
represent

no.of

washing.

The

washing

solution

containing lower impurity are reused for samples
containing higher impurities

Fig.7.4

Concentration of chloride and nitrate in wash solutions
collected at different steps of optimised washing
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method.

Fig.7.5

Chromatograms obtained for the Li2TiO3 pyrohydrolysis

138

distillates (a) before washing (initial product) (b) after
washing.

Fig.8.1

(a) Peak height of molybdatepeak(20ppm) (b) retention
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time of anions; Column: IC-Pak anion, Eluent: NaHCO3
(0.01755M) and d-manntiol (concentration varied), flow
rate 1 ml/min.

Fig.8.2

(a) Peak height of molybdatepeak(20ppm) (b) retention
time of anions; Column: Ion Pac AS16,
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Eluent:

NaHCO3 (0.01755M) and d-manntiol (concentration
varied), flow rate 1 ml/min.

Fig.8.3

Retention time of anions; Column: Ion Pac AS16,
Eluent: NaOH(30mM) and d-manntiol (concentration
varied), flow rate 1 ml/min.
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Fig.8.4

(a) Peak height of molybdate peak (5ppm); No
separation Column,
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Eluent: NaOH(30mM) and d-

manntiol (concentration varied), flow rate:0.1ml/min.

Fig.8.5

Retention time of anions; Column: Ion Pac AS16,
Eluent: NaOH(30mM) and boric acid(concentration
varied), flow rate 1 ml/min.
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Chapter: 1
Introduction
1.1 Basics of nuclear energy:
Nuclear energy is produced either by nuclear fission or nuclear fusion. In practice
the nuclear energy or power is generated by carrying out nuclear fission in a nuclear
reactor. The nuclear fuel materials have fissile isotopes such as 235U, 233U and 239Pu.
[1, 2]. Nuclear fuels contain both fissile and fertile isotopes, which on interaction
with neutrons undergo fission. In every 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.

235

U and

239

Pu are the commonly used fissile
235

isotopes in nuclear reactors. Among the uranium isotopes
available fissile material whereas it’s another fissile isotope,
nature.

233

233

U is a naturally

U is not available in

U is obtained by the neutron irradiation of thorium (Th) in a nuclear

reactor. Thorium nuclei absorb neutrons and get converted into
(239Pu), another fissile material formed due to the irradiation of
Thus

238

U and

232

238

233

U. Plutonium

U with neutrons.

Th are also valuable nuclear resources, and are called fertile

materials, [3-6] as they can be converted into fissile material for fuelling nuclear
reactors.
1.2 Indian Nuclear Program:
Nuclear Energy is an important and perhaps inevitable option for the country for its
energy security in the long run. Nuclear energy is needed not only for producing
electricity but also for meeting non-electricity energy needs. In comparison to other
fossil fuels, nuclear power requires less quantities of fuel. No other source of energy
1

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 utilise 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

239

Pu. PHWR uses natural uranium as fuel and

heavy water as moderator and coolant. Plutonium produced is separated from the
spent fuel in plutonium 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 will fission plutonium for power and breed more plutonium from the

238

U.

Thorium will also be used in the reactor to produce 233U.
Stage 3: The third stage of Indian nuclear programme envisages utilisation 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 232Th-233U fuel
aided by plutonium. Currently this stage is still in the research stage [12]. Bhabha
Atomic Research Centre is developing an advance heavy water reactor that will use
both thorium 233U and thorium-plutonium mixed oxide as fuel.

2

Pu &
Th
fueled
FBR's

Figure 1.1: Indian three stage nuclear program
1.2.1 Nuclear fuel cycle:
The nuclear fuel cycle consists of mining, separation, refining, purifying, utilising as
fuel and ultimately disposing of the nuclear waste generated. The nuclear fuel cycle,
include a series of stages through which nuclear fuel progresses. The nuclear fuel
cycle is divided into two parts namely front end and back end. The front end of the
fuel cycle deals with all the processes (right from mining to fabrication) that are
involved before the use of fuel in the reactor. The back end fuel cycle consists of
reprocessing of the spent fuel and recovery procedures. 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 close end fuel cycle [15] and following are the various
processes. Figure 1.2 depicts the close end fuel cycle that India follows.
(i) Uranium extraction from uranium ore, and conversion to yellowcake
(ii) Conversion of yellow cake into uranium hexafluoride (UF6)
(iii) Enrichment to increase the concentration of U235 in UF6
3

(iv) Fuel fabrication to convert enriched UF6 into fuel for nuclear reactors
(v) Use of the fuel in reactors
(vi) Interim storage of spent nuclear fuel
(vii) Reprocessing (or recycling) of high-level waste
(viii) Final disposal of high level waste.

Figure 1.2: Nuclear fuel cycle

1.2.2 Types of nuclear fuels:
Typically, depending on the nature of nuclear reactor, different types of fuels are
used. These are classified as, (i) ceramic fuels (ii) intermetallic fuels (iii) metallic
fuels (iv) composite fuels and (v) advance fuels.

4

(i) Ceramic Fuels: The ceramic fuels are categorised into oxide and non- oxide
ceramic fuels. The oxide fuels are oxides of U, Pu and mixed oxides of U and Pu
(eg. UO2, and (U,Pu)O2) whereas the materials like (U,Pu)C and (U,Pu)N are
known as non-oxide ceramic fuels.
Uranium oxide and mixed oxide fuels: Natural UO2 is used as fuel in PHWR
which uses heavy water as coolant and moderator. The boiling water reactor (BWR)
and pressurised water reactor (PWR) use light water as coolant and moderator. As
light water (H2O) has somewhat higher absorption cross section for thermal
neutrons, to compensate for their loss, UO2 with some enrichment (up to 3% U-235
as against natural abundance of 0.72%) is employed. MOX fuels with 0.4% and 4%
Pu are also being tested in combination with UO2 in PHWR and BWR, respectively
to realise higher energy output without significant changes in the reactor design.
The oxide fuels are chemically stable and compatible with water. They also show
high temperature and high irradiation resistance. In addition to this, India has
expertise on the fabrication of oxide fuel and complete knowledge on the oxide fuel
performance in the reactor. Due to the above advantages of the oxide fuels and their
compatibility with liquid Na, MOX fuels are the preferred choice for FBRs [1618].The proposed AHWR reactor designed for Th utilization will be using mixed
oxide fuels of U, Pu and Th. Table 1.1 lists out the use of different ceramic fuels in
various Indian nuclear reactors.
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Table1.1: Different ceramic fuels and their composition used for Indian nuclear
reactors.
Reactor

PHWR

BWR

Fuel

0.4%PuO2

composition

(inside 7 pins) enrichment,

UO2 of different

Low 0.9%
Nat.UO2
(outside 12
pins)

Med 1.55%

PFBR

FBTR

(U0.79Pu0.21)O2

(U0.3Pu0.7)C

(Inside)

(MKI)

(U0.72Pu0.28)O2
(outside)

(U0.45Pu0.55)C
(MKII)

High 3.25%

Non-oxide ceramic fuels (Carbide and Nitride): The non-oxide ceramic fuels
have certain advantages such as better thermal conductivity, denser fissile content
and better breeding ratio over the oxide fuels. The Fast breeder text reactor at
Kalpakkam utilises the mixed carbides of U and Pu, (U,Pu)C, as fuel [19]. Since the
FBTR core is smaller in size it requires fuel with high fissile content, mixed carbide
fuel, it was considered for FBTR. However, due to their pyrophoric nature, their
handling and fabrication call for enhanced safety requirements.
(ii) Intermetallic fuels: Uranium intermetallic fuels such as U–Al, U–Si, and U–
Mo are mainly used in research and test reactors for neutron production [20, 21]. As
compared to ceramic fuels intermetallic fuels can achieve higher densities thereby
requiring lower fuel inventories. APSARA research reactor at Bhabha Atomic
Research Centre was using U-Al based intermetallic fuel which in now modified to
U-Si based intermetallic fuel to reduce the U enrichment requirements.
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(iii) Composite fuels: Composite fuels consist of a fissile element phase dispersed
in an inert matrix [22]. Composite fuels are of two types; cermet fuels and cercer
fuels. Cermet fuels consist of ceramic fuel particles dispersed in a metallic matrix
whereas the Cer-cer fuels consist of ceramic fuel particles dispersed in a ceramic
matrix [23]. Cermet fuel cores are most often metallurgically bonded to the cladding
material to improve heat transfer from the fuel core to the coolant. The composite
fuels are generally considered for the research and test reactors, however, due to the
higher fissile density, better thermal conductivity and possibility of improving
breeding ratio these fuels are also being considered for fast breeder reactors. These
fuels are also being considered for irradiation and power production from plutonium
and minor actinides.
Metallic fuel: Metallic fuels have higher densities of fissile and fertile materials and
high thermal conductivity. They are capable of providing high breeding ratio.
Hence, they are considered to be suitable for fast reactors [24-27]. Table 1.2 gives a
summary of some metallic fuels and their breeding ratio and doubling time. Metallic
fuels are known to cause problems due to high swelling. Such problems were
circumvented by reducing the fuel smear density to ~ 75% and by fission gas release
before fuel-cladding contact. Mechanically bonded U-Pu binary fuels as well as
sodium bonded U-Pu-Zr alloys (figure 1.3) are being considered as the most suitable
metallic fuel compositions due to their solidus temperatures and compatibility with
stainless steels. The spent metallic fuels can be reprocessed by pyro-process
recycling method, which was economically more attractive than the PUREX method
of reprocessing. Few metallic fuels were put into FBTR for test purposes and also to
understand their behavior. It is expected that India would go for its fast reactor
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program based on metallic fuels in future to achieve significant growth in nuclear
power.

He
U-Pu-Zr

T91

Na

U-Pu

Zr

Figure 1.3: Metallic fuels designed for FBR.

Table1.2: Breeding ratio and doubling time comparison of different nuclear
fuels.
Fuel

U-Pu

U-Pu

U-Pu-10%

Material

Oxide

Carbide

Zr

U-Pu6% Zr

U-Pu with
150 μ
liner

Breeding

1.09

1.19

1.36

1.47

1.56

40

20

9.4

7.2

7

Ratio
Doubling
time (y)

8

Zr

1.2.3 Fusion Energy:
Fusion can provide large amounts of energy and does not cause any adverse effects
on the environment. One of the most prominent nuclear fusion reactions is that
between deuterium and tritium. The former can be obtained from the seawater
whereas the latter is obtained by the neutron irradiation of lithium blanket material.
Further, a fusion reactor will produce only short lived radioactive waste products
[28, 29].
During the fusion of deuterium and tritium an alpha particle is produced with a high
energy neutron (figure 1.4). Moreover, this fusion requires low activation energy
and thus low temperature as compared to other nuclear fusion reactions between H
and T or H and D.
D + T → He + n + 17.6 MeV

n

D

Energy
T

He

Figure1.4: Fusion Reaction using deuterium and tritium.
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The International Thermonuclear Experimental Reactor (ITER) is envisaged with a
view to demonstrate the possibility of generating electricity by fusion reaction. India
is one of the participating countries in the ITER project financially and scientifically.
Nuclear fusion research in India is primarily carried out in BARC and Institute of
Plasma Research (IPR). Many research programmes are being pursued to develop
Test Blanket Modules (TBM) in order to demonstrate the production and extraction
of tritium [30-33]. ITER will be using lithium compounds for tritium breeding.
Among the solid lithium compounds the ceramic matrices are preferred due to their
more favourable physical characteristics in intense neutron fluxes and at high
temperatures [34-36]. Lithium-containing ceramics such as Li2O, LiAlO2, Li4SiO4,
Li2ZrO3 and Li2TiO3 have been considered as candidates for tritium breeding
materials. The tritium breeder blanket serves two primary functions in the fusion
reactor. One is breeding tritium and the second is converting the released energy into
heat. Both the functions are very important for the successful operation of a fusion
power reactor. The breeder materials should:
1. breed and release tritium,
2. possess physical and chemical stability at high temperature,
3. display compatibility with other blanket components, and
4. exhibit adequate irradiation behaviour. Studies revealed that Li2TiO3 is the
most preferred material for TBM and therefore, it was developed and
fabricated at BARC [37, 38].
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1.2.4 Chemistry in nuclear fuel cycle:
Optimum utilization of fissile content in the nuclear fuels during reactor operation
can result in increasing power production. Improving the fuel quality is one of the
criteria to ensure longer residence time of fuel in the reactor. This in turn results in
higher burn-up leading to enhanced power. Reactor physicists and fuel fabricators
stipulate certain quality (specifications) to the nuclear fuel and other reactor
materials for this purpose. In order to realise the smooth and efficient functioning of
the reactor, the fuel should satisfy the specifications derived for it. The specification
includes both physical and chemical qualities of the material. The chemical analyses
pertaining to the Chemical Quality Control (CQC) process play a pivotal role in
achieving the quality of the nuclear material fabricated into nuclear fuel. In addition
to the nuclear fuels, strategically important nuclear materials like tritium generators
[39] etc., also require determination of percentage and trace level components for
their optimum performance during reactor irradiation. As India is involved in the
International Test Experimental Reactor (ITER) project (a fusion based reactor
programme) and DAE supports this programme by fabricating tritium breeders
(Li2TiO3) employing different methods [38], the requirement for development of
analytical methods for the analysis of tritium breeders for their chemical
characterization need not be over emphasized.
Several analytical techniques are employed for the chemical characterization or
CQC analysis of nuclear materials [40]. Among them, elemental determinators, ICPAES [41], ICP-MS [42, 43], TIMS [44], alpha and gamma spectrometry [45, 46],
XRD [47], electro analytical techniques, spectrophotometer etc. are some of the
important techniques routinely employed for chemical characterisation analysis. In
the

recent

past

chromatographic

techniques
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like

High

Pressure

Liquid

Chromatography (HPLC) and Ion Chromatography (IC) have been introduced into
the CQC analyses of nuclear materials [48]. Some of the techniques used for CQC
measurements are described below:
1.2.4.1 Determination of major elements: Electroanalytical techniques are mainly
used for the determination of U and Pu in nuclear fuel materials. The electro
analytical methods are capable of analysing the fuel samples with a precision better
than 0.2 % [49, 50]. Complexometric titration using EDTA is employed for the
determination of thorium in the Th containing fuels [51, 52]. Determination of Zr in
metallic fuels is mainly carried out by gravimetric methods, where Zr is selectively
precipitated as its mandelate complex in hydrochloric acid medium [53].
(i) Determination of metallic impurities: Every fuel has a list of specifications for
different elements and other parameters with a view to achieve better performance
of the fuel as well as to ensure the safe operation of the nuclear reactor. Table 1.3
lists out the specifications for metallic impurities for a variety of fuel materials
meant for both thermal and fast reactors.
Atomic Emission Spectroscopy (AES):
DC Arc-AES: Analyses of metallics in the uranium containing fuels are being
carried out by converting the uranium into U3O8 form. Subsequently a known
amount of the sample is mixed with a carrier and loaded to a graphite electrode. The
electrode is excited in a DC arc and its emission spectrum is recorded. Solid samples
are analysed by using D. C. Arc as an excitation source [54, 55]. However D.C.-Arc
method suffers from certain limitations including its poor precision. In the case of
Pu bearing materials, a sample mixture of 100 mg (total) was prepared by mixing
5% AgCl, 35% Pu and pure U3O8 contributes the rest. While analysing the
12

plutonium carbide or mixed carbide fuels it is necessary to convert them into their
oxide form prior to the analysis. D.C.-Arc method is useful in analysing a group of
metallics which includes, Al, Be, Ca, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Mo, Na, Ni,
Pb, Si, Sn, Ta, V, W and Zn. Their limits of detection are in the range of 0.1 ppm to
100 ppm in nuclear materials. The technique requires precise matching of standard
and samples to achieve better accuracy.
Table 1.3: Specification limits of metallics for thermal and fast reactor fuels.
Impurity

Thermal Reactors (ppmw)

Fast Reactors (ppmw)

UO2

PuO2

(U,Pu)O2

UO2

PuO2

(U,Pu)O2

Ag

1

10

25

1

10

25

Al

25

250

400

25

250

500

B

0.3

2

1

0.3

2

2
10

Be
Ca

50

500

250

50

500

100

Cd

0.2

6

1

0.2

6

1

25

75

25

200

Co
Cr

25

200

400

15

200

300

Cu

20

50

400

10

50

100

Fe

100

500

400

100

500

1000
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Gd

0.1

1

1

0.1

1

Mg

50

200

200

10

200

50

Mn

10

100

400

10

100

200

Mo

4

200

400

2

200

200

400

Na
Ni
Pb

20

200

400

200

400

100
20

200

500

200

200
10

Sn
400

V

100

W
Zn

200

400

200

200

200

100

100

Zr

ICP-AES: This technique has good sensitivity and also capable of analysing the
refractive matrices. In the case of ICP-AES analysis of nuclear fuels require preseparation of matrix element(s) [56-58]. The chemical separation is carried out
mainly by solvent extraction as it provides faster separation. Ion exchange
separation is also used in some cases. Elements like Sm, Eu, Gd, and Dy have
stringent specifications in the fuels and these elements can be determined with a
precision better than 10% at 0.1 ppm. Although this technique is used for the
determination of all metallic impurities, it is not recommended for some elements
14

like Mo, W etc. as they are expected to be lost partially during dissolution of the fuel
samples. The use of chemical separation procedures can lead to possibility of
contamination and loss of few analytes like Si, W, Sn, Mo etc.
Atomic Absorption Spectroscopy (AAS): AAS is an element specific technique
and it requires a characteristic radiation source and a source to atomise the analyte.
Atomisation can be achieved by using a flame or Electro Thermal Atomization
(ETA).It is possible to analyse solid samples in ETA-AAS with better sensitivity
[59]. Determination of all the metal impurities in AAS is a slower process and
hence, one element is analysed at a time.

Like atomic emission spectroscopy

methods, AAS also requires prior separation of matrix element(s). The uranium
containing fuels are analysed after the separation of uranium by solvent extraction
with tributylphosphate (TBP) in HNO3. ETA-AAS based methods have been
developed for the analysis of Ag, Al, Ca, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Na, Ni,
Pb, Sb, Sn, and Zn in variety of nuclear materials. Compared to the D.C.Arc.-AES,
the atomic absorption procedure, though longer, provides better sensitivity and
precision.
ICP-MS: ICP-MS is one of the versatile analytical tools for carrying out trace and
ultra-trace level analysis. It is a rapid and highly sensitive technique [60]. ICP-MS
provides quantitative determination as well as isotopic ratios or composition.
Therefore, it is possible to detect the isotopes that unnatural isotope abundances.
Along with the multi-elemental capability it has very low limit of detection (LOD)
i.e. in the range of 1-10 ppt. ICP-MS gives a precision of 5% or better at the
concentration of ppb level, however, at time the method suffers from isobaric
interferences and memory effects. One of the limitations of ICPMS analysis is that
the dissolved solids in the sample solutions should not be more than 0.4%, and this
15

demands rigorous sample preparation procedure to the samples of low dissolved
contents that are amenable to the ICP-MS analysis. ICP-MS coupled with laser
ablation source is a good choice for the solid sample analysis.
Total Reflection X-ray Fluorescence (TXRF): TXRF, an advanced variant of
Energy Dispersive X-ray Fluorescence (EDXRF) is a comparatively new technique
of material characterization [61]. The geometrical improvements in TXRF help in
achieving better detection in comparison to that of EDXRF. It has multi-elemental
capability and can analyse most of the elements above Z=11. The LOD for the
technique is relatively higher (in ppm range) as compared to AES, MS and AAS
techniques. Therefore trace impurities present in ppm and above concentration range
only can be quantified. The precision of measurements is up to 5%.
Nuclear analytical techniques: In nuclear analytical techniques the material under
analysis is subjected to a nuclear reaction by irradiating them with either neutrons or
protons followed by the measurement of emitted gamma energy. This technique is
widely employed in the characterisation of many nuclear materials such as,
zircaloys, stainless steels, Ni alloys, high purity aluminium and graphite and
uranium oxide, U-Th mixed oxides, uranium ores and minerals etc. Instrumental
neutron activation analysis (INAA) uses neutrons generated in the reactor and is a
good technique for medium and high Z elements. Hence, it finds useful in the
determination of trace metallic impurities. The detection limit for the method varies
from ppb to ppm range depending upon the matrix being analysed. It is a nondestructive direct solid sample analysis technique and provides a good precision up
to 1% [62, 63]. However requirement of reactor as the neutron source is one of the
set back of the technique that restricts its use.
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Spectrophotometry: Spectrophotometry is a simple and economically viable
technique for the determination of many metallic and their species. Due to the
availability of several multi-elemental techniques with good precision and
sensitivity, spectrophotometry is less commonly used. However, it is widely used for
the elemental specific analyses where the other workhorse techniques fail. The
detection limits (LOD) for many methods lay in the ppb to ppm range. Interferences
are the common problems with spectrophotometric methods and therefore, they
require suitable masking reagents or other procedures to circumvent the
interferences.
1.2.4.2 Isotopic composition analysis:
Isotopic composition of several elements in nuclear fuels and other nuclear
materials are being carried out by thermal ionisation mass spectrometry (TIMS) [64,
65]. The isotopic composition of uranium and plutonium are analysed for every fuel
material to ascertain the fissile element(s) content(s). Other important nuclear
materials like boron, cadmium, gadolinium, zirconium, heavy water etc. are also
analysed for the isotopic composition. In the case of plutonium and uranium,
analytical methods based on gamma spectroscopy are also available for determining
isotopic composition.
1.2.4.3 Determination of Non-metallics: Analyses of carbon, nitrogen, phosphorus,
sulphur, chlorine, fluorine, hydrogen, moisture, total gas content etc. are some of
non-metallic analyses. Quantification of carbon is based on the combustion method
wherein the C present in the sample is converted into CO2 at 1273K in a graphite or
alumina crucible using copper or tungsten as an accelerator in presence of oxygen
flow. The CO2 thus formed is purified and detected by thermal conductivity or
17

infrared (IR) detection [66]. The oxygen present in the fuel is determined by inert
gas fusion method. Sample is fused at 2773K in He/Ar flow in graphite crucible.
The oxygen present in the sample forms CO which is determined by IR [67].
Nitrogen present in the sample can be determined by the inert gas fusion or Kjeldahl
distillation methods [68]. In fusion method sample is fused in graphite crucible at
2773K. N2 thus produced in the process is purified and determined by thermal
conductivity measurements. Hydrogen is also determined by inert gas fusion method
where the fusion is carried out at lower temperature of 2273K without any flux.
After purification and separation using a GC column, hydrogen is determined by
thermal conductivity [69]. Sulphur is determined by combustion to form SO2,
followed by IR detection or by a mass spectrometer [70].
Chlorine and fluorine in the samples are determined by a two-step method. The
halides were separated by pyrohydrolysis technique followed by their quantification
using spectrophotometry or ion chromatography [71]. During the pyrohydrolysis
separation the solid sample is subjected to action of heat and moisture
simultaneously in presence of a carrier gas. This converts the F and Cl into HF and
HCl, respectively and they are trapped in a dilute NaOH solution. Pyrohydrolysis is
the only separation technique available for separating chlorine and fluorine in low
concentrations. Dissolution of samples using acids or fusion methods are not useful
in determining the halides as the reagents contribute significant amount of these
halides leading to introduction of high blank. Ion chromatography is being employed
for the routine analysis of Cl and F in the fuels as the concentration of these halides
normally found to be less than 10 ppm. Although a few nuclear analytical techniques
have been reported for the determination of Cl and F in several nuclear materials,
they do not find much use in the routine CQC measurements.
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Boron, a non-metal, is included in the list of metallic impurities. The concentration
of boron in the nuclear materials is often determined by D.C.Arc-AES method along
with other metallic impurities. Alternatively, selective separation of boron using
diols followed by spectrophotometric determination with curcumin as chromogenic
agent is a sensitive method [72]. Nuclear analytical methods were also reported for
the determination of boron in different matrices. Boron in many nuclear and other
materials (solid samples) can be separated by pyrohydrolysis and trapped as boric
acid in dilute NaOH [73]. The pyrohydrolysis distillate thus obtained can be
analysed for boron content by IC, ICP-MS, ICPAES, AAS and spectrophotometer.
Table 1.4 lists the specification limits of non-metallics in several nuclear fuel
materials.
Table1.4: Specifications for non metallics.
Elements

UO2

PuO2

O/M
C/M

(U,Pu)O2

(U,Pu)O2

(U,Pu)C

(U,Pu)C

(Thermal)

(Fast)

(Mark-1)

(Mark-2)

1.98-2.02

1.98

1.025

1.025

±0.002)

0.02

±

M2C3
C

N

150

200

ppm

ppm

200

200

ppm

ppm

200 ppm

100 ppm
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300 ppm

200 ppm

±

0.005

0.005

5-20%

5-20%

(4.8±

(4.8±

0.25)%

0.25)%

±

O

6500 ppm

5000 ppm

O+N

7500 ppm

6500 ppm

1 ppm

3 ppm

300

300

50 ppm

ppm

ppm

Cl

25 ppm

50 ppm

15 ppm

25 ppm

25 ppm

25 ppm

F

25 ppm

25 ppm

10 ppm

25 ppm

25 ppm

25 ppm

H2O

5000

10 ppm

30 ppm

10 ppm

1 ppm

3 ppm

4.5 ppm

4.5 ppm

2 ppm

5.5 ppm

5.5 ppm

5.5 ppm

5.5 ppm

H
S

ppm
B
B. Eq.

10 ppm

1.2.5 Scope of Present Investigations:
The CQC processes of various nuclear materials as mentioned above demand the
development of new analytical methodologies. Improvement in the existing
methodologies is also desirable for realizing higher accuracy and precision, low
detection limit, high selectivity, simultaneous or multi-elemental analysis, minimum
generation of analytical waste and minimum use of chemical reagents etc.
Analytical methods which can analyse directly the dissolved sample solutions are
preferred as they eliminate the cumbersome sample preparation procedures. Few
applications of CE and IC, where direct analysis of the dissolved sample solution
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without employing matrix separation have been reported in literature [74, 75]. Such
direct analyses not only avoid the pre-separation of matrix or pre-concentration of
analytes but also useful in the absence of reference materials.
As discussed in the preceding sections that spectrometric techniques like AES, ICPMS, AAS etc. have been used for the material characterisation analysis on routine
basis. Electro-analytical techniques also find immense applications in the analysis if
major components. However these methods sometime suffer from several limitations
such as interferences, poor sensitivity, labour-intensive sample preparations etc.
Chromatography methods offer simultaneous separation as well as quantification
and therefore, chromatography techniques like ion chromatography, HPLC etc. are
being introduced in the chemical characterisation analysis.

Ion chromatography is

a useful technique for the determination of common anions and cations whereas
reversed phase ion interaction chromatography is used for the separation and
determination of both transition and inner transition elements [76-79]. Moreover, the
chromatography separations can be used for the speciation studies. For example
chromatography methods can distinguish different metal oxidation states, such as
Cr(III) and Cr(VI) and also Fe(II) and Fe(III) [80,81]. Different methods for the use
of IC in nuclear industry have been reported in literature. Separation of fission
products, trace impurities, lanthanides along with different actinides are some of
them to be mentioned [82, 83] where ICP-MS was used as the detector. IC coupled
to scintillation detector has also been used for alpha active actinide separation and
determination [84, 85]. Ion interaction chromatography (IIC) has been used for
determination of lanthanides, uranium, thorium and plutonium in irradiated fuel
samples [86]. IC has been significantly contributing in analysing the distillates
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obtained from pyrohydrolysis of fuel samples [73] for boron and halides. However
considering the ability of the method its full potential has not been utilised.
Like ion chromatography, capillary electrophoresis (CE) is another technique which
can be used for simultaneous separation and determination of cations and anions
[87-90]. CE with indirect detection has been applied to the analysis of inorganic
anions, cations, organic acids, alkali metals, amino acids, and nucleotides [91, 92].
Lanthanides, transition metal ions and alkali and alkali earth metals have been
analysed in several materials [93-95]. However these methods have not been applied
to the analysis of nuclear fuel or other nuclear materials. The method requires nano
grams of sample injection, which can reduce radioactive waste significantly. One of
the important advantages of the CE is it can be utilised for direct sample analysis
without carrying out the matrix separation.
In spite of the unique features of IC and CE, not many applications were reported for
the analysis of nuclear materials. Therefore, efforts have been made to utilise these
techniques for nuclear material analysis independently and validate the results.
Pyrohydrolysis as a separation technique has found several applications like cement,
soil, nanoparticles and nuclear material [96-99]. The term pyrohydrolysis was
adopted to describe hydrolytic reactions whose equilibrium constants and higher
reaction rates seem to be favoured at higher temperatures. During pyrohydrolysis the
sample is heated at high temperature in presence of moist oxygen or a suitable
carrier gas. Pyrohydrolysis finds many applications in the determination of halides
at trace level concentrations in many complex matrices as it separates halides and
boron directly from a solid matrix and provides an interference free clean distillate
carrying out trace and ultra-trace level analysis [73,100]. Pyrohydrolysis has been
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used to separate halides and B directly from a solid sample [73]. However the
method has potential to be used for few other analytes specially metals. The
simultaneous separation and determination of anions by IC is very special as similar
sensitive and simultaneous analysis of anions is not possible with any other
technique. Therefore Pyrohydrolysis and IC form a great combination and have
significant potential for application in nuclear material sample analysis.
Analysis of halides and boron in environmental and plant samples involves tedious
sample preparation procedures due to the presence of organic compounds. The
analytical methods that have been developed for the analyses of nuclear materials
involving initial pyrohydrolysis separation followed by analytical determinations can
be extended for the analyses of environmental samples.
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Chapter: 2
Principles of Experimental Techniques
2.1 Introduction:
A number of analytical instruments have been employed during the course of current
investigations. Some of these techniques are common to more than one investigation.
For example, pyrohydrolysis followed by ion chromatography has been employed
for determination of halogens in U-Zr and U-Pu-Zr samples described in Chapter-3,
for Mo in U-Mo samples described in Chapter-4 and for simultaneous determination
of BO3-, F-, Cl- and MoO42- ions in nuclear materials. Ion chromatography and
Capillary electrophoresis has been employed for the determination of Li in U-Li
samples described in Chapter-5. Chapter-6 describes application of Capillary Zone
Electrophoresis (CZE) for the determination of Fe in Uranium matrix. Lastly ion
chromatography has once again been employed for optimising washing procedure to
be used for removal of chloride and nitrate from Li2TiO3. Instead of describing the
principles of these techniques each time in subsequent individual chapters, general
description is given in this Chapter. The experimental details, as applicable are given
in the respective Chapters.
In addition, a number of other techniques have also been employed as supporting
tools to generate the requisite information on the samples investigated. These
techniques were employed primarily for getting more information to interpret the
experimental observations for drawing meaningful conclusions. This information
includes XRD data, and other trace elemental techniques such as TGA, AAS, ICPAES. Details of such techniques are also given in this Chapter.
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2.2 Chromatography
Chromatography is a separation technique that separates components of complex
mixtures on the basis of their retention behaviour on a stationary phase in presence
of a mobile phase. It is defined as the physical method of separation where the
analytes are distributed or partitioned between two immiscible phases viz. stationary
and mobile phases. Modern chromatographic techniques are coupled with suitable
detection systems and thereby they offer sequential separation as well as
quantification of analytes from a single sample aliquot. In all chromatographic
separations a mobile phase is passed through an immiscible stationary phase, which
is fixed. The analytes in the sample distribute themselves between the mobile and
stationary phases. Due to the flow of mobile phase the weakly retained components
move ahead of strongly retained components [1-3]. The mobile phase entering the
column is called eluent whereas the eluent emerging from the end of the column is
called eluate and the process of passing mobile phase through a chromatography
column is called elution.
2.2.1 Types of Chromatography
Chromatography can be divided into several types based on the basis of the
mechanism of interaction between the solute and the stationary phase, as shown in
Figure 2.1.
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Figure 2.1: Major types of Chromatography

Adsorption chromatography: The retention of solute on the stationary phase is due
to the adsorption. Stationary phase is a solid surface whereas mobile phases can be a
liquid or a gas [4].
Partition chromatography: The retention mechanism in this case is similar to
solvent extraction. Solute is partitioned between a mobile phase (liquid or gas) and a
stationary liquid phase adsorbed on solid surface [5].
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Ion-exchange chromatography: Anions or cations of analytes in the sample aliquot
during elution get exchanged with their corresponding counter ions on the stationary
solid phase due to the ion exchange mechanism. Stationary phase is usually a resin
suitably modified as an ion exchanger and the mobile phase is a liquid [6].
Size exclusion chromatography: Size-exclusion chromatography (SEC), also called
gel-filtration or gel-permeation chromatography (GPC), uses stationary phase
impregnated with porous particles of varying size to separate molecules of different
sizes. It is generally used to separate biological molecules, and to determine
molecular weights and molecular weight distributions of polymers. Molecules that
are smaller than the pore size can enter the particles and therefore have a longer path
and longer transit time than larger molecules that cannot enter the particles [7].
Affinity chromatography: This technique utilises specific interactions between one
kind of solute molecule and a second molecule that is immobilized to the stationary
phase [8].
Chromatographic techniques are also classified on the basis of the physical states of
both stationary and mobile phases used.
Gas-liquid chromatography (GLC): Solid or a liquid adsorbed on a solid support
is the stationary phase and the mobile phase is always a gas.
Gas-solid chromatography (GSC): The mobile phase is a gas whereas the
stationary phase is a solid.
Liquid-liquid chromatography (LLC): Stationary phase is liquid adsorbed on solid
and mobile phase is liquid.
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Liquid-solid chromatography (LSC): Stationary phase is a solid whereas mobile
phase is a liquid.
2.2.2 Ion-Exchange Chromatography:
The ion exchange chromatography separation is mainly based on the differences in
the ion exchange affinities of the sample ions towards the fixed ions of the stationary
ion exchange resin. Hence, depending upon the affinities of the ions they will have
different retention times, which is defined as the time in which an ion or a species is
retained inside the column. In anion exchangers, positively charged groups are fixed
on the stationary phase, which attracts solute anions whereas in the case of cation
exchangers, fixed negatively charged ions on the stationary phase attract the cations
of the solute. In general, ion exchangers favour the binding of ions of higher charge
density [9].
Generally the ion exchange resins are the polymers and co-polymers of organic
compounds.

Polystyrene

based

ion

exchangers

are

synthesised

by

the

copolymerization of styrene and divinylbenzene (DVB). The DVB content is varied
from 1 to 16% to increase the extent of cross-linking. The phenyl rings are
substituted with appropriate functional groups to obtain cation exchange or anion
exchange resins. For instance, substitution of sulfonate group was performed to
obtain the cation exchange resin whereas a quarternary ammonium group is
introduced to obtain an anion exchanger.
2.2.2.1 Ion Exchange equilibria:
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The law of mass action can be used to treat ion-exchange equilibria [10]. For
example, when a dilute solution containing metal ions is passed through a column
packed with a sulfonic acid resin, the following equilibrium is established (fig. 2.2):

Column
Stationary
Phase

Figure 2.2: Schematic representation of Ion Exchange mechanism.

Mn+(aq) + nH+(res)=Mn+(res) +nH+(aq)

-------------------------

(1)

for which the equilibrium constant Kr is given by
K r=[M]res[H]naq / [M]aq[H]nres

-------------------------

(2)

Polyvalent ions are much more strongly retained than singly charged species.Within
a given group of ions having same charge, the differences among values for K appear
to be related to the size of the hydrated ion as well as other properties. Therefore, for
a typical sulfonated cation-exchange resin, values of equilibrium constant for
univalent ions decrease inthe order Ag+, Cs+, Rb+, K+, NH4+, Na+, H+,Li+.For
divalent cations the order is Ba2+, Pb2+,Sr2+, Ca2+, Ni2+, Cd2+, Cu2+, Co2+, Zn2+, Mg2+,
UO22+.
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Analyte ions with different selectivity coefficients for a specific combination of resin
and eluent anion will be separated due to different degrees of interaction with the
stationary phase. The mechanism for anion exchangeseparation is analogous.
2.2.2.2 Conductivity detection:
Ion chromatography coupled with conductivity detector became a powerful tool for
the quantification of ions after the development of low-exchange capacity columns.
Improvement in the sensitivity of detection as well as very low limit of detection
limit (LOD) was achieved after the introduction of suppression technology. The
suppression technique is employed for reducing the conductivity of the mobile phase
after the column and before the detector.
Electrical conductivity measures the ability of a solution to conduct an electric
current between two electrodes across which an electric field has been applied. The
conductance of a solution (ƍ) is commonly expressed by the SI unit Siemens (S), and
is the reciprocal of the resistance (R) measured in ohm (Ω).
ƍ =1/

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

3

Conductivity detectors are simple devices consisting of a detection cell with two
electrodes, which can either be in contact with the stream of eluent. Conductivity
detection is the natural choice for IC, since the separated analytes are electrically
conducting. The conductance signal depends on the electrolyte concentration (C) of
the ionic species present (both eluent and analyte ions, either + or -) and their
limiting equivalent ionic conductances (λ).
In suppressor-based ion chromatography, the ion-exchange column is followed by a
suppressor column, or a suppressor membrane, that converts an ionic eluent into a
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non-ionic species that does not interfere with the conductometric detection of analyte
ions [11].
Currently,

several

other

detector

types

such

as

spectrophotometer

and

electrochemical detectors are available for ion chromatography.
2.2.3 Terms used in chromatography separations:
The mechanism of chromatography separations is understood by Column theory.
Following are important factors that control the separation of analytes on the
column.
(i)

Column dead time (t0): it is the time necessary for a non-retained
component to pass through the column. And the volume of mobile phase
corresponding to the dead time is known as dead volume (V0).

(ii)

Retention time (tR): It is the time taken for an analyte to emerge out of the
column after its retention on the column in which the components reside
inside the column. This includes the dead time of the column.

(iii)

Resolution (R): Resolution is the measure of how a peak is separated with
respect to its neighbouring peaks. The resolution R of two neighboring peaks
is defined as the quotient of the difference in the absolute retention times and
the arithmetic mean of their peak widths w at the respective peak base.

R = (tR2 - tR1) /[ (w1 + w2) /2]

------------------------

(4)

where tR2 and tR1 are the retention times for components 1 and 2 respectively,
w1 and w2 are their corresponding peak widths.
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(iv)

Selectivity (α): the selectivity is defined as the ratio of the solute retention
times of two different components.
R = (tR2 – t0) /(tR1– t0)

------------------------

(5)

The selectivity is a thermodynamic quantity and at constant temperature, it is
determined by the properties of the stationary phase.
The selectivity of the column is due to several factors, e.g., the support
material and the chemical structure of the ion exchange group.
The selectivity factor () of two analyte ions A and B eluting close to each
other is the measure of how well these ions are separated, and is calculated
according to:
=k'B/k'A

------------

(6)

wherek'A and k'B are the retention factors for the first and the last eluted ion,
respectively.
(v)

Retention factor (k'): it is also known as Capacity factor. It is the product of
the phase ratio Ф between stationary and mobile phase in the separator
column and the Nernst distribution coefficient, K.

k' = K x (Vs / Vm)
K = Cs / Cm
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---------------------------------

(7)
(8)

where K is Nernst distribution coefficient, Vs is volume of the stationary phase, Vm
is volume of mobile phase, Cs and Cm are solute concentrations in the stationary and
mobile phase respectively.

Practically k' for any peak of a component is measured as

k' = (tR – t0) / t0

………….. (9)

Number of Theoretical Plates (N)
A chromatography column does not contain anything resembling physical distillation
plates or other similar features. Theoretical plate numbers are indirect measure of
peak width for a peak at a specific retention time.The number of theoretical plates is
a mathematical concept and can be calculated using Equation,
N = 16L2/w1/2

-----------

(10)

(Where L is the column length and w1/2 is width of peak at half peak height).
Columns with high plate numbers are considered to be more efficient, that is, have
higher column efficiency, than columns with a lower plate count. A column with a
high number of theoretical plates will have a narrower peak at a given retention time
than a column with a lower N number [12].
2.2.4 Plate Height Equation:
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Another measure of column efficiency is the height equivalent to a theoretical plate
denoted as H. It is calculated using Equation, H= L/N and usually reported in
millimetres (Where L is the column length and N is number of theoretical plates of
the column). The column efficiency is considered as high when the number of
theoretical plates is more per unit length of the column.
Plate height, H, is proportional to the variance of a chromatographic band. The
smaller the plate height, the narrower the band. The Van-Deemter equation tells us
howthe column and flow rate affect the plate height:
H =A +B/ux + Cux

-----------

(11)

Where ux is the linear flow rate and A, B, and C are constants for a given column and
stationary phase. Changing the column and stationary phase changes A (Eddy
diffusion), B(longitudinal diffusion), and C (resistance to mass transfer).
A - Eddy diffusion:
The mobile phase moves through the stationary phase which is packed under high
pressure. Solute molecules will take different paths through the stationary phase at
random. This will cause broadening of the solute band, because different paths are of
different lengths.
B - Longitudinal diffusion:
The concentration of the analyte is less at the edges of the band than at the center.
Analyte diffuses out from the centre to the edges. This causes band broadening. If
the velocity of the mobile phase is high then the analyte spends less time on the
column, which decreases the effects of longitudinal diffusion.
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Plate
height

Flow velocity

Figure 2.3: A typical Van Deemter plot.
C - Resistance to mass transfer:
The analyte takes a certain amount of time to equilibrate between the stationary and
mobile phase. If the velocity of the mobile phase is high, and the analyte has a strong
affinity for the stationary phase, then the analyte in the mobile phase will move
ahead of the analyte in the stationary phase. The band of analyte is broadened. The
higher the velocity of mobile phase, the worse the broadening becomes.
For each peak in the chromatogram, the capacity factor, k’, is defined as,
-------------------

(12)

The separation factor (α) is defined as the ratio of the retention factors (k),

--------------
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(13)

It is useful to relate the resolution to the number of plates in the column, the
selectivity factor and the retention factors of the two solutes;

---------------------

(14)

To obtain high resolution, the three terms must be maximised. An increase in N, the
number of theoretical plates, by lengthening the column leads to an increase in
retention time and increased band broadening - which may not be desirable. Instead,
to increase the number of plates, the height equivalent to a theoretical plate can be
reduced by reducing the size of the stationary phase particles.
Other experimental parameters which can affect the resolution are,
(i) Changing mobile phase composition
(ii) Changing column temperature
(iii) Changing composition of stationary phase
Using special chemical effects (such as incorporating a species which complexes
with one of the solutes into the stationary phase) etc.
2.2.5 Instrumentation:
The schematic shown below (Fig. 2.4) represents an ion chromatography system.
The sample is introduced into the system via a sample loop on the injector. When in
the inject position the sample is pumped onto the column by the eluent and the
sample ions are then attracted to the charged stationary phase of the column. The
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eluent elutes the retained ions which then go through the detector (which is most
commonly conductivity) and are depicted as peaks on a chromatogram.

Figure 2.4: Block diagram for an Ion Chromatography system.

Figure-2.5 represents an IC system designed for analysis of radioactive samples.
Some parts of the system which are in direct contact with the active samples, viz.
sample injector, column, suppressor and detector are detached from the main system

Figure 2.5: Schematic representation of an Ion Chromatography system
designed for radioactive samples.
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and are installed in a fume hood. The fume hood is under sunction and the air of
fumehood is passed through HEPA filters before getting released to atmosphere. The
liquid waste collected in fume hood are disposed as per the standard procedures of
radioactive liquid wastes.
Studies described in this dissertation utilised the ion chromatography for determining
various anions like F-, Cl-, NO3-, MoO42- etc. The separations were carried out on
anion exchange columns with suppressor conductivity detection.
2.3 Capillary Electrophoresis:
Capillary electrophoresis (CE) is a rapid separation technique and it turned to be a
good analytical tool by coupling suitable detectors. CE separates ions based on their
electrophoretic mobility caused by application of potential (applied voltage). The
electrophoretic mobility is dependent upon the charge of the ion, the viscosity, and
the radius of the ion or molecular species. The rate at which the particle moves is
directly proportional to the applied electric field, the greater the field strength, the
faster the mobility. Neutral species are not affected, only ions move with the electric
field. If two ions are the same size, the one with greater charge will move faster than
the one with lesser charge. For the ions of same charge, the ion with small size will
have faster migration rate as it will experience less friction in the medium. The
capillary electrophoresis has some advantages over other separation techniques such
as fast separation, very small sample size and separations with high resolution. CE is
a useful technique because there is a large range of detection methods available [12].
Employing a capillary in electrophoresis had solved some common problems in
traditional electrophoresis. For example, the narrow dimensions of the capillaries
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greatly increased the surface to volume ratio, which eliminated overheating by the
application of high voltages.
2.3.1 Electrophoretic Mobility:
Electrophoresis is the process in which sample ions move under the influence of an
applied voltage. The ion experiences a force that is equal to the product of the net
charge and the electric field strength. It is also affected by a drag force that is equal
to the product of, the translational friction coefficient, and the velocity. This leads to
the expression for electrophoretic mobility [14]:

-----------------------

(15)

Where f stands for a spherical particle is given by the Stokes’ law; η is the viscosity
of the solvent, and r is the radius of the atom. The rate at which these ions migrate is
dictated by the charge to mass ratio. The actual velocity of the ions is directly
proportional to E, the magnitude of the electrical field and can be determined by the
following equation:

---------------------------

(16)

This relationship shows that a greater voltage will quicken the migration of the ionic
species.
2.3.2 Electro osmotic Flow:
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The electro osmotic flow (EOF) is caused by applying high-voltage to an electrolyte,
which is filled in a capillary. The flow of electro osmatic flow is explained on the
basis of an electrical double theory. According to this mechanism, –SiOH of the
silica releases a proton to become SiO- ions when a buffer solution having pH more
than 3 is allowed to pass through the silica capillary. Hence, the capillary wall then
has a negative charge, which develops a double layer of cations attracted to it. The
inner cation layer is stationary, while the outer layer is free to move along the
capillary. The applied electric field causes the free cations to move toward the
cathode creating a bulk flow, which is known as electro osmatic flow. The rate of the
electroosmotic flow [14] is governed by the following equation:
------------------------------------

(17)

Where, ε is the dielectric constant of the solution, η is the viscosity of the solution, E
is the field strength, and ζ is the zeta potential. Because the electrophoretic mobility
is greater than the electroosmotic flow, negatively charged particles, which are
naturally attracted to the positively charged anode, will separate out as well.

2.3.3 Instrumentation:
A typical CE system consists of a high-voltage power supply, a sample introduction
system, a capillary tube, a detector and an output device. Each side of the high
voltage power supply is connected to an electrode as shown in the Figure 2.6. These
electrodes help to induce an electric field to initiate the migration of the sample from
the anode to the cathode through a capillary tube. The capillary is made of fused
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silica and is sometimes coated with polyimide. Each end of the capillary tube is
dipped in a vial containing the electrode and a background electrolytic solution.
There is usually a small window near the cathodic end of the capillary for UV-ViS
detection.

Figure 2.6: Capillary Electrophoresis instrumentation.
There are six types of capillary electrophoresis available [15] and they are (i)
capillary zone electrophoresis (CZE), (ii) capillary gel electrophoresis (CGE) (iii),
micellarelectrokinetic capillary chromatography (MEKC), (iv) capillary electro
chromatography (CEC), (v) capillary isoelectric focusing (CIEF), and (vi) capillary
isotachophoresis (CITP).
2.3.4 Capillary Zone Electrophoresis (CZE):
In CZE analytes move in the EOF but separate into bands because of differences in
their electrophoretic mobilities, μ. Differences in μ make each analyte's overall
migration velocity slightly different, and difference in migration velocity is
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responsible for the separation. As it was discussed earlier in the presence of an
applied electric field, the diffuse layer migrates towards the negatively charged
cathode creating an electrophoretic flow (μep) that drags bulk solvent along with it.
Anions in solution are attracted to the positively charged anode, but get swept to the
cathode as well. Cations with the largest charge-to-mass ratios separate out first,
followed by cations with reduced ratios, neutral species, anions with smaller chargeto-mass ratios, and finally anions with greater ratios. The electroosmotic velocity can
be adjusted by altering pH, the viscosity of the solvent, ionic strength, voltage, and
the dielectric constant.
In liquid chromatography the separations are carried out on a packed and there the
peak broadening is being explained on the basis of van Deemter equation, which
accounts the broadening due to three phenomena namely multiple flow paths,
longitudinal diffusion, and finite rate of mass transfer. In capillary electrophoresis,
there is no stationaryphase. Therefore, the only fundamental source of broadening
under ideal conditions is longitudinal diffusion.
The present thesis reports about the developed CZE methods for determining Fe in
uranium matrices and Li in Li-Al alloys. The method that deals with the
determination of Fe in U matrices utilised chloride as the complexeing agent in the
BGE. In the CZE method for the determination of Li in Li-Al alloy was developed
by using Imidazole as the co-ion.
2.4 X-ray powder diffraction analysis (XRD):
XRD is perhaps the most widely used X-ray based analytical technique for
characterizing materials. As the name suggests, the sample is usually in a powdery
form. The positions and the intensities of the peaks are used for identifying the
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underlying structure (or phase) of the material [16]. The three-dimensional structure
of crystalline materials is defined by regular, repeating planes of atoms that form a
crystal lattice. When a focused X-ray beam interacts with these planes of atoms, part
of the beam is transmitted, part is absorbed by the sample, part is refracted and
scattered, and part is diffracted. X-rays are diffracted by each structure differently,
depending on what atoms make up the crystal lattice and how these atoms are
arranged. When an X-ray beam hits a sample and is diffracted, we can measure the
distances between the planes of the atoms that constitute the sample by applying
Bragg's Law, named after William Lawrence Bragg, who first proposed it in 1921.
Bragg's Law is:
nλ =2d sinθ,

------------------------

(18)

where the integer n is the order of the diffracted beam, λ is the wavelength of the
incident X-ray beam, d is the distance between adjacent planes of atoms (the dspacings), and is the angle of incidence of the X-ray beam. We can measure the dspacings. The geometry of an XRD unit is designed to accommodate this
measurement. The characteristic set of d-spacings generated in a typical X-ray scan
provides a unique fingerprint of the material or materials present in the sample.
When properly interpreted, by comparison with standard reference patterns and
measurements, this fingerprint allows for identification of the material.
Instrumentation: In XRD, X-rays are generated within a sealed tube which is under
vacuum. A filament present inside the tube is heated by applying current and the
filament emits electrons. Moreover, higher the current the greater the number of
electrons emitted from the filament. A high voltage, typically 15-60 kilovolts, is
applied within the tube. This high voltage accelerates the electrons, which then hit a
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target, commonly made of copper. When these electrons hit the target, X-rays are
produced. The wavelength of these X-rays is characteristic of that target. These Xrays are collimated and directed onto the sample, which is in fine powder form. A
detector detects the X-ray signal; the signal is then processed either by a
microprocessor or electronically, converting the signal to a count rate [17].
The XRD technique was utilized during various studies to understand the various
structural transformations occur during their pyrohydrolysis. The structural
information obtained from the XRD is vital in interpreting the mechanism of
pyrohydrolysis for the material under investigation.
2.5 Thermogravimetric Analysis:
Thermogravimetric analysis (TGA) measures the change in weight of a material as a
function of temperature (or time) under a controlled atmosphere. TGA is widely
employed for the measurement of a material’s thermal stability, moisture, solvent
content, and composition of components (in percentile level) in a compound [18]. A
TGA analysis is performed by gradually raising the temperature of a sample in a
furnace as its weight is measured on an analytical balance that remains outside of the
furnace. In TGA, mass loss is observed if a thermal event involves loss of a volatile
component. Chemical reactions, such as combustion, involve mass losses. A plot of
sample weight versus temperature or time is used to illustrate the thermal transitions
in the material.
The studies described in this dissertation, TGA was utilised specially to understand
the chemistry of volatilization of MoO3 in moist atmosphere at different
temperatures.
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2.6. Inductively Coupled Plasma Atomic Emission Spectrometry:
Atomic emission spectrometry (AES) is a method of chemical analysis that uses the
intensity of light emitted from a flame, plasma, arc, or spark at a particular
wavelength to determine the quantity of an element in a sample. The wavelength of
the atomic spectral line gives the identity of the element while the intensity of the
emitted light is proportional to the number of atoms of the element. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) uses ICP to produce
excited atoms and ions that emit electromagnetic radiation at wavelengths
characteristic of a particular element.Advantages of ICP-AES are excellent limit of
detection and linear dynamic range, multi-element capability, low chemical
interference and a stable and reproducible signal. Disadvantages are spectral
interferences (many emission lines), cost and operating expense and the fact that
samples typically must be in a liquid solution [19,20].
The ICP-AES technique has been used in the studies of this thesis to validate the
results obtained by the developed methods by comparing the values obtained from
ICP-AES.

2.7 Pyrohydrolysis:
Pyrohydrolysis is one of the separation techniques where the analytes are directly
separated from the solid materials without dissolving them. Pyrohydrolysis is based
on the principle where the decomposition solid materials in presence of heat and
water vapour. During the simultaneous action of heat and steam, the analytes are
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converted into their volatile form and get extracted through the flow of steam, which
is subsequently condensed and collected in the form of distillate.
Domange and Wohlhuter [21] had determined the equilibrium constant for the
reaction
UF4 + 2H2O = UO2 + 4HF
in the range 200° to 500° C. They concluded that higher temperatures favour the
formation of the hydrolysis products, the equilibrium constant being 1.36 X 10-1 at
250°C. and an estimated value of 1.93 at 1000°C.Warf et al [22]

extended the

observations of Domange and Wohlhuter and postulated that in the case of a
general equation
MF2n + nH2O = MOn + 2nHF
the free energy of formation is expected to become more negative with rising
temperatures, because the standard entropy of 2 moles of hydrogen fluoride is
roughly twice that of 1 mole of steam.
A plot of Free energy formation and the temperature for different metal halides [23]
is shown in Figure 2.7. It is seen that as the temperature increases the G becomes
more and more negative. The end product is the halogen acid and the corresponding
metal oxide. It leads to the conclusion that quantitative release of halogen from the
solid matrix is facilitated through opening of the solid matrix and conversion of the
metal halide to metal oxide. Besides high temperature, for effective interaction of
moisture with metal halide to occur the sample should preferable be in the powder
form to offer large surface area. The kinetics of release of halogens is thus directly
related to the kinetics of formation of metal oxide.
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After extensively investigating different metal halide systems, Warf et al[22]
classified them into a rapidly hydrolyzable group and a slowly hydrolyzable group.
The first included A1F3, BiF3, MgF2, ThF4, UF4, UF3, UO2F2, VF3, ZnF2, ZrF4,
ZrOF2, and the rare earth fluorides.

Figure 2.7:Gibb’s free energies of formation of various compounds [23].
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The second group included the fluorides of the alkali metals, the alkaline earth
metals, and beryllium. Those in the first group were hydrolyzed quantitatively in 20
minutes or less at 1273K.
The

volatile

halogen

acids

are

collected

in

a

PVC bottle containing dilute NaOH (trapping solution) and this solution is known as
pyrohydrolysis distillate. The pyrohydrolysis distillates obtained are subsequently
analysed by selective instrumental methods for quantifying the analytes. Similarly
boron can be separated in the form of boric acid from several materials [24-26].
Pyrohydrolytic separation mainly depends on (i) temperature of pyrohydrolysis (ii)
carrier gas flow rate (iii) sample mass and (iv) time (duration ) of pyrohydrolysis.
(i) Pyrohydrolysis temperature: Temperature is an important parameter as the
material under pyrohydrolysis is needed to be decomposed or brought changes in the
volume of the material either by physical or chemical means. For organicas well as
easily pulverisable materials, a moderate temperature range between 673 and 973K
is chosen. However, refractive materials which are highly resistive for the action of
heat require quite high temperature (more than 1273K).

(ii) Carrier gas choice and flow rate: The carrier gas selection and its flow rate are
important parameters in pyrohydrolysis. It indirectly helps in improving the
sensitivity of the analytical determination. Most of the pyrohydrolysis are carried
out with oxygen as carrier gas except for the cases where oxygen may cause
unwanted or unfavourable reactions. For instance, pyrohydrolysis of uranium carbide
or plutonium carbide or mixed uranium and plutonium carbide is carried out with
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Argon gas (inert gas) due to their pyrophoric nature. The flow rate of steam is
controlled by the carrier gas flow rate and therefore, it directly controls the
condensed distillate volume. Typically the pyrohydrolysis distillate collection
volume is kept around 25 mL in 30 minutes collection. This is very important to
have appreciable concentrations of the analytes in the distillate.
(iii) Mass of the sample: A sample mass of 10 mg to 5g are taken for
pyrohydrolysis. For a given sample, the sample mass is decided by considering the
concentration range of analytes present in the sample.
(iv) Time of pyrohydrolysis: Time of pyrohydrolysis is the most important one as it
decides the recoveries of analytes. Depending upon the pyrohydrolysis temperature
and the concentration of the analytes the separation kinetics is varied. Therefore, the
time of pyrohydrolysis needed to be optimized for each matrix. For example the
uranium or plutonium carbides are pyrohydrolysed for only 15-20 minutes for the
complete recovery of chlorine and fluorine whereas in certain ceramic and refractive
materials like zirconia, thoria etc. is pyrohydrolysed for few hours.
Literature survey shows a variety of samples like geological samples, coal, organic
materials, nano particles, cement, nuclear materials etc. [27-31] are regularly
analysed for their halide contents after pyrohydrolysis separation. The basic design
of the pyrohydrolysis apparatus is presented in the Figure 2.8. Depending on the
materials to be pyrohydrolysed some modifications in the apparatus are also being
incorporated.
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Figure 2.8: Basic Pyrohydrolysis instrument.

In order to carry out the pyrohydrolysis of radioactive materials, the apparatus is
housed inside an active glove box. This limits the free handling or operation of the
PH apparatus and from the safety point of view, it poses many challenges. Therefore,
many modifications have been incorporated in the system to carry out the operations
and handling easier and safe. In addition, to increase the sample through-put during
routine sample analyses, necessary changes were incorporated in the design with a
view to carry out the sample loading and unloading is easier and safe. These
requirements resulted in advance pyrohydrolysis system as depicted in Figure-2.9.
The main features of the design are, (i) pre-heater for the carrier gas is not required
as the same furnace where the sample is heated is utilized for heating moist carrier
gas. (ii) The furnace is movable, which helps in easy access to the reaction tube. (iii)
The combination of outer and inner reaction tube allow easy and fast loading of
sample boat. (iv) The overall space occupied is reduced significantly.
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Figure 2.9: The modified Pyrohydrolysis apparatus for Glove Box operation.

Pyrohydrolysis was used for clean sample preparation. Studies were carried out to
understand the pyrohydrolysis behaviour of U-Zr and U-Pu-Zr alloy samples. A
novel method was also developed where Mo was separated directly from U matrix
using pyrohydrolysis. For analysing environmental samples pyrohydrolysis was used
to providea simultaneous separation of B, F Cl and Mo.
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Chapter: 3
Direct Extraction of Molybdenum from Solid Uranium
Matrices Employing Pyrohydrolysis and Its Determination
by Ion Chromatography
3.1 Introduction:
Uranium is used as a nuclear fuel both in ceramic (UO2) and alloy forms. Both the
types of fuels have their own advantages and disadvantages. Depending upon their
composition and properties they are considered suitable for different reactors.
Molybdenum is an alloying element for metallic fuels such as U-Mo, U-TRU-Mo
(TRU, trans-uranium elements such as Np, Pu, and Am), and so on. These alloys are
advantageous due to their γ phase stability of U [1]. Presence of Mo in ceramic fuel
causes creep resistance (results in swelling of fuel pellets and causes adverse effects
on the integrity of clad material). Hence, the presence of Mo even at a trace level
concentration is undesirable in oxide or mixed oxide fuels of U and Pu. Another
important factor is the oxygen potential of the Mo/MoO2 couple which is very close
to that of the stoichiometric UO2 [2] and can affect the o/m ratio of UO2. Therefore,
separation and determination of Mo in nuclear fuels in the concentration range of
trace to percent levels is an important requirement.
Methods that are being used in the chemical characterisation of nuclear materials for
the determination of Mo in U or U-Pu matrices involve dissolution of the material in
appropriate acid media followed by solvent extraction or ion exchange separations
[3-7]. These methods are laborious and generate radioactive liquid wastes. Unless
precautions are taken there may be loss of Mo during the sample preparation steps.
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This loss of Mo leads to erroneous determination of Mo. Such loss was encountered
while determining Mo in ammonium diuranate (ADU) [8]. Therefore, it is desirable
to have a sample preparation procedure that does not lead to loss of Mo and also
brings reduction in the radioactive waste generation.
Pyrohydrolysis (PH) is a separation method which separates the analyte(s) directly
from the solid matrix and do not use any organic reagent or acids. PH is a wellknown technique for separating halogens and boron from several solid matrices [915]. The pyrohydrolysis conditions or separation parameters governing recoveries of
the analytes depend on the matrix and also the nature of the analyte [16, 17].
Pyrohydrolysis is widely used for separating non-metals such as halogens, boron,
and sulphur, and its application for separating metals or metal species has not been
explored and reported so far.
Several studies (18-20) indicate that MoO3, the more stable oxide of Mo has higher
vapour pressure. In addition, the volatilisation of Mo is enhanced when the
atmosphere contains moisture [20, 21]. This implies the feasibility of separating Mo
quantitatively from solid matrices by making use of associated vapour chemistry of
Mo. Present investigations are aimed at exploring the feasibility of adapting
pyrohydrolysis for separating molybdenum from uranium based nuclear materials.
3.2 Experimental Section:
3.2.1Reagents:
For the preparation of synthetic standards, U metal and UO2 (nuclear grade, Bhabha
Atomic Research Centre (BARC), Mumbai, India) and Mo metal powder and MoO3
(>99.95% Alfa Aesar, Heysham, U.K.) were used. The standard solutions of F–, Cl–,
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NO3–, and SO42– were prepared by dissolving their respective Na salts (>99.9%,
Merck, Darmstadt, Germany). Standard solutions of MoO42– were prepared by
dissolving (NH4)6Mo7O24 (>99.98%, Sigma-Aldrich, St. Louis, MO, USA) in high
purity water. All other reagents were of analytical grade. For the preparation of all
solutions and production of steam, high purity water (18.2 MΩ·cm) obtained from a
Milli-Q system (Millipore, Billerica, MA, USA) was used.
3.2.2 Preparation of Standards Containing Mo:
In order to study the recovery of Mo by pyrohydrolysis, in-house standards with
known Mo contents were prepared. Since the real samples can have different
chemical forms of uranium matrix, the standards were prepared in metal (U-metal)
as well as in the oxide form (UO2). The standards were prepared in the concentration
range between 100 and 5000 ppm. Two U–Mo alloys having 500 and 5000 ppm of
Mo were prepared by Arc melting method [22]. Two different mixed oxide (UO2 +
MoO3) working standards, each with 100 and 500 ppm of Mo, were prepared by
mixing calculated amounts of MoO3 and UO2 powders. The powders were ground
thoroughly for about 3 h to get homogeneity. In addition, UMoO6 was synthesized
by following a reported procedure [23].
3.2.3 Instrumentation:
An all-quartz pyrohydrolysis apparatus was used [24]. The description of the
apparatus was given in the chapter 2. A 150 mm length Liebig condenser with
chilled water (∼278K) circulation was used. A commercial ion chromatograph (IC;
DX-500 model; Dionex, Sunnyvale, CA, USA) consisting of a gradient pump (GP50), ED-40 conductivity detector, and an anion self-regenerator suppressor (ASRSII) was used for obtaining the chromatograms., IonPac AS16 (250 × 4 mm) along
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with its guard column, IonPac AG16 (50 × 4 mm). The TG analyses were carried out
on a TGA-DTA Instrument (Netzsch STA 409 PC, NETZSCH-Geratebau GmbH,
Germany). XRD patterns were recorded using Rigaku MiniFlex-600 X-ray
diffractometer.
3.2.4 IC Analysis of Mo:
Since during pyrohydrolysis the volatile form of Mo i.e. MoO42- will be trapped in a
dilute solution of NaOH, there is a need to develop an ion chromatography
separation method for separating MoO42-ion along with other common anions. In the
basic medium Mo exist as MoO42-. Using ion chromatography the MoO42- ion can be
separated on an anion exchange column. An ion exchange column, Ionpac AS16
was selected owing to its high capacity and good selectivity. Dilute NaOH solutions
in the concentration range between 10 and 35 mM were used as mobile phases as the
sample is in NaOH medium. It was observed that a mobile phase of 15 mM NaOH at
a flow rate of 1 mL min–1 was found to be optimum for separating the MoO42- ion
from the other common anions. Figure 1 shows a typical chromatogram obtained for
a standard solution containing MoO42- ion. The limit of detection (LOD) of the
method was calculated on the basis of the S/N ratio = 3 method, and it was found to
be 80 ppb for Mo.
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Figure 3.1: Chromatogram of an anion mix standard containing F– (0.5 ppm),
Cl– (1.0 ppm), NO3– (2.0 ppm), SO4–2 (2.0 ppm), and MoO42– (10.0 ppm):
column, IonPac AS-16; eluent, 15 mM NaOH; flow rate, 1 mL min–1.
3.3 Results and Discussion:
The feasibility of separating Mo from uranium matrices using pyrohydrolysis was
explored with a view to determining Mo accurately in uranium. To start with, a
thermogravimetryanalysis (TGA) was carried to understand the vapour chemistry of
MoO3. During TGA moist atmosphere condition was maintained to know the effect
of moisture on the loss of MoO3 at high temperatures. TGA of MoO3 using Ar
carrier gas with and without water vapour at elevated temperatures may provide
information relevant to the vaporization of Mo under the conditions similar
topyrohydrolysis. The reported TGA studies on MoO3 have shown loss of MoO3 by
increasing temperature [25], however, TGA studies on the effect of water vapour on
the vaporization of MoO3 under isothermal conditions were not reported.
3.3.1Thermogravimetric Analysis:
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For this purpose, ∼3 mg of the sample (MoO3) was heated at a rate of 298K min–1 to
the desired temperature, and thereafter, it was kept constant. At first TGA was
performed at 1073K with Ar by keeping its flow rate at 100 mL min–1 (Figure 2.2
a). The atmosphere maintained was dry.
To perform a similar analysis in moist conditions the Ar carrier gas was passed
through boiling water, which saturated the Ar with moisture. The weight loss curve
with this moist condition is shown in Figure 2.2 b.
In case of the dry Ar atmosphere the weight loss of MoO3 was ~21% whereas the
weight loss was around 43% when the experiment was performed in moist Ar. This
observation was similar to the observation of enhanced vapour pressure of MoO3 due
to presence of moisture atmosphere [21] and reconfirms the fact that the presence of
water enhances the volatilization of MoO3.

Figure 3.2: Isothermal thermograms of ∼3 mg of MoO3 at different
temperatures and carrier gas conditions: (a) 1073K in dry Ar carrier gas; (b)
1073K in moist Ar carrier gas; (c) 1273K in moist Ar carrier gas; (d) 1473K in
moist Ar carrier gas.
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The moist Ar condition was further explored at 1273K as well as 1473K and the
thermograms obtained were shown in Figure 2.2 c and d, respectively. The weight
loss of MoO3 was found to be 83% at 1273K whereas the same was 96% at 1473K.
The results indicate that the rate of vaporisation of MoO3 is temperature dependent.
Since the apparatus used for pyrohydrolysis is made up of quartz, pyrohydrolysis
should not be carried out above 1273K for longer duration especially for the routine
kind of work. In view of this, the TGA time of analysis was increased to 200 min at
1273K and under this condition 97% weight loss of MoO3was observed.
3.3.2 Pyrohydrolysis of Mo Containing Standards:
Though the TGA studies showed more than 97% volatilisation of MoO3 in moist Ar
at higher temperatures, it is necessary to maintain conditions during pyrohydrolysis
which favours formation of MoO3 (In U matrices Mo can be present in forms other
than MoO3, which are not volatile). In view of this during pyrohydrolysis moist
oxygen was used as the carrier gas. During the pyrohydrolysis of sample in moist
oxygen the Mo may undergo following changes:
(i) Oxidation of Mo to its oxide, MoO3(s)
(ii) Volatilization of MoO3(s) to MoO3(g) and
(iii) Dissolution of MoO3(g) in water vapour due to formation of MoO3·H2O, which
would drastically enhance the volatilization of MoO3
MoO3 Standards:
In order to study the pyrohydrolysis of Mo containing uranium materials, synthetic
standards were prepared. Two synthetic mixed oxide standards (UO2 + MoO3)
having 100 and 500 ppm of Mo were prepared and subjected to pyrohydrolysis for
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different time durations. Sample masses of ~1g and 0.5 g were taken for 100 ppm
and 500 ppm standards, respectively. A plot of Mo recovered as a function of time is
shown in Figure 2.3a. Though quantitative recovery of Mo was realized in the both
standards, the time of pyrohydrolysis required for achieving the quantitative
recovery in each case was different.

Figure3.3. Recovery curve in moist O2 carrier gas (a) for UO2 + MoO3 mixture
standard containing 100 and 500 ppm Mo and (b) for UMo alloy standard
containing 500 and 5000 ppm Mo.
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Table 3.1. Minimum Time Required for Recovery of Mo Better than 95%, from
Alloy and Oxide Standards.

standard

Mo (ppm)

sample weight

time (h) of PH

(g)

for >95%
recovery

UO2 + MoO3

UMo alloy

100

1.0

2.0

500

0.5

2.5

500

0.5

3.0

5000

0.5

3.5

Alloy Standards: In addition to the oxides, two more synthetic standards of U-Mo
alloy (500 and 5000 ppm of Mo) were also prepared and pyrohydrolyzed. A sample
mass of ~0.5g of each standard was pyrohydrolysed. The Mo recovery as a function
of time is shown in Figure 2.3b. Table 1 lists out the comparison of time required for
pyrohydrolysis of oxide and alloy standards.
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3.3.3 Kinetics of Mo Separation:
Following are the important observations made during the Pyrohydrolysis of
standards
i.

The time required for the quantitative separation of Mo depends upon the
concentration of Mo and the sample mass.

ii.

Although the carrier gas flow rate during PH was kept nearly 20 times higher
than TGA, the time of pyrohydrolysis in all of the cases was observed to be
longer than expected.

The probable reasons for these observations could be the slow vaporization of MoO3
in uranium matrix and/or the formation of non-volatile Mo compounds due to solid
state reactions. It is necessary to investigate the cause for this slow kinetics and to
take necessary action for improving the kinetics of separation.
Vaporization Kinetics: To understand the vaporisation of MoO3 in U matrix under
pyrohydrolysis conditions, a synthetic mixed oxide standard containing 20% Mo by
weight was subjected to pyrohydrolysis for different time durations, i.e., 1/2, 1.0, 1
1/2, and 2.0 h, in moist O2 atmosphere at 1273K.
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Figure 3.4. XRD patterns of UO2 and MoO3 mixture recorded after (a) 1/2, (b)
1, (c) 1 1/2, and (d) 2 h of pyrohydrolysis. The downward arrow symbol
indicates a few major peaks for MoO3.
The materials obtained after pyrohydrolysis in each case were subjected to XRD
analysis, and Figure 3.4 shows an overlay of the recorded XRD patterns. As the
XRD patterns shows with peaks corresponding to vaporization of MO3 decreases
with time. It can also be observed in 2 hrs the content was below the detection limit
of XRD. This indicates the vaporization is prompt enough, even when the Mo
content is quite high.
Formation of Non-volatile Compounds: In the present case, U and Mo can form
compounds such as UMo2O8, U2MoO8, UMoO5, and UMoO6 [27]. Reported studies
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show that UMo2O8, U2MoO8, and UMoO5 under oxygen atmosphere and in the
temperature range of 760–796K are converted to UMoO6. The reported
decomposition temperatures for UMoO6 were found to be different in different
literatures1200K [26] and 1400K [27]. It may be possible that UMoO6 is formed
during pyrohydrolysis (temp ~1223K) and remains un-decomposed. This can affect
the separation kinetics. Therefore, it becomes necessary to understand the behaviour
of UMoO6 during PH. For this purpose, UMoO6 was synthesized [22] and it was
pyrohydrolyzed for 2½ h. XRD analyses of UMoO6 before and after pyrohydrolysis
confirmed the complete conversion of UMoO6 to U3O8 (Figure 3.5).
Since the formation of UMoO6 could not be ascertained for the delay in
pyrohydrolysis, the possibility of local condensation of MoO3·H2O vapour on parts
of the reaction tube (relatively at lower temperature) was considered. This was
investigated by heating the parts of the apparatus which are at lower temperatures.
After heating the apparatus externally the recovery increased considerably. This
indicates that there is reversible local condensation responsible for the slower
recovery of Mo.
To improve the kinetics of separation, a short reaction tube was incorporated in the
PH apparatus which provides a shorter path length as well as relatively higher
temperature as it was closer to the furnace. The modified apparatus brought
quantitative recovery of Mo within 2½ h irrespective of the Mo content in the
samples.
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Figure 3.5: XRD patterns of (a) UMoO6 powder and (b) U3O8 formed after
pyrohydrolysis of UMoO6 (all peaks are characteristic to U3O8): carrier gas,
moist O2; time, 2½ h; temperature, 1273K. (c) The picture of UMoO6 before
and after pyrohydrolysis.
3.3.4 Optimization of Pyrohydrolysis Conditions:
Pyrohydrolysis at 1573K: It may be recalled that the TGA studies showed that the
rate of volatilization of MoO3 increases with temperature. Pyrohydrolysis was
carried out at 1573K by varying the time of pyrohydrolysis. Results showed
quantitative extraction of Mo within 1½ h. During the study it was also observed
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that continuous operation of the quartz PH apparatus for about 20 h (in 2 days)
showed visible effects of devitrification.
Optimization of Sample Mass: For U-Mo alloy standard having 5000 ppm of Mo
the standard deviation in the recovery of Mo was varied from 3 to 12% while the
sample mass was increased from 50 to 1000 mg. Therefore it was concluded that for
samples containing higher concentration of Mo it is important to keep sample mass
low in order to get good precision. For mixed oxide standard having 100 ppm of Mo
showed acceptable precision only when the sample mass was above 250 mg. This is
because of the concentration of Mo in the distillate becomes less than the detection
limit of IC. The analysis of samples containing low Mo requires high sample mass
(∼1000 mg) during PH.
Therefore, depending upon the expected concentration of Mo in the sample, the
sample size for pyrohydrolysis would vary between 50 and 1000 mg
Optimized Pyrohydrolysis Conditions:
Based on the results, the optimum pyrohydrolysis conditions are as follows:
(i) Sample mass, 50–1000 mg (depends on Mo content)
(ii) PH temperature, 1273 K or more
(iii) Time duration of PH, 2½ h or more for 1423 K
(iv) Carrier gas flow rate, 2 L min–1
(v) Trapping agent, 5 mL of 25 mM NaOH.
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3.3.5 Method Validation and Sample Analysis:
A certified reference material (CRM) of U3O8 (ILCE-4, Department of Atomic
Energy (DAE), Mumbai, India) was analysed for its Mo content [28]. The Mo
content in this standard is certified as 47.1 ± 8.7 ppm. The CRM was also analysed
by ICP-AES method (without heating) and the results obtained are listed in Table
3.2.
Method was extended to the real samples of ammoniumdiuranate (ADU) samples
containing enriched uranium were analysed. The determination of Mo in these
enriched U containing ADU samples is important because:
i.

During enrichment process, the Mo present in the form of MoF6 is also in the
vapour phase and gets enriched in the U-235 phase. This may result in Mo
concentrations more than expected.

ii.

The existing method for the determination of Mo in ADU involves heating of
the sample to 800°C, which may cause loss of Mo as ADU has significant
amount of moisture.

This loss of Mo from ADU due to the heating of ADU prior to its dissolution was
confirmed by carrying out separate analyses of ADU with and without heating. In
first analysis, the existing procedure involving the heating of ADU to 1073K and
converting into the matrix into U3O8. Further the oxide was dissolved in nitric acid
and it was treated with TBP to extract the U matrix. The remaining aqueous sample
was analysed by ICP-AES for Mo content. In the second analysis, the same
procedure was followed except the heating step. The results obtained from both the
analyses are given in Table 3.2. It is seen from the results that heating step caused
significant loss of Mo. In a separate analysis the same sample was analysed by
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following the developed method in which the Mo was separated by pyrohydrolysis
and the distillate was analysed by IC and ICP-AES. The values obtained from IC as
well as ICP-AES were listed in the Table 3.2.
Table 3.2. Comparison of results obtained for ADU Samples by the Developed
Method, Solvent Extraction Followed by ICP-AES, and Pyrohydrolysis
followed by ICP-AES Methods.
Sample

Concentration of Mo (ppm)
Certified

ICP-

ICP-AES2

PH distillate

PH distillate by IC

AES1

(ppm)

by ICP-AES

(ppm)

(ppm)

(ppm)

ADU-1

20 ± 6

35 ± 5

38 ± 4

37 ± 2

ADU-2

17 ± 5

38 ± 4

40 ± 5

41 ± 3

ADU-3

-

-

52 ± 3

45 ± 5

42 ± 2

ILCE-IV

47.1 ± 8.7

1

Conventional procedure, ADU heated to 850 °C, dissolved in HNO3, U separated by TBP, and aqueous phase

analyzed for Mo content.
2

ADU directly dissolved in HNO3 to avoid Mo loss due to heating, separated by TBP, and the aqueous phase

analyzed for Mo content.

3.4 Conclusion:
The present study explored the feasibility of separating Mo in uranium matrices
using pyrohydrolysis for the first time.

A simple, green, and eco-friendly

pyrohydrolysis separation of Mo directly from the solid matrices without the use of
acids and other organic reagents was developed. The pyrohydrolysis separation
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followed by ion chromatography determination was successfully applied to ADU
samples having enriched uranium.
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Chapter: 4
Studies on U-Zr and U-Pu-Zr Alloys for Determination of
Cl and F Using Pyrohydrolysis
4.1 Introduction:
Metallic fuels are being considered for future Indian fast reactors program. This is
mainly because of the advantages associated with these fuels. Unlike oxide fuel,
metallic fuel with its higher breeding ratio and shorter doubling time will be able to
produce more plutonium to help commission many more nuclear power reactors. It
may be mentioned that to meet the increasing energy demand, the country has
embarked on a major programme to generate additional 20,000 MW of nuclear
power by 2020 and the target is to have 30GW by 2020. This can be achieved only if
many nuclear power plants are commissioned. And for this to happen, sufficient
nuclear fuel should be available. Oxide fuel with only 1.1 breeding ratio produces
very little extra plutonium compared to metallic fuel with a breeding ratio of 1.4-1.5.
Hence the doubling time is more in the case of oxide and least for metallic fuel. The
doubling time for metallic fuel is ten years while it is thirty years in the case of oxide
fuel. It is judicious to have a fuel cycle with shorter doubling time.
The other important advantages are:
i.

High thermal conductivity

ii.

heavymetal density

iii.

ease of fabrication

iv.

Possibility of Pyro-process for recycling [1, 2].
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In view ofthis, the long term Indian Fast Reactor programme will be based on
metallic fuels [3].
Use of U or U-Pu as metallic fuel has few limitations such as their unfavourable
melting during fabrication and formation of low melting compounds with the
stainless steel clad materials. U-Zr and U-Pu-Zr alloy fuels are the material of choice
due to their higher solidus temperature and higher eutectic with T91 clad. The
fabrication of these materials and their test-irradiation in FBTR is an ongoing project
in BARC. Like any other nuclear fuel the presence of F and Cl may cause problems
to the integrity of fuel cladding due to their corrosive nature [4–6]. Since these
halides cause depassivation of clad surface and corrosion, F and Cl have stringent
specification limits in various types of fuels. Hence, their concentration in the fuels
needed to be controlled [7]. The chemical reagents that are used in the processes of
fabrication and reprocessing are the major sources for Cl and F and they get added
into the nuclear materials as impurities. It is known that during fabrication of alloys
the impurities can be easily picked up by the highly reactive molten metallic
components. It is important to have sensitive and reliable methods for the analysis of
chlorine and fluorine at various stages of fabrication of U-Zr and U-Pu-Zr alloys.
In pyrohydrolysis the halides are separated using either moist argon or oxygen as
carrier gas and by heating the matrix at high temperature. The chlorine and fluorine
released from the solid sample are in the form of HCl and HF, respectively. The HCl
and HF thus formed are carried away by the moist carrier gas which is subsequently
trapped in a dilute NaOH solution (pyrohydrolysis distillate).
Once the distillate is available, suitable analytical techniques are employed for the
determination of individual analytes. The determination of halogen using
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pyrohydrolysis separation followed by ion chromatography in various matrices can
be found in [10–24].
In our laboratory also, pyrohydrolysis technique followed by ion chromatography is
being routinely employed for this purpose. Necessary analytical methodologies have
been developed by optimising experimental conditions for quantitative extraction of
halogens from different nuclear fuel matrices such as U3O8, (U, Pu)O2, (U, Pu)C,
ThO2 etc. The present study investigates different pyrohydrolysis conditions to
understand the behaviour of U-Zr and U-Pu-Zr matrices for realising quantitative
extraction of chlorine and fluorine.
4.2: Experimental Section:
4.2.1 Pyrohydrolysis setup:
All quartz pyrohydrolysis set up consisting of two concentric tubes was used for
pyrohydrolysis purpose. The outer tube has an inlet and serves as a pre-heater for
moist carrier gas. The inner tube houses the sample boat and it is attached to gas
outlet. The gas outlet tube is cooled by a condenser. The condensate is collected in a
bottle containing dilute NaOH. A schematic diagram of the pyrohydrolysis set up is
presented elsewhere [22].
4.2.2 Ion chromatography system:
A commercial (Dionex DX-500) ion chromatography system consisting of an IP-20
isocratic pump, anion self-regenerator suppressor in external recycle mode, ED-40
conductivity detector with a DS3 stabilizer has been used for obtaining all the
chromatograms. Samples were introduced through a 100

l loop fitted with a

Rheodyne injector. Separation of anions were achieved on an analytical column
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(Dionex, Ion PacAS16, 250x4mm) coupled with its guard column (AG16, 50x4
mm). A software viz. Chromeleon was used for instrument control as well as for data
collection and processing. Other IC details are provided in the literature [22].
4.2.3 XRD instrument: The oxidized product of U-Zr samples were analysed using
Rigaku MINIFLEX 600 X-ray differactometer ( -2
radiation (

geometry) using Cu

= 1.5406 Å) with a scan rate of 1° min−1 was used. The oxidized

products of U-Pu-Zr alloy were characterized by using Cu

(

= 1.54184 Å)

radiation employing Diano X-ray differactometer (Diano Corporation, Wobmn, MA)
and graphite monochromater. The instrument is housed in a glove box to handle the
radioactive material.
4.2.4Thermoanalyzer:

Mettler

Thermo

Analyzer

(model:

TGA/SDTA851 /MT5/LF1600) in flowing dry air at heating rate of 10°C/min up to
1000°C. Thermo analyzer was calibrated from the weight loss obtained for the
decomposition of 100mg of CuSO4.5H2O to CuO, while heating at 1000°C in air.
4.2.5 Alloy fabrication and characterization:
U-Zr and U-Pu-Zr alloys were fabricated in the Radiometallurgy Division, BARC,
using arc melting method [23,24]. The U and Pu contents in the U-Zr and U-Pu-Zr
alloys were determined by electro analytical methods (bi-amperiometry whereas the
concentration of Zr was determined by gravimetric method. The determined weight
percentage of U, Pu and Zr are given in Table 4.1. The metallic impurities in these
alloys are determined by ICP-MS and ICP-AES [25, 26].
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Table 4.1: Chemical analysis of U, Pu and Zr from U-Zr and U-Pu-Zr alloy.
Material

wt. % Zr

wt. % U

wt. % Pu

U-Pu-Zr

4.7

76.1

19.1

U-Zr

6.1

93.8

-

Table 4.1: Chemical analysis of U, Pu and Zr from U-Zr and U-Pu-Zr alloy.
4.2.6 Pyrohydrolysis procedure:
The alloys were pyrohydrolysed with moist Ar and moist O2, separately. The
condensed aqueous phase or distillate was collected in 5ml of 25mM NaOH solution
(trapping solution). The distillate thus collected during pyrohydrolysis was diluted to
25 ml and was subjected to ion chromatography analysis.
4.3 Results and discussion:
Owing to the pyrophoric nature of Pu-alloys and mixed carbide fuels, the
pyrohydrolysis is generally carried out in Ar atmosphere to avoid the vigorous
reactions between the pyrophoric alloys and O2/H2O and also to release analytes in a
controlled manner. The halides present in the alloy matrices are mainly in form of
metal halides (MXn).
The chemical reaction responsible for the release of halides from the matrix is,

MXn+
2 +nH2O  MOn +2nHX
The reaction occurs at 1173K or above since the free energy for the reaction is
favourably negative at high temperatures. James C Warf et al. [18] have reported the
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pyrohydrolysis of UF4, UF3, UO2F2, ZrF4, and ZrOF2. However; the pyrohydrolysis
of Pu-alloys have not been much investigated. Therefore, this study was directed to
investigating pyrohydrolysis of U-Zr and U-Pu-Zr alloys and quantification of
fluorine and chlorine contents employing ion chromatography. As reference
materials of U-Zr and U-Pu-Zr with certified fluorine and chlorine contents were not
available, Initially the pyrohydrolysis was carried out with Ar as a carrier gas [20]
maintaining experimental conditions same as were followed for UO2, (U,Pu)O2
samples. However with a view to achieving maximum recovery the F and Cl from
the alloy matrices, the pyrohydrolytic behavior of U-Zr alloys were studied by
pyrohydrolysing the materials for different time intervalsin moist argon. Figure 4.1
depicts the results.

Figure 4.1 Pyrohydrolysis of U-6%Zr sample. (Conditions: 1173K moist Ar)
From the figure following observations could be drawn:
i.

Pyrohydrolysis conditions used for UO2 and (U,Pu)O2 samples can also be
used for pyrohydrolysing alloy samples

ii.

The results for both fluorine and chlorine show tendency to saturate
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iii.

However the time taken to reach saturation or maximum concentration value
is higher than in the case of UO2 and (U,Pu)O2 samples.

From the above observations following preliminary conclusions could be drawn:
a. The pyrohydrolysis of alloy samples is also thermodynamically feasible. This
suggests that the chemical processes occurring in the case of UO2 and
(U,Pu)O2 samples may be occurring in the case of alloy samples also.
b. The kinetics of the conversion process seems to be slow in the case of alloy
samples.
To confirm these preliminary conclusions,
Although it is known that the kinetics of separation can be enhanced by using a
suitable accelerator such as U3O8 or V2O5 [29], in the present case the uranium in the
sample initially gets oxidised and acts as an in-situ accelerator and therefore no
external accelerator was added.
In order to understand the reason behind the slow extraction as well as the extraction
mechanism, it is necessary to observe the changes in the material during
pyrohydrolysis. Therefore, the pyrohydrolysed products obtained at different time
intervals were analysed by X-ray powder diffraction method. The XRD patterns of
the oxidized product of U-Zr alloy under different duration of heating at 1173K in
moist Ar atmospheres are shown in Figure 4.1. The different identified products
formed during pyrohydrolysis are summarized in table 4.3. The XRD pattern of U-Zr
alloy heated in moist Ar atmosphere for 10 min (Figure4.1a) indicated X-ray lines
similar to UO2 (FCC phase). No lines due to ZrO2 were observed in XRD pattern
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indicating the solubility of ZrO2 in UO2. Recent studies howed that up to 35 mole %
of ZrO2 can be dissolved in UO2 undermild oxidizing conditions at 1673K [30,31].

Figure 4.2: XRD patterns of pyrohydrolysed products of U-Zr alloy heated in
moist Ar atmosphere at 1173K for (a) 10 min., (b) 30 min., (c) 50 min. and (d)
90 min. (o and * represent UO2and -U3O8, respectively).
Table 4.2: The summary of products identified by XRD on heat treatment of UZr alloy.
Starting

Heat treatment

material

U-Zr alloy

Dry

End product identified Lattice parameter of
by XRD

FCC solid solution (Å)

( -U3O8)ss

-

air/1000°C/10°C orthorhombic
/min
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U-Zr alloy

Moist Ar/900°C/ (U, Zr)O2+x FCC

5.458 (2)

10 min
U-Zr alloy

U-Zr alloy

U-Zr alloy

Moist Ar/900°C/ ( -U3O8) orthorhombic

-

30 min

5.410 (3)

+ (U,Zr)O2+x FCC

Moist Ar/900°C/ ( -U3O8) orthorhombic

-

50 min

5.410 (3)

+(U, Zr)O2+x FCC

Moist Ar/900°C/ ( -U3O8)ss
90 min

-

orthorhombic

XRD pattern of the U-Zr alloy heated inmoist Ar atmosphere for 30 min (Figure
4.1b) showed thelines due toU3O8+UO2 phase indicating incomplete oxidation of the
alloy. XRD pattern shown in Figure 4.1c clearly reveals U3O8 as a major phase and
FCC phase corresponding to UO2 as a minor phase in the 50 minutes heated
material. The weak lines due to UO2 indicate that even 50 min heating is not
sufficient to oxidize alloy sample completely to U3O8. The XRD obtained for the
material pyrohydrolysed for 90 minutes showed the complete oxidation of uranium
to

U3O8 (Figure 4.1d). Since the volume of the material expands during the

oxidation and this condition is favourable for separating the halides and the same is
confirmed by the recoveries obtained for Cl and F. Since the oxidation of uranium is
slow for the first 30 minutes of pyrohydrolysis, it is possible to use moist oxygen
instead of moist Ar carrier gas. The use of moist oxygen will enhance the rate of
oxidation; however, a controlled oxidation is necessary in case the rate of oxidation
is high. Hence, similar investigation was repeated with moist oxygen carrier gas
instead of moist Ar and the results obtained were listed in Table 4.4. Interestingly, it
was observed that a maximum recovery of both chlorine and fluorine were obtained
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even before 30 min. As seen from the Table 4.4, the percentage recovery of Cl and F
from U-Zr alloy matrix is close to 100% when the samples are heated in moist O2
atmosphere for 30 min. Between F and Cl, the recovery of Cl is faster than F as
reported earlier [18]. These observations indicate that the chlorine and fluorine
pyrohydrolysis extraction kinetics is determined by the formation of U3O8, however,
it needs to be investigated.
Table 4.3: Pyrohydrolysis data for U-6wt%Zr alloys sample for varying time
using moist oxygen as a carrier gas.
Duration of

Recovery of F (%)

Recovery of Cl (%)

10

96.7 ± 14.0

100.1 ± 7.1

20

99.2 ± 8.1

98.8 ± 5.3

30

100.0 ± 5.2

100 ± 3.7

50

101.0 ± 2.3

99.2 ± 3.8

pyrohydrolysis
(min)

To investigate the oxidation behaviour of U-Zr alloy in oxygen atmosphere, a study
was carried out using thermogravimetric (TG), differential thermal analysis (DTA)
and differential thermogravimetric analysis (DTG) simultaneously.

Figure 4.2

shows TG and DTA plots for oxidation of U-Zr alloy in dry air. The analysis of TG
and DTG data indicate that the oxidation of alloy takes place in single step in the
temperaturerange of 473 to 773K. The XRD pattern for the pyrohydrolysed product
obtained at 1273K was similar to that of U3O8. Thermogravimetric study showed
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that the oxidation of the alloy was completed before it reached 1173K and got
converted into U3O8. This clearly shows that the complete oxidation of U-Zr alloy is
necessary for the quantitativeextraction of Cl and F from the matrix. However, in the
case of the pyrohydrolysed samples in moist Ar obtained at different time intervals at
1173K showed that the complete recoveryof Cl and F was possible only when the
alloy was pyrohydrolysed for at least 90 minutes.

Figure 4.3: TG and DTA of U-Zr alloy in dry air with a heating rate of10K/min.

All the above observations can be attributed to the density variations of the alloy
during the oxidation process. Itis known that U metal is thermodynamically unstable.
While in contact with air and on heating U metal forms a hyperstoichiometric oxide
represented as UO2+x and when the exposure proceeds, phase transformation to
U4O9, U3O7 and finally U3O8 will takeplace at 773K. During this oxidation process,
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the crystal structure will also change from FCC (UO2) to orthorhombic (U3O8). The
density calculated from X-ray datais 8.34 g/cc for U3O8 compared with 10.96 g/cc
for UO2 and this decrease in density resulted by the formationof U3O8 phase (∼36%
increase in unit cell volume forconversion of UO2 to U3O8). This micro structural
change can break up the material and lead to a large macroscopic expansion.
Based on the results obtained for U-Zr alloys, further studies were extended to U-PuZr alloy. U-Pu-Zr alloys were also analyzed in moist oxygen atmosphere.
Pyrohydrolysis of the U-Pu-Zr alloy samples was carried out by varying time of
pyrohydrolysis at 1173K and the data are given in Table 4.5.
Table 4.4: Pyrohydrolysis data for U-19 wt% Pu–4.7 wt% Zr alloy sample for
varying pyrohydrolysis time, with moist oxygen as carrier gas.
Duration of

U-Pu-Zr alloy

pyrohydrolysis

Moist O2

(min)

Recovery of F (%)

Recovery of Cl (%)

10

91.5 ± 10.1

96.6 ± 5.1

20

99.6 ± 9.8

99.6 ± 6.7

30

100.0 ± 5.5

100.0 ± 4.7

Table 4.5 shows that heating of 30 minutes is sufficient for the quantitative recovery
of Cl and F. The XRD pattern obtained for U-Pu-Zr alloy after heating in moist
oxygen atmosphere was shown in Figure 4.3. The summary of products identified by
XRD on heat treatment in moist oxygen atmosphere is given in Table 4.6. Though
the concentration of U3O8 is more than the FCC phase of PuO2 in the product phase,
peaks due to U3O8 and (Pu, Zr)O2 were observed for U-Pu-Zr. The solubility of
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ZrO2 in actinide oxide increases with decreasein size of actinide ion [28] and it is
reported that the solubility of ZrO2 in PuO2 is around 77 mol% at 1673K.

Figure4.4: XRD patterns of pyrohydrolysed product of (a) U-Zr and (b) U-PuZr alloy heated in moist oxygen atmosphere at 900°C for30 min. (*and #
represent ( -U3O8) and (PuO2)ss, respectively)
Table 4.5: The summary of products identified by XRD on heat treatment of UZr and U-Pu-Zr alloys.
Starting
material

Heat treatment

U-Zr
alloy
U-Pu-Zr
alloy

MoistO2/900°C/
30 min
MoistO2/900°C/
30 min

End product Lattice parameter
identified by of
FCC
solid
XRD
solution (Å)
( -U3O8)ss
( -U3O8)ss
orthorhombic
+
FCC
(Pu,
Zr)O2

5.386 (1)

The above study has revealed that in moist oxygen, U present in the alloy gets
converted in to U3O8 in 10 min of pyrohydrolysis. An in-house working standard of
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uranium oxide (UO2) with known concentration of chloride and fluoride was used
for validating the method and recovery calculations. Analysis of this standard was
carried out prior to sample analysis to ensure the recoveries of F and Cl and a
recovery of 95% was obtained. Replicate analysis of the sample showed good
reproducibility of values.
Since the determination of chloride and fluoride was carried out by ion
chromatography, the IC separation conditions were optimised. After studying the
effect of eluent concentration on the retention of chloride and fluoride, the eluent
was fixed as 13mM NaOH at flow rate of 1 mL/min. Limit of detections (LOD)
calculated for chloride and fluoride were 20 ppb and 10 ppb, respectively.

Figure 4.5: Chromatograms for different distillates analysed by IC. (a)
standard solution, (b) blank run, (c) U3O8 standard (d) U-Zr sample and (e) UPu-Zr samples.

93

The optimised IC separation conditions could successfully be used for the analyses
of the samples and the IC results obtained for samples are listed in Table 4.7. The
reproducibility of measurement (precision in the measurement) was better than 5% at
0.1 ppm of both chloride and fluoride.
Table 4.6: F and Cl content of some routine samples analysed by pyrohydrolysis
using moist oxygen.
Pyrohydrolysis followed by IC
Samples aliquots F content (ppm)

Cl content (ppm)

U-Zr alloy-1

4.1 ± 0.4

4.8 ± 0.3

U-Zr alloy-2

3.6 ± 0.4

9.2 ± 0.4

U-Zr alloy-3

5.0 ± 0.3

8.3 ± 0.5

U-Pu-Zr alloy-1

8.1 ± 0.6

25.8 ± 0.13

U-Pu-Zr alloy-2

2.9 ± 0.2

6.4 ± 0.4

U-Pu-Zr alloy-3

1.0 ± 0.2

4.3 ± 0.4

U-Pu-Zr alloy-4

1.6 ± 0.3

3.8 ± 0.5

4.4 Conclusions:
A pyrohydrolysis method for the separation of Cl and F in U-Zr and U-Pu-Zr alloys
was developed. Extensive investigation on the pyrohydrolysis behaviour of the
alloys revealed that the complete recovery of both chlorine and fluorine by
pyrohydrolysis is possible only after converting the uranium into U3O8. The
relevance between oxidation of uranium to U3O8 was confirmed by carrying out the
XRD and TG/DTA studies.

Pyrohydrolysis with moist oxygen facilitated the

formation of U3O8 in minimum time of heating and also facilitated the quantitative
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release of halides. The developed method was successfully employed for the routine
analysis of real samples.
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Chapter: 5
Development of Ion Chromatography and Capillary
Electrophoresis Methods for the Determination of Li in Li–
Al Alloy
5.1 Introduction:
Lithium aluminium alloy is used as a target material for producing tritium by the
nuclear reaction 6Li(n,α)T. Li is alloyed with Al to reduce the high reactivity of Li
with air and moisture [1]. In addition Al is having low neutron absorption crosssection and helps in dissipating heat.The material has potential for its use in fusion
reactor, where tritium produced from Li diffuses out from solid matrix and get into
the plasma of the reactor to fuse with deuterium. Li-Al alloy has advantages over
pure Li such as high melting point (973K) and greater vapour pressure of tritium
from the matrix [2].
For the use of the Li-Al material as a target for tritium production or for use in fusion
reactor, it is important to know the exact Li content in addition to 6Li/ abundance,
and this would enable to ensure the calculated performance of the reactor. Therefore,
certification of lithium content in Li–Al alloy demands an accurate and precise
method.
The methods available for Li determination in Li-Al alloy are based on Atomic
Absorption Spectrometry (AAS) and Inductively Coupled Plasma–Atomic Emission
Spectrometry (ICP-AES) [3]. However, the literature shows that these methods
suffer from few limitations. For instance, in AAS the Al matrix causes incomplete
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atomization of Li if not separated. On the other hand in the ICP-AES the Al matrix
affects the signal intensity of Li lines. This demands the separation of Al matrix prior
to the sample analysis by these methods. It may be required to use the standard
addition method in the absence of matrix matched standards. Electrochemical
techniques may not be amenable due to lack of suitable redox valence states for
alkali elements. Chromatography techniques have found extensive applications in
elemental separations. There is a scope for developing a simple and rapid Ion
Chromatography method where direct sample analysis without any matrix separation
step is possible. Ion chromatography (IC) has found several applications for the
determination of alkali and alkaline earth metals in different matrices [4–7]. Ion
chromatography provides online separation as well as determination. This feature
along with the flexibility of optimizing several parameters helps in modifying the
separation scheme to suit the analysis of analyte(s) in complex matrices.
Capillary Electrophoresis (CE) is yet another efficient separation technique where
the analytes can be separated rapidly by controlling some parameters without
resorting to matrix isolation [8]. Many applications of CE have been reported for the
determination of alkali metal determination [7–13]. Since IC and CE are
complementary to each other, in the absence of a suitable matrix matched certified
reference materials both ion chromatography and capillary electrophoresis methods
can be used to validate the results obtained from each other. The validation is
acceptable because separation in each method is based on different physico-chemical
parameters. The present study is aimed at developing analytical procedures for the
determination of Li using both ion chromatography and capillary electrophoresis,
without resorting to matrix separation.
5.2 Experimental:
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5.2.1 Instrumentation:
IC separations were performed on a commercial IC system (DX-500 Dionex)
consisting of a gradient pump (GP-50), conductivity detector (ED-40) and a cation
self-regenerating suppressor (CSRS) for suppressing background conductivity of the
mobile phase. IC separations were carried out on acation exchange column CS12
(Dionex). Capillary electrophoresis (CE) instrument, CEC-770 model (Prince
Technology Netherlands), was employed and it is equipped with diode array
detector. Silica capillaries of dimension (50 µm i.d. and 60 cm total length) were
used throughout the study.
5.2.2 Reagents:
Methane sulphonic acid (MSA), imidazole (99.9 % purity) and stock solutions of
standard alkali metal used were of Sigma-Aldrich make. Rest of the solutions were
prepared using A.R. grade reagents. All the solutions were prepared in high purity
water obtained from the Milli-Q Academy apparatus.
5.2.3 Sample preparation:
Prior to dissolution, the alloy samples were washed repeatedly with acetone to
remove organic contaminants. Accurately weighed (~0.1g) sample was boiled in
concentrated nitric acid (5ml) till complete dissolution. In order to bring the medium
of sample in 1% nitric acid the dissolved solution was heated to near dryness and 1%
nitric acid was added.
5.3 Results and discussion:
5.3.1 Ion Chromatography Studies:
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Direct sample injection of the dissolved sample without separation of the matrix is
possible when the analyte of interest gets eluted ahead of the matrix element. Such
separation is possible on a cation exchange column (order of the elution is Li
followed by the matrix element Al). Since Al in the solution is in its +3 oxidation
state and therefore is retained for longer time. However complete elution of Al from
the column takes long time which curtails fast turn around time for multiple
analyses. Therefore there is a scope to reduce the time of analysis in order to increase
the sample throughput. To achieve this, a high capacity cation exchange column was
selected (carboxylic acid functional group) along with its guard column. The
separator column has a total capacity of 3.36 meq. In order to optimize the
concentration of the eluent (MSA), separation was carried by varying the
concentration of MSA. Based on the separation obtained, it was observed that 20
mM of MSA was found optimum. Elution of alkali and alkaline elements and NH4+
was performed with low concentration MSA. At this concentration of MSA and the
flow rate, the matrix element Al has strong retention. Figure 5.1 shows a
chromatogram of Alkali metal ion standards for the optimised elution conditions.
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Figure 5.1: A standard sample chromatogram. Peaks 1–7 are (1) Li (2 mg/L),
(2) Na (2 mg/L), (3) NH4+, (4) K (5 mg/L), (5) Cs (5 mg/L), (6) Mg (3 mg/L) and
(7) Ca (5 mg/L). Column: Ion Pac CS12; Eluent: 20 mM MSA; Flow rate
1ml/min.

Li was separated from Li-Al matrix using the optimised conditions. At this MSA
concentration separation of Li was good without anyinterference from a solution
having around 2.0 g/L of Al matrix (Li/Al ~ 500 to 1000).
0.1g of the sample is dissolved and diluted to 100 ml. Considering the 25µL
injection volume around 2.7 µmoles of Al was injected into the column. After
performing 25 sample runs the column is loaded with around 62.5 µmoles of Al,
which is around 2% of the total capacity of the cation exchange column (3.36 meq).
Therefore, presence of Al does not affect the separation of Li. Chromatogram of a
typical sample run is given in Fig. 5.2.
After every 25 sample injections, the column was thoroughly washed with higher
concentration of MSA (0.2M) to remove the matrix element Al.
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Figure 5.2: A typical sample chromatogram obtained for a sampleColumn: Ion
Pac CS12; Eluent: 20 mM MSA. Flow rate 1mL/min. Detection Suppressed
Conductivity.
The precision of the method is found to be 4.5 % at 0.3 mg/L of Li. The LOD for Li
is 25 ng/L, which was calculated on the basis of S/N = 3 method. Calibration plot
was constructed by using Li standards in the concentrationrange between 0.5–25
mg/L and it showed a regression coefficientbetter than 0.999.
5.3.2 Capillary electrophoresis studies:
The capillary electrophoresis separation of Li from Li-Al alloys without any prematrix separation poses two challenges.
(i) Due to the higher charge of Al (Al3+) it is expected to appear before Li in the
electrogram. An early appearance of matrix peak can mask the analyte
peak or disturb the base line. This causes erroneous determination of Li.
(ii) Li+ ion do not absorb in the UV-Vis region which is necessary for detecting
trace Li+.
103

The first problem can be addressed by using a complexing agent, which is selective
for Al ion. The complexing agent forms a complex with Al3+ as this reduces the
charge density of Al ion. Therefore the Al matrix peak would appear after the
analyte peak. The second problem is generally circumvented by using a co-ion in the
back ground electrolyte (BGE). The co-ion is a molecule which absorbs either in UV
or in Visible region, and provides a base line absorption for the BGE. When the
analyte species appear in the detector due to the dilution of co-ion the baseline
absorption decreases causing detection of analyte as a negative peak. Both the
requirements were met using imidazole as the co-ion. Imidazole is one of the most
suitable molecules used for the analysis of alkali metals as it has appreciable
absorbance at 214 nm with (0.44 m2/kV/s) similar to alkali metal ions [9]. Imidazole
is known to have significant complexation with Co(III), V(III) and Fe(III) [14–16],
therefore, it can form complex with Al (III).
Therefore, 20 mM imidazole solution at pH 2 was chosen as BGE. For achieving
better sensitivity a high potential is applied. However, generation of high current due
to higher conductivity of BGE is the limiting factor. Hence it is important to
maintain the BGE ionic strength as low as possible, as it can affect the joule heating
significantly. Buffers that are used in the BGE are the important contributors in
increasing ionic strength. Thus, use of any buffer was avoided and frequent
replacement of BGE was practiced to avoid any variation in pH. With this final BGE
having 20 mM Imidazole at pH 2 without any buffer, several runs were performed to
optimize the applied potential. For the sample matrix under study and selected BGE
composition, 20 kV of potential was found to be suitable for desired results. The
electropherogram showing separation of K+, Na+, Ca2+,Mg2+, and Li (Fig. 5.3).
Under thesame separation conditionthe Al peak could not be observed up to10 min.
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Figure 5.3: Capillary 50 lm (i.d.) 9 60 cm (total length), BGE 20 mM Imidazole
pH 2 Sample: (K, Na, Ca, Mg, Li) Li 1 mg/L others 0.5 mg/L.
A typical electropherogram obtained for a Li–Al alloy sample is shown in Fig. 5.4. A
calibration plot was constructed with series of Li standards in the concentration
range of 1–15 mg/L with regression coefficient of 0.981. It was possible to get
further improvement in the regression coefficient. In CE the peak time
reproducibility is relatively poor (as compared to IC), which causes variation in the
peak area. To overcome the effect a plot of peak area/peak time versus Li
concentration for the same concentration range was prepared, which showed

an

improved regression coefficient of 0.994 (Fig. 5.5). The ratio of peak area to peak
time provided a correction for the variation in peak area because of small changes in
peak time. The improved calibration was used for the quantitative determination of
Li in samples. The limit of detection (LOD) of Li is 120 ng/L.
Several Li-Al alloy samples were analysed following the developed IC and CE
methods and the results of Li contents are reported in Table 5.1.
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Figure 5.4: Capillary 50 µm (i.d.) and 60 cm (total length), BGE 20 mM
Imidazole pH 2, Sample: (real sample having 2.1 mg/L Li)

Figure 5.5: Calibration plot of peak area/peak time versus Li concentration.
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Table 5.1: Comparison of Li percentage determined by CE and IC in Li–Al
alloy samples.

Sample

IC (%Li)

CE (%Li)

1.

3.2 ± 0.02

3.3 ± 0.2

2.

4.7 ± 0.02

4.5 ± 0.2

3.

4.1 ± 0.02

4.1 ± 0.2

4.

4.3 ± 0.02

4.0 ± 0.2

5.4 Conclusion:
An IC method was developed for the determination of Li in Li-Al alloy. High
capacity column along with a weak eluent was used to obtain interference free
separation and determination with good precision and sensitivity. On the other hand
selective complexation of imidazole with Al ion was used successfully in the CE
method to push the matrix after analyte peak. In view of no interference from Al,
samples were analyzed without any matrix separation. Both CE and IC methods
produced results which were comparable and thus validate each other. Better
sensitivity and lower standard deviation showed superiority of IC method over the
CE method, though the latter has an advantage of faster analysis than IC.
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Chapter: 6
Rapid Separation and Quantification of Iron in Uranium Nuclear
Matrix by Capillary Zone Electrophoresis (CZE)
6.1. Introduction:
Determination of trace elements in nuclear materials is imperative as the
performance of the materials depends on their chemical purity [1]. While developing
new nuclear materials, it is necessary to analyse the raw materials as well as the
products obtained at different stages of manufacturing for their metallic impurities.
In the case of new nuclear fuel development, chemical characterisation of the
product material at different process stages is desirable to account for the addition of
impurities, if any. Fe and Ca are two common metallic impurities getting added up in
the nuclear fuel through the process equipment [2]. Presence of these elements
beyond the specified limit is undesirable. Moreover, the concentration of Fe in the
fuel enables the fabricator to take adequate measures to achieve the desired purity.
Several analytical methods are available for the determination of iron in nuclear
materials. The methods involving ICP-AES [3,4], ICP-MS [5], spectrophotometry
[6], ion chromatography [7,8] and HPLC [9] are well known. These instrumental
methods are associated with laborious and time consuming sample preparation steps
as they require matrix separation prior to the instrumental analysis.While following
such separation procedures, it is necessary to have a reference material to assess the
recovery of analytes from the matrix. However, in the case of nuclear materials
availability of reference materials is limited. Development of an analytical method
for the direct instrumental analysis of the dissolved fuel samples without separating
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matrix will be advantageous. This chapter deals with the development of a simple,
and rapid method to for determination of Fe in nuclear fuel samples.
Capillary Zone Electrophoresis (CZE) is a powerful separation method. It can
provide high speed of separation, high separation efficiency and resolving power
with very small sample size. Though CZE has not been widely used for the analysis
of nuclear materials, many studies have been reported in the literature where the
CZE analyses of inorganic substances for common cations and anions [10-15].
Further few CE methods have been reported for the determination of metallic or
cations in non-aqueous media [16,17] using partial or complete complexation
techniques [18,19]. CZE in hyphenation with ICP-MS [20-22] or using quantitative
microchip [23] were also used in determining very low concentrations of the metal
ions. Despite the increased applications to inorganic materials, the application of CE
in nuclear industry is somewhat limited [24, 25].
The separation in CZE is based on the differential electrophoretic mobility of
charged compounds. The difference in charge-to-mass ratio varies the mobility of the
analytes and the separation is achieved. However, in the case of transition metal
cations their mobilities are almost similar due to their similar size and identical
charge. This causes difficulty in their separation. Therefore, for the CZE separation
of transition metals is being achieved by incorporating the following approaches
[26]:
(i) addition of a complexing agent to the carrier electrolyte [27,28]
(ii) addition of a complexing ligand to the sample solution before introduction
into the capillary [29].
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Applications of CZE for the determination of iron in water, electroplating baths and
cyanide complexes have been reported [30-34]. In the case of Fe, separation of
Fe(II) and Fe(III) after complexing with o-phenanthroline and EDTA has been
reported [35]. Another study reports the separation of Fe(III) as its DTPA complex
[36]. However these reported methods cannot be adopted for the analysis of Fe in
nuclear fuel samples as these ligands also form an anionic complex with U(VI),
which has higher charge density than the Fe complex. For instance, with EDTA
Fe(III) and U(VI) form (Fe-EDTA)- and (UO2-EDTA)2- complexes, respectively [33,
37]. Hence the order of separation in CZE will be U followed by Fe and with this
elution order injecting the dissolved uranium samples directly into the capillary will
result a large peak of U matrix, which will mask the Fe peak. This demands the
reversal of EOF (Electro Osmotic Flow) towards the detector direction. A common
practice for achieving the reversal of EOF direction is coating the capillary with
cetyltrimethyl ammonium bromide (CTAB) in alkaline pH BGE (Background
Electrolyte). However, this coating method cannot be adopted in the case of uranium
and iron separation as the basic pH medium of BGE will cause the hydrolysis of
metal ions. Hence, alternatively, complexion with chloride was considered for the
separation of iron in uranium matrix as the chloride complexes of uranium and iron
are favourable for the desired separation.
The present study is aimed at developing a CZE method for the separation and
quantification of iron in uranium matrix without employing pre-separation of
uranium matrix. Direct analysis of the dissolved sample will lead to significant
reduction in the analysis time and such analysis is helpful in analysing the process
control samples.
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6.2. Experimental:
6.2.1. Instrumentation:
Separations were performed on a commercial capillary electrophoresis apparatus
(Prince Technologies, CEC-770, Netherlands) equipped with a photodiode array
detector. Fused silica capillaries of 50 µm i.d. and 60 cm long were used. A capillary
having 75 µm i.d. and 60 cm longwas also used. Sample was injected in
hydrodynamic mode by applying 50 mbar pressure for 0.2 minutes duration on the
sample vial at which, a sample volume of 1.5 nL would get injected. System DAX
software was usedfor data acquisition. Direct UV detection was performed at 214
nm. All the experiments were conducted at roomtemperature (25-27˚C). A pH meter
(Eutech, Tutor-model, Malaysia) was used for measuring the pH of the solutions.
6.2.2. Reagents and Solutions
Standard stock solution of Fe(III) was prepared by dissolving Fe(NO3)3•9H2O
(99.99%, Aldrich Chemicals,USA) in 0.01N HNO3. Subsequently, the working
standards were made from the stock by appropriate dilutions. High purity HCl and
HNO3 acids (suprapure, MERCK, Germany) were used for the sample and
electrolyte preparations. Potassium chloride (GR grade, MERCK, Germany) was
used. Nuclear grade UO2 (NFC, India) was used for the preparation of standard
uranium solution and the concentration of U was obtained from biamperometric
determination [38]. All solutions, electrolytes and standard solutions were prepared
with ultrapure water (18 MΩ) obtained from a MilliQ-Academic System (Millipore,
India).

113

6.2.3. Procedure for Conditioning Capillary and Sample Injection:
The capillary used was first washed with 0.2 M NaOH for 15 min and then with
water for 10 min followed by rinsing with BGE for 15 min. About 1.5nL of the
sample solution was injected into the capillary hydrodynamically by applying 50
mbar pressure for 0.2min. A potential of 15 kV was applied during the sample run
and in between two sample runs, the capillary was again rinsed with BGE for 5 min.
6.3. Results and Discussion:
Although the capillary zone electrophoresis (CZE) applications involve samples
containing analytes in comparable concentration, this study is an attempt to analyse
the Fe in trace concentration in presence of high concentration of uranium. Such
direct analysis is advantageous as it provides hassle free sample preparation. Since
the dissolved uranium sample solution has high ionic strength, the direct injection of
sample into the capillary can cause difficulties like:
(i) peak broadening (ii) variation in the EOF (iii) poor precision on the migration
time and (iv) poor separation efficiency.
Despite these difficulties, direct separation of trace analytes in presence of bulk
matrix is feasible in CZE provided the method satisfies two conditions:
(i) the analyte and the matrix elements should have large difference in their relative
mobilities and (ii) the mobility of the analyte should be faster than matrix element.
Under these conditions, the analyte reaches the detector much earlier than the matrix
element and therefore, it can be free from matrix effects. In the present case, since
both uranyl and ferric ions (in their hydrated form) had little difference in their
charge densities, it is difficult to separate them under normal conditions and addition
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of a complexing agent is essential for their separation. As discussed earlier the
organic ligands that had been used in the metal ions separations in CZE [30-36, 39]
may not be suitable in the present study. Hence, complexation of these metal ions
with chloride was considered because chloride forms different types of complexes
with UO22+ and Fe3+ ions. Both urnayl and ferric ions form cationic complexes but of
different charge densities. Moreover, the chloride medium enables the direct
detection of selected metal ions [40,41] including iron.
The uranylion predominantly forms UO2Cl+ complex at lower concentrations of
chloride ion (<0.5 M) [42,43] when the pH is between 2 and 3. When the
concentration of chloride exceeds 5 M, it forms anionic complexes. Similarly, Fe(III)
can form both cationic and anionic complexes with chloride such as FeCl2+, FeCl2+,
FeCl3 and FeCl4-. At lower concentrations of chloride, Fe(III) forms predominantly
FeCl2+ [44]. The formation constants (log values) for the UO2Cl+ and FeCl2+
complexes are 0.17 and 1.52, respectively. This indicates that the Fe+3 has more
affinity towards chloride complex formation [43,45] than UO22+.
Therefore, with low chloride concentration it is possible to have UO2Cl+ and FeCl2+
complexes, which had different mobility due to difference in their charge
differences. Therefore complexation with chloride can bring the desired separation in
CZE. Since the divalent transition metal ions such as Zn(II), Cu(II), Cd(II), Mn(II)
etc., [46] form either anionic or neutral chloride complexes [47] and hence, they do
not interfere with Fe(III). The absorbance of the peak for iron as FeCl2+ complex was
measured at 214 nm [45].
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6.3.1. Optimization of Background Electrolyte:
A combination of HCl and KCl was considered for BGE. The role of HCl in BGE is
to prevent the hydrolysis of iron, uranium and their chloride complexes by providing
acidic pH whereas the KCl ensures the stability of the chloride complexes formed.
All the separations were carried out with 15 kV applied voltage.
Initially the separation behaviour was investigated at different pH conditions, for this
separation of Fe(III) was performed in BGE with 10-2, 10-3, 10-4 and 10-5 M HCl
solutions corresponding to pH 2, 3, 4 and 5 without KCl. This has been carried out
with a view to obtaining a BGE with minimum ionic strength possible so that effect
of joule heat can be minimized.While carrying out the CZE separation, the standard
iron solutions were also prepared in the respective HCl solutions in order to have
almost identical composition in the BGE as well as in the standards.

Figure 6.1.Electropherograms obtained for a standard iron solution (25 mg•L-1)
with BGEs of different pH.
(1) 10-2 M HCl BGE corresponding to pH 2;
(2) 10-3 M HCl BGE corresponding to pH 3;
(3) 10-4 M HCl BGE corresponding to pH 4 and
(4) 10-5 M HCl BGE corresponding to pH 5,
Conditions: Capillary: 60 cm × 50 µm, Applied voltage: 15 kV. Detection: direct
UV
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Figure 6.1 shows the overlay of electropherograms obtained for each carrier
electrolyte which shows that decreasing the pH of the carrier electrolyte decreased
the migration time of Fe(III). The change in migration time in this case may be
possibly due to,
i.

At higher pH the silanol group of the capillary provides negatively charged
sites which retain the free metal ions of iron for longer time.

ii.

At higher pH solutions complex formation is not significant due tolower
concentrations of chloride.

iii.

The hydrolysis of Fe(III) and its chloride complexes may occur and form
neutral species [44].

Since the above observations are due to varying concentrations of chloride (as
concentration of HCl varies), it is necessary to investigate at constant chloride
concentration. Also it is necessary to study the influence of pH on the separation at a
fixed chloride concentration and the effect of chloride concentration at fixed pH
condition. For this purpose, three sets of solutions corresponding to pH 2, 3 and 4
were prepared. In each set, the pH was maintained by keeping a fixed concentration
of HCl but the total chloride contentwas varied from 30 to 100 mM by adding KCl.
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Figure 6.2. Effect of total chloride concentration on the peak area of iron
obtained with pH 2. (BGEs were of 10-2 M HCl (fixed) and varying amounts of
KCl). Capillary: 60 cm × 50µm, Applied voltage: 15 kV; Detection: direct UV at
214nm.
It was observed (Fig. 6.2) that for pH 2 BGE the sensitivity of Fe peak increased
with increasing chloride concentration and it was saturated when the chloride
concentration was 75 mM chloride (10mM HCl + 65mM KCl). Increasing the
chloride concentration above 75 mM caused only marginal changes in the peak
areas. On the other hand, at higher pH and chloride concentrations the base line was
noisy and could not be used for analysis. It is expected that during the CZE
separation a little change in the pH of the electrolyte due to applied potential and
protonation of silinol groups. The effect of this slight pH variations was studied with
electrolytes of pH 1.8, 2.0 and 2.2. However, it was found that under these three pH
conditions the variations in peak time and peak area were within ± 1%. Based on the
observations, a BGE of 10mM HCl and 65mM KCl (pH 2) was found as optimum
BGE composition.
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With the optimized BGE condition the uranyl ion (as UO2Cl+) appeared much later
than iron peak. On the other hand the transition, alkali and alkaline earth metal
cations could not be detected even up to 60 minutes and this could be due to the
formation of their anionic complexes, which are moving either with low mobility or
in opposite direction. The peaks of Fe(III) and U(VI) were confirmed by injecting
the standard mixture solutions of different concentrations.
6.3.2. Optimization of Applied Voltage:
In CZE the number of theoretical plates (N) can be expressed as [48],
N = µexp(V/2DS)
where N is efficiency, µ is constant,V is applied voltage and Ds is the diffusion coefficient. The above equation shows that higher efficiency of separation may be
achieved by applying higher potential. Hence the effect of applied potential on the
separation between Fe(III) and U(VI) was studied between 5 and 30 kV. It was
observed that when the applied potential is 20kV the change in the mobility and
reproducibility of Fe and U peaks was significant and the resolution between Fe and
U at higher voltages were found to be poor. A plot of current Vs applied voltage
showed that the current and voltage was non linear beyond 18 kV. This indicates that
the capillary is unable to dissipate the Joule heat generated in the capillary at this
high voltage. Therefore, an applied voltage of 15 kV was fixed for further separation.
Figure 6.3 shows typical electropherograms obtained for Fe(III) of different
concentrations under the optimized conditions.
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Figure 6.3.Electropherograms obtained for a standard solution of Fe(III) and
Uranium. (A) Fe(III) (5 μg/mL) + U(VI) (80,000 μg/mL) standard solution; (B)
Fe(III) standard solution (1μg/mL); (C) Fe(III) (0.08 μg/mL) standard solution.
BGE: 10 mMHCl in 65 mMKCl (pH 2), Conditions: Capillary: 60 cm × 50 μm,
Applied voltage: 15 kV. Detection: direct UV at 214 nm.
6.3.3. Matrix element tolerance:
Since the separation is aimed at determining iron in presence of matrix uranium, the
tolerance of uranium was studied. For this purpose, 50 ppm Fe standard was taken
in varying amounts of U(VI) (0.1-90 mg of U/mL) and they were analysed for the
Fe. The values obtained are tabulated in Table 6.1 and it showed overall precision
and accuracy better than 5%. The data also show a good recovery of Fe in presence
of bulk uranium.
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Table 6.1: Recoveries of spiked iron in uranium solutions of various
concentrations.

Uranium

Fe spiked in U

Fe determined

% of

(ppm)

solution (ppm)

by CE (ppm)

recovery

1.

10

50

48.6 ± 2.4

97.2

2.

1000

50

48.3±2.7

96.6

3.

10000

50

51.9±2.9

103.8

4.

50000

50

47.9±3.1

95.8

5.

75000

50

52.3±2.6

104.6

6.

90000

50

51.8±2.8

103.6

No.

6.3.4. Validation of Method:
The possible interferences from transition metal ions

was studied and

it was

observed that the metal ions like Cu(II), Pb(II), Ni(II), Zn(II), Mn(II), Co(II), Cd(II),
Cr(III), alkali, alkaline earth metals (300 ppm each) did not interfere at Fe peak.
Hence, the CZE separation is highly specific for Fe(III).
A linear calibration plot was constructed using the Fe(III) standards in the
concentration range of 1-50 ppm. The linear correlation coefficient obtained in this
case was 0.9995. The limit of detection (LOD) for Fe(III) was calculated and it was
found to be 0.1 ppm. The absolute LOD is 9 × 10-14 g, where the sample volume
was 1.5 nL. An electrogram obtained for 0.08 ppm of iron, which is very close to the
detection limit was also shown in Figure5.3.
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The reproducibility of peak area and peak time was studied with two standards viz.
Std-1 (5 ppm of Fe alone) and Std-2 (5 ppm of Fe(III) and 80 ppm of U(VI)). Ten
consecutive run of the standards provided a precision better than 2% on peak area
whereas a precision of 1% was obtained on the peak time of Fe(III). However,
replicateanalyses (n = 20) of a 1 ppm iron standard solution underthe optimized
conditions brought about a precision of 3.5%.
6.4. Analysis of Certified Reference Materials:
To check the accuracy of the developed procedure, two reference materials of
U3O8viz. ILCE-4 and ILCE-5 (CRM-DAE) [49] were used and analysed. Accurately
weighed quantities (0.3 - 0.4 g) of the reference materials were dissolved in 5 mL of
high purity Conc. HNO3 and the solution was heated to near dryness and the process
was repeated twice or thrice until the sample is completely dissolved. Further 3.5
mL of 0.01 N HCl (pH 2) acid solution was added at warm condition. The pH of
adjusted using 0.01 N HCl solution, if required.

Priorto sample injection, the

solution was transferred into a standard volumetric flask and made up to 5 mL using
0.01 N HCl. The nitric acid dissolution helped in maintaining the higher oxidation
states of Fe and U. The sample preparation step completes within 30 minutes as it
does not involve any separations. Table 6.2 compares the results obtained for the two
reference materials and the values obtained by this method are in good agreement
with the certified values.
Table 6.2: Comparison between iron determination via the developed method
and certified method.
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No.

Reference
standard

Concentration of Fe (ppm)
mean

certified

% deviation

code
1.

ILCE-IV

163.5 ± 2.8

170

3.8

2.

ILCE-V

275.2 ± 2.9

290

5.4

6.5. Real Sample Analysis:
The method was applied to nine uranium fuel samples from an advanced fuel
fabrication facility. The samples are either in metallic or oxide form of uranium.
Samples were dissolved by following the procedure as described above for the
standard reference materials. Dilutions of the samples were carried out as per the
requirement to bring Fe concentration to the linearity range. Table 6.3 lists the
typical iron contents determined in the samples. An electropherogram obtained for a
sample is presented in Fig. 6.4.

Figure 6.4: A typical electropherogram obtained for a sample solution.
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Table 6.3: Results obtained for the samples.

Sample Code

Fe (ppm)

M1

882 ± 52

M2

1311 ± 70

M3

753 ± 37

M4

801 ± 36

M5

913 ± 46

U1

318 ± 19

U2

723 ± 33

U3

626 ± 29

U4

389 ± 18

6.6. Advantages of the CZE Method:
The method developed for the determination of Fe in U matrix by CZE brought
following advantages:
(i) specific for iron
(ii) shows high tolerance for uranium matrix
(iii) simple sample preparation procedure
(iv) rapid separation
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(v) provides good precision and better recovery of Fe
(vi) generation of minimum analytical waste
6.7 Conclusions
A rapid, reproducible and simple CZE method for the determination of iron in
uranium matrix was developed. For the desired separation chloride complexation of
both the species were explored. The capability of the method for determining iron
with high background of the matrix element was proved by analyzing matrix match
reference materials. The method was applied successfully to the determination of
iron in different uranium fuel samples.
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Chapter : 7
Application of Ion chromatography for Optimizing
Washing Procedure for Removal of Chloride and Nitrate
from Li2TiO3 Microspheres using LiOH Solution.
7.1 Introduction:
For the International Thermonuclear Experimental Reactor (ITER) programme
different types of Li compounds have been considered as Test Blanket Material
(TBM) for tritium breeding. In these materials tritium is generated due to the nuclear
reaction with neutrons: 6Li(n,α)3T. Tritium formed in the breeder matrix will be
recovered by purging with helium. For the purpose of producing tritium, many
ceramic lithium compounds such as Li2O, LiAlO2, Li2ZrO3, Li2TiO3 and Li4SiO4 are
under consideration. Among them Li2TiO3 has relatively better chemical stability and
tritium recovery at lower temperatures. Although it can be fabricated by various
methods [1-5], the sol-gel based processes have several advantages over the other
methods. In BARC synthesis of Li2TiO3 (Lithium enriched to 60% in Li-6) is being
carried out by following an internal gelation technique of sol-gel process[6]. Lithium
nitrate and TiOCl2 are the starting materials for the synthesis. It is seen the final
product Li2TiO3 microspheres is getting contaminated with significant quantities of
nitrate and chloride from the feed materials. Presence of nitrate and chloride are not
desirable because, they cause cracking of microspheres during sintering at high
temperatures. Therefore, in order to improve the fabrication procedure to obtain
nitrate and chloride free product, it was planned to wash the product with enriched
LiOH solution. The washing with enriched LiOH is necessary in order to avoid
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leaching of Li from the final matrix and also to avoid dilution of 6Li due to the
isotopic exchange with 7Li. Only minimum quantities of 6LiOH should be used to
conserve this precious material. Therefore the enriched LiOH has to be used
judiciously. In order to decide the total volume of 6LiOH required, it is necessary to
know the total nitrate and chloride contents in the microspheres and also the
quantities of Cl- and NO3- removed during each washing cycle. The amount of
impurities removed in the washed solutions will help in deciding the washing
program which will use minimum LiOH. The wash solutions were analysed for the
concentrations of chloride and nitrate.Various methods were reported for the analysis
of Cl- and NO3-. Ion Chromatography is widely used for determination of chloride
and nitrate in different types of matrices [7-11]. Optimization of various IC
parameters to realize good separation between nitrate and chloride and their
determination is necessary as the samples are of high ionic strength.
In addition to the determination of chloride and nitrate in wash solutions it is also
important to analyse the finished product to confirm the removal of impurities. It is
important to certify the chloride impurity in the product as chloride is corrosive in
nature. This necessitates the determination of chlorine in the final product of Li2TiO3
as a part of its chemical characterization. In general the impurity analyses in various
matrices are carried out using an appropriate method after the dissolution of the
sample. However, for the analysis of trace impurities, the dissolution of the sample
can lead to high background and blank contributions.

In view of these, non-

destructive analysis (NDA) methods are always preferred [12]. In addition to this
Li2TiO3 is difficult to dissolve.
Pyrohydrolysis is a well known separation technique mainly used to separate halides
directly from a solid sample. The separated analytes are collected in a dilute NaOH.
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The distillate collected is clean and interference free, which can be used for trace
level analysis. The final determination of halides can be carried out by suitable
methods such as, spectrophotometry or ion chromatography etc. [13-21]. In addition
to halides, nitrogen from the sample is also separated but their separation is not
quantitative, however qualitative information regarding the presence of nitrogen in
the sample can be obtained. The present study is aimed at (i) proposing a simple IC
method for the determination of chloride and nitrate in LiOH washing solutions, (ii)
developing a washing strategy to minimise the volume of LiOH and (iii) developing
a pyrohydrolysis- ion chromatography combined method for the determination of
chlorine in the Li2TiO3 microspheres.
7.2 Experimental:
7.2.1 Materials and reagents:
Analytical grade LiCl, LiNO3, hexamethylenetetramine (HMTA), urea, TiCl4 and
LiOH were used for the synthesis of Li2TiO3. Standard solutions of chloride and
nitrate were prepared by dissolving their respective Na salts of 99.9% purity. NaOH
(99.9% purity) was used for the preparation of mobile phase. All reagents were
obtained from Merck, Germany. For the preparation of all solutions and production
of steam, high purity deionised water (18.2 MΩcm) obtained from a Milli-Q water
system (Millipore, USA) was used.
7.2.2 Instrumentation:
A quartz pyrohydrolysis (PH) apparatus was used. The details of the pyrohydrolysis
apparatus was described elsewhere [22]. A commercial ion chromatograph (DX-500
model; Dionex, USA) consisting of a gradient pump (GP-50), ED-40 conductivity
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detector and an anion self-regenerating suppressor (ASRS-II) was used for obtaining
the chromatograms. Samples were introduced through a Rheodyne injector fitted
with a 50-μL loop. Ion chromatographic separations were carried out separately on
two analytical columns, viz. IonPac AS16 (250 × 4 mm) and IonPac AS18 (250 × 4
mm) along with their respective guard columns, IonPac AG16 (50 × 4 mm) and
AG18 (50 × 4 mm) respectively.
7.3 Results and Discussion:
For optimisation of process parameters, initial experiments were carried out using
natural Li bearing compounds. This has been done to conserve the more expensive
enriched Li-6 bearing compounds. The optimised parameters were then used for the
enriched material.
7.3.1 Preparation and washing of Li2TiO3:
Lithium titanate microspheres were prepared by using the internal gelation process
[6]. By mixing 3 M HMTA/urea solution, 3 M TiOCl2 and 3 M LiCl/ LiNO3
solutions with Li to Ti mole ratio as Li:Ti = 2:1, a feed solution was prepared. This
feed solution in the form of droplets was dispersed in hot silicone oil, where Li2TiO3
microspheres are formed. The microspheres formed are first washed with CCl4 and
then with LiOH. The washing with LiOH was required for removal of nitrate and
chloride, which are responsible for cracking of microsphere during drying and
heating steps. To stop the leaching of Li from the microspheres washings were
performed with 1.55 M LiOH. In this work washing processes were carried out batch
wise with minimum volume of LiOH solution (Li-natural) and the generated
washing effluents were reused with a view to reduce the total volume of LiOH
solution actually required. The amount of nitrate and chloride in the washing
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solutions obtained in each step helped in planning a washing strategy for Li2TiO3
microspheres so as to realise minimum volume of LiOH.
7.3.2 Sample preparation for IC analysis
Each washing effluent was sampled and filtered through 0.2 μm filter paper to
remove the microspheres. Since the washing solutions were reused during the entire
process, the solutions obtained from the initial washings had higher concentrations
of chloride and nitrate. Therefore, the samples were diluted appropriately to bring the
Cl- and NO3- concentrations within the dynamic calibration range (100 ppb to 10
ppm) of IC analysis.
7.3.3 Ion chromatographic analysis:
IC can facilitate the simultaneous separation and determination of different anions
especially halides, nitrate, sulphate etc. The samples have high ionic strength and
varying concentrations of the analytes. This necessitates the selection of appropriate
eluent as well as analytical column. Because the sample contains a large amount of
OH- ions hydroxide eluent was preferred over the carbonate.
For the selection of separator column, two anion exchange columns viz. IonPac
AS16 and IonPac AS18. Both columns have been selected based on the column
chemistry as well as differences in their column capacities. Standard solutions of
fluoride, chloride, nitrate and sulphate were prepared in 1.5 M LiOH and injected
into the IC. [Figures 7.1 (a) and (b) show plots of retention time vs. NaOH
concentration for IonPac AS18 and IonPac AS16, respectively.] It can be seen that
for a given concentration of the eluent, the AS16 column offers faster elution than
IonPac AS18 column. Figure 7.2 shows the chromatograms obtained with both
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IonPac AS16 and AS18 columns using 15mM and 40mM NaOH eluents
respectively. Although the chloride peak appeared at the same time with both the
columns, the IonPac AS16 column provided a better resolution between chloride and
nitrate compared to the IonPac AS- 18 column. Based on the observations, the
IonPac AS16 column along with 15 mM NaOH eluent at a flow rate of 1 mL/min
was identified as suitable for the elution of chloride and nitrate.

Fig. 7.1: Effect of [NaOH] on the retention times of various anions.
(a) IonPac AS18 column and (b) IonPac AS16 column.
Calibration plots were constructed for both Cl- and NO3- in the concentration range
of 0.1 to 10 ppm. The linear regression coefficient obtained for the plots
corresponding to Cl- and NO3- are 0.998 and 0.995 respectively. The limit of
detection (LOD) for chloride and nitrate were calculated as 25 and 40 ppb,
respectively. The precision of the measurements was better than 5% (RSD) at 0.3
ppm of Cl- and 0.5 ppm of NO3- (Figure 4).
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Figure 7.2: Standard chromatograms obtained for standard with F-, Cl-, NO3and SO42- (10.0 ppm each). (a) Column: AS16 column, Eluent: 15 mM NaOH.
(b) Column: AS18 column, Eluent: 40 mM NaOH.
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7.3.4 Reduction in volume and recycling of LiOH washing effluent:
A single batch of lithium titanate microspheres weighing about 200g was prepared
using internal gelation process. Further it was divided into four parts (A, B, C and
D). Part A was digested at 60°C in LiOH solution (50 ml) for 18 hrs and the
supernatant was filtered. The filtered effluent is labelled as effluent A1 and it cannot
be reused as it contains large quantities of chemicals leached out during digestion.
Further the microspheres were given three washes of LiOH, with the washings
labelled as A2, A3 and A4 and the effluents produced were kept for their reuse as
these solutions contain less impurities compared to A1. However, the other three
parts of the microspheres viz. B, C and D were also digested but not with fresh
LiOH. Further a systematic washing plan was envisaged by knowing the level of
impurities present in each washing effluent as shown in Figure 7.6. For instance, the
effluent A2 would be reused as B1, which means it would be used for digesting the
microsphere part B. Similarly A3 would act as B2, the second wash of B2 and so on.
Each wash had a volume of 50 mL and therefore, the total volume of LiOH wash
solution required as per the wash plan was 350 mL against the actual requirement of
800 mL (similar level of impurities were removed using single wash of 800ml
LiOH). Therefore the developed washing procedure significantly reduced the volume
of fresh LiOH solution. The concentration of chloride and nitrate were analysed and
Figure 7.7 shows a bar graph depicting the concentrations of chloride and nitrate in
each washing. The figure indicates the reduction in the concentrations of chloride
and nitrate sequentially.
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Figure 7.3 The optimised reuse of LiOH washing solution. A, B, C, and D are
different Li2TiO3 lots, the numbers 1, 2, 3 represent no. of washing. The
washing solution containing lower impurity are reused for samples containing
higher impurities

Figure 7.4: Concentration of chloride and nitrate in wash solutions collected at
different steps of optimised washing method.
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The optimised process parameters were used for washing enriched Li2TiO3 material
to be used as TBM for ITER. It was possible to reduce the consumption of enriched
LiOH by more than 50% (350 mL against 800 mL).
7.3.5 Determination of chlorine Li2TiO3 microspheres:
The determination of chlorine in the finished product, Li2TiO3 microspheres was
carried out to ensure the efficient washing to certify the final product. This
determination was carried out using pyrohydrolysis extraction of chlorine followed
by ion chromatography determination combined method. Around 0.5 g of Li2TiO3
microspheres were pyrohydrolysed at 1273K with moist oxygen as the carrier gas.
The carrier gas flow rate was maintained as 1.5 litres/min and the condensed
distillate was collected in 5 mL of 15 mM NaOH. The distillate was further analysed
by IC for chloride and nitrate contents.
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Figure 7.5: Chromatograms obtained for the Li2TiO3 pyrohydrolysis distillates
(a) before washing (initial product) (b) after washing.
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The maximum recovery of chlorine was confirmed by pyrohydrolysing different
aliquots of the sample of the same lot for different time intervals. It was observed
that 45 minutes of pyrohydrolysis could extract chlorine as HCl completely. Pyro
hydrolysis could not extract all the nitrogen oxides. This is because nitrogen can
form different species during pyrohydrolysis, these species have different solubility
and pyrohydrolysis behaviour. However, the amount of nitrate present in the
pyrohydrolysis distillate indicates presence or absence of nitrate in the sample as
well as it provides the concentration semi-quantitatively. Table 7.1 summarizes the
typical concentrations of chloride in the real samples.
Table 7.1 chlorine obtained for real samples of Li2TiO3 finished
products.

Sample

Chlorine(µg/g)

code
LiT‐1

6.2 ± 0.4

LiT‐2

4.9 ± 0.5

LiT‐3

17.8± 1.3

LiT‐4

13.1± 0.8
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7.4 Conclusions
1. A washing procedure for Li2TiO3 microspheres for the removal of the Cl- and
NO3- cntamination using LiOH solution was established.
2. The proposed washing procedure achieved significant reduction in the total
volume of LiOH required and this would help in the judisious use of enriched LiOH
solution.
3. The chlorine cncentration in the washed product for is CQC certification has been
realised by developing a PH-IC combined method.
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Chapter: 8
Development of Ion Chromatographic Method for the
Simultaneous Separation and Determination of B, Cl and
Mo in Plant and Soil Samples
8.1 Introduction:
Boron, chlorine and molybdenum along with copper, iron, manganese and zinc are
important micronutrients for plants [1]. Boron plays an important role in Nmetabolism, photosynthesis and cellular differentiation and development. Chlorine
plays a vital role in maintaining the cell charges. Mo is important for enzyme
function and N2 fixation. On the other hand, in many cases, these micronutrients
become toxic when their concentration exceeds certain limit. The micronutrient
elements are available for the plants through soil. Analyses of plant and soil samples
for the determination of these micronutrients are helpful in various studies relevant to
both diagnostic and monitoring [2]. The concentration of micronutrient elements is
also helpful as it is correlated to plant growth and yield of crops [3-5]. There are
different analytical methods available for the analysis of micronutrients. Most of the
methods are based on the extraction of micronutrient(s) into an aqueous phase [6]
followed by instrumental analysis. However, the separation procedures followed are
not amenable to simultaneous analyses as they are mostly element specific. For
example, separate procedures for the extraction of B, Cl and Mo are reported in the
literature [7]. The method for extracting boron uses HCl as one of the reagents and
hence, it is not possible to determine Cl in the extract. Similarly the extraction of Mo
uses several reagents, which causes problems in the determination of Cl and B.
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Distilled water and ranex-30 solution is often used for extracting chloride, which
cannot extract boron, Mo etc. Since these extraction procedures use concentrated
acids for sample digestion, ion chromatographic analysis of anions become
impractical [7,8].
Pyrohydrolysis, a simple separation technique, is being employed for the separation
of boron, chlorine, fluorine, molybdenum etc. directly from the solid matrices
without their dissolution [9, 10]. The separated species are trapped in a dilute NaOH
solution. Though the organic matrices like plant samples are easily combustible at
high temperatures, they need extra care during the pyrohydrolysis as the organic
matrices are prone to cause flare. This demands a controlled heating pattern of the
organic samples during pyrohydrolysis so as to prevent the analyte loss. The main
advantage of pyrohydrolytic separation is that the distillate obtained from
pyrohydrolysis has much lower ionic contents compared to the dissolved solution
and therefore, the distillate is more amenable for ion chromatographic analysis. Since
the non-metallic elements like Cl, B etc are present in anionic form in the distillate
their simultaneous separation by IC is feasible. The pyrohydrolysis and IC
combination methods have been successfully employed for the analysis of carbon
nano tubes, coals and graphite [11-13] samples, which suggests the feasibility of
employing pyrohydrolysis for the plant samples. Many studies have been reported on
the pyrohydrolysis separation of halides and B in carbon compounds [14-16]. In
addition to the extraction of non-metallics by pyrohydrolysis, feasibility of separating
Mo in solid uranium matrices have been reported [10]. Hence, there is a scope of
applying pyrohydrolysis for the simultaneous separation of B, Cl and Mo from plant
and soil samples. For this purpose, it is necessary to identify the various
pyrohydrolysis conditions. The present study deals with developing a pyrohydrolysis
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method for the simultaneous separation of B, Cl and Mo. In order to find the
optimum pyrohydrolysis conditions, the determination of these analytes recovered
under PH conditions needed to be carried out. For this, initially an IC method was
developed for carrying out simultaneous separation and determination of B, Cl and
Mo. Ion chromatography is the best choice for their simultaneous determination
because these three analytes are in ionic form in the solution. Moreover, the
procedures for their individual separation and determination has been reported in the
literatures.
The IC has been used for simultaneous determination of nitrate, chloride sulphate
and phosphate in plant extracts [17]. B has been determined using IC by converting it
to tetrafluoroborate [18] or by using mannitol as a complexing agent [19]. In addition
to this Mo in form of molybdate has been determined in different environmental
samples [20, 21]. However, there is no IC method reported for their simultaneous
analysis and hence, it is proposed to develop an IC method in the present work.
For the separation and determination of anions, diluted solutions of NaOH or
carbonate/ bicarbonate are being used as eluents. Ion chromatography separation and
determination of boron has been carried out by adding d-mannitol as a complexing
agent in the eluent [9]. The determination of B by IC requires mannitol because the
complex of B and mannitol has lower de-protonation constant as compared to boric
acid. The lower pKa helps in getting B in anionic form during column separation and
in detector (after passing through suppressor). In order to support the development of
pyrohydrolysis method (for simultaneous separation of B, Cl and Mo from plant and
soil samples), ion chromatographic studies were carried out to understand the effect
of mannitol (as a part of eluent) on retention and sensitivity of Mo, and the
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observation were employed in developing a gradient method for the simultaneous
detection of B, Cl and Mo.
8.2 Experimental:
8.2.1 Reagents and materials:
The standard solutions of F-, Cl-, NO3- and SO42- were prepared by dissolving their
respective Na salts of 99.9% purity (Merck, Germany). Standard solutions of MoO42were prepared by dissolving (NH4)6Mo7O24 (99.98% pure, Sigma-Aldrich, USA).
Standard boron solution was prepared by dissolving known amount of boric acid
(Merck Germany). For the eluent the GR grade NaOH and d-mannitol, of Merck
Germany make were used. The NaHCO3 used was AR grade (Thomas Baker, India).
For the preparation of all solutions and production of steam, high purity deionised
water (18.2 MΩ.cm) obtained from a Milli-Q water system (Millipore, USA) was
used.
8.2.2 Apparatus and instrument:
All quartz pyrohydrolysis set up consisting of two concentric tubes was used for
pyrohydrolysis purpose. The outer tube has an inlet and serves as pre-heater for
moist carrier gas. The inner tube houses the sample boat and it is attached to gas
outlet. The gas outlet tube is cooled by condenser. The condensate is collected in a
bottle containing dilute NaOH.
A commercial ion chromatograph (Dionex, modelICS-5000) consisting of a selfregenerator suppressor (ASRS-II) and a conductivity detector was used. Samples
were introduced through a 50 l loop fitted with a Rheodyne injector. Separation of
anions was achieved with anion columns viz. IC-Pak anion (Waters) and Ion Pac
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AS16 (Dionex). A software namely Chromeleon was used for instrument control,
data collection and data processing.
8.2.3 Samples:
Rice plant and soil samples were obtained from the experimental gamma field at
Trombay.
8.3 Result and Discussion:
8.3.1 Separation studies:
One of our earlier studies showed that while separating boron along with halides the
sensitivity of B peak was strongly dependent on the concentration of d-mannitol
presentin the eluent [9]. Based on this, an eluent consisting of HCO3- and d-mannitol
was considered for separating boron as borate ion along with other anions. An anion
exchange column, IC Pak Anion (Waters) was considered.
Chromatograms were obtained by injecting a standard solution having mixture of
anions viz. fluoride, chloride, nitrate, sulphate and molybdate by taking the eluents as
17.5mM HCO3- with varying mannitol concentration from zero to 0.56M. Following
observations were made from the chromatograms.
i.

Retention times of all anions did not change with change in the d-mannitol
concentration in the eluent. Figure 8.1(a) as can be observed in figure 1(a),
the retention times of all the anions are nearly same.

ii.

Although there is no change in the retention time of Mo peak while
increasing the d-mannitol concentration in the eluent, the sensitivity of
molybdate peak decreased significantly (Fig. 8.1(b)).

146

Figure 8.1: (a) Peak height of molybdate peak (20ppm) (b) retention time of
anions; Column: IC-Pak anion, Eluent: NaHCO3 (0.01755M) and d-manntiol
(concentration varied), flow rate 1 ml/min.
One possible reason for the effect of mannitol on molybdate peak sensitivity is
complex formation between Mo and mannitol. However, in the event of such
complex formation, the charge density of the Mo-complex is expected to vary and
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hence its retention time. However, there was no effect of mannitol concentration on
the retention time of molybdenum peak. Further to understand the role of chemistry
of stationary phase on the sensitivity of molybdate peak, a similar study was carried
out on Ion Pac AS-18 (dionex) analytical column. The observations were similar to
that of the previously used IC Pak column. Figure 8.2 shows the observation of
decreasing Mo peak sensitivity and no change in the retention times of anions due to
increasing concentration of mannitol. Hence, the stationary phase has no role on the
sensitivity of Mo peak.
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Figure 8.2: (a) Peak height of molybdate peak (20ppm) (b) retention time of
anions; Column: Ion Pac AS16, Eluent: NaHCO3 (0.01755M) and d-manntiol
(concentration varied), flow rate 1 ml/min.
Further it was proposed to investigate the problem by changing the eluent
combination. Instead of bicarbonate-mannitol eluent, sodium hydroxide-mannitol
combination was considered. Since the IC Pak anion column is not compatible with
the eluents having pH more than 12, the separation with NaOH-mannitol was carried
out on Ion Pac As-18 column. During all the separations, the NaOH concentration
was kept constant at 30 mM and d-mannitol concentration was varied from 0 to
0.56M. Following observations were made.
i.

The retention times of all the anions under study increased gradually while
increasing the d-mannitol concentration in the eluent (Fig.8.3).

ii.

Since the retention time of Mo varied significantly by increasing the mannitol
concentration, the relation between sensitivity of Mo peak against
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Figure 8.3: Retention time of anions; Column: Ion Pac AS16, Eluent: NaOH
(30mM) and d-manntiol (concentration varied), flow rate 1 ml/min.
In order to study the effect of d-mannitolonmolybdate sensitivity in NaOH
combination eluent, a sensitivity study was carried out without using the separation
column (flow injection mode). During this experiment the eluent composition was
varied by changing the mannitol concentration and a molybdenum standard solution
was injected. The peak height of Mo peak decreased systematically with increasing
d-mannitol (figure 8.4).
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Figure 8.4: (a) Peak height of molybdate peak (5ppm); No separation Column,
Eluent: NaOH (30mM) and d-manntiol (concentration varied), flow rate:
0.1ml/min.
The observations from the above experiments infer that the effect of sensitivity and
change in the retention time while using NaOH eluent are due to the role of mannitol.
However, the observations could not explain the following:
i.

Why there is no change in the retention time of Mo when HCO3- was used in
the eluent and it decreased only the sensitivity?

ii.

Why does NaOH-mannitol combination cause changes both in retention time
and sensitivity of Mo peak?

8.3.2 Explanation:
Molybdate anion-d-mannitol complex was studied and reported in the literature [23].
The study presented speciation diagrams wherein it was seen that a fraction of Mo
was present in different forms as a function of log[H+]. It can be observed that a
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complexation of Mo and mannitol is favoured at lower pH (higher [H+]). From the
speciation diagram it is understood that in the presence of high concentration of
mannitol and at pH 8 or above the dominant form of Mo is molybdate. Whereas at
pH ≤3 a complex is formed and it consists of two mannitol, one Mo and three
protons. On increasing the pH the complex undergoes deprotonation.
In order to correlate the pH of the mobile phases and complex formation between Mo
and mannitol, the pH of the mobile phases were measured at two points viz. one at
the column out-let and the other at suppressor out-let. For a 50mM NaOH the pH
was 13.1 and for 50 mM HCO3- pH was 8.8.
Both in NaOH and NaHCO3 mobile phases the pH of eluents in the column is above
8, and at this pH conditions Mo exists predominantly as molybdate. Therefore the
separation of Mo occurs as un-complexed molybdate ion.
On the other hand the pH conditions of these eluents after suppressor were found to
be 7.5 (NaOH) and 4.4 (NaHCO3), respectively. And as per the speciation diagram of
Mo and mannitol [23], the conditions are favourable for complex formation between
Mo and d-mannitol. Therefore, formation of the complex takes place after the
suppressor and prior to reaching the detector. This causes the decrease in sensitivity
of detection with increasing d-mannitol in eluents of NaOH and NaHCO3. Hence the
out-come of the experiment shows that (i) retention behaviour of molybdate and
other common anions were not altered while increasing the d-mannitol concentration
in the carbonate eluent as the pH of the eluent inside the column is more than 7 and
at this condition, molybdate does not form complex with d-mannitol (ii) retention
behaviour of molybdate and other common anions were changed (increase in
retention time) when the d-mannitol concentration was increased in the NaOH eluent
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and (iii) the detection sensitivity (suppressed conductivity) of moblydate was found
to be decreasing with increasing d-mannitol concentration in the eluents of both
carbonate and hydroxide.

Figure 8.5: Retention time of anions; Column: Ion Pac AS16, Eluent: NaOH
(30mM) and boric acid (concentration varied), flow rate 1 ml/min.
It is necessary to investigate the question why retention times of molybdate and other
common anions are changing while increasing d-mannitol concentration in the
NaOH eluent and it did not occur in carbonate eluent. To understand the role of
mannitol on the retention time, mannitol was replaced with boric acid in the mobile
phase. The boric acid was considered in place of mannitol because it is weak acid
(pKa1 = 9.1) and it has been used as weak eluent for separating anions [24]. The
concentration of boric acid was varied between 0 and 55 mM in the eluent whereas
NaOH concentration was remain constant throughout the experiment. Figure 8.5
depicts the retention trends obtained due to increasing boric acid concentration in the
eluents. The trend shows that the behaviour of boric acid was same as d-mannitol up
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to 15 mM i.e. the retention times of all anions including the molybdate. When the
boric acid concentration was more than 15 mM, the retention times of all anions
remain uncahnged; as it happened with carbonate eluents. The unchanged retention
times of anions can be explained as follows. Boric acid being a weak acid, (stronger
than mannitol) initial addition of boric acid neutralised the NaOH, which reduced
the strength of NaOH and thereby, the retention time increased. After the
neutralisation of NaOH, a buffer was formed and further addition of boric acid could
not cause any change in hydroxide concentration.
The Pka1 of d-mannitol is 13.0 [25]. This shows that when eluent pH is above 12
(possible in the case of NaOH) significant fraction (more than 10%) of d-mannitol is
present in de-protonated form. The mannitol concentrations are in molar range
whereas NaOH concentration is in millimolar range in the mobile phase. Hence a
significant amount of dissociated d-mannitol is available in the mobile phase which
can neutralise the NaOH eluent and reduce the strength of the eluent, which causes
increase in the retention times of all the anions.
The dissociation (deprotonation) of d-mannitol does not occur in the bicarbonate
mobile phase as the pH of bicarbonate eluent is less than 9. Therefore in presence of
NaHCO3, mannitol in the eluent remains as a neutral molecule and cannot affect the
retention time of anions.
8.3.3 Development of gradient elution procedure:
Based on the results of the above investigations it is obvious that presence of dmannitol in the eluent is undesirable as it reduces the detection sensitivity. On the
other hand the presence of d-mannitol is crucial for the separation and detection
boron as borate ion. In view of this, a gradient elution method was developed to
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achieve the simultaneous separation and detection of B and Mo along with other
common anions. A concentration gradient elution procedure was incorporated where
the d-mannitol concentration was brought to zero in the eluent prior to the elution of
molybdate peak. The final optimized gradient elution program is mentioned in table
8.1.
Table 8.1: The optimized gradient elution program for simultaneous separation
and determination of B, Cl and Mo. Column: Ion Pac AS16, flow rate 1 ml/min.
Time (min.)

NaOH

Mannitol

(mM)

(M)

0

5

0.56

5

5

0.385

8

10

0.14

12

20

0

20

30

0

8.3.4 Sample Analysis:
Different parts of rice plants viz. root, stem and leaves were cut and dried at 353K.
Each sample was pyrohydrolysed in moist oxygen carrier gas at 1373K for 2 h. The
distillate was collected in 5mM NaOH. The separation and determination of B, Cl
and Mo was carried out by following the developed IC method. During
pyrohydrolysis it was observed that the plant samples completely burned and no
traces of the sample remain in the sample boat. The results obtained for the samples
are listed in Table 2. It was found that the Mo content in the samples was below the
IC detection limit and therefore the distillates were analysed for Mo by ICP-AES.
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However, two rice plants that were grown in the laboratory conditions with Mo
stress. Mo was added in the soil in form of ammonium molybdate. These samples
were subjected to pyrohydrolysis and the distillates were analysed. In these two
samples molybdate peaks were detected and quantified (Table 2). The Cl, B, and Mo
were also analysed by the conventional method and results are reported in table 8.2.
When the soil samples were pyrohydrolysed it was possible to detect the B, Cl and
Mo using the IC method developed. However the results of different aliquots of the
same sample were not reproducible. This indicates that during pyrohydrolysis the
complete recovery of analytes is not possible during the pyrohydrolysis.
Table 8.2: The concentration of B, Cl and Mo obtained in dried plant samples
and Soil PH distillates by the developed IC method and their comparison with
conventional methods.
Sample

B (ppm)
Ph-IC

Cl (ppm)

Mo (ppm)

Leaf

56 ± 9

PHICPAES
51 ± 5

Stem

83 ± 8

76 ± 7

-

623 ± 34 561 ± 42 0.6 ± 0.3*

root

23 ± 4

-

-

12 ± 4

-

1.2 ± 0.4*

-

-

18 ± 2
Root
with Mo
stress
Soil PH 0.14±
0.1
distillates

-

-

16 ± 3

-

7±3

-

6±3

0.2 ± 0.1

Convent Ph-IC
ional1

Convent Ph-IC
ional2

PHConvent
ICP-MS ional3

21 ± 8

121 ± 9

112 ± 14 0.9 ± 0.2*

1.2 ± 0.3 -

-

4 ± 0.2

-

* the samples were concentrated ~50-100 times by evaporation at 60°C.

0.2± 0.01

0.9 ± 0.2 0.8 ± 0.2

-

dried 2g leaf, ash at 500°C, dissolved in 20%HCl, diluted, filtered and B determined by ICPAES.
dried 2g plant sample, extraction with hot water, filtered and Cl determined by IC.
3
dried 2g stem, ash at 500°C, organic matrix destroyed using H2SO4 and H2O2, diluted (5ml), filtered
and Mo determined by AAS.
1
2

8.4 Conclusion:
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Effect of d-mannitol on anions during IC separation was studied in detail and it was
found that presence of mannitol effects the Mo peak sensitivity. Depending on the
observations a gradient elution IC method was developed for the analysis of PH
distillates. The PH-IC method was used successfully to determine B, Cl and MO
simultaneously in plant samples. For the soil samples the Pyrohydrolytic procedure
followed could not provide complete recovery.
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