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Summarx

The presence of zirconium and niobium in nuclear spent
Fuel is undesirable, both because these metals interfere
seriously with later fuel reprocessing steps, and because of
the high level of penetrating gamma radiation emitted by
radiocactive zirconium and its daughter niobium. In this
thesis, after discussing the origin of the problem, methods
For the separation of fission products have been reviewesd.
An investigation was conducted into the ability of silica
gel, in a medium of hydrochloric acid, to separate zirconium
and nicbium From an irradiated uranium sample and from =
non-radicactive sample.

Different procedures were then considered for: the
determination of zirconium and niocbium; gamma ray detection,
¥X-ray fFluorescence and & colorimetric method using Alizarin
Red-3. Alizarin Red-S was not found suitable for this
research due to the interference of nicbium, so the other
techniques mentioned above were used.

The results ars summarised in tables which show the
percentage of each element in agueous solution. From these
results it is clear that, for certain specific column
dimensions and flow rates, using several concentrations of
hydrochlecric acid, it is possible to separate zirconium and
nicbium both From each other and from other Fission products.
This method was not, however, found suitable for separation
of other fission products s.g. ruthenium, cerium.

Kay Words
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Adsorption




Ackrnowledaements

I would like to thank Dr E R Clark for his careful
supervision and guidance during the period of the research.
I would also like to thank DOr H Al-Sharistani for helpful
and useful discussions and to express my gratitude to Rev.
Or J E Gregory, Or.G B Briscoe and many friends for their
constant help and encouragement, particularly during the

period of my illness.

Throughout the experimental work I have received much
assistance from Mr W Harris and Mr D Peak, (both of Imperial
Metal I[ndustries, Wit=ton, Birmingham], Ffor which I am very
grateful. For Financial support and assistance whilst I
was working there, I would like to thank the Iragi Atomic Energy
Organisation. I would also like to thanmk Sandra Baker for

typing this thesis.

I also wish to thank my parents for their support and

encouragement.

Finally, I wish to sxpress my sincere gratitude and
thanks to my husband for allowing me to continue my studies
away from him and for hie constant support and encouragement.
Also, I must thank my daughter, Mayaseh, for letting me worlk
away from her while she is so little and for always waiting

matisntly For my return.



TABLE OF CONTENTS

Page No.
Abstract
Acknowledgements
Table of Contents
List of Figures
List of Tables
CHAPTER 1 INTRODUCTICN
2 i b Nuclear Fission and Nuclear Reactors 1
8GNl i 21 8rief History of Nuclear Fission i
sl Genersl Features of the Fission
Process 3
1,33 The Nuclear Reactor - A Device
For Controlled Fission 4
Lol g Theoretical Aspects of Nuclear
Fission 10
Lo 15 Fission FProducts and the
Feriodic System 1

I 1.8 Mass Distribution of the Fission

Products 14
b Fission Products Yield 15
e Brief History and Basic Chemistry of
Zirconium and Niobium 16
A5~ | Zirconium 16
] .2 Niobium 17
1.3 Froblems Causesd by Zirconium-85 and
Niobium-85 in Nuclear laste Fuel
Reprocessing 23

eparation and Amzlysis of Fission
roducts - 8Srief Review 26

l....‘
(&Y
0w




CHARPTER &2

Summary

Choice for Methods of Trace Analysis of
Zirconium and Niobium

1.6.1 Atomic Absorption Spectrophoto-
metry

1.8, X-ray Fluorescence
il = Colourimetric Methods
1.6.4 Camma Ray Oetection Method

The Present Work

GAMMA DETECTORS

Page No.

=9

40

40
41
42
42

44

47
48
49

51

52

54
54
57

81

T Interaction of Gamma Radiation with Matter 45

2.2 Detection Methods

2.3 Types of Detectors

2.4 Semiconductor Detector
S Advantages of Ce(lLi) Detector
2.4,2 Oisadvantages of Ge(Li) Detector

e.5 Choice of the Oestector

CHAPTER 3 AEAGENTS AND METHODS OF ANALYSIS

Stk Introduction

32 Reagents

3.4 Apparatus

3.4 Analytical Methods

S AL Analysis of Zirconium and MNiobium

Using X-ray Fluorescence

34,2 Analysis of Zirconium and Niobiu
Using Muclear Spectrometer

(1)
gl
w

Complex Formation of Zirconium
Alizarin Red-S

(4}]
=

m

o
D

)]
(9}



fage No.

CHAFTER 4 SPECTROPHOTOMETER DETERMINATION OF
ZIRCONIUM USING ALIZARIN RED-S

4,1 Introductiaon g9
4.2 Experimental 70

A, 1 Absorption Spectra of the
Zirconium-Alizarin Red-5 Complex 70

4.2.2 Conditions for the Formation of
the Zirconium-Alizsrin Red-S

Complex 72

4.2.3 Colour Development and Stability 73

4.2.4 Influence of the Amount of
Alizarin Red-S on the Formaticn
of the Zirconium-Aliz=srin Red-S

Comp lex 75
4.2.5 Effect of the Aging of the
Zirconium Chloride Solution 75
4.2.86 Beer's Law Studies 75
d.2.7 Composition of the Zirconium-
Alizarin Red-3 Complex 75
4.2.8 =ffect of Foreign Ions 81
4.3 Results and Discussiocn 81
4.4 Summary g8
CHAPTER 5 SPARATICON CF ZIRCCONIUM AND NICBIUM BY

SILICA GEL ADSCRPTION

S0l Introduction g8

b.d Experimental 89
B2, 1 Preparation of Samples g9
Bodue Batch Equilibrium Studies for

Silica Cel Adsorption g1l




Page No.

Gee .3 Column Separation of Zirconium
and Niobium Using Silica Zel and
Hydrochloric Acid as Eluant 100

5.2.4 Column Separation of Zirconium
and Nicbium Using Silica Gel and
Oxalic Acid as Eluant 120

5.3 Results and Discussion 120

gl Effect of Hydrochloric Acid
Concentration on the Adsorption
of the Stable and Radioactive
Nuclide ¥ |

. 3.2 EFFect of Orxalic Acid
Concentration on the Adsorption
of Zirconiun and Nicbium Stable

and Aadioasctive Nuclide 122
AP Kimetics of Adsorption 122
5.3.4 The Separation of Zirconium and

Niobium from the Fission Froducts
and from Each Other Using Stable

and Radioactive Nuclide 123

5.3.5 Sorption Mechanism 127

5.4 Conclusions 131
APPENDIX RECOMMENDED SCHEMATIC PROCEDURE FOR THE

SZPARATICN OF ZIRCONIUM AND NICBIUM FRCM
CTHER FISSICON PRODUCTS AND FROM EACH
CTHER 134

REFERENCES 138




LIST OF F1GURES

Figure No. Page No.
1 Schematic Diagram of the Fission Process 7
2
e Mass Yields For the Fission of 35U
' induced by slow neutrons and neutrons of
14 MesV 17
3 Computer connected to nuclear spectro-
meter to provide pulse height analysis 59
4 X-ray fluorescence spectrometer 63
S Orientation of sample relative to Ge(Li]
detector 65
= Absorption spectra 71
7 Effect of pH on absorbence of Zirconium-
Alizarin Red-S Complex 7
8 Influence of time on formation of
Zirconium-Alizarin Red-S Complex 74
9 Influence of the amount of Alizarin Red-5
on the formation of the Zirconium-
Alizarin Red-S Complex 76
10 Effect of the age of zirconyl chloride
solution on the absorbence of the
Zirconium-Alizarin Red-5 Complex 77
doli Absorption spectra of Zirconium-Alizarin
Red=S Complex prepared from zirconyl
chloride sclution of varying age 78
i Beer's Law plot 79
13 Continuous variation curves for various
raticos of 0.0011 M zirconium solution
and 0,0011 M Alizarin Red-S 82
14 Slope ratio curves for Zirconium-Alizarin
Red-S Complex 83
5 Molar ratioc curves for Zirconium-Alizarin
Aed-3 Caomplex 24




Figure No. Page No.

16 Batch Equilibrium Study - Effect of
hydrochloric acid on the adsorption of
zirconium, niobium and molybdenum 83

17 Batch Equilibrium Study - Effect of
shaking time on the adsorption of
zirconium and niobium = 1c]

18 Separation of miobium-85 from other
fission products in first silica gel
column 11

19 Slution of niobium-85 from first silica
gel column 113

20 Separation of zirconium-85 and remaining
niobium-85 from the evaporated solution
in second silica gel coclumn 115

2l Zlution of zirconium-85 from second
silica gel column 117

22 Schematic diagram of the separation
process 119



LIST OF TABLES

Table No. FPage No.

1 Recommended mass yield for thermal-

neutron Fission 18
2 Batch Equilibrium Study - Effect of

hydrochloric acid on the adsorption of

Zr, Nb, Mo on silica gel a2
3 Batch Equilibrium Study -~ Effect of

oxalic scid on the adsorpticn of Zr and

Nb on silica gel 85
4 Batch Equilibrium Study -~ Effect of

shaking time on the adsorption of Zr and

Nb an silica gel 86
5 Batch Equilibrium Study - Effect of

hydrochloric acid on the adsorpticon of
Zr-95, Nb-85, Ce-144 and Ru-103 on

silica gel g8
B Batch Egquilibrium Study - Effect of

oxalic acid on the adsorption of Zr-85 and

Nb-85 aon silica gel 10}
7 Batch Equilibrium Study - Effect of

shaking time on the adsorption of Zr-85

and Nb-95 on silica gel 102
8 Separatiocn of niobium (stable) from 1 ml

of the stock soluticom containing 100 Mg
Zr and 200 Mg Nb from first silica gel
column adsorption using 5.5 M hydrochloric

aclid solution as eluant 104
3 Elution of niobium (stable)] from silics

gel column using concentrated hydro-

chloric =cid solution as esluant 104
10 Adsorption of zirconium aznd niobium

(stable) onto the second column using
0.5 M hydrochloric acid solution as

eluant 106
11 Elution of zirconium (stable)] from the

second column using 5.5 M hydrochloric

scld solution as elusnt 108
12 Zlution of niobium (stable)] from the

second column using concentrated
hydrochloric acid soclution as eluant

—
(8
~




Table No. Page No.

13 Separation of niobium-395 from S0Y of
the stock solution using the fFirst
silica gel column adsorption using
5.5 M hydrochloric acid solution 108

14 Elution of niobium-85 from the first
silica gel column using concentrated
hydrochloric acid solution i1l

15 Adsorption of zirconium-85 and niobium-
" 85 onto the second column using 0.5 M
hydrochloric acid solution as eluant 114

16 Elution of zirconium-385 from the second
column using 5.5 M hydrochloric acid
solution as eluant 116

17 Elution of niobium-S85 from the second
column using concentrated hydrochloric
acid solution as esluant 118



Chaoter Cne Introduction

L o) | Nuclear Fission and Nuclear Reactors

1.1.1 Brief History of Nuclear Fission

Nuclear fission was discovered by two German Chemists
Hahn and Strassmann in 1938{13. They and many other workers
had been trying to make transuranic elements by bombarding
uranium with slow nmeutrons, but in contrast toc their expectation
Hahn and Strassmanmn found that the products of their bombard-

ments were not transuranic elements, but elements with much

lower atomic weights, i.e. fission had occurred.

(2]

It was Fermi in Italy who first suggested that a
Ffission reaction which is induced by a neutron may itself

become a source of more neutrons. Fermi put forward a hypothesis
that, if this was true, it may be possible to start a chain
reaction such that neutrons emitted by one fission reaction

may start other similar reactions . This hypothesis was

proved to be true in a controlled chain reaction using natural
uranium and graphite to moderate or slow down the fFission

- ; : 2
neutrons to energles at which they are easily captured by 35U,

at the University of Chicago in 1942[3].

The chain reaction of the type described above occurs
only with the uranium isotope uranium-235 which is present

only to the extent of one part in 139 of the natural uranium.



The major isotope uranium-238 if bombarded with neutrons
behaves exactly as Hahn and Strassmann expected it to do,

so it does give a short lived transuranic element (neptunium)
which disintegrates radioactively to another transuranic
element plutonium-238 which is also fissiomable or fissile
like uranium-235. Neptunium and plutonium were in Fact the

First artificially produced transuranic elemewtst4 J.

For a sustained chain reaction to be possible the
nucleus must be capable of beingy fissioned by neutrons of any
2351 i A 7
energy. U is the only naturally occurring fissile isotope,

2 2
but EBBU, BgPu and 4l=u can be produced following neutron

232 2 2
bombardment of 2 T BEU and 4DPu respectively. Isotopes

238 ; : !
such as U which have a fission threshold st about 1.4 MeV
cannot sustain a chain reaction due to competing reactions

and the threshold energy being hicher than the most probable

energy of neutrons emitted in Fissianc 5].

It was clear now that if uranium-235 or plutonium-239
could be obtained in sufficient quantity (in kilozram
amounts] and in sufficiently pure state, = chain reaction
with neutrons could be carried out =t such & fast speed
that an erplosion may result. This fact was confirmed by
the drooping of the well-known atom bombs over the Japanese

[.’:‘]‘

cities of Hirocshima and Nagasski

Nuecl=ar bombs are not the only results of research into
nuclssr Fission. The developmznt of nuclear power ~eneration

and thes production of isotopss for m=dical and research



(.71

purooses is also very important . At the present time
research is centred on the development of nuclear reactors,

(8]

but the disposal of nuclear waste is becoming & big problem .

1.1.2 General Features of the Fission Process

Nuclear fissicon is a process in which a heavy nucleus
splits into two fragments, with the release of a considerable
amount of energy in the form of radiation (light, heat, etc.)
and is almost always accompanied by the emission of some
neutrons[ 93. Most of the nuclei with atomic number above 70
will undergo fission when bombarded with neutrons, charged
particles (e.g. alpha-particles)] or simply by excitation with

(10

electromagnetic radiation In all of these cases the
energy of the particles in the radiation should be sufficient
to overcome the fission threshold of the nucleus in guestion.

For heavier nuclei, i.e. those with stomic number more than

92, the fission process may occur spontanecusly without the

a8 As

presence of an external agent (for example
mentiomed above, for induced fission the energy of the

neutrons should be sufficient to overcome the fission threshold.
However, for maximum Ffissioning of uramium-235 neutrons with
high kinetic energy (i.e. travelling 2t high speed) have to be
moderated since the fission cross section of uranium-235 is
larger for moderated neutrons than for unmoderated neutrons,

the increase being about 500 times between 2 MeV and jérevtlzi

For this purpose, in order to sustain a chain reaction in a



nuclear reactor the neutron emitted from a fFission reaction
has to be =lowed down before it induces another second fission
process. This is usually done by using & moderator like heavy

water, and the neutrons thus slowed down are called the

‘thermal neutrons', having 2 most probable energy kT where T
is the moderator temperature. (At room temperature kT =
1/40 eV]E],J_JCJ.:B]_

Energy production in most nuclear reactors involves the
use of thermal meutrons resulting from and sustaining a
fission chain reaction in materials likese uranium-235, uranium-
233 and plutonium-2339, since with thermal neutrons low
; Gl . ; 238
enrichment fuel containing a high proportion of U can be

used. With graphite or heavy water as the moderator natural

2
uranium can be used (1 part in 139 of 35UJCl4J.
1.1.3 The Nuclear Beactor - A Device for Controlled Fission

Most nuclear reactors consist of a core that contains
the reactor fuel as well as neutron moderating and cooling
materials. Uranium-235 is the most commonly used fuel,
although uranium-233 and plutonium-2338 may be used alsec. Each
uranium-235 nucleus which undergoes fission emits on the

average about 2.5 neutrons.

The resction taking place in the reasctor can be

represented by:



m

fission product nucleus

EBSU

236 :
g2 TN - 92LJ either two or three neutrons

unstable

Fission product nucleus

The neutrons produced from the fissions have energies ranging
From 0.1 to about 20 MeV. The most probable energy is about

0.72 MeV and the mean energy is about 2.0 MeV.

A few neutrons, however, arise from the fission of
uranium-238 present in matural uranium and some from the
interaction of gamma-rays with such materials as deuterium
or beryllium that may be present. The maximum neutron flux
that has been attained in nuclear reactors is about lDlsn/cma.sec.
The high energies with which neutrons are released in the
fission process accounts for the extensive meutron moderator
which serves to reduce the energies of the fission neutrons to
thermal energies with & minimum of loss by meutron capture or
by escape from the moderator. The neutron moderator is a low
atomic-mass material such as water, heavy water, or graphite.
The energetic neutrons resulting from fission collide with
the nuclei of the moderator and are slowed down by a series of
elastic collisions. This results in a more efficient fission
process since the fission cross section of uranium-235 is
larger for moderated neutrons than for unmoderated neutrons.
Additional moderating material is placed around the core to

Further slow down and reflect the escaping neutrons. The



core in most reactors is surrounded by a heavy thick-walled
material such &8s concrete or immersed in a deep pool of water

which serves as a radiation shield(lS] [15]_

Nuclear reactors desiéned for research have small
highly enriched cores with high neutron leakage and are
provided with facilities to allow samples to be irradiated
for analysis and other purposes, such as research in

{173

activation analysis and health physics .

The most important features of a fission process in

the nuclear reactor are:

(1) the high release of energy (up to 200 MeV
per event)

(2) the emission of 2 or 3 neutrons from each
fission process

(3) the successive radicactiQe disintegration

gives rise to an array of new nuclei.

The nuclear fission reaction (whether it is induced cor
spontaneous] is said to proceed by the following stages[lea C19).

Bs shown in Figure 1).

(1) The heavy nucleus receives excitation energy such
as the absorotion of a neutron from outside. The excess
binding energy caused by addition of the neutron causes the
nucleus to undergo rapid changes of shape, oscillating from
one form to another until fimally it becomes elongated and

takes the shape of @ dumbell.



ey [ (<249 \
| Nuclaar Rsaction faciied nucleus with
Target nucleus p B { equilibrium deformalion ¢
in equilibrium such as particle | of trget and € Mev &
[ eetormation ] capture of 3 direct [ excitation enerqy
reaction, ¢.9.
(a5 or (0,8
/ 121.ApﬁO_Qt‘ 122,470
. i o) Zg.A0) Scisseon coniiguration, two
Transition w'u e Auclesr potentialy, lragments
with saocle deformation 102 sec€ ¥ < @ -.ec___l?l :I;:l: :‘:;:ﬁ ;:‘::l 16!9«!4”
! » ] " -
1 and 1T ‘_F:’:{"V : uc;— ‘ 1 ing ugon Iragment sliltness; |
| ?"‘M' S ﬁ;nﬁ o’ | tinelic energies f Iragments i
PE=kyamad s doy dad | smail i7); oceasional small |
[ for thermal neulron caplure. ] sarhicle emitted althouah neu= |
iron yield may be refalivety large. |

'r 124 1224

—O O—
Acceleraling primary (ragments
under Coulomb nteraction,

| asprommately 10720 sec for

i {ragments 10 reacn W% o

L ther linal K.E

12y 12A9 1

Acceieraled primary Iragmenis
wenaraled by @ relatively large
distance J

ey

Z1Ay 122.A4) Y
Qi O

|
-~ {
1-*dy emisson In time l
8
T

7 .
= S
Leutron emission 0 Time
period of the creer of
107133018 sec

iy’
o

NN

serian of avout 10711 sec

a » .
(:-,{,r :
-
Radicactive decay: very ii0m process:
-~ 1073 sec; occasionally beta

I
|
ecay pooulates 4 newlron-unsiatle f
level 1o qive delayed neulrans; l
|
J

1

: (21,43 12249 |

desvcited fission Iragments in thair
ground state. These nuclhe are

far removed from teta sladility and
are radisechive,

radiccnemists odserve the relas
liveiy longer=ived members in
(L radinaclive cecay process.

! Primary livsion sroducts, seconsary
H

e 4

ey —

( 12343 ]:

‘i tZ:n: al J‘
|

Sladle
end
products

Figure 1 Schematic diagram of the fission process

RAef 18



(2) At this point (called the saddle point of the
fission reaction), if the nucleus contracts slightly it might
return to its oscillations, emitting the excess of energy in
the fForm of gamma-radiation. On the other hand, if it
stretches a little more, the forces holding the nucleus
together would be overcome resulting in the breaking of the
nucleus into two fragments sccompanied with the release of
some neutrons. This is the most common type of Fission
reaction and is known as bimary fission. Less freguently
the excited nucleus may break up into three fragments, the
third part usually being an alpha particle or another isotope
of helium. In such cases the reaction is known &s ternary

2
fission ( 03.

(3) The two fragments resulting in stage (2) have
high internal excitation energy, which is lost by the emission

of prompt neutrons.

(4) After emission of the prompt neutrons any excess

internal energy is lost by the emission of prompt gamma rays.

(5] The fission fragmerts produced have always an
excess of neutrons, and they are, as a consequence, unstable.
In order to get rid of excess neutrons, most of the Fission
Fragments decay by emission of beta rays (consisting of
negative charged electrons that are produced when neutrons

turn into protons) and occasional release of delayed neutrons.



The process from the original excitation of the

nucleus to the emission of gamma rays will take about lD_l4

. I ) i (11J(18)
seconds; this is the range quoted in the literature

(6) As mentioned above, the fragments of the original
nucleus then become radioactive elements, listed from zinc
(Z = 30] to dysprosium (Z = 66); these include representatives
of each family of the periodic table, and are known as fission
products. Then,over a period of time that may be only a fFew
seconds or may be many years, successively disintegrate into
other elements by the emission of X-rays, gamma-rays, beta-
rays and sometimes delayed neutrons until they fFinally have
no more excess energy left to disintegrate further, and turn

into ordinary stable isotopes.

There are more than 30 different modes of fission,
and in each of them a different pair of nuclei is formed.
Besides barium and lanthanum, some of the other common
nuclei formed are bromine, molybdenum, rubidium, antimony,
tellurium, kryoton, iodine, xenon and cesiumtalj. However,
because of the short half lives of some fission fragments,
it is difficult to separate and identify them. Most of these
Fragments go through many 87 decays before becoming stable
isotopes. A series of oroducts with the same mass number A

ie & Fission chain. More than 60 such fission decay chains

have been established and one which is of interest is:
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a5 R~ g5 3~ 95 3~ g5 3~
i _:_—__+ .
65T 35 ssd 37°P 0736 se2  38°F 260 ssc’ 39’ 105 mid

95 -, 95 B 95
40?" E5a! 2 FESr a2
stable

Some fission products such as 878r may decay either by B

decay to 87Kr and so eventually to stable B7Sr or alternatively

el i 8
by emission of & neutron to reach stable sKr. These neutrons

are delayed compared with fission neutrons on average by a

time equal to the mean life of the precursor (79 s for B7Sr)

and are very important in reactor control since they slow down

the rate of response to & change in multiplicatichcaEJ.

1.1.4 Theoretical Aspects of Nuclear Fission

There is mo single theory in existence today which could
explain all the complex aspects of the process of nuclear
fission, but various theoretical models have been put forward.
Many of these theories are useful in the understanding of part
of the process. The most important of these models are the
liquid-droo model, the adiabatic model, and the statistical

modal oo avdl

The liquid-drop model likens the nucleus to a droo of
an incompressible liquid having a uniform electric charge.
The marticles imside the drop all attract each other because
of the nuclear force, but the attraction is one-sided only at
the surface of the drep. This results in the skin of the

drop being stretched by the force of surface tension. Now



11l

the positive charge of the protons produces a repulsive

force acting in the direction opposite to that of the surface
tension. Under normal circumstances the surface tension can
overcome the opposing forces and keep the nucleus in one part.
If an extermnal energy is supplied to the nucleus, for example
by bombardment with & neutron, the balance may be shifted.
Under such circumstances, the disruptive forces may become so

great as to break the nucleus into two fragments, with

accompanying release of neutrons, and radiation.

The liguid-drop model takes the nucleus to be a blob
of matter in which all the nucleons interact strongly with
each cthertle]. A variant of the nuclear drop model, called
the shell-model, assumes that there is no interaction between
individual nucleons. The adiabatic fission model combines
some features of both types and has been useful in predicting
the properties of fissioning nuclei up to the transition

I ‘

The statistical model sssumes that there are forces at
work within the nucleus which are not adiabatic in mature and
that the effect of these is to establish thermodynamic
equilibrium between the different possible conditions of the
rnucleus at the point of breskage. Although the model as

conceived originally has not beesn so useful, recent modifications

1
0
J

have been & great improvement ~ ~,
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1.1.5 Fission Products and the Periodic System

Since elements in the same group of the periodic
system have similar chemical properties, it is convenient
to corsider the fission products according to the group in
which they appear. The treatment will be restricted to

(s])

these isotopes formed in apprecizble amount® .
Group O : krypton and xenon

A- rubidium and cesium

Group I

\E-.silvar

strontium and barium

A-
’/’
?}. zinc and cadmium

A- wttrium and the rare sarth elements, namely,

Croup II

lanthanum, cerium raseodymium, neodymium,
1 3
Group IIIX promethium, samarium, europium, gadolinium,

terbium, dysprosium

g

B- callium and indium

zirconium

Croup IV

o/ \ 7

germanium and tin
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Sub-group 1V A is important in the chemistry of
processes of nuclear waste. The main radioisotope in
fission products is zirconium-85 (half-life 65 days)] formed
in B.3% yield., Both this isotope and its decay product
niobium-95 (half-1ife 35 days) emit penetrating gamma
radiation. For this reason and also because of its very
diverse chemical properties and its high yield, zirconium is
one of the most troublesome in the treatment of reactor

Fueltla].

In its more common oxidation state 1V, zirconium
exhibits weak amphoteric behaviour, that is to say, the
oxide [Zr02] has both basic and acidic propertiss. More

detail is given in section l.2.1.
A- niobium-S5

Group V

B- arsenic and antimony

Niobium-85 (half-1life 35 days), the decay product of
zirconium-85, like its parent, has some amphoteric
properties. Its frequently uncertain chemical behaviour
combined with its high yisld and gamma activity, makes the

separation of niokium in psrticular one of the more difficult

o)

- ]
: ; (1s
problems in separation processes s

A- molybdenum

a2

Group VI

b

- selenium and tellurium

(0]
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A- technetium
Group VII
N
B- bromime and iodine
In subgrouo VIIB iodinme is the only on= that is important in
the fuel treatment,(half-life 8 days) and yield 2.8 %.
Its significance lies in the fact that iodinme is likely to
be evolved in the elemental state as a vapour during processing

g5

and would thus create an air borne radiation hazard
Group VII] (Transition Group): ruthenium, rhodium and palladium.

Only ruthenium is important in the chemical separation
procedure relating to the reprocessing of the nuclear waste

fuel, its decay product rhodium-1l06 emits highly energetic

(18]

beta particles as well as some gamma radiation

1.1.6 Msss Distribution of the Fission Products

The distribution of the mass of the fragments which
origimate from a fission reaction is an important characteristic

of the fission process.

AfFter the isolaticon of the two elememts barium and
krypton in the first reaction by Hahn and Strassmann in 1939,
chemists were sble to isoclate & number of heavy fragments
with the mass number between 130 and 145 together with =2
complementary light fFragment having & mass number between S0

and 105. Conversely attempts to find isotopes of masses of
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110 to 115 showed that the yields were very low, and this

lead to the belief that the nuclear fission due to the neutrons
appears to be a phenomenon which is essentially asymmetric.
Later on it was found that this property is a characteristic

of fFission caused by thermal neutrons. However, when the
energy of the neutron is increased the distribution is almost
symmetrical; for example, when neutrons of energy 14 MeV are

used the mass will distribute exactly symmetrically.

When the fission yield is plotted as a function of the
mass number, & double-humped mass distribution curve is
obtained as in Figure 2. The higher the peak/valley ratio,
the more frequently occurring is the asymmetry of the fission
events, The ratio is 650 in the case of uranium-235 when
Fission is caused by thermal neutrons, but it is only 85 when

Fission is caused by neutrons of 14 MeV.as shown in.Figé:lgfllj.

1.1.7 Fission Products Yield

The fission yield is the proportion (or percentage) of
the total nuclear fissions that form products of a given mass

number.

As mentioned earlier, the fission of uranium-235 by
slow neutrons results in the emission of a2 large number of
different products varying Ffrom zinc (A = 72, Z = 30)] to
dysprosium (A = 161, Z = B668]. The yields are greatest in the

mass ranges from S0 to 100 and 133 to 144, and they are quite



small at extreme masses and at masses corresponding to

nearly symmetrical fission (109 to 1250,

Fission yields, of course, vary for different fissionable
rnuclei such a@s uranium-233, uranium-235 and plutonium-239.
However, high-yield Fission products correspond quite closely
among the fissionable nuclei as low-yield fission products.

The yields do not depend greatly on neutron energy over the

4 =
spectrum encountered in r‘eactnrc 53.

The percentage yields from thermal-neutron fission of

uranium are given in Table 1.

From Table 1 Figure @€ it is clear that the percentage
yields of zirconium-85 and its daughter niobium-S5 are very
high; as mentioned in section 1.1.5 these two elements have
diverse chemical properties which cause difficulties in the
reprocessing of spent fuel. This will be discussed later .
It is therefore important to study the chemistry of both
elements and the problems caused by them in order to fFind a
method for separating these two elements from nuclear waste

Fuel.

1.2 Brief History and Basic Chemistry of Zirconium and

Niobium

1.2.1 Zirconium

Martin Heinrich Klacroth, a Gsrman analytical chemist
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| Mass | Mass yield. I Mass | Mass vivld, Ch :
| number TU#s | 025 | pud9 || number | U#33 | 38 | pyY |
72 | 0000015 1T 0018 1 0010 | 0.035 |
73 | 0.00010 ¢8| o018 0.035
74 | |10 1.u20 0.035
75 | 120 | 0.022 0.035
76 | 121 0.024 | 0.014 0.035
77 4 002 00079 001 || 122 | 003 0.035
78 | 005 | 0.020 002 || 123 | 004 | 0.014 0.04
9 | etz | 004 |1 12¢ | 0.06 0.05
0 | 025 | 007 || 125 |oa1 | o002 0.08 |
St |04 | 0133 0.1 || 126 | 020 0.1 0.18
$2. b0y | l o7 || 127 o4 0.25 0.37
$3 {12 |o0s0 02 I 128 |07 | _ 0.74
84 20 | L1 | 047 ‘ 120 1.3 [0 14
88 |25 |15 0.54 130 | 22 2.5
86 |33 21 078 | 1 |35 |29 | 33
8 |46 |27 001 | 132 |48 |43 53
58 |55 e 14 f 13 |52 s 5.9
89 6.1 4.8 U SR S ¥ i3 1 7.5 7
W |65 | 53 22 135 |60 |63 7.2
91 |65 |38 1235 || 138 |es |62 6.6
L02 |67 |60 3.1 137 | 65 |59 6.5
93 |70 |64 o Il w8 je2 |a7 6.3
o4 |57 | A 45§ w0 {63 |2 8.0
95 |41 |63 50 I 40 |67 | B ' 5.6
9 |56 |63 5.1 141 |89 |57 | 5.6
97 | 34 | 6.1 |58 ® w2 |69 5.0 5.0
R R 1 5.9 M43 | 62 6.2 4.6
99 |50 |6l et | 11 |48 |60 | 33
100 |44 |63 P74 | 36 | 40 B
L |29 |50 |39 I ue |27 |a2 | 26
T v S S 59 W adr |20 (28 2.0
103 |16 |20 {36 148 |14 |13 1.7
104 | 095 | 18 |50 | 1490 lo7 j13 13
105 | 04% | O8N5 | 53 ‘i 10 (o037 [om | o0 i
106 | 022 | 033 4.5 || 151 | 033 | 040 | 050 Il
107 | 009 | 36 || 152 |02 |03t | 000 |
108 | 005 | 26 | 183 lor o4 | 034 |
wo | 0035 | 008 | 135 ',‘ 154 | 0033 | 0085 | 0.25 |
110 I 0.028 | tos3 I 155 lomo|oos | o6 |
1L 0o i oix 1020 {130 | ooz | 010 |
iz oo oot [ oa2 157 | 00074 | 007
13 | o0wio | 007 | 138 L0002 1 0.03 ‘
14 | 0018 | 008 g 159 L o001l | 0.015 |
15 | 0018 | 0011 | 0.035 1 160 | ', |
1s | oo | 0033 0w | | o.00007% | |
Tabls 1 Aecommended mass yield for thermal-neutron fission

Aef 8
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[as]_

discovered zirconium in 17889 He published the results of

his analysis of zircon by amalyzing the semi-precious jewel.

Klaproth isolated amn oxide which had properties
different from any other known a2t that time. He proposed
the nmame zirkonerde for the new oxide and the name zirconium
was derived from zirkonerde. His discovery was socon

confirmed by de Morveau Vangualen.

Both chemists were unsuccessful in isolating the pure

(28] heated a8 mixture of

metal until 1824, when Berzeluies
potassium metal a=nd potassium-Fluozirccnate in a small closed
iron tube placed inside a platinum crucible., After washing
and drying the reaction products, hs obtained metallic
zirconium. Berzeluies determined the atomic weight of the

metal and obtained a value of 88.45, as compared with 81.22

the modern value.

Zirconium has atomic number 40, maximum valency 4, and

its maximum coordimation number in its compounds is 8, melting

+
point 1355 - I5tand density 6.5 g/em> (273,

The known isotopes of zirconium are zirconium-86 to

zirconium-88., O0OF these isotopes, SUZP, ngr, SEZP, 94Zr and

=1 . Z .
Zr are maturally occurring, none of these are radiocactive,
whilst the other isotopes are radioactive and not natural,

but they are formed by atomic fissiom or by bombardment of

suitable substance with meutrons or other high energy particles.
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These isotopes have half lives of 1.1 x lﬂs-yr BBZP, 65-day

e, snd 172 hr 7 2Zr. The isotops ~22r hes such low sctivity
to be of little concernand 97Zr is ordinarily decayed by the
time reactor products are processed. The B5-day isctope
QSZP, however, with its high yield, intermediate half-life
and high gamma energy is always of great concern, and its
activity is enhanced and prolonged by the growth of its
daughter, 35-day 9SNI:I, i.e. zirconium-95 is one of the major
products formed when uranium or plutonium undergo nuclear

@7)

Fission

The chemistry of zirconium is complicated by the
ability of its compounds to be covalent in nature and by the
variety of different ways of bonding in the complexes formed.

Some of these complexes, their oxidation states and stero-

chemistries are summarized belowtze].

oxidation state coordination nmumber geometry examples
ZrII, da 2 £ Zr"Cl2
Zriv, q° 4 tetrahedral ZrCl

“g)
ZrIV, d° S octahedron (Zrf.] -
ZrIv, a° 7 pentagonal- {ZrF7] 2
bipyramidal
Iv o

Zps d 8 doecahedron [Zrtcaoaﬁ]

4~
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Zirconium forms stable chelate complexes with many
organic compounds in which coordination is ususlly through
oxygen atoms, For instance -C=0, -COH or COCOH groups are
involved, the zirconium atoms often forming = Ffive or six

membered ring systems.

Zirconium has 2 tendency to nolymerize especially in

solution. For example, [qufDH]B]4+ is thought to be present
in aqueous solution and the degree af palymerization depends
on the age of the solution, the pH, the temperature and the

anion present.

Zirconium metal is fairly resistant to acids, and
best dissolved in hydrofluoric acid. Zirconium will burn in
air at high temperatures, reacting more rapidly with nitrogen
than with oxygen to give a mixture of nitride, oxide and

2
ox:lnitr‘idet 8}.

1.2.2 Niobium

Niobium was discovered in IBDIEEQJ, after the

examination of a heavy black mineral sent to the British

Museum 2 number of years previously from Conmnecticut (USA).

It was Hatchett, a British chemist who examined the
mimeral and described it as @ mew acidic oxide of an element, who
named it 'columbium' in honmour of the state from which the ore

came.
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In the year following Hatchett's discovery, a Swedish
: e (30) . :
chemist Ekeberg discovered another new element which he
proposed the name tantalum from the Greek "Tantalos'". In

1844 Rose analyzed certain columbites which he named niocbium

from Niobe the daughter of Tantalos.

The name nicbium, which was given by Rose for the metal,
had been used abroad but mot in the United States, where the
name columbium has remained.ponular. The two names of the
metal have lead to some confusion and have provided much
discussion from time to time. However, in 1851 at the
Amsterdam conference of the IUPAC, it was decided to call it
mniocbium. Many metallurgists, engineers, businessmen,
physicists and a few chemists in the United States resisted
to change from the more familiar 'columbium' and the American

Engineering Societies have voted to retain the name 'columbium'.

The atomic number of nicbium is 41,the valencies are

2, 3, 4 and 5. The melting point of the metal is about

+
2468 - 10°C and the boiling point is 5127°C, density 8.57

g/cm3 CES].

The known isotopes of niobium are niobium-S0 to

niobium=-99. Niobium-83 is non-radioactive asnd naturally
occurring of caoture cross section 1.1 barms. The others are
radioactive and mot natural, Niobium-85 is the result of the

g

decay of zirconium-385 formed by the fission of uranium-235
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Nicbium forms numerous anionic and neutral species.

Examples, oxidation states and sterochemistries found in some

of its compounds are summarised belcwtaaj.
oxidation state coordination number geometry examples
Nb~ T 5 octaredral(?) (Nb(CO) ]”
I 4
Nb™, d w complex (7 CsHsj Nb(CO)
Nelt, o3 ? 2 NbO (?)
eIt o° 7 2 NbC1
1V 1 :
Nb™ ", d 8 dodecahedral r~1t>><4[cuar~sJ2
v (8]
Nb , d B octahedral NbC1

5

Niobium metal is very resistant to acids. The best
solvent is @ mixture of nitric acid and hydroflucric acid
which gives fluoro complexes, but its resistance to alkalis

is also poor.

1a3 Problem Caused by Zirconium-385 and Nicbium-85 in

Nuclear Waste Fuel Reprocessing

Most of the methods of reprocessing irradiated fFuel
are based on solvent extraction; this technique having been
used widely for metzl purification. Usually the metal of
interest is extracted from an aqueous sclution into an organic

solvent, leaving many unwanted impurities in the agueous phase,.
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In some cases, however, with particular metals some impurities
will be transferred to the organic phase. This often happens
in the reprocessing of nuclear waste fuel. Precipitation or
ion exchange may be used for finmal purification of uranium

and plutoniumLaS][Bl]_ Depending on the composition of the
spent fuel, different solvent and salting out agents are used.
The most common separation processes are the 'redox' process
which utilizes methyl isobutyl ketone for the extraction and

the 'purex' process which employs tri-n-butyl phosphate (TBP)

for the same function.

There are many variations of the 'purex' separation
process. In the most common version the uranium and plutomium
are extracted into an organic solvent. In the solvent
extraction cycle éﬁst of fission products remain in the
aquecus phase, so that with acid and counter extraction,
complete separation cannot be achieved. However, two elements

zirconium and niobium are troublesome inm the solvent extraction

processes.

Zirconium, and its daughter nicbium, create difficulties
primarily because they react with small quantities of
radiolytic and hydrolytic degradation products of TBP and of
diluents and are retainsd in the solvent, reducing the

(32]

decontamination factor and complicating solvent recycle .
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In the case of these elements, because of similarity
of their extraction behaviour with respect to uranium and
plutonium they end up with the extraction cycle and part of
them is found with the fissile materials. Because of the
existence of polynuclear cationic species of zirconium, the
chemical behaviour of the element in aquecus and organic

phases is affected significantly.

The presence of even traces of zirconium is the cause
of the formation of colloids. The adsorption of zirconium on
colloidal particles can cause difficulties in separation

(8]

processes

As mentioned earlier, zirconium-385 is radioactive while
zirconium-94 and zirconium-96 are not, therefore, thz cooling
of the reactor fuel will only cause the disappearance of
zirconium-85 through its beta decay to niobium-85, whilst
zirconium-94 and zirconium-96 will remain in the fuel and

interfere with any chemical treatment of the Fuelta?j.

Amother problem is caused by the fact that one of the
isotopes of zirconium (i.e. Zr-85), as menticned above, is
highly radiocactive and emits B-rays and penetrating gamma rays
with a half-1life of €5 days and yi=zld of 6.3%. This makes
the disposal of the waste material obtained from ths fuel

: y (25)
reprocessing step 2 ma jor problem :
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For both reasons, it is important to develop a method
For guantitative separation of zircomium and nicbium from the
spent fuel and to have available a sensitive analytical

technique to assess the efficiency of the separation procedure..

In the present work, after studying the basic chemistry
of zirconium and niobium, the methods published for the
separation of fission products were reviewed. This was
followed by a critical appraisal of the amalytical techniques
for the separation of the fission products. The chosen
methods were evaluated by using stable isotopes of zirconium
and niobium and then by extension of the technique to radio-

@ctive isotopes prepared at the Iragi Nuclear Resactor.

1.4 Separztion and Analysis of Fission Products -

Brief Raview

Many investigators have reported on the use of organic
ion exchangers for the separation of fission products. Anion
exchange resins of the Dowex type in conjunction with
hydrochloric acid, nitric acid and sulphuric acid ss eluants
have been used. Solvent extraction using different organic
solvents, for example, 8-hydroxyquinclime, etc. have also besn
used. The use of silica gel for separation of zirconium and
niobium etc. in which varicus acids have been used has been
extensively reported. Other techniques have z2lso been

investigated. Some of these findings are reviewed below.
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(33)

Bunney et al have studied the separation of different
metal ions by the use of anion exchangers in the system Dowex
2-hydrochloric acid, Dowex 2-nitric acid and Dowex 2-sulphuric
acid. Strontium, yttrium:, cerium and americium showed no
significant adsorption in any of these systems in solutions
ranging from 0.1 M to concentrated acids. Molybdenum showed
the greatest adsorption between 0.1 M and 1 M hydrochloric
acid. Ruthenium in the oxidation state IV showed maximum
adsorption at approximately 2 M hydrochloric acid. Minimum
adsorption of niobium occurred below a concentration of
2 M hydrochloric acid. At approximately 8 M nitric acid

thorium, uranium VI and zirconium showed maximum adsorption.

Wish£34J has reported that = rapid separation of
neotunium, plutonium, uranium, zirconium, niobium =nd
molybdenum isotopes in mixed fission products may be achieved
by the use of anion exchangerDowex 2 in conjunction with
concentrated hydrochloric acid, hydrochloric-hydrofluoric
acid and nitric acid mixtures. The methods described
gquantitative yields and satisfactory ssparations for molybdenum,
zirconium, meptunium and uranium activities in the complex
radionuclide mixture. The gamma ray purity of molybdenum and
neptunium is greater than 99%. Zirconium and nicbium
fractions may contain gamma ray impurities which are easily
tolerated by using gamma ray spectrometry. The uranium
activity is mixed with tellurium-132, iodine-133 pair and

usually requirss further purification.
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(35)

Freiling et al have reported that cesium, strontium,
cerium III, zirconium IV, tellurium IV, cerium IV, neptunium IV,
niobium V, molybdenum VI and uranium VI fall into three
groups in the adsorption on @nion exchanger Dowex 2 resin using
phosphoric acid solutions. The first group, cesium and
tellurium IV show no significant adsorption even at
concentrations of 0.1 M phosphoric acid. The second group
composed of strontium, cerium III and cerium IV is weakly
adsorbed at low phosphoric acid concentrations. The third
group composed of zircomium IV, neptunium IV, niobium ¥,

molybdenum VI and uranium VI is strongly adsorbed.

( 38)

Huffman et al have studied the behaviour of fluoride
ccntaining-ccmplex ions of zircomium, hafnium, nicobium and
tantalum by elution from anion exchanger Dowex 2 resin with
mixtures of hydrochloric-hydrofluoric acids. They have
reported that zirconium, hafmnium, nicbium and tantalum form

complex chloro ions in strong hydrochloric acid which can be

exchanged on anion exchanger resin.

(37] have described 2 semi-automatic

Mathers et al
spparatus for performing a five group separation of radio-
elements by cation exchanger Dowex 50- x4 resin. Twelve
samples were analyz=d simul:aneously, using five counting

sources for each sample. By counting during =n 8 hour day

two samples may be snalyzed. Th= radio-elements in these two



szmples were reported primarily to fall into the following
grouns. OCrouso I, antimony, ruthenium zirconium, niobium.
Eroun I s cesium. Group 111, cobalt. Group 1V, strontium

and Sroup V, yttrium, rars earth elements.

(=22)

Souka et a2l have studied the conditions for the
separation of protosctinium, niobium and zirconium by
extraction with solution of tetraphenylarsonium chloride by
using protoactinium-233, nicbium-85 and zirconium-85 as
tracers. Activities were measured with @ NaI(Tl) detector
and radiochemicsl purities were checked with a Ge(Li) detector,
“hey found that thes separation of protoactinium from niobium
and zirconium could be achieved by selective extraction of
protoactinium into D.D$ M of tetraphenylarsonium chloride in
chloroform from 2 medium consisting of hydrobromic acid and
9 M sulphuric acid. Separation of niobium from zirconium
was Found to be possible by selectiv|y extracting niocbium

from @ medium consisting of a mixture of 3 M hydrochloric

acid and 8 M sulphuric acid.

Mukhovikova et alEBS] report that they extracted a

mixture of zirconium, nicbium, ircn and cobalt using 8-
hydroxyquinoline solution in chloroform. Iron was first
excracted at pH4 with 10 ml of 4% B-nydroxyquinolins solution
in chloroform, the organic phase is then diluted to 25 ml

with chloroform and the absorbance of ths organic phase is

1)

m
i

o

asuraed st 580 nm. In order to determine nicbium, the

M



solution was treated with 3% sodium tartrate solution and

5 ml of 0.1 M disodium salt of ethylenediaminetetraacetic
acid. The pH was then adjusted to 6.0 with squeous sodium
hydroxide, the solution then extracted with 4% B-hydroxy-
quinoline and the absorbance of the organic phase measured at
585 nm. To determine zirconium, a portion of the aqueocus
phase after the removal of niobium was treated with 3 ml of

% gelatin solution, 0.1% Ahsenazo III solution =2nd
sufficient 6 M hydrochloric acid to make the volume to S0 ml.
The z=bsorbance of the resulting solution was measured at 685 nm.
To determine cobalt, the initial sample solution was treated
with 20 ml of 2 solution stated to be an acetone buffer
solution (pH 5.0) and sufficient 1 M sodium hydroxide to give
a pH of 5.0. After development of the colour, 12 ml of
sulphuric scid (1:5) was added plus water to make the volume

up to 100 ml and the absorbance was measured at 580 nm.

A
(a0) lhas studied the use of 4-(5-nonyl) pyridine

Ejaz
oxide and trioctylamine for the extraction of zirconium IV
using successively nitric acid, hydrochloric acid, sulphuric
acid solutions utilising = tracer technique. The influence
of the concentration of salting out agents was described and
the separation of zirconium from uranium fission oroducts was
achieved. In ths nitric =cid system zirconium is extracted
over @ wide range of acid concentration and the extraction

is almost complete from 10 M nitric acid. In the hydrochloric
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acid system, the extraction of zirconium is generzlly similar
to that in nitric acid system. In the sulphuric acid system,
the extraction is at a minimum in the acidity range 0.1 - 1 M.
The extraction of zirconium increases when the acidity

increases above 1 M sulphuric =cid.

Ejaz further reports that the addition of sodium
nitrate to 0.25 M nitric acid, sodium chloride to 0.25
hydrochloric acid and sodium sulphate to 1 M sulphuric =cid
does not produce =ny increase in the distribution coefficient

of zZzirconium extraction.

(41)

Schriver has separated zirconium-85 from its
daughter niobium-85 by shaking twice the aqueous solution
cont2ining these two z=lements (/M in zirconium-95 - niobium-S5
and made 4 M in perchloric acid) with egual volumes of S0 A M
3 isooropyltrocolone in chloroform. Hz achieved the separztion
of 88.8% of the mniocbium in the organic phase and B0% of the
zirconium rem2ins in the agueous phase. Schriver found that
sulphzte, oxalate and phosohate interfere even at m M

concentration becsuse they form comolexes with the metal;

chloride and nitrate (up to 3 M) do mot interfere. Although

thiccyanat= is Formed, a complsx with zirconium enablss a
ssnErgcion Trom niobium to bz achiasved
(42)

Seschmanns =2t al have us=d 2 gas chromatographic

technique for ssoaration of the fission products by heating



a sample at one end of the silica tube a2t temperatures up to
1100°C (generally at 600 - 700°C) in a stream of nitrogen
containing carbontetrachloride at (80 Torr)]. Volatile
oroducts were condensed further along the tube and could then
be transferred by heating to the condenser part of the tz;:be.
Separation of the radioactive chlorides e.g. iodine, tellurium,
technetium, zirconium, niobium 2nd molybdenum produced by
heating fission products of 235‘I.J in CCl4 was carried ocut
either in silica tubes packed with silica granules or in tubes
having the walls and granule packing coated with KC1l, NaCl or
CsCl. The tubes were heat=d at various temperatures from
400°C to 800°C isothermally or with a temperature 'programmed'’
mode. He found that the separation was achieved more easily

when using silica tubes packed with silica granules than that

with the tubes coated with KCl, NaCl or CsCl.

At temperatures below 350°C within 2 hours iodine is
eluted From the tube. At 359°C a separation of iodine,
tellurium, niobium and molybdenum is achieved in less than
15 minutes; however, zirconium and technetium are not
transported 2t all. At higher temperatures, zirconium and
technetium are eluted, but only technetium and molybdenum
c=n be separated from esach other and from the rest of the
2l=ments pressnt. I+ is remarksbles that ths separstion of

niobium =nd molybdenum is better at higher temperatures in

=

t2 of the fact that they have differinz tempersture

i}

o

L

ependence r=tention volumes.
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(43)

Ahrland et al have studied the ion exchange
properties of silica gel. They showed that silica gel may
be used @s a sorbent for organic compounds, gases and for
me-al ions From water solution. They suggested that the
silica gel acts as =n ion exchanger of weakly =acid type.

! * - -

+
- ive Bt - 8i—- 0 i = 3 T
SIJ. 0 Me ———) !1 Me H Me metal

The sorption to and the affinity For the gel of sodium I,
calcium II, barium II, uranium IV, gadolinium III, zirconium
1V, niobium V, uranium VI and plutonium IV was also studied.
They reported that 2t given acidity of the solution the
distribution coefficient is larger for high valent ions e.g.
2ireonium IV thanm for low valent ions e.g. sodium I and the
distribution coefficient betw=en gel =nd solutions of different
metals incre=zses strongly with increasing pH. The affinity

For the ion exchanger is given by the order:
Zr IV > U IVA Pu IV > U VI >Ed III>Ca II= Ba II= Na I

They have also reportad that some species are sorbed very
quickly and others more slowly and that the separation slso

depends on whether the ion is hydrolys=d or not.

(42

Irn another paoer Ahrland et al have studied the

e of =il

it

2 gzl adsorption in the separation of olutomium

i
0

=nd Fission products in nitric zcid solution produced from

ur=nium which has been irradiated with therm2l neutrons.



They found that uranium VI showed no adsorption in 0.1 M and

0.5 M HNO,. Plutonium was adsorbed in the range of 0.1 -

3
.5 M HND3 but at 0.1 M HNOB the distribution coefficient
for plutonium is much larger than that at 0.5 M HNO..

3

Zirconium adsorption in 0.1, 1.5 and 5 M nitric acid has been
studied and the lowest acidity was found to be the maximum
adsorption state. Yttrium and the lanthanurt, neodymium,
gadolinium and ytterbium showed no adsorption on silica gel

under these conditions.

Caletkal 4%]

has investigated 2 method for separation
and purification of zirconium-95 and nicbium-85 in hydrochloric
acid and hydrochloric acid-methanol solution by batch
equilibrium method and subsequent passage through a silica

gel column. He used 3 stock solution mixture of zirconium-85,
niobium-85, h=Ffnium=-175, 181 2nd & small guantity of
ruthenium-102 . Solutions of zirconyl chloride and hafnyl
chloride were used as a carrier, In a batch of equilibrium
study he found that the distribution coeffici=znt of niobium
was approximately constant from 1 to 6 M HCl where after it
decreased with increase in acid concentration., However,
zirconium was less strongly adsorbed than nicbium =t low
=cidities but in concentrated hydrochloric acid very
surprisingly the resverse occurred. He also found that with

column adscrption using silics gel of small surface area

and using B to 9 M hydrochloric acid solutions, niobium is
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strongly retained on the column, whilst zirconium is easily
gluted., Niobium elution has been achieved by using
concentrated hydrochloric scid. Ruthenium behaviour was
=2lso investigated and showed no adsorption by silica gel.
Investigation for the separstion of & mixture of rutherium ,
zirconium, niobium and hafnium by mixed eluant (10 Vol %
methanol and 90 Vol % 11.5 M hydrochloric acid) was found to

be better in comparison with the agqueous solution.

(48)

El-Garhy et al have investigated the separation of

zirconium-95 and niobium-85 from the other fission products

using silica gel adsorption. After conditioning the column
with 8N HCl and G.GUEPPHNDB, it is washed with distilled
water until neutral to pH paper. They then passed the

dissolved target material through the column and the

efFfluent was Ffound to contain 211 fission product activities
evcept those of zirconium-85 =nd nicbium-85. These latter
nuclides were adsorbed on the silica gel column. The column
was then washed with 5-10 ml of (8N HC1l + D.GUSLlHNDEJ to
remove any activities other than zirconium-85 and niobium-95,
The zircomnium=95 and niobium-95 were gquantitatively eluted
with 2pproximately 10 ml of 0.5% W/V oxalic acid. In their
work although Zl-C=mye=stal were successful in separating
zirconium-95 and niocbium-25 from other fission products, they
have oresented mo evidence to indicate whether thesy were able

-0 semaratz these two metals from sach other,
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Akatsu et alc47] have reported @ separation method
fFor zirconium-95 from other radionuclides by silica gel
adsorption in 2.0 M nitric acid medium. The yield of
zirconium-95 is given as 98% and decontamination factors are
over 500 for nicbium-95, ruthenium«~ 103, antimony-124, cesium-

137, molybdenum and uranium IV.

In another paper Akatsu et al(48]

have reported their
investigations of the adsorption behaviour of imorganic ions
using zirconium phosphate, silica gel and charcoal as
adsorbents. The agueous phasz were 0.01 - 10 M nitric acid
and 0.01 - 10 M ammonium nitrate solution. The distribution
r=tio of about 50 chemical elements from sodium to curium
were determined by bstch methods using radicactive tracer
technigues. Cesium shows the highsst distribution ratio
value in the zirconium phosphate system and most bivalent
smecies =re not adsorbed. It is worth noting that a few
elements are adsorbed on silica gel from nitric acid
solutions. High distribution ratio valuss are shown by
—-irconium and nicbium and protactinium under the sams
conditions. In the charccal system Akatsu found that most
chemicals are adsorbed to some extent except those of the

=lkali =nd 2lkaline earth ions.

Tsaleaka[”“J studied the adsorption behaviour of

=irconium and hafnium on silica gel as a2 function of perchloric,

- -

ie, hydrochloric =acids concentra+tions. He found that the
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adsorption of both zirconium and hafnium from solution of
perchloric acid is the highest in comparison with the other
acids. Zirconium and hafnium adsorption curves showed a
mimimum 3t 4 M perchloric acid concentration. In nitric

acid solution the adsorption of zirconium corresponds to a
curve with a flat minimum in the region of medium acid
concentrations and is appreciably reduced in the concentration
greater than 10 M. The adsorption of hafnium decreases almost
linearly with inmcreasing nitric acid concentration within the
range 1 - 4 M and the adsorption curve showed 2 minimum at

4 M HNDB. However, at the acid concentration greater than 6 M
HNGB, the adsorption remains practically constant. In
comparison with perchloric and nitric acid media, the

adsorption of both elements from hydrochloric acid is the

lowest at @ given concentration.

Hung-Chih (=0

investigated the adsorpticn behaviour

of ruthenium, cerium, zirconium and nicbium on silica gel-
nitric acid system by batch equilibrium studies and also by
passage through a2 column using the same media. Both ruthenium
and cerium showed no significant adsoroticn under these
cenditions. Zirconium showed an adsorption maximum at 1 M
Aitric acid but the adsorption of niobium increases with
increasing nitric acid concentration freom 0.1 to 15 M. 0.2 M

oxalic acid have been successfully used for the elution. The

chemical yield and radioactivity purity of zirconium-85 and

i

ter thamn 99% in this procedure.

s gare

ul
[

nicbium-98
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1. 5 Summarx

As sesen From the above survey of literature, silics
gel has been used by many workers for the purpose of
separating the fission products. In the work reported hers
silica gel wass chosen in preference to other methods (=.g.
ion esxchange and solvent extraction techniques) because of

the following reasons:

13 Solvent extraction techniques have ths problem of
sample handling and incompletes separation and the use of
many reagsnts, thersfore a column chromatographic technique

is to b=z preferrsd.

2\, Compared to the2 icn exchange resins, silica gel is
cheag.
3. iinereas the radiochzamical puriti=ss of ths separated

nuclides using ion exchange resin (=2.g. Cowex 2 and Dowex

S0) is doubtful, when silica gel is used, slements may be
cbtainad in a Fairly pures state.
4, Silica gel is not =Ffscted by radicactive species
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(i) The expense involved in the preparation of such

strongly acid solutions
{i1) The hazards in the uss of such mixtures.

I+ was therefore decided in the present work to develop
a scheme for the separation of zirconium and niobium from
fission products based on silica gel adsorption. Previously
reported results with this media do not seem to be very
conclusive. For example, workers are in disagreement
regarding th= recommended condition for the most efficient
adsorption. L".r-_=|].eth:a(45J reported that in batch studies, the
adsorption coeffici=snt of niobium was approximately constant
frem 1l - 8 M hydrochloric acid, but it decreased with increase
in acid concentration. However, zirconium was less strongly
adsorbed than niobium =t low acidities,but in concentrated
hydrochloric acid the reverse happened. He also reported
that when using a3 column separation, he was able to separate
zirconium-85 by elution with 9 M hydrochloric acid solution,
whilst miobium-95 was strongly retained on the column. This
obssrvation was not confirmed in our preliminary studies.

_ (48] . "

In contrast to the work of El-Carhy et =al it was decided
to embark on 2 separation of zirconium-85 and niobium-85 not
only from other fission products but also from each other.
Furthermore,i: was decided te investigate the possibility of
using simole =cid solvents of varying strength and to avoid

comnlicated acid nixtures as ussd by El-Garhy.
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1.5 Choice for Methods of Trace Analysis of Zirconium

and Niobium

In order to study the quantitative separation of
zirconium 2nd niobium from othsr nuclides (and from each
other) a sensitive analytical method had to be selected,

The following are the most important techniques available.

1.6.1 Atomic Absorption Spectrophotometry

The determination of metals by atomic absorotion
spectrophotometry is 2 well-established technigque and has
found many @pplications in many fields. It is an analytical
technique in which the sbsorption of radiant snergy by'atams is
related to the cuncentraﬁion of the metallic species in 2
Flame. ~race elemental analysis can be carried out by the
tzchnique. Although this is very useful for many metals,
2irconium and niobium present scme special problems. For
example, the solvents used have to be extremely pure, other-
wise high readings are obs=rved. Alsoc the method is not very
sensitive for the two metals because zirconium and niobium
give very stable oxide species in the flame which makes
a+tomisation difficult. Electrothermal atomisation can also
mot be ussd to increase the sensitivity because of the

(51i(z2)

Formation of carbide 2t high tamoeratures :
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1.68.2 X-Bay Fluorescence

X-ray fluorescence analysis is one of the most
universally used analytical methods but the apparatus is very
expensive and not usually available. It may be & non-
'destructive' method when solids and powders are analys=d.
Liquid may be examined but the destruction occurs in the
dissolution stage. Except in the case of some lighter elements
analytical results areirdepend=nt of the type of matrix in

which the analyte is present.

X-ray fluorescence is bas=d on the principle that when
materizal is bombarded with charoed particles or high energy
photon innzr shell slectrons are ejected from different
orbitals of the atom and the vacancies left are filled with
electrons coming from the cuter shells. As a result of zhe
transition of electraons from higher energy levels to lower
ones, energy in the form of X-rays is given out. Measurement
of the X-ray characteristic energies and th= intensities
serve as the basic of qualitative and quantitative analysis.
But the methods of target preparation involved, such as the
digestion bF the sample, are still a major problem in thes case
of many =lements of interest. Also the method may give

(33 ]{34].

large background readings @t very low concentration

In the oresent work this method was evaluated (using

stable isotomes) Ffor nmossible use in the study of the



separation of fission products. However, it was found that
it could not be extended to radiocactive isotopes because of
the problems encountered in the handling of the sample. Even
for stable isotopes individual fractions from the silica gel
column could not be analysed because of the low sensitivity

and small volume.

1.6.3 .CBolarimetric Methods

Colorimetric methods in general are easy to use and
are of reasqnable sensitivity. Also the instrumentation
involved is usually not very expensive. Therefore, it was
thought advisable to use th= colorimecric method for the estima-
tion and the ' determinmztion of zirconium at least for
preliminary work with the stable isotopes. A survey of the
literature showad that Alizarin Had-sta?] has been frequently
used For the colorimetric determimation of zirconium but
there arz conflicting reports sbout the best conditions o
the absorption measurements. Thers 1s some doubt a&bout the
stoichiometry of the metal-dye complex. For this reason the
method was thoroughly studied before using it for the purpose

of the study of column eluesnts. The results of this study

are pressnted in Chapter Four.

1.6.4 0G=2mma Bay Detection Method

This method of analysis was ussd for the determination

of radiosctive isotopes in solutioms which had been irradisted
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in the Iragi Nuclear Reactor.

When 2 nuclear nrobe interacts with an atomic nucleus
the reaction may result in radioasctive nucleus emiting a
variety of radiatiomns. The radiations have important
properties. They can inlthe first place be detected and
measur=d with very great sensitivity, so minute traces of
material can be studied. 0On occasions one can even observe
the radiation from' 2 single atom. Secandly, the radiations
are characteristic of the atoms from which they arise, so
that they can be used for identification purposes, as well as

for quantitative determination.

All methods of detectirg nuclear particles and
radiations are based on the fact that chargedparticles cause
ioniz=tion when passing through matter. The charge may be
collected diresctly by electricsl meams as it is in the gas
ionization counter =nd semiconductor counters, or it may be
detected by the consequent =mission of light guanta a&s in the

£l . (35)
scintillation counters,

The right choice of suitable detector which satisfies
the conditions and the aims st a specific project is one of

the imoortant steps in the research described in this thesis.

In the work the gamma@ spectrum was expected to be

-1

comolex and gzmma rays energiss for zirconium-85 and niobium-85

(8]



are very close (758.6 KeV for 952r, 785.8 for gsNb] which

means there was requirement for good resolution. So a Ge(Li)
detector was chossn as a satisfactory detector in this

particular case. More detail will be given in Chapter Two.

L The Present Work

In the present work i.e. that involving the szparation
of fission products using non- radicactive species for
preliminary studies wsre carried ocut using [ i) atomic spectro-
photometer [(ii) X-ray fluorescence and (iii]) the Alizarin
Red-S colorimetric method. The techniques were later
extendsd to real samples from the Iragi Nuclear Reactor.

The =2tomic zbsorption method could not be utilised for
2nalysing samples containing zirconium and niobium because of
the low sensitivity for these two elements and difficulties

with the availability of the instrumsnt.

For the preliminary separation studies with the
stable isotopes, the X-ray fluorescence and the Alizarin Red-S
colorimetric methods were used and for radioactive isotopes

the gamma destscticon m=2thods were utilised,



Chapter Two Gamma Ray Destectors

2Lk Interaction of Gamma Fadistion with Matter

Gamma radiation is the emission of energy from the
Aucleus of =n atom when it falls =ither to @ lower excited
state oh to the ground state. The energy levels being
guantised the photons are of a precise energy of the order of
0.1 to 2.5 MeV, and the photons are more conveniently

described by their enmergy in MeV than by their wave length or

frequsncy.

Jamma rays in fsct are hard, or high-frequency, X-rays.
They penetrate relatively creat thickness=s of matter before
being sbsorbed. Instead of having a well-defined range, like
=21lpha or beta particles, = beam of gamma rays loses 2 certain
Fraction of its intemsity per unit distance travelled through
matter; -reat thickness of air, water, concrete or lead is

required to dissipate one-half the intensity of & beam of

gamma rays.

Beczuse of the penetrating nature of gamma radiation,

overexposure of the body to it results in deep-seated organic

d=amage. OF the three types of radiation from radioactive

substances, gamma radiation

external hazard,and it thus

is by far the most serious

requires heavy shielding and

remotely controlled operations.



Because a photon has neither charge nor mass, the
parent and daughter nuclides im a gamma radiocactive trans-

formation sre nuclear isomers,

The origins of gamma rays are:

1 Gamma-rays produced as & result of the capture of

an external nuclear particle by the nucleus.

2 Gamma-rays emitted by a fragment of the nucleus

due to fission of the latter.

< i Gamma-rays produced by an inelastic scattering
process,
4. Gamma-rays occurring simultanecusly with the

emission of thes betz and alpha rays.

The @bsorption of gamma-rays by matter differs
Ffundamentally from that of charged particles. The latter
dissipate their energy continuously in the sequence of many
ionization and excitation events. Gamma-rays, on the other
hand, are sbsorbed or scattered in single events. Like other
forms of electromagnetic radiation, absorption in matter of
gamm= radistion follows an exponential law, and if the
thickness is described in terms of mass per unit area, the

bsorstion coefficient (=nd hence the half-thickness] is

m

almost independent of thes mature of the adsorbing material

For snergies wuo to 2.5 MaV.
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The mechanism of absorpotion of the photons may be any
of three processes, the likelihood of any particular process
depending orincipally on thes energy of the phctontluj. At
low enercies (0 - 100 KeV] the photo-electric effect
predominates and in this an eslectron is e jected from an atam
or molecule 2nd the whole of the photon energy is used
to release the electron (the work function) and to provide
kinetic energy. At higher photon energies (100 - 1000 KeV]),
only part of the energy is used to eject an electron and the
residue remains as a photon of lower energy (Compton
scattering]. At photon energies greater than 1.02 MeV, the
shoton, im the field of 2 nucleus, may form & positon and
= nagatron which on separating will carry any energy in

evcess of 1.02 MeV as kinetic energy.

B Detection Methods

Detezction of any resulting particles or radiations can
be utilised im nuclear methods of =nalysis. Some of the
sarameters needed to help in the identification of & product

nuclide are:

5 Shergy and nature of the emitted radiations.
2, Presence of coincident radiation.
3. Half=1life,

4. Intensity of gamma-ray of the particles emitted.
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Most nuclear analytical methods depend on the measure-
ment of the gamma rays emitted by =2 nucleus and absorbed by
one of the processes mentioned in 2.1 returning to its ground

state.

S Types of Destectors

The ionization produced in ths medium which a particle
or ray passes through can be detected by one of several

methods.

Three main types of detectors are in widespread use,
namely gas ionization detectors, scintillation detectors and

(54)

solid state detectors .

S5as ionizstion detectors employ gcas filled chambers
containing two electrodes betwesn which there is zn slectric
field. When radiation causses ionization in the gas the
electrons produced are drawn rapidly to the anode, whils the
hesvy positive ions move more slowly to the cathode. The
result is that current fleows through the circuit and this is
used to measure the @amount of radiation causing the ionization.
ODztectors based on Zassous ionization are of limited use with

-amma radiation., The chance of the ghoton being absorbed by

1

the detectors is small - it will probably pass straight

through; and the resoonse of the detector will show no

relationshino to thz ensrgy of the ohoton. fhe two important

ctors =rz nropertional and Seiger Muller,

0]
ot
(i

typnes of these de
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In the scintillation detectors the ionization particles
mass through certain substances and are ionized. Excited
statcs are produced which, during their return to the normal
state, emit light. This light is picked up by & photo-
multiplier tube and the resulting pulse of current out of
the photomultiplier produces a signal and is then counted
by the electronic counter. These detectors can be made in
sizes up to several litres. This ensures the most complete
absorption of the photons, but the process of comversion to
light and back to an electrical pulse via a photomultiplier
tube is at the best only 20% efficient. HAesponse times are
fast [lG-9 sec) but energy resolution is relatively poor.
‘hallium activated sodium iodide detectors are by far the

most important ones of this class.

In the semiconductor detectors the operational principle
is similar to that of gas-filled detectors, exceot that the

ionization is -~roduced in = solid medium fabricated from

i

single cry

tals of hi-h purity semiconductor materials, mostly
cermanium and silicon. ‘his detector will be explained in

=~

more detail in the fFollowing s=ction,

2.4 Semiconductor Oetector

Semiconductor detsctors have revolutionised gamma-ray

mectroscooy by sroviding energy resolution unattainable

i}

o
|

witch previous methods. In these detectors the charge carriers
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sroduced by ionizing radistion are electron-hole pairs rather
~man ion pairs. The ionizing radistion lifts electrons into
+he conduction band and thess electrons travel towards the
positive electrode with high mobilities. The positive charge
travels in the opposite direction by successive exchanges of
electrons between neighbouring lattice sites. Two general
tynes of scmiconductor detectors are: lithium-drifted
silicon® detectors which are generally used fFor X-rays;and
lithium-drifted germanium detectors which are used for gamma

rays.

Lithium-drifted germanium was used during this work

for the detection of gamma rays.

The lithium-drifted germanium soectrometer consists of
2 virtually windowless Ge(Li] ecrystal, a vacuum cryostat
maintained by cryocsorption pumcing, = liquid-nitrogen Dewar
and & preamolifier. The 3e(Li) crystal is fabricated by

drifting lithium ions (a2 domer] into and through p-type

germanium. This is performed under the influemce of & high
. = CA i s :
electric field at 400 C. This process results in compoensation

of all =ccentors within the bulk material, yielding & very
high resistivity region which acts like ultrapure germanium
within the bulk material. The drifting process is dis-
comtinusd whilst a layer of p-type germanium still remains.
This intrinsic or comoensatsd volume becomes the radiation-

s=nsitive r=gion. When ionizing radizstion enters the
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intrinsic layer, electron-hole pairs are created, and the
charge produced is rapidly collected under the influence of
+he bias voltage. The complete detector must be maintained
at 77DK =t =11 times to prevent nrecipitation of the lithium,
simce the lithium drift process is not stable at normal roaom
temperature. At this low temperature thermal noise is
greatly reduced and the resolution capabilities are vastly

increasedEBEJ.

2.4.1 Advantages of Se(Li) Detectors

The main advantages of the detectors are:

La The higher density of the ionizing system.

. The energy needed for the production of & pair of
charge carriers is less by =& factor of 8 - 10 in
a Ge(Li) detector than in gases, and less by 3
Factor of about 100 than that required to produce

2 photoelectron in scintillation counters.

< (5 ~he resolution of Ge(Li) detectors is =2 factor
of 3 better than that which is obtzinable from
gas counters and a factor of 10 better than that

which is obtainzble from a scimtillation counter.

s2(Li) detectors have 2 good linzar relationshio

s

hetween nulse height and incident energy.
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5. Response times are fast [ll:l-Ea sec) for Ge(Li)

detectors and equal those of sodium iodide.

2.4.2 Disadvantages of Ge(Li) Detectors

The E=2(Li) detector has some inherent disadvantages.

(55
These arese” }:

1 The volume of Ge(Li) detector is limited at the
present time to 100 cc whilst for Mal scintillation
counters crystal up to 20,000 cc have been made and

detectors of 400 cc are common.

25, Se(Li) detectors must always be kept at liquid
nitrogen temoerature because lithium can diffuse

significantly at room temperature.

e Low efficiency, therefore, is not satisfactory for

guantitative apalysis in low activity.

208 Choice of Detector

The right choice of suitable detectors which satisfy
the conditions =2nd the aims of a specific project is one of
the important steps in the research. 0Oifferent Factors

which influsnce the choice of gamma dstector are:

I

h {3 Th= aim of the resesarch, whether it is gualitative

or auantitative,



ek The detection efficiency which dictates the source
strength necessary for the measurement of the spectrum.
3. The resolving power which determines the complexity
of the spectrum that can conveniently be analysed.
4. The simplicity of the arrangement and the eases of

data accumulation.

According to the above factors, it seemed that the biggest
drawback to the gas filled counters is their low sensitivity
and the use limited to gamma rays having ranges within the
dimension of the chambers, which leads to limitations on the
energy of the photon to be detected. Scintillation counter
detectors, on the other hand, have very high efficiency but

do not have such good resolution as the Ge(Li) detectors.

In the oresent work, the gamma ray spectrum waEs
expected to be complex which meant there was a requirement for
good resolution. Also the activity to be observed was not
very low, so high efficiency and sensitivity fsctor is not
i

very important. So a Ge(Li) detector was quite = satisfactory

detector in this particular case.



Chapter Three Aeagents and Methods of Anmalysis

e S 5 Introduction

After reviewing all the methods of znalysis outlined
in Chanter One, three techniques were selected as those most
suitable for use in this research: X-ray fluorescence,
cclorimetric method using Alizarin Red-S5, and gamma ray
spectrometry using @ Ge (Li) detector. These are described
in more ‘detail later in this chanter. As these methods
require the use of 2 considerable number of resgents, and
many more sre needed for the experiments themselves, a comolete

list of all reagents used in this work is given below.

3. Resaents
—— e
Hydrochloric acid soluticgn (S6 1.18)
Analasr grade, BOH Chemicals Limited. Solutions of the

requisite concentration were prepared by dilution with
distilled water; the concentration of the acids was determined

by titration.

Nitric acid (SGC 1.42)

Analar grade, BOH Chemicals Limited.

Hydrofluoric acid solution

I 19
<

sunplied by Hookin and Williams Limited.
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Oxalic acid solution, 5 x 10 M

Dissolve 0.6304 g of oxalic =cid [CDGH]E.EHEG.
("Analar' Hopkins and Williams Limited) dissolved in a2 fFew
mls of distilled water and dilute to 100 ml. Solutiomns of
requisite concentration ware orepared by dilution with

distillaed wster to 2 certain volume.

Standard sodium hydroxide solution, 4M

Concentrated volumetric solution, BOH Chemicals
Limited. The solution is obtained by diluting the contents

of omne vial to 5C0O ml.

Uranyl nitrate nowder

Re=gent grade, supolied by Hopkins and Williams Limited.

Standard zirconium selution, 1.1 x .'LCI-2 M (1000 oom Zr)

Dissolve 0.17685 g ourified salt ([ZrcoCl .BHEG] (Homkins &

2
Williasms) indistilled water and dilute to 50ml in a graduated
Flask, The zircomium content of this spolution was determined
gravemetrically as ZPDE. The zircomyl octahydrate was

purified by recrystallisation from concentrated hydrochloric

ecid, washed with acetone and drisd teo constant weight in air.

Ul

ium solutionm 0,1076 M (10000omnm Nb)

ct
m
5
0]
i)
-
a
3J
[
0
o

issolve 0.100 g nicbium powder, 99%,Kach light



laboratories contained in a Teflon beaker, in 0.5 ml of
concentrataed hydrofluoric a2cid and 2dd, droowise., concentrated
mnitric acid. Heat to drynzsss, then add a few mls of distilled
water and heat to dryness again (this procedure is repeated
three times), and then the solution is diluted to 10.00 ml

in a graduated flask with distilled water. This solution

w2s standardised gravimetrically by using 8 hydroxyquinocline

a8s precinitant.

After standardisation of the niobium soluticn, it was
Found that the sclution contained 10,000 ppm nicbium, This
means that the powder used is very pure and this method of

dissolution is satisfactory.

Molybdenum solution (100 oom)

Dissolve 0.1840 g of =mmonium molybdate [NH4]SMO7DE4.
BH,0) 'Anmalar! Hookins and Willisms Limited) in a few ml of

distilled water and dilute to 100 ml in a gradustsd flask.

Cerium solution (100 opm)

Dissolve 0.3098 g of cerium (III) [CE[NGBJB.SHED]

(Homkins and “illiams Limited] im a few ml of distilled water

and dilute to 100 ml in 3 graduated flask.

Alizarin R=d-S5 solution 1.1 x 10 M

Dissolve 00376 g of ourified Alizarin Raed-S in 50 ml



of hot distilled water and filter through papoer pulp.

Dilute to 100 ml with distilled water. The commercial dye
(Hookins and Williams Limited] was ourified by extraction
with aquecus alcohol and dried at e, 1t assayed (by nmr

and TLC) 89%.

Silica gel

The specification of silica gel used is (60 - 120) mesh
size Fisons (S 10780) batch 34 laboratory reagent. The
silica gel was digested befores use by repeated washing with
5 M HCl at 80 - 90°C for 8 hours. Ths gel was then freed
from the bound acid by washing it several times with distilled
water. Finally, it was heated for 20 hours in an electric

oven &t llDUC.
Sy Amparatus

The specificaticns of the apparatus used are listed

below.

Soectronphotometers

-

A Unicam 5P8-100 double beam recording spmectrophotometer
arnd 2 lUnicam SPB-100 single beam spectronhotometer were used.

1 cm glass cells were used throughout this study.

mH meter

nH messurements wers made using Electronic Instruments



58

o
Limited Model 23A Direct Reading pH meter at 25 C. The

instrument was standardised by using buffer solution pH7.0 =nd

nH4 .0,

Ge(Li) D=tector

The radicactivity was measured by 2 3e(Li) detector

with an sctive volume aof 30 cma, 4086-channel pulse height

analyser connec:ted to hp 8640. A multiprogrammic system is

-_—

shown in Fig. T . The efficiency of the detector =at

va@rious energies was calibrated by standard sources:

5 20 e

7c0(121.9 Kev], “P3Hg(279.1 Kev), °3Na(511.0 Kev],

22 8

€8y (egB.0 Kev), “CNa(1274.5 Kev],

8YC1836.9 KeV) as shown

on page GO

Atomic-2bsorotion spectroshotometry

Perkin Elmer model 460 atomic =bsorntion spectroohoto-
meter was used for the determination of molybdenum. The
ebsorbences of the aspirated solutions were measured at

313.3 nm using NED/CEHE 32s combustion gases.

A Parkin Zlmer molybdenum hollow c2thode lamp wss used.
Molybdenum standard solutions for calibration of the instrument,
of requisite concentration, were prepared by diluting

molybdenum standard solutions (1000 mnpm) specifically made

-u

or a2tomic absorotion soectroscopy by BOH Chemicals Limited,

with distilled water to =2 certain volume.
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. X-ray fluorescence

shilins model PW1212 X-ray fluorescence connected to

a mlotter was used throughout the stucy. (Figure 4, page 83).

Shaker

Stuart Flask shaker was used in these experiments.

Auto-burette

OOFINAT E 535 suto-burette was used to standardise
hydrochloric acid solution using 1 M and 4 M sodium hydroxide

solution.

3.4 Analytical methods

3.4.1 Analysis of Zirconium and Niobium using X-ray Flucrescence

This method of.analysis was used for non-radicactive
samples. Samples may be submitted For =nalysis in & variety
of forms; solids, powders, or liquids. (In this work the
samples wsre in liguid form]. Tt is immortant that samples
be mresentzsd tc the spectrophotometer in @ hcocmogeneous State
and in @ manner which can easily bé reproduced. In this

work thz Following m=sthod was used.

Tach samole was olaced in a2 cylindrical olastic

com==2iner which had a small hole in the bottom covered by 8

Th:

coD Q

=
i

rh= comtainer was sealed, Four
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such samples were inverted and placed in a8 disc-shaped

holder. The tape was then removed from the small hole in

each container and a beam of x-rays from an x-ray tube was
directed onto each sample in turn, producing x-ray fluorescence.
A detector converted the ¥Y-ray photons into voltage pulses

which were =mplified and output on 3 graph plotter.

The energy of the fluorescence radiation which is
emitted from the sample is the characteristic 'X'-ray of the
elements present in the sample, e.g. K& for niobium = 21.37

KeV and for zirconium K &£ = 22,17 KeV.

In order to determine the quantity of the elements
mresent in the sample (for this work, zirconium and niobium)
standard samoles, containing different known amounts of both
elements, were analysed and the quantity of radiation emitted
at a certain energy was plotted on the graph plotter connected
to the instrument, as shown in Fig. 4 . The height of the
resulting oeak on the graph is directly proportional to the
amount of the element inveolved. Thus, by comoaring the
height of the peak from the samole under test, one can deduce

the amount of a certain element present in the test sample,

It is importanmt to note that the standard samples must
be presared in the same way, i.e. in the sams matrix, as the
sample, with acid of the same molarity, because it is observed

that the concentration of the acid affects the sensitivity of
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the instrument, i.e. the height of the peak from a sample
containing 2 given amount of =n element decr=ases with
increasing acid concentraticn. This matri» éffect needs to

be investigated further.

3.4.2 Analysis of Zirconium and Nicbium using Nuclear

Spesctrometer

This method of amalysis was used for radioactive

samples and the detector which was used was a Ge(Li) detector.

Samples may be submitted for analysis in a variety of
Forms (solids, powders or liquids) and it is important that

the sample is presented in a homogeneous state. (In this

work the samples were in liquid and solid form).

In this work the basic procedurs was as follows:
1.0 ml fractions (sample from the batch equilibrium
studies and the eluant of the silica gel column) were placed in

3 : : Has :
a 10 cm~ glass tube situated in a specific geometry relative

to the detector, as shown in Figure 5.

The gamma rays emitted from the samole are sbsorbed by
the crystalr producing positive holes =z=nd electrons in
proportion to the energy of the incident photons. Migration
of these ionization products across the depletion layer will
result in voltage pulses which can then be amplified and

analogued to 38 digital computer.
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The nuclear spectrometer was connected to & digital
computer to provide pulse height analysis, in which a special
subroutine was used which is capable of both storing and
processing data, as well as controlling the display and
operation of the instrument. All this information was then
given to & computer via a teletype, im the form of a comment.
The spectrum of the gamma ray energies was transmitted on
the video display. The result was output on the line printer.

The relevant detail is shown on page B8.

Note: Before the irradiated sample is dissolved, the
induced activity of the sample must be checked to ensure it is under
the maximum : oermissible dose (Srem/yr] which is suggested by

the International Commission on Aadiological Prctectinnts?J.

3.4.3 Complex Formation of Zirconium-Alizarin Red-S

The comolexation of zirconium with Alizarin HRed-S was
thoroughly studied and in contrast to what has been generally
reported in the literature, it was found that zirconium forms
a complex with Alizarin Red-S in the ratio l1:2. Evidence is
presented to support this finding by using the well-known
continuous variation,slope ratio, and the molar ratio techniques.
Interference effects of niobium, cerium, oxalate, fluoride
and nitrate were studied, It was found that the Beer Law is

obeyed for zirconium concentrations of up to 6 Jﬂ_g/ml.

The basic working procedure was as follows:
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To 0.2 ml of concentrated hydrochloric acid contained
in a 50 ml volumetric flask, 2 ml of 100 A g/ml zirconium
solution and 5 ml of 0.0011 M Alizarin Red-S solution were
added. The volume was made up to 50.0 ml with distilled
water. The dark cherry colour of zirconmium Alizarin Red-S
comolex was Formed. All subsequent measurements of the
absorbance of zirconium Alizarin Red-S complex were carried
out after 30 minutes at pH 1.3 =gainst distilled water as
reference solution in 1 cm cell &t 525 nm. More detail is

given in Chapter Four.
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Chapter Four Spectrophotometer Determination of Zirconium

Using Alizarin Red-S

4.1 Introduction

This chapter describes preliminary work to determine
zirconium in the separation and adsorption studies of these

elements using silica gel and non-radioactive species,

It was found that the Alizarin Red-S method could be

suitably adapted for the determination of zircomium.

The use of Alizarin Red-S as a spot test has been

(s8]

known for a long time and the reagent has been suitably

adapted for the guantitative determination of zirconium in

such materials as clays and silicate rackstag], magnesium

(eonl(s1l) (2]

alloys and radiocactive samples . In spite

of the success of these analytical methods, there is much
divergence of views as to the optimum conditionms For
development of the colour. This may be explained in part
as arising from differences in matrixes, but there is some

disagreement concerning the stoichiometry of the reaction.

(eo)

Mayer and Bradshaw report that a 1.26:1.00

=

zirconium-Alizarin Red-3 complex is formed and their
- - ; £829) .
calculations from the data given by Green give a value

of 1.24 but there is no indication about the purity of

Green's Alizarin Red-S. Flagg et 51[53] Found a8 value
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between 1.0 and 1.4 using alcoholic alizarin whilst Drégulescu

(e4)

et al established optimum conditions by use of trichloro
acetic acid to stabilise the zirconium Followed by butanol

extraction, and found that a l:1 complex was formed .

After reviewing all the available literature (much of
which is summarised later in the chapter), it was found that
differing results were given for the optimum condition fFor
Formation of the zirconium-Alizarin Red-S complex. None
of these papers has mentioned the possible interference of

niobium with the reacent.

For this reason, it was decided to investigate the
reaction thoroughly and at the same time re-examine the
conditions for the development of the colour and the

interference of niobium with Alizarin Red-S.

4.2 Zxperimental

All reagents and apparatus used in this experimental

wark were mentioned in Chapter Three.

4.2.1 Absorption spectra of the Zirconium Alizarin Red-S

Complex (Fiz., 6 )

To 0.2 ml of concentrated HCl contained in a3 50 ml
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volumetric flask, 2 ml of 0.0011 M Zirconium solution and
5 ml of D.0011 M Alizarin Red-S solution were added. The
volume was made up to 50.0 ml with distilled water and the
absorption spectra measured against Alizarin Red-S and

distilled water. The a@bsorption spectra of Alizarin Red-S
was also measured against distilled water as reference

solution. All subseguent measurements were carried out at

525 nm.

4.2.2 Conditions for the Formation of the Zirconium -

Alizarin Red-S Lake (Fig. 7 )

The influence of pH on the absorption of the zirconium-
alizarin lake was examined by adding 5 ml of 0.0011 M
Alizarin Red-S readent to EUleqg quantities of zirconium,
and diluting to 50 ml with varying quantities of hydrochloric
acid. All absorption readings were made after 30 minutes.

The optimum conditions were obtaimed at pH 1.3.

4.2.3 Colour Development and Stability (Fig.8 ]

The colour development at room temperature and by
heating on & waterbath (as recommended by Mayer and Bradshawﬁsd
was studied at pH 1.3 by measuring the absorption of solutions
produced by treating EDDJHQ Zr with 5 ml 0.05% Alizarin Red-S

reagent and making up to S0 ml after addition of the

appropriate amount (0.2 ml) of concentrated hydrochloric acid.
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4.2.4 Influence of the Amount of Alizarin Red-S on the

Formation of the Zirconium Alizarin Red-S Complex

(Fig. 8

The absorbance of solutions containing 200 4 g Zr with
various amounts of 0.0011 M Alizarin RAed-S reagent all adjusted
to pH 1.3 and diluted to 50 ml with distilled water were
measured and it was found that 4 ml of reagent was sufficient

to give the maximum absorbance with 200 M, g Zr.

4.2.5 Effect of the Ageing of the Zirconyl Chloride

Solution (Figs. 10 and 11 )

The absorbance of the zirconium-Alizarin Aed-8
complex of solutions containing 200 M,g Zr/S0 ml, pH 1.3,
was measured in solutions which had been allowed to age for

various periods of time.

4.2.6 Beer's Law Studies (Fig.l2 )

The absorbance of solutioms of the zirconium-Alizarin
Aed - S .+ complex containing varying amounts of zirconyl
chloride up to 800 Mg Zr/S0 ml at pH 1.3, showed that Beer's

Law was obeyed up to 300 M g Zr/50 ml i.e. 6 mMg/ml.

4.2.7 Composition of the Zirconium-Alizarin Red-S Complex

(Figs.13l4, and 15 )

Continuous variation curves, slope ratio and molar
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ratio method were used to study the stoichiometry of the

54
complex( ].

All solutions used in the stoichiometry study were
adjusted to pH 1.3 and all absorbances were measured at

525 mm using 1 cm cells.

Continuous variations curves were obtained by mixing
in different ratios 0.0011 M zirconium solution and 0.0011 M

Alizarin Red-S solution and diluted to 50 ml (Fig. 13 J.

mls of 0.0011 M Zirconium mls of 0.0011 M Alizarin
solution Red-S
3.0 0.0
Cobied 0.5
en0 1.0
Ins ) ST
1.3 20
0.5 2.
0.25 2.7
BB 3.0

The slope ratio plots were obtained by using the Following

solutions:

(=) Various amounts of 0.0011 M zirconium solution
(0.5,1.0, 1.5, 2.0, 2.5, 3 and 5) mls with 5§ ml
of 0.1% Alizarin Red-S (the constant component]
the volume of each being made up to 50 ml (Line A,

Fig. 14 ).
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(b) Various amounts of 0.0011 M Alizarin Red-S
solution (0.5, 1.0, 1.5, 2.0, 2.5 and 3.0)
mls with 5 ml of 0,001l M zirconium solution
(the constant component) the volume of each

being made up to S0 ml (Lime B, Fig. 14 ].

Molar ratio plots were obtained by adding 2 ml of =
0.0011 M Zirconium solution to varying amounts of 0.0011 M
Alizarin Red-S solution (1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and
7.0) mls -and making the volume up to S0 ml,

The results obtained are plotted in Fig. 15

4.2.8 Effect of Foreign Ions

The influence of some foreign ions on the colour
development was investigated by adding up to 200 M g/50 ml
of the possible interfering ion to fixed amounts of zirconium

200 M g/50 ml.

8.3 Results and Discussion

Slightly differing wavelengths for the absorption

maximum have been reported by various workers. Mayer and

(ed B1)

Bradshaw recommend 5680 mm whilst Wengert use 510 rm.

From Fig.® it is clear that the absorption maximum occurs

(s8]

at 525 mm in agreement with the value quoted by Green

(520 mnm) + Manning et al{aEJ

studied the differential spectro-
photometric determination of zirconium in perchloric acid

solutions and recommended 530 mm.
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It is well established that above pH 2.8 zirconium
solutions hydrolyse rapidly and that precipitation of the

Bo)

hydroxide occurs. Mayer and Bradshaw have commented on the
equilibria involved, and that 'it is not safe to boil =
solution with an acid concentration of less than 0.5 M!'
(HCl). Their recommended procedure is to develop the
zirconium Alizarin Red-S complex at 100°C for not less than

(53] recommends

2% minutes and not more than 3% minutes. Green
a pH of 1.1 and at least 20 hours for colour development.

From Fig.7 it can be seen that the pH for colour development

is critical. Higher concentrations of acid either decrease

the absorbance of the complex or imhibit its formation

because of the limitation of the dissociation of ligand
(Alizarin Red-S) when insufficient alizarin ions will be
available. Another competing reaction may be the formation

of chlorozirconium species in strong acid solution. The

optimum pH condition for the formation of the zirconium-Alizarin
[ed - S complex is 1.3 in hydrochloric acid solution.

Manning and White£563, who use perchloric acid solutions note
that 'the acidity generally used is in the pH range of 1 to

2' for colour development by other workers but they do not
present any data for their own work recommending that the pH

(54) recommend the use of

is critical. Drégulescu et al
trichloroacetic acid to stabilise the lake in hydrochloric
acid Followed by butanol extraction over a large range of pH

but they do point out that best pH conditions for the initial
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formation of the complex are limited to a very narrow pH
range (optimum value 1.15). They also claim that a 1:1
complex is formed in aqueous solution, @ point which we

(539)

dispute. Green states that 'the pH should be 171°'.

Having establ ished that the optimum conditions for
colour development may be obtained &t pH 1.3, 2ll subsequent
experimental work was carried out at this pH. We find that
the reaction is complete within 30 minutes (Fig. 8 ] and
that the colour is stable for at least 24 hours. GreentEs)
suggested that the colour development be allowed to proceed

(o) overcame all

overnight or 20 hours. Mayer and Bradshaw
the difficulties of colour development by heating the
reagents above 85°C for 2 minutes in 1.5 N acid which, it is
claimed, increases the rate of reaction with alizarin and
converts hydrolysed zirconium compounds to zirconyl ions.

In the method of Dragalescu et al, the addition of the

trichloroacetic acid 'stabilises' the lake and enables

extraction over a large range of pH.

The influence of varying amounts of Alizarin Red-S
on the formation of the complex is shown in Fig. S8 4 ml of
0.0011 M Alizarin Red-S are sufficient to develop the colour

for 200 A g Zr/S0 ml.

It is well known that zirconium solutions polymerise

(67)

and hydrolyse in acid solution. Connick and Reas have



87

studied the reaction in perchloric acid solutions of moderate
acidity. In the colorimetric method any ageing or hydrolysis@mﬂ
of the zirconyl solutions prior to addition of the Alizarin
Red-S reagent will be reflected in an absorbance lower than
expected when the colour is finally developed. Even before
precipitation occurs, hydrolysis takes place and to prevent
this stock solutions of zirconium should be prepared in

strong (1M) HCl. The effect of ageing of a zirconium

solution is shown in Figs. 10 and 11 .

The Beer's Law plot of the zirconium Alizarin Red-S
colour developed as in the recommended conditions (see Fig. 12 )
shows that the linear relationship is found up to 6 Mg Zr/ml

when 0.0011 M Alizarin Red-S is used.

As mentioned in the introduction, there is some dis-
agreement concerning the stoichiometry of the reaction between
zirconium and Alizarin Red-S. Our results show (Fig.1l3 =
continuous variation curve) (Fig. 14 - slope ratio method)
and (Fig. 15 - molar ratio method) that the complex is 1l:2.
The experiments ware carried out as described by Harvey and

Manning(SSJ.

The interferences in the alizarin method are well

fED][ElJ(EE]_

known and have been reported elsewhere For our
study, we were only interested in the effect of ioms likely

to be present in the particular application we are studying,
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viz,, absorption studies on silica gel and the separation

of Zzirconium from other elements.

Ions which form stronger

complexes with zircomium than does Alizarin Red-S, such as

Flucride and oxalate interfere.

Oxidising agents such as

nitric acid which bleach the complex must also be absent,

We find that up to an equimolar quantity of cerium does not

cause a8 reduction in the absorbance of the zirconium-Alizarin

Red-S complex, but niobium in even small amounts interferes,

4.4 Conclusion

As we will see in Chapter Five, separation of

Zzirconium occurs in 8 medium of 5.

4.2.2, we have found that optimum
of the complex are sttained at pH
because (from section 4.3) it was
small quantities, interferes with
complex, Alizarin Aed-3 cannot be

of zirconium in this research.

S M HCl. From section
conditions for formation
1.3. Because of this, and
found that niobium,even in
the Fformation of the

used for the determination
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Chapter Five Separation of Zirconium and Niobium by

Silica Gel Adsorption

S5 UL Introduction

Many workers have studied the behaviour of silica gel,
with regard to its adsorotion of zirconium and nicbium from
the fission products. and as a medium for separation of the
elements from each other (as mentioned in Chaoter One).
However, the work reported to date is nmot sufficiently
detailed, and there are differsnces in the published results
from paper to paper. It was therefore considered worthwhile
to investigate the adsorption and desorption behaviour of
silica gel using these elements and the resagents and methods

i
of analysis outlined in Chapter Three.

It was decided to work initially with non-radiated
samples, both to gain experience and to study the adsorption
of zirconium and niobium by silica gel. Later, the work
would be extended to irradiated uranyl nitrate samoles from

the Iragi Nuclear Reactor.

L = Experimental

5.2.1 Preparaticn of samples

1 Non-radisted samples

The freshly prepared stock solution used in =zll

experiments was 1.0 ml of niobium standard solutiom (10000 opm]),
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pipetted in a 25 ml volumetric flask, 5.0 ml of zirconium
standard solution (1000 ppm) was then added and the

solution made up to volume with distilled water.

14 samples of 1.0 ml of the stock solution were
pipetted into a series of 20 ml volumetric flasks and
different quantities of concentrated hydrochloric acid
were added to each flask in order to produce solutions of
B.1 M, D.5 M, 0.B M, 1 M, @2 M, IM, 4 M, SM, EM, 727 M, BM,
9 M, 10 M and 11 M hydrochloric acid concentration. Each

flask was then made up to volume with distilled water.

2. Irradiated samples

The tracer used in all experiments was 0.1 g of
irradiated uranyl nitrate in the Iragi Nuclear Reactor.
The irradiation time was 24 hours with flux 2.4 x 1013
n/cmalsac and the cooling time was 100 days. The irradiated
target was dissolved in 2 ml of concentrated nitric acid
and 3 ml of concentrated hydrochloric acid. The solution
containing the radioactivity was evaporated to dryness.

The process of dissolution and evaporation was repeated
three times in order to drive off gases and the volatile
radioactive material from the matrix of the active solution.
The residue remaining after the last evaporation step was

taken up in 5 ml of 1 M hydrochloric acid, as a stock

solution for further investigation.
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50¥ of the stock solution was pipetted into a test
tube and made un to 1 ml with distilled water and its

sctivity was then measured by a Ge(Li) detector.

5.2.2 Batch equilibrium studies for silica gel adsorption

1 Non-radiated samples

cxperiment A

In the batch equilibrium study, lg samples of silica
gel (14 samoles) were shaken for 18 hours with 10 ml samples
uFD.lM,D.EM,o.SM,1M,2M,3M,4M,5M,5M,7M,
8 M, S M, 10 M and 11 M hydrochloric acid soclutions
(prepared as outlined in section 5.2.1 - 1] in plastic
bottles (V = 50 ml). Then from each sample, after settling,
7 ml of solution was pipetted into a plastic contziner and
the amount of zirconium and nicbium was measured by an X-ray

Fluorescence technique, as described in Chapter Three. The

results sre shown in Table 2 Figurs 16.

The amount of zirconium and niobium on the silica gel
was obtained from the difference between the originmal amount
of these two elements in the feed solution and the amount

in the agueous soclution.

Exoeriment B

In the batch equilibrium study, lc samples of silica

agel (12 samoles) wer=s shaken for 18 hours,in olastic bottles,
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Sample Total A g % Zr Total M g % Nb otal Mmg| % Mo
L Nb Mo

Stock

solution

loaded 100.0 100.0 200.0 100.0 20 20

+
0.1 M HC1 5.0 S0 8.0 bl 20 20
0.5 M HC1 4.0 4,0 B 4.1 20 20
0.8 M HC1 2.1 12,1 8.0 4.0 20 20
1.0 M HC1 18.2 182 £.4 3.2 20 20
2.0 M HC1 41.0 41.0 7.0 3.5 20 20
3.0 M HC1 60.4 50.4 8.6 4.3 20 20
4.0 M HC1 28,6 78,6 8.5 4.25] 20 20
2.0 M HE1 100.0 100.0 10.0 5.0 20 20
6.0 M HC1 100.0 100.0 12.0 6.0 20 20
7.0 M HC1 98,8 E906 3.0 18.0 20 20
8.0 M HC1 938.4 88.4 76.0 38.0 20 20
8.0 M HC1 2858 89.8 1602 80.1 20 Eq
10.0 M HC1 100.0 100.0 195.0 g97.5 20 20
11.0 M HC1 898.6 8.6 200.0 200.0 20 20
Table 2 Batch Equilibrium Study - =Fffect of hydrochloric

acid on the adsorption of Zr, Nb, Mo on silica gel.

In this table,

Figures for Zr,

Nb and Mo in

the

columns refer to thes percentages rot adsorbed
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with 10 ml samples of 0.1 M, 0.5 M, 5 M and 6 M hydrochloric
acid solutions (prepared as mentioned in section 5.2.1 - 1)
together with oxalic acid of different molarities. The

First group contained 0.01 M oxalic acid, the second group
0.025 M oxalic acid, and the third group 0.05 M oxalic acid.
Then, after settling, 7 ml of each solution was pipetted into
a plastic container and the amounts of both elements,
zirconium and niocbium, were meassured as described above.

Results are shown in Table 3.

Experiment C -

In the batch equilibrium study, lg samoles of silicsa
gel were shaken with 10 ml samples of 0.5 M hydrochleoric
acid solution (prepared as mentioned in section 5.2.1 - 1)
in plastic bottles. Then, after settling, 7 ml of each
solution was pipetted into & plastic container, and the
amounts of both elements, zirconium and miobium, were measured
@s described above. The results are shown in Table 4

Figure 17.

All experiments were carried out at room temperature.

iy Non-radiated samples contzining molybdenum

As mentioned in section 5.2.1 - @, the cooling time
of the irradisted samples was 100 days, i.e. there is a

stable isotose of molybdenum with the radiosctive nuclicde.
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Sample Total 19 A Total g % Nb
Zr Nb

Stock
solution
loaded 100 100 200 200
1. GL0L M
HECEO4

+
0.1 M HC1 100 100 200 200
0.5M HGL 100 100 200 200
5.0 M HC1 100 100 200 200
6.0 M HC1 100 100 200 200
2. 0.025 M
HECED4

o
0.1 M HC1 100 100 200 200
0.2 M HC1 100 100 200 200
5.0 M HC1 100 1C0 200 200
5.0 M HCL 100 100 200 200
3. 0.05 M
HECED4

+
0.1 M HC1 100 100 200 200
0.5 M HC1 100 100 200 200
5.0 M HC1 100 100 200 200
5.0 M HC1 100 100 200 200

Table 3 Batch Squilibrium Study - Effect of oxalic acid

on the adsorption of Zr and Nb on silicz gel.
Inmn this table, figures for Zr and Nb in the

columns refer to the percentages not adsorbed



Sample Shaking time Total Mg % Zr Total Mgl % Nb
in hours ot Nb
Stock
solution
load=d 100.0 100.0 200.0 100.0
D.5 M HCL 2 88.0 B950 178.4 g89.2
0.5 M HCL = Eei e B63.E 110.6 25.3
Q5 M HEl 6 26.6 2&5 5 54.0 e7.0
0.5 M HCL 8 5.1 Bl s BS
Do 50M (HET 10 5.6 5.6 10.8 5.4
0.5 M HC1 12 59 S5 2 4.9
0.5 M HC1 14 5.1 Dl 10.4 5.2
0.5 M HC1 16 4.8 4.8 10.6 B
0.5 M HC1 18 5.0 5.0 10.4 5.2
Table 4 Batch Equilibrium Study - EfFect of shaking time

on the adsorption of Zr and Nb on silica gel.
In this table, figures for Zr and Nb in the columns

refer to pesrcentages not adsorbed
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This stable isotope cannot be measured or detected by a
Ge(Li) detector. For this reason, and to study the chemical
purity of the senarated nuclide, experiment A, which was
carried out in section 5.2.2 - 1, was repeated, but with

the addition of 2 ppm molybdenum. The results are shown in

Table 2 Figure 165,

3t Irradiated samples

Exoeriment A

In the batch equilibrium study, 0.lg samples of
silica gel (14 samples) were shaken for 18 hours with 5 ml
solutions made up of S0¥ From the stock solution (prepared
as mentioned in section 5.2.1 - 2) and 0.1 M, 0.5 M, 0.8 M,
1 M,2M, 3 M, 4M, S M, EM, 7M, 8M, 9 M, 10Mand 11 M
hydrochloric scid solutions in plastic bottles (V = 50 ml)].
Then, after settling, 1 ml of =ach solution was pipetted
into 8 test tube =nd its sctivity was measured using &

Ge(Li) detector. The results are shown in Table 5 Figure 1E6.

The asctivity on the silica cel was obtzined from the
difference in the activity of the fsed solution and that
of the agusous solution. The amount of the a@ctivity
adsorbed on the surface of the plastic bottles was found to
:

be negligible.

All experiments were carried out at room temperature
and in 3 olove box surrounded by lsad blocks to minimize the

danger from radicactive material.
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Experiment B

In a batch equilibrium study 0.lg samples of silics
gel (12 samples) were shaken for 18 hours with 5 ml solutions
madeg up of S08 of the stock solution and 0.1 M, 0.5 M, 5 M
and £ M hydrochloric acid solutions together with oxalic
acid of different molarities, in plastic bottles. The
first group contained 0.01 M oxalic acid, the second group
0.025 M oxalic acid and the third group 0.05 M oxalic acid.
Then, after settling, 1 ml of each soclution was pipetted into
a test tube and its activity was measured as described above.
The activity on the silica gel was found to be zero in each

case. The results are shown in Table B&.

Experiment C

In the batch equilibrium study, 0.lg samples of
silica gel were shaken with 5 ml solutioms of 0.5 M
hydrochloric acid, containing 50§ of the stock scluticn in
B groups, Far 2, 4, B, 8, 10, 12, 14, 16 and 18 holrs.
Themn, after settling, 1 ml of each solution was pipetted
into a test tubs and its activity was measured as described

above. The results are shown in Table 7 Figure 17.

5.2.3 Column segparation of zirconium and nigbium using

silica gel and hydrochloric acid as sluant

The filling of the columns reqguired Ffor this work was

difficult as it tock a long time to produce a satisfactory
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Sample 754.0 KeV % Zr-95 784.0 KeV P Nb-95
Zr-85 Nb-95

Stock 4 5

solution 0.74 x 10 100 0.1 » 10 100

(s07)

loaded

1. 0.01 M 4 =

HyC.0, + 0.74 x 10 100 0.11 x 107 100

0.1 M HC1

- 4 =

0.5 M HC1 0.74 x 10 100 0.11 x 10 100
4 5

5.0 M HC1 0.74 x 10 100 0.11 % 10 100
a =

5.0 M HC1 0.74 x 10 100 g.11 % 10 100

2. 0.025 M

+

H5C50,4 : 1

0.1 M HC1 0.74 x 10 100 0.11 x 10 100
= 5

0.5 M HC1 0.74 x 10 100 0.11 x 10 100

> 4 =

5.0 M HC1 0.74 % 10 100 0.11 x 10 100
4 =

5.0 M HCl 0.74 x 10 100 0.11 x 10 100

3. 0.05 M ]

HECED.a + S n

0.1 M HC1 0.74 x 10 100 0.1} » 107 100
4 =

0.5 M HC1 0.74 x 10 100 0.11 x 10 100

5.0 M HC1 | 0.74 x 10 100 0.11 x 107 100

5.0 M HC1 0.74 x 102 100 gLl e 10T 100

Table 6 Batch Equilibrium Study - Effect of oxalic acid

on the adsorption of Zr-85 and Nb-85 on silica gel.
In this table figures for Zr-85 and Nb-8S5 in the

columns refer to the percentages not adsorbed
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Sample Shaking time| 754.0 KeV |% Zr-95| 784.0 Kev |% Nb-9E
in hours Zr-85 Nb-385

4 =

Stock .74 x 10 100 Gald e 1l 100.C

solution

= 4 4

0.5 M HC1 2 0.84 x 10 86.4] 0.99 x 10O 80.0
4 4

0.5 M HC1 = 0.4 x 10 B84.1) 8.683 x 10 =t
_ 4 4

H.S M HEL = 0.18 x 10 e5.8F 0.9 x 1D 26.4
= =

0.5 M HCL 8 0.581 x 1O B9 B85 x 10 BAE
3 3

0.5 M HC1 10 0.44 x 10 B5.0F .58 x 1B 4.0
= =

0.5 M HC1 12 B8P 10 5.61 0.53 x 18 4.8
- 3 3

0.5 M HC1 14 0.38 x 10 S5L 0,53 x 10D 4.8
«, 3

0.5 M HC1 16 .32 % 1O Bl 0.68 5 10 5.0

0.5 M HC1 18 0.37 x 103 5.1] 0.54 x 10 4.9

Table 7 Batch Equilibrium Study - Effect of shaking time

on the adsorption of Zr-85 and Nb-95 on silica gel.

Figures for Zr-95 and Nb-95 in the

In this table,

columns refer to the percentages not adsorbed
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column. The silica gel must be packed in the column in such
a way that no bubbles of air or water are present, as an

unsatisfactory separation will occur if bubbles are present.

L. Non-radiated samples

The stock solution which was used in this experiment
contained 100 M g zirconium and 200 A g nicbium in a 1.0
ml sample. Niobium was separated from zirconium by the fFirst
silica gel column. The column was first conditioned with
5.5 M hydrochloric acid solution. The stock solution (1.0
ml) was then loaded onto the column and the column was washed
with 35 ml of 5.5 M hydrochloric acid solution and finally
the adscorbed niobium was eluted with 21 ml of concentrated
hydrochloric acid solution. The washing and the eluant
solutions were collected in 7 ml fractions (7 ml being the
capacity of the special container used in the measurement).
The amounts of zircomnium and niobium were measured by an
X-ray fluorescence technique, as described in Chapter Three.

The results are shown in Tables 8 and 9.

The washed solution from thes first silica gel column,
containing zirconium and 15.9% nicbium, was evaporated to
about 0.1 ml in 2 beaker and the residue was made up to 1 ml
with 0.5 M hydrochloric acid solution and was then loaded
onto the second column. The zirconium and the remaining

15,.9% of the niobium were adsorbed at the second column.
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Sample Total Ao % lr Total Mg % Nb
2r Nb

1l ml of 100 100 200 100

stock

solution

7 ml 80.0 60.0 L 31.8 15.9

7 ml 31.2 SL.2 % 2 =

Z mi 7.9 7.9 - -

7 ml - = = =

7 ml - - = =
Table 8 Separation of niobium (stable) from 1 ml of the

stock solution containing 100 M g Zr and 200 Mg
Nb from First silica gel column adsorption using

5.5 M hydrochloric acid solution as sluant

Sample “otal Mg % Nb % Nb™
Nb
Nb on the
column 1602 100 84.1
7 ml 143.6 g8.98 74.8 | m
M
7 ml 17.0 i8.1 8.5 10
7 ml = = =
7 ml = L -
Tabls 9 Slution of nigbium (stable)] from silica gel

column using concentrated hydrochloric acid

solution as eluant

The last column in this table gives thes amount of niobium

-0

28 a8 pesrcentage o the originmal amount loaded on the column
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This column had been conditioned with 0.5 M hydrechloric

acid solution and then washed with 14 ml of 0.5 M hydrochloric
acid solution. The adsorbed zirconium was then eluted with

2l ml of 5.5 M hydrochloric acid solution. Afterwards, the
adsorbed niobium was eluted with 14 ml of concentrated
hydrochloric acid solution. The washing and the =luant
solutions were collected in 7 ml fractions. The amounts of
zirconium snd niobium were measursed as described above.

The results are shown in Tables 10, 11 and 12.

This experiment was repeated several times in order
to achieve optimum conditions for good separation. The
diameter of both columns used wss kent at 1 cm but the
column length varied from 5 to 10 em. The washing and the
elution flow rates were changed From 0.04 to 0.4 ml/min.
Also, the first column was conditioned and washed with 5.5 -
8 M hydrochloric scid solution and the second column was
conditioned and washed with 0.1 - 0.5 M hydrechloric acid

solution.

g2 Irradizted samples

The sample usesd was 50 ¥ Ffrom the stock solution
containing the fission oroducts (prepared as mentioned in
section 5.2.1 - 1). The niocbium-95 was separated from the
other radionuclides by the first silica gel column. The
column was First conditioned with 5.5 M hydrochloric ac