Zagazig University
Faculty of Science
Department of Chemistry

STUDIES ON THE USE OF ORGANC AND INORGANIC ION
EXCHANGERS FOR SEPARATION OF INDIUM(III) FROM
CADMIUM(II) USING ANALYTICAL METHODS
By
AYMAN AHMED EL-SAYED MOHAMED
Cyclotron Project, Nuclear Research Center,
Egyptian Atomic Energy Authority

A thesis submitted
for award the degree of
DOCTOR OF PHILOSOPHY

in
Chemistry Science
(Analytical Chemistry)

Department of Chemistry
Faculty of Science
Zagazig University

2011

STUDIES ON THE USE OF ORGANC AND INORGANIC ION
EXCHANGERS FOR SEPARATION OF INDIUM(III) FROM
CADMIUM(II) USING ANALYTICAL METHODS

By
AYMAN AHMED EL-SAYED MOHAMED
Cyclotron Project, Nuclear Research Center,
Egyptian Atomic Energy Authority

Under the Supervision of:

Signature

1- Prof. Dr. Hamada Mohamed Ahmed Killa

………………...

(Professor of Physical Chemistry, Chemistry
Depart., Faculty of Science, Zagazig University)

2- Prof. Dr. Farid Hosny Abou El-Nour

………………….

(Professor of Nuclear Chemistry, Hot Labs.
Center, Atomic Energy Authority)

3- Prof. Dr. Usama Seddik Abdel-Ghaffar

..………………..

(Professor of Nuclear Physic and Head of
Cyclotron Project, Nuclear Research Center,
Atomic Energy Authority)

Head of Chemistry Department
Prof. Dr.

Approval Sheet

STUDIES ON THE USE OF ORGANC AND INORGANIC ION
EXCHANGERS FOR SEPARATION OF INDIUM(III) FROM
CADMIUM(II) USING ANALYTICAL METHODS

By
AYMAN AHMED EL-SAYED MOHAMED
Cyclotron Project, Nuclear Research Center,
Egyptian Atomic Energy Authority

This thesis for Ph.D. has been
approved by:
Name

Profession

1- Prof. Dr. Amin Mahmoud Baraka

Prof. of Physical Chemistry,
Faculty of Science, Cairo
University

2- Prof. Dr. Hassan Ahmed Azab

Prof. of Analytical Chemistry,
Faculty of Science, Suez Canal
University

3-Hamada Mohamed Ahmed Killa

Prof. of Physical Chemistry,
Faculty of Science, Zagazig
University

4-Farid Hosny Abou El-Nour

Prof. of Nuclear Chemistry,
Hot Labs Center, Egyptian
Atomic Energy Authority.

Signature

Head of Chemistry Department
Prof. Dr.

ACKNOWLEDGEMENT
Thanks to ALLAH who enabled me to perform this work

This work was carried out in the Chemistry Laboratories, Cyclotron
Project, Nuclear Research Center, Egyptian Atomic Energy Authority.
I would like to express my sincere thanks to Prof. Dr. Hamada
Mohamed Ahmed Killa, Professor of Analytical Chemistry, Faculty of Science,
Zagazig University, Zagazig, Egypt for his kind guidance in my study,
invaluable efforts, guidance support, generous assistance and constructive
criticism of the manuscript.
I wish to express my sincerest gratitude to my advisor Prof. Dr. Farid
Hosny Abou EL-Nour, Professor of Physical and Nuclear Chemistry, Hot Labs.
Center, Atomic Energy Authority, Egypt with his enthusiasm toward the field of
inorganic ion exchangers and nuclear waste management. He has encouraged me
to complete this study. Who gave me constant and detailed directions in all my
research work.
Special thanks to Prof. Dr. Usama Seddik Abdel-Ghaffar, Professor of
Nuclear Physics and Head of Cyclotron Project, Nuclear Research Center,
Egyptian Atomic Energy Authority, for choosing the research point, valuable
advice, giving every possible help facilities, guidance and support throughout
this work. Also, I express my appreciation to him for careful revision of the
thesis that made this thesis available in its present form.
I would like to express my sincere thanks to Dr. Shaban Abdallah Kadil,
Lecturer of Analytical Chemistry, Cyclotron Project, Nuclear Research Center,
Energy Authority, for brotherhood sensation through out the whole work.
I would like also to express my thanks to My Family for their support,
during my study which enabled me to finish this thesis.
Finally I would like to thank My Colleagues in Cyclotron Project for their
cooperation.

Ayman Massoud

CONTENTS
LIST OF FIGURES………………………………………………….

i

LIST OF TABLES …………………………………………………..

iv

ABSTRACT………………………………………………………….. vi
.

CHAPTER I
INTRODUCTION
1.1

PRINCIPLES OF ION EXCHANGE PROCESSES 1

1.1.1

General ………………………………………………

1.1.2.

Ion Exchange Equilibrium and Selectivity …………..

1.1.3.

Ion Exchange and Sorption………………………….

1.1.4.

Ion Exchange Capacity ………………………………

1.1.5.

Ion Exchange Application Techniques………………

1.1.5.1.

General considerations ………………………………

1.1.5.2.

Batch operation ………………………………………

1.1.5.3.

Column operation……………………………………

1.1.6.

Limitation of ion exchanger Applications …..………..

1.2.

ION EXCHANGE MATERIALS ………………..

1.2.1.

General ………………………………………………

1.2.2.

Naturally Occurring Ion Exchangers………………..

1.2.2.1.

Natural inorganic ion exchangers ……………………

1
2
4
5
7
7
7
8
9
10
11
15
15

1.2.2.2.

Natural organic ion exchangers ……………………..

1.2.1.1.

Modified natural ion exchangers…………………….

1.2.2.

Synthetic Ion Exchangers ……………………………

1.2.2.1

Synthetic inorganic ion exchangers …………………

1.2.2.1.1.

Zeolites ………………………………………………

1.2.2.1.2.

Titanates and silico-titanates ………………………….

1.2.2.1.3.

Transition metal hexacyanoferrates …………………

1.2.3.2.

Synthetic organic ion exchangers ……………………

1.2.3.2.1

Polystyrene divinylbenzene ………………………….

1.2.3.2.2.

Phenolic ……………………………………………..

1.2.3.2.3.

Acrylic ………………………………………………

1.2.4.

Composite Ion Exchangers …………………………..

1.2.5.

Ion Exchange Membranes ………………………….

1.3

SEPARATION MTHODS…………………………

1.3.1.

Ion Exchange Chromatography ……………………... 28

1.3.2.

Solvent Extraction …………………………………... 30

1.4.

USE OF ION EXCHANGERS FOR
SEPARATION OF METAL IONS AND
TREATMENT OF RADIOACTIVE LIQUID
WASTE …………………………………………….... 31

1.5.

THE NECESSITY AND IMPORTACE OF
INDIUM ....................................................................... 35

1.5.1.

Inactive Indium………………………………………

1.5.2.

Active Indium ………………………………...……… 36

16
16
17
17
17
19
20
21
22
23
24
24
25
27

35

CHAPTER II
EXPERIMENTAL
2.1

CHEMICALS AND REAGENTS ……………

37

2.2

EQUIPMENTS ..…………………………………… 38

2.2.1.

Gamma cell …………………………………………... 38

2.2.2.

UV Spectrophotometer ………………………………

2.2.3.

Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-AES).…………………..……..…

38
39

2.3.

LABORATORY MEASURMENTS AND
PREPARATIONS…..…………………………...…... 41

2.3.1.

Gamma Cell Technique ……………………………… 41

2.3.2.

Inductive Coupled Plasma Technique ……………….

2.3.3.

Preparation of Indium Stock Solution ………………..

2.3.4.

Preparation of Cadmium Stock Solution ……………. 45

2.3.5.

Synthesis of Zn(II) polymethacrylates ………………. 45

2.3.6.

Preparation of Polyacrylamide Gel ………………….. 45

2.3.7.

Synthesis of Poly(acrylamide- acrylic acid), p(AMAA) by Pemplate Polymerization Technique………...

46

2.3.8.

Treatment of Samples ………………………………

46

2.3.9.

Synthesis of Zirconium Vanadate …………………... 46

2.3.10.

De-oxygenated Water ………………………………..

47

2.3.11.

Batch Sorption Studies ………………………………

47

2.3.11.1

Sorption of Single-Component Solution ……………

47

42
45

2.3.11.2

Sorption of the Mixture Indium and Cadmium.……..

48

2.3.12

Column Test for Adsorbing and Stripping metals......... 49

2.3.13.

Complex of Metal Ions with Organic Ion Exchangers.. 49

CHAPTER III
RESULTS AND DISCUSSION
3.1.

SEPARATION OF INDIUM(III) FROM
CADMIUM(II) USING ORGANIC ION
EXCHANGERS …………………………………….

50

Separation of Indium (III) from Cadmium (II) using
(Dowex 50w-x8) Resin ….………….….…

50

3.1.1.1.

Effect of pH ………………………….…..….….……

50

3.1.1.2.

Effect of resin weight ………………….…….………

53

3.1.1.3.

Effect of contact time …………………….…….….…

54

3.1.1.4.

Chromatographic separation………………..………… 55

3.1.1.4.1.

Effect of flow-rate ……………………….……...……. 55

3.1.1.4.2.

Breakthrough studies ...…………………….………… 55

3.1.1.4.3.

Effect of eluents ………………………..…………….

57

3.1.1.4.4.

Cyclic properties of the resin ..……………………….

59

3.1.1.5.

Proposed metal ions adsorption mechanism with
Dowex 50w-x8……………….…………….

61

Separation of Indium(III) from Cadmium(II) using
Synthetic Organic Ion Exchanger Resins…………….

63

3.1.1.

3.1.2.

3.1.2.1.

Synthesis of organic ion exchanger resins ………...… 63

3.1.2.1.1.

Synthesis of Zn(II) polymethacrylates …………..…...

3.1.2.1.2.

Synthesis of poly(acrylamide- acrylic acid) by
template polymerization technique …………………...

63

65

3.1.2.1.2.1. Effect of water percent on the polymerization process . 67
3.1.2.1.2.2. Effect of radiation doses on the polymerization process 67
3.1.2.1.2.3. Influence of monomer concentration ………………… 70
3.1.2.2.

The capacity of obtained organic resins ……………… 71

3.1.2.3

Separation of indium(III) from cadmium(II) using
obtained organic ion exchanger resins ..……………… 71

3.1.2.3.1.

Batch experiments …………………….……………… 71

3.1.2.3.1.1. Effect of pH ……………………….………………...... 71
3.1.2.3.1.2. Separation power ..…………………..………………... 73
3.1.2.3.1.3. Effect of contact time ..……………………………….. 76
3.1.2.3.2.

Chromatographic separation ………………………….. 78

3.1.2.3.2.1. Effect of flow-rate ...………………………………….. 78
3.1.2.3.2.2. Breakthrough studies ...……………………..………… 78
3.1.2.4.3.

Stability test ..…………………………………………. 81

3.1.2.3.2.4. Effect of eluents ………………………………………. 81
3.1.2.3.3.

Proposed metal ions adsorption and ion exchange
mechanism with (Zn(II)PMA), and p(AM-AA)…….… 83

3.2.

SEPARATION OF INDIUM(III) FROM
CADMIUM(II) USING ZIRCONIUM
VANADATE AS INORGANIC ION
88
EXCHANGER.……………...………………………..

3.2.1.

Determination of Ion Exchange Capacity ……………. 89

3.2.2.

Thermal, Radiation and Chemical Stability ..………… 89

3.2.3.

Batch Ion Exchange Studies ………………………….. 90

3.2.3.1.

Effect of pH ..…………………………………………. 91

3.2.3.2.

Separation Power .…………………………………….. 92

3.2.4.

Zirconium Vanadate-Column for Separation of In(III)
and Cd(II) .……………………………….…………… 94

SUMMARY …………………….……...…………..……………….

97

REFERENCES …………………………………………………….. 102
.
ARABIC SUMMARY

LIST OF FIGURES
Figure(1)

Page

The principle of ion exchange chromatography (salt
gradient elution) ……………………………………….

29

Figure(2)

Schematic diagram of an ICP-AES Spectrometer ….…

40

Figure(3)

Co-60 decay curve ……………………………………

41

Figure(4)

Calibration curve (Standard curves) that is used to
determine the concentration of Indium(III) by inductive
coupled plasma (ICP) ………………………

Figure (5)

Figure (6)

Figure (7)

Figure (8)

Figure (9)

Calibration curve (Standard curves) that is used to
determine the concentration of Cadmium(II) by
inductive coupled plasma (ICP)……………………….

44

44

The effect of pH on the adsorption of Indium (III) and
Cadmium(II) by Dowex 50w-x8………………………

52

Effect of resin weight of Dowex 50w-x8 on Indium (III)
and Cadmium(II)………………………………….

53

Effect of contact time on the uptake percentage of
Indium (III) and Cadmium (II) onto Dowex 50w-x8…

54

Breakthrough curves of Indium(III) and Cadmium(II)
onto Dowex 50w-x8……………………………………

56

Figure (10) Elution curve of separation of In(III) and Cd(II) from
Dowex 50w-x8 using HCl; curve(a) 0.05M HCl, curve
(b) 1M HCl ……………………………………………
.
Figure (11) Elution curve of separation of In(III) and Cd(II) from
Dowex 50w-x8 using HNO3 ; curve(a) 0.05M HNO3,
curve (b) 1M
HNO3………………………………………….
Figure (12) Elution curve of separation of In(III) and Cd(II) from
Dowex 50w-x8 using H2SO4; curve(a) 0.05M H2SO4,
curve (b) 1M H2SO4
…………………………………………
i

58

58

59

Figure (13) Flow sheet for the separation of In(III) from Cd(II) onto
commercial resin, Dowex 50w-x8……………….

60

Figure (14) Proposed Indium(III) adsorption mechanism with
Dowex 50w-x8 (a) complexation and ion exchange (b)
complexation……………………………………….......

62

Figure (15) Synthesis of Z(II) polymethacrylate, (Zn(II)PMA) by
irradiation polymerization technique. ………………..

64

Figure (16) Synthesis of poly(acrylamide-acrylic acid), p(AM-AA)
by template polymerization technique
……………………

66

Figure (17) Effect of monomer concentration on the capacity for the
template polymerization of AA on p(AM) ……….

70

Figure (18) The effect of pH on the adsorption of In(III) from Cd(II)
by (Zn(II)PMA) ………………………………..

74

Figure (19) The effect of pH on the adsorption of In(III) from Cd(II)
by p(AM-AA)………………………………….

74

Figure (20) Influence of pH on separation power (SP) for the
separation of In(III) from Cd(II) in aqueous solution by
(Zn(II)PMA) and p(AM-AA). ………………………...

75

Figure (21) The effect of contact time on the adsorption of In(III)
and Cd(II) by (Zn(II)PMA) ……………………………

77

Figure (22) The effect of contact time on the adsorption of In(III)
and Cd(II) by p(AM-AA) …………………………….

77

Figure (23) Loading curves of In(III) and Cd(II) onto
(Zn(II)PMA)…………………………………………..

79

Figure (24) Loading curves of In(III) and Cd(II) onto p(AM-AA)..

80

Figure (25) Proposed In(III) adsorption mechanism with P(AMAA): (a) complexation and ion exchange (b)
complexation ………………………………………….

86

ii

Figure (26) Proposed Indium(III) adsorption mechanism with amide
groups: (a) complexation and ion exchange (b)
complexation ………………………………………….

87

Figure (27) The effect of pH on the distribution coefficient of In(III)
from Cd(II) by zirconium Vanadate …………...

91

Figure (28) Influence of pH on separation power (SP) for the
separation of In(III) from Cd(II) in aqueous solution
using zirconium vanadate …………………………….

93

Figure (29) Elution curve of In(III) and Cd(II) onto zirconium
vanadate using 2M HCl for indium and citrate buffer
pH 3.5 for cadmium …………………………………..

95

Figure (30) Flow sheet for the separation of Indium(III) and
Cadmium(II) onto synthetic inorganic ion exchanger,
zirconium vanadate ………………………………...….

96

iii

LIST OF TABLES
Table(1)

Page

pK values for the most common functional groups of
organic ion exchangers ………………………………………...

2

Table(2)

Selectivity of different media for Caesium/Sodium ……..

4

Table(3)

The advantages and disadvantages of various ion
exchange techniques …………………………………………...

9

General comparison of organic and inorganic ion
exchangers………………………………………………………..

14

Uses of ion exchangers for separation of metal ions and
Treatment of Radioactive Liquid Waste ……………………

32

Table(6)

Chemical and reagents used in the present study ……….

37

Table(7)

Characteristics of Dowex 50w-x8 ………………………

38

Table(8)

Specifications of the ULTIMA 2 (ICP) Spectrometer …..

42

Operating Conditions of ULTIMA 2 (ICP) ……………..
.
Table(10) Effect of water percent on polymerization of acrylamide
at series of irradiation dose ……………………………………

43

Table(4)
Table(5)

Table(9)

67

Table(11) Effect of gamma radiation doses on the capacity for
template polymerization of AA on p(AM) ………………...

69

Table(12) The capacity of synthetic organic resins with indium(III)
ions……………………………………………………….

71

Table(13) Recovery of Indium(III) and Cadmium(II) by
(Zn(II)PMA) resin ……………………………………...

82

Table(14) Recovery of Indium(III) and Cadmium(II) by p(AM-AA)
resin. …………………………………………………….

82

Table(15) Assignment of FTIR bands of p(AM-AA)-In …………...

85

Table(16) Exchange Capacity of Different Metal Ions …………….

89

iv

Table(17) Chemical Stability of Zirconium Vanadate in Different
Media ……………………………………………….……

90

Table(18) Recovery of indium and cadmium using different
eluents……………………………………………………………

95

v

ABSTRACT
Organic and inorganic ion exchangers have many applications not
only in the industrial, environmental and the nuclear fields but also in the
separation of metal ions. This may be returned to its high measured
capacity, high selectivity for some metal ions, low solubility, high
chemical radiation stability and easy to use.
Indium and cadmium are produced from cyclotron target where the
solvent extraction represents an ordinary method for separation of indium
and cadmium from its target. In the present work, More than
chromatographic columns were successfully used for the separation and
recovery of indium(III) and cadmium(II) ions from di-component system
in aqueous solution using organic and inorganic ion exchangers. The
work was carried out in three main parts;
1- In the first part, the commercial resin (Dowex50w-x8) was used for the
separation of indium from cadmium. The effect of pH, the weight of
resin, and equilibrium time on the sorption process of both metal ions
were determined. It was found that the adsorption percentage was
more than 99% at pH 4 (as optimum pH value) using batch
experiment. The results show that indium was first extracted while
cadmium is slightly extracted at this pH value. The recovery of indium
and cadmium is about 98% using hydrochloric acid as best eluent. The
ion

exchange/complexing

properties

of

Dowex50w-x8

resin

containing various substituted groups towards indium and cadmium
cations were investigated.
2- In the second part, Zn(II)polymethacrylates, and poly (acrylamideacrylic acid), as synthetic organic ion exchangers were prepared by
gamma irradiation polymerization technique of the corresponding
monomer at 30kGy. The obtained organic resins were mixed with
vi

indium ions to determine its capacity in aqueous solutions using batch
experiment. The composition of organic resins on the capacity of both
organic ion exchangers was investigated. The effect of equilibrium
time , pH value, separation power and adsorbent dosage on the
extraction of indium and cadmium ions have been studied. In addition,
indium and cadmium were loaded on cation organic exchange column
at optimum pH value for each organic resin. Three different eluents
namely, HNO3, NH4NO3 and HCl were used for recovery of both
metal ions.
3- In the last part, zirconium vanadate as synthetic inorganic ion
exchanger was prepared by reaction of sodium vanadate solution and
zirconyl chloride by precipitation technique. Ion exchange capacity of
various metal ions was investigated. Chemical stability of prepared
zirconium vanadate towards different media has been studied. The
effect of pH value on the distribution coefficient (kd ) of indium and
cadmium was determined. The results show that pH 4 represents the
optimum pH value for separation of indium(III) and cadmium. A fixed
bed column of zirconium vanadate was successfully used for
separation of indium and cadmium. The recovery percentage of both
metal ions was about 98.4% using 2M HCl and citrate buffer pH 3.5,
respectively.

vii

INTRODUCTION

1. INTRODUCTION
1.1. PRINCIPLES OF ION EXCHANGE PROCESSES
1.1.1. General
Ion exchange is a process in which mobile ions from an external
solution are exchanged for ions that are electrostatically bound to the
functional groups contained within a solid matrix. When the functional
groups are negatively charged the exchange will involve cations but when
they are positively charged they involve anions. By taking advantage of
the fact that, under certain conditions, ion exchange media have a greater
affinity for certain ionic species than for others, a separation of these
species can be made; for example, the hydrogen form of a cation
exchanger will release its hydrogen ion into solution and pick up a
caesium ion from the solution according to the following equation (1),
(IAEA, 2002):

where R represents the insoluble matrix of the ion exchange resin.
The negative counter ion of the caesium salt is not affected by the
exchange since every caesium ion removed from solution is replaced by a
hydrogen ion and electroneutrality is maintained (IAEA, 2002).
In Table (1) the negative logarithm of the dissociation constant (pK)
is presented for different functional groups. According to the type of the
functional group, ion exchangers could be divided into several types
namely, strong acidic, strong basic, weak acidic and weak basic. Ion
exchangers which contain sulpho- and phospho-acidic groups are strong
acidic and those which contain tetraammonium are strong basic
exchangers, whereas those containing phenolic and primary amino groups

1
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are weak acidic and weak basic exchangers. Exchangers with carboxy
groups and tertiary amino groups take a medium position between strong
and weak acidic and basic exchangers, respectively.
TABLE(1): pK values for the most common functional groups of
organic ion exchangers
Cation Exchangers
Functional group
pK
-SO3H (strong acidic)
1-2

Anion Exchangers
Functional group
pK
1-2
NH+

-PO3H2

2-5

N

4-6

-COOH

4-6

NH

6-8

-OH (weak acidic)

9-10

NH2

8-10

To achieve the removal of both positively and negatively charged
ions from solution, a mixture of cation and anion resins in a mixed bed
system is often used; for example, for a NaCl solution the ion exchange
process will be equations (2,3,4), (IAEA, 2002):

Since H2O is only weakly dissociated, the reactions of ion exchange
are driven in this case to the right hand side of the equation.

1.1.2. Ion Exchange Equilibrium and Selectivity
Ion exchange equilibrium can be described in terms of any of the
following terms:
— The ion exchange isotherm,
— The separation factor,
— The selectivity coefficient,
— The thermodynamic equilibrium constant,
— The distribution coefficient.
2
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These terms are defined and described elsewhere. (Helffrich F,
1962). It should be noticed that selectivity coefficients are not constant
and vary with the experimental conditions of, for example, concentration,
temperature and the presence of other ions in the solution. The
determination of selectivity coefficients is a complicated task and is
ordinarily not undertaken in the design of waste treatment systems. Most
of these parameters can be extracted from the manufacturers’ data or
research literature. For general design purposes a few ‘rules of thumb’
can be applied: for cationic organic ion exchange resins at low
concentrations and the temperatures normally encountered in waste
processing. The affinity typically increases with (a) an increasing charge
on the exchanging cation and (b) an increasing atomic number
(decreasing hydrated ionic radii) of the exchanging cation as:

For anions a typical series is as follows:

Changes in physical parameters and the concentration of functional
groups affect the distribution coefficient and can affect the driving force
for the ion exchange process. High values of the distribution coefficient
are always desirable. Table (2) gives examples of the selectivities of
different ion exchangers in specified experimental conditions, showing
wide range of values among different media.

3

INTRODUCTION
TABLE (2):Selectivity of different media for Caesium/Sodium
Ion exchange media Concentration of
sodium(mol/L)
Strong acid resin
1.0
Caesium selective
6.0
resin
Zeolite (mordenite)
0.1
Silico-titanate
5.7
Hexacyanoferrate
5.0

Selectivity
coefficient
< 10
11 400
450
18 000
1 500 000

1.1.3. Ion Exchange and Sorption
Sorption is a separation process involving two phases between
which certain components become differentially distributed. There are
three types of sorption, classified according to the type of bonding
involved (IAEA, 2002):
(a) Physical sorption. There is no exchange of electrons in physical
sorption, rather intermolecular attractions occur between ‘valency
happy’sites and are therefore independent of the electronic properties of
the molecules involved. The heat of adsorption, or activation energy, is
low and therefore this type of adsorption is stable only at temperatures
below about 150°C.
(b) Chemical sorption. Chemical adsorption, or chemisorption, involves
an exchange of electrons between specific surface sites and solute
molecules, which results in the formation of a chemical bond.
Chemisorption is typified by a much stronger adsorption energy than
physical adsorption. Such a bond is therefore more stable at higher
temperatures.
(c) Electrostatic sorption (ion exchange). This is a term reserved for
coulombic attractive forces between ions and charged functional groups
and is more commonly classified as ion exchange.

4
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In addition to being ion exchangers, ion exchange materials can
also act as sorbents. When they are contacted with an electrolyte solution
the dissolved ions are concentrated on both the surface and in the pores of
the ion exchange media. In a solution of weak electrolytes or nonelectrolytes, sorption by ion exchangers is similar to that of non-ionic
adsorbents. In a solution of strong electrolytes a sorption equilibrium
results, owing to the electrostatic attraction between the ions in solution
and the fixed ionic groups on the ion exchange media. Sorption
equilibrium is normally represented by ‘sorption isotherm’ curves. Many
forces and interactions have been found by experimentation to affect the
sorption of non-electrolytes. Solutes may form complexes or chelates
with the counter ions of the exchanger. Temperature variations may not
only affect the state of the solute but also the condition of the exchanger.
The molecular size of the solute and the degree of cross-linking of the
exchanger will also affect the sorption kinetics.

1.1.4. Ion Exchange Capacity
The term ‘ion exchange capacity’ is intended to describe the total
available exchange capacity of an ion exchange resin, as described by the
number of functional groups on it. This value is constant for a given ion
exchange material and is generally given as milliequivalents per gram
(meq/g), based on the dry weight of material in a given form (such as H+
or Cl– ). For organic ion exchange resins it can be given as
milliequivalents per millilitre (meq/mL), based on the wet fully swollen
volume of a settled bed of resin. The numbers quoted in the literature
vary widely for different resins. This number can be used to compare
different resins or to calculate the total amount of resin to be added
during a batch exchange process (IAEA, 2002).
For the characterization of ion exchangers two capacity parameters
are commonly used: the total static exchange capacity (which is
5

INTRODUCTION
determined under static conditions) and the dynamic exchange capacity
(which is determined by passing a solution through a bed of the
exchanger). The exchange capacity depends on the number of functional
group per gram of exchanger. The extent of the use of the total exchange
capacity depends on the level of ionization of the functional groups of the
exchanger and on the chemical and physical conditions of the process.
The operating or breakthrough capacity of a column type ion
exchange system depends on its design and operating parameters, the
concentration of the ions being removed and the effects of interference
from other ions. In a column system this generally refers to the volume of
the solution that can be treated before a sharp increase in the effluent
concentration of the species being removed is observed. At this point the
ion exchange medium is considered to be spent and must be replaced or
regenerated. The operating or breakthrough capacity is the number of
most interest in the design of a column type ion exchange system and is
generally given as the number of bed volumes (the ratio of the volume of
liquid processed before the breakthrough point to the volume of the
settled bed of the exchanger).
Some important parameters that affect the breakthrough capacity
are the (IAEA, 2002):
— Nature of the functional group on the exchanger,
— Degree of cross-linking,
— Concentration of the solution,
— Ionic valence,
— Ionic size,
— Temperature.

6

INTRODUCTION

1.1.5. Ion Exchange Application Techniques
1.1.5.1. General considerations
Ion exchange technology has been applied for many years in
nuclear fuel cycle operations and other activities involving the treatment
of radioactive liquids (IAEA, 1967, IAEA, 1984, IAEA, 1997). In
nuclear power plants ion exchange materials have applications in:
- Primary coolant (water) purification,
- The treatment of primary effluents,
- The treatment of fuel storage pond water,
- Steam generator blow-down demineralization,
- Liquid waste and drainage water treatments,
- Boric acid purification for recycling,
- Condensate polishing (for nuclear power plants with boiling water
reactors).
Ion exchange processes can be implemented in a variety of ways,
including in batches, in columns, in continuous loops and, as part of, or in
combination with, membrane processes. Each technique has features that
make it more or less suitable for specific applications. The advantages
and disadvantages of each method are summarized in Table (3) and are
described in detail in the following sections.
1.1.5.2. Batch operation
Batch operation is the simplest method for operating an ion
exchange process. It can be used with either organic or inorganic media,
does not require sophisticated equipment and can be carried out on any
scale at ambient temperatures and pressures. However, it is generally only
used for small scale applications for occasional or custom treatments (for
up to several hundred liters of liquid) (Hutson G.V., 1996).
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1.1.5.3. Column operation
The most common uses of ion exchange media are as packed beds
in vessels or columns. The ion exchange medium is contained inside a
steel pressure vessel, with an engineered inlet, outlet and flow distribution
system to allow liquid to percolate through the bed of the medium at a
specified flow rate. Retention screens on the inlet and outlet prevent the
medium from escaping into the process loop. A secondary circuit with
unscreened drain and fill lines is used to remove the spent medium and
fill the vessel with a new medium. Columns are generally used with bead
type ion exchange media and can be constructed in a wide variety of sizes
and materials to meet the requirements of the system. The low porosity of
beds of powdered media restrict their use to thin layers, usually as a ‘precoat’ on a filter medium.

1.1.6. Limitation of Ion Exchanger Applications
Certain characteristics of ion exchange materials and processes
limit their applicability and efficiency. When used as a packed bed in a
column, the complete removal of a specific radionuclide is not normally
possible, owing to leakage or breakthrough. This will cause the
radionuclide to pass through without being captured. In a properly
designed system this breakthrough may be very low, but will still be
present. Leakage may be due to (Harjula, et al, 1997):
— Radionuclides in a colloidal form or attached to a finely divided
particulate material (pseudo-colloidal);
— A portion of the radionuclide may be in a non-ionic or other nonexchangeable form;
— Mechanical problems, such as channelling in column systems,
possibly due to a shrinkage of the resin beads or an uneven settling
of the resin bed.
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TABLE (3): The advantages and disadvantages of various ion
exchange techniques.
Technique
Batch
operation

Column
operation

Advantages
Disadvantages
-Simple to construct and
- Manual operation may
be cumbersome to
operate
-Good for small scale
operate with large
applications.
volumes of waste
-A wide variety of ion
-The separation of liquid
exchange media can be
and ion exchange
used
media is required
-Easily customized for
-Can only be operated at
specific treatment problems
atmospheric pressures
and ambient
-Does not need granular
temperatures
materials
-Once through use only
-Good throughput
-Large equipment can be
-Simple to operate
costly
-A wide variety of media are -The regeneration of
available
media may require extra
-Can be operated at elevated
equipment
temperatures and pressures -There are difficulties to
-High decontamination
transport some
factors are possible
inorganic ion
exchangers through
pipelines
-Prefiltration is necessary

When used in a batch process, inadequate mixing will also limit the
effectiveness of the ion exchange material. The total concentration of
dissolved salts in solution must generally be low (<1 g/L). At high
concentrations the exchange potentials for ions diminish and there is
more competition for the available exchange sites between nonradioactive ions and the radioactive species. However, for specifically
developed ion exchangers (usually inorganic) the tolerance for dissolved
salts can be very high (e.g. up to 240 g/L) (Harjula et al, 1997).
The breakthrough of radionuclides will cause some contamination
of the effluent. In plant operation breakthrough will start when a certain
9
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preset level of ion concentration is reached. When breakthrough starts the
column is removed from the system. The start of the breakthrough has to
be detected and therefore it is necessary to have a sensitive measurement
system that can indicate the breakthrough immediately.
When used in a downward flow mode the amount of suspended
solids in the waste solution must be low to avoid the bed of ion exchanger
blocking. In most cases prefiltration will extend the life of the ion
exchange media, permit a closer control of the system operation, reduce
ionic leakage and permit more efficient backwashing and regeneration
(IAEA, 2002).

1.2. ION EXCHANGE MATERIALS
1.2.1. General
A wide range of materials is available for the ion exchange
treatment of radioactive liquids. These materials are available in a variety
of forms, have widely differing chemical and physical properties and can
be naturally occurring or synthetic. This section focuses on materials that
are commercially available and that can be readily obtained and used for
radioactive liquid treatments. Materials that are not suitable for the
treatment of radioactive liquids, such as pharmaceutical ion exchange
gels and liquid exchangers, are not described.
Ion exchange materials can be categorized according to their
suitability for different applications. Nuclear grade organic ion exchange
resins are normally used when liquids from primary circuits or fuel pools
are purified. The type of material to be used is selected based on its
ability to remove impurities and undesirable ions and to control pH.
Nuclear grade ion exchangers are similar to commercial grade resins but
have a tighter specification for particle size and composition. Organic
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resins are often used for a number of treatment cycles by eluting the
absorbed radioisotopes with suitable solutions and then restoring the ion
exchanger to its original ionic form before its reuse.
Inorganic materials are commonly used for the treatment of liquid
waste streams for which very high chemical cleanliness is not required;
for example, inorganic ion exchange media can be used in systems in
which contaminated liquid is purified for certain recirculation purposes or
to reduce the level of radionuclide concentration in the liquid to allow its
reclassification. Highly selective inorganic materials also make it possible
to utilize ion exchange in the event that very high concentrations of
competing ions are present. Inorganic ion exchangers are almost entirely
used on a once through basis only.
To minimize disposal costs, in any process for the removal of
radionuclides from a liquid waste it is important to minimize the volume
of the secondary waste to be conditioned and disposed of in a final
repository. An intermediate goal in the treatment process is that the main
waste stream after treatment can be discharged or recycled in a
technically less demanding and less costly manner. Environmental
aspects are also very important, since the regulations on discharges are
becoming increasingly more stringent. Highly selective inorganic ion
exchangers play an important role in solving these problems.
Even if an inorganic ion exchanger is highly selective for a certain
radionuclide, it needs to meet several other requirements to become a
product that can be used in industrial scale separation processes. Some
inorganic ion exchangers can be produced in a granular form, but the
granules are often of a low mechanical strength and when contacted with
aqueous solutions they break down and may peptize to produce colloidal
particles.
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To overcome the problem of poor physical strength of the intrinsic
exchanger granules, methods for incorporating inorganic ion exchangers
into supporting binder materials, both inorganic and organic, have been
developed.
Chemical stability, especially low solubility, is important for the
usefulness of inorganic ion exchange materials. Most zeolites, for
example, only work over a limited pH range (4–9), since they are soluble
both in acidic and alkaline media. The inorganic ion exchange materials
developed so far, those based on pure or mixed titanium oxides have been
shown to be the most stable and capable of taking up radionuclides, even
from highly alkaline waste effluents. There are some known categories of
compounds that are stable in highly acidic solutions and that take up
radionuclides such as caesium.
In nuclear waste treatments at reprocessing plants the stability of
ion exchangers in nitric acid can be important, since concentrated nitric
acid is used to dissolve spent fuel. In general, a single ion exchange
material is unlikely to be able take up a particular radionuclide over the
whole pH range found for waste streams. Radionuclides, especially those
of transition metals, can be found in several hydrolysed and complexed
forms at different pH values and in different media. The formation of
complex ions often results in a reversal of the charge polarity of the ion
containing the radionuclide. When this occurs the ion exchanger will not
be able to take up the radionuclide. In addition, some exchangers, such as
hydrous oxides, do not work in acidic solutions at all, as they act like
weakly acidic exchangers and therefore will take up hydrogen ions in
preference to any of the radionuclides present in the solution.
A modern trend among authorities and industry is to avoid using
any organic based materials, owing to their limited radiation stability.
Special concern should be paid to the possible radiation induced
12
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generation of gases, especially hydrogen, in long term storage and final
disposal.
The cost of the ion exchanger should be reasonable. It is likely that
the price of some new ion exchangers will be higher than those of
conventional materials. Obviously, the cost of the ion exchanger has to be
considered along with the savings in the waste treatment and disposal
costs obtained from its use (IAEA, 2002).
A general comparison between organic and inorganic ion
exchangers is given Table (4).
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TABLE (4): General comparison of organic and inorganic ion
exchangers.
Organic
exchangers

Inorganic
Exchangers

Comments

Thermal
stability
Chemical
stability
Radiation
stability

Fair to
poor
Good

Good

Exchange
capacity

High

Low to
high

Inorganics are especially good for
long term stability
Specific organics and inorganics are
available for any given pH range
Organics are very poor in
combination with high temperatures
and oxygen
The exchange capacity will be a
function of the nature of the ion being
removed, its chemical environment
and the experimental conditions

Selectivity

Available

Available

For some applications, such as
caesium removal, inorganics can be
much better than organics, owing to
their greater selectivity
Ion selective media are available in
both organic and inorganic forms

Regeneration

Good

Uncertain

Mechanical
strength

Good

Variable

Most inorganics are sorption based,
which limits regeneration
Inorganics may be brittle or soft or
may break down outside a limited pH
range

Medium to
high
Good

Low to
high
Good

Immobilization

Good

Good

Handling

Good

Fair

Ease of use

Good

Good

Cost
Availability

Fair to
poor

Fair to
good
Good
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The more common inorganics are less
costly than organics
Both types are available from a
number of commercial sources
Inorganics can be converted to
equivalent mineral structures,
organics can be immobilized in a
variety of matrices or can be
incinerated
Organics are generally tough spheres,
inorganics may be brittle; angular
particles are more friable
If available in a granulated form both
types are easy to use in batch or
column applications
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1.2.2. Naturally Occurring Ion Exchangers
1.2.2.1. Natural inorganic ion exchangers
Many natural mineral compounds, such as clays (e.g. bentonite,
kaolinite and illite), vermiculite and zeolites (e.g. analcite, chabazite,
sodalite and clinoptilolite), exhibit ion exchange properties. Natural
zeolites were the first materials to be used in ion exchange processes.
Clay materials are often employed as backfill or buffer materials for
radioactive waste disposal sites because of their ion exchange properties,
low permeability and easy workability. Clays can also be used in batch
ion exchange processes but are not generally suited to column operation
because their physical properties restrict the flow through the bed. In
1985 British Nuclear Fuels plc (BNFL) successfully commissioned the
Site Ion Exchange Effluent Plant (SIXEP), which uses naturally occurring
clinoptilolite to remove caesium and strontium from fuel cooling pond
water (Hutson, G.V, 1996). Other natural aluminosilicate materials, such
as green sand, are also used in some waste treatment applications,
generally in column or large deep bed designs. In this capacity they can
be used as a combination of an ion exchanger and a particulate filter.
Clay minerals and natural zeolites, although replaced by synthetics
to a large extent, continue to be used in some applications, owing to their
low cost and wide availability. The main disadvantages of natural
inorganic ion exchangers are:
— Their relatively low exchange capacities;
— Their relatively low abrasion resistance and mechanical durability;
— Their non-controllable pore size;
— That clay minerals tend to peptize (i.e. convert to a colloidal form);
— That zeolites are difficult to size mechanically;
— That they can be partially decomposed in acids or alkalis;
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— That, owing to their limited chemical stability in many solutions,
especially those with a very low salt content, they sometimes need a
chemical or thermal pretreatment.
1.2.2.2. Natural organic ion exchangers
A large number of organic materials exhibit ion exchange properties;
these include polysaccharides (such as cellulose, algic acid, straw and
peat), proteins (such as casein, keratin and collagen) and carbonaceous
materials (such as charcoals, lignites and coals). Of these, only charcoals,
coal, lignite and peat are used commercially. Although they exhibit a very
low ion exchange capacity compared with synthetics, they are widely
available at a very low cost. They are normally used as general sorbents,
with their ion exchange properties being a secondary consideration.
Commercially available materials are often treated or stabilized with
other additives to improve their uniformity or stability. Some materials,
such as charcoals, can be doped with chemicals to improve their capacity
or selectivity. The main limitations of natural organic ion exchangers are:
— Their low exchange capacity compared with other materials,
— Their excessive swelling and tendency to peptize,
— The very limited radiation stability of cellulosic and protein materials,
— Their weak physical structures,
— Their non-uniform physical properties,
— That they are non-selective,
— That they are unstable outside a moderately neutral pH range.
1.2.2.3. Modified natural ion exchangers
To improve exchange capacity and selectivity, some naturally
occurring organic ion exchangers are modified; for example, cellulose
based cation exchangers may be modified by the introduction of
phosphate, carbonic or other acidic functional groups.
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The sorption parameters of natural materials can be modified by a
chemical and/or thermal treatment; for example, by treating clinoptilolite
with a dilute solution of acids or some salts a more selective form of
sorbent can be developed for a particular radionuclide (Chernjatskaja,
N.B, 1988).
In Japan natural minerals treated with alkaline solutions under
hydrothermal conditions have been proposed for the sorption of caesium
and strontium from solution. These treatments have provided materials
with distribution coefficients of 1000 to 10 000. Good results have been
reported for the removal of caesium and strontium by neoline clays
modified with phosphoric acid (Yamasaki, N , 1984).
1.2.3. Synthetic Ion Exchangers
Synthetic ion exchangers are produced by creating chemical
compounds with the desired physical and chemical properties. They can
be inorganic (mineral) or organic (generally polymer) based.
1.2.3.1. Synthetic inorganic ion exchangers
Some of the important synthetic inorganic ion exchangers are described
below.
1.2.3.1.1. Zeolites
Zeolites were the first inorganic materials to be used for the large
scale removal of radionuclides from nuclear waste effluents. Zeolites are
crystalline alumino- silicate based materials and can be prepared as
microcrystalline powders, pellets or beads. The main advantages of
synthetic zeolites when compared with naturally occurring zeolites are
that they can be engineered with a wide variety of chemical properties
and pore sizes, and that they are stable at higher temperatures. The main
limitations of synthetic zeolites are that:
— They have a relatively high cost compared with natural zeolites;
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— They have a limited chemical stability at extreme pH ranges
(either high or low);
— Their ion specificity is susceptible to interference from similar
sized ions;
— The materials tend to be brittle, which limits their mechanical
stability.
The selectivity and capacity of zeolites can provide a satisfactory
processing of low strength salt solutions. The actual processing capacities
obtained with zeolites are lower than their maximum capacities since the
bed is changed at the early stages of breakthrough and because the waste
streams usually contain other ions that will occupy some of the exchange
sites and therefore reduce the processing capacity. In particular,
potassium interferes strongly with the exchange of caesium. In high salt
solutions, such as evaporator concentrates and fuel reprocessing effluents,
the processing capacities of zeolites are very low. For instance, in the
purification of high salt supernates (6.9M Na) the processing capacities of
zeolites for 137Cs were only of the order of 10 L/kg. In most cases such a
low capacity is unacceptable, thus there is an ongoing need to develop
more selective exchangers for the removal of

137

Cs (and 90Sr) from high

salt and medium salt waste streams. Zeolite ion exchangers were used
extensively in the cleanup of large volumes of contaminated water at
Three Mile Island after the Unit 2 reactor accident. A mixture containing
60% Linde Ionsiv IE-96 and 40% Linde A-51 was used in columns to
remove 137Cs and 90Sr with a high efficiency (Campbell, D.A., 1983). In
India a systematic investigation has been carried out to evaluate the
performance of locally available synthetic zeolites for the removal of
caesium, strontium and thorium from solution (Sinha, P.K et al, 1995,
Sinha, P.K., 1996), Sinha, P.K., 1994). The zeolites, after exchange with
caesium, strontium or thorium, were thermally treated to fix the ions
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successfully in the same matrix (Sinha, P.K., 1996). A locally available
synthetic mordenite was used recently in a campaign to reduce activity in
spent fuel storage pool water (Kurath, D.E., 1990). A 120 L bed of
sodium mordenite was able to remove nearly 1012 Bq of 137Cs, which was
the predominant radionuclide present.
1.2.3.1.2. Titanates and silico-titanates
For many years the oxide and hydroxide of titanium have been
known to be effective in removing metal ions from solution. In 1955
studies in the UK and later in Germany and Japan identified a hydrous
titanium oxide as the preferred exchange material for the large scale
extraction of uranium from sea water. Subsequent studies found that this
material also had a strong affinity for actinide metal ions and for ions
with a charge of 2+ or more. Titanates and hydrous titanium oxide
(known both as HTiO or HTO) are known to be highly selective
exchangers for strontium (Samanta, S.K et al , 1996, Heinonen, O.J., et
al 1981, Dosch, R.G., et al 1981). These materials have been prepared
on a large scale and used for in-tank precipitation at the Savannah River
Site in the United States of America (Dosch, R.G., et al 1993). A titanate
product for the removal of radioactive strontium is manufactured by a
Finnish company under the trade name SrTreat. It is a highly effective
exchanger in an alkaline solution (i.e. for pH >9) (Harjula, R.,.et al,
1994). This exchanger was used, in combination with a hexacyanoferrate
absorber (CsTreat), at an industrial scale in Murmansk, Russian
Federation, in autumn 1996 to purify process waters at a civil nuclear
fleet base. The decontamination factors obtained for

137

Cs and 90Sr were

1000 and 5000, respectively. This ion exchanger has also been used at the
Japan Atomic Energy Research Institute and in the USA (Tusa, E.H., et
al, 1994).
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Titanates and hydrous titanium oxides are not efficient for the
removal of caesium from solution. A new type of titanate exchanger,
called crystalline silico- titanates, has recently been developed at the
Sandia National Laboratory and at Texas A&M University (Dosch, R.G.,
et al, 1993). These exchangers have a high selectivity both for 90Sr and
137

Cs and they have been tested, for example, for the purification of tank

waste at the United States Department of Energy’s (US DOE) Hanford
Site (Anthony, R.G., et al 1993, Zheng, Z., et al, 1996). A silicotitanate is commercially available as IonSiv E-910 (Braun, R., et al,
1996).
1.2.3.1.3. Transition metal hexacyanoferrates
Insoluble transition metal hexacyanoferrates have been known for
decades as effective agents for the removal of radioactive caesium from
solution (Streat, M., et al 1995). Various forms of hexacyanoferrate are
available for selective caesium removal; for example, in India potassium
cobalt(II)–hexacyanoferrate(II) has emerged as a promising inorganic
sorbent that can be prepared in a column-usable granular form that needs
no resin support. A 5 L column of sorbent was recently used to reduce the
137

Cs activity in 12 000 L of ion exchange regeneration waste from 3.7 ×

104 Bq/mL to 3.7 Bq/mL. The sorbent was also found suitable for
removing137Cs from alkaline reprocessing waste containing a high
concentration of sodium salts (Samanta, S.K., et al.,1995).
A freshly precipitated cupric hexacyanoferrate has been also
examined in India for the removal of caesium from aqueous solutions
(Sinha, P.K., et al 1993).
In 1996 a total of 760 m3 of various wastewaters accumulated during
the operation of ex-Soviet naval training reactors in Paldiski, Estonia, was
purified using a column of CsTreat, a hexacyanoferrate based exchanger.
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No sign of bed exhaustion was observed after the treatment of 60 000 bed
volumes of waste (Tusa, E.H., et al, 1994).
The Enhanced Actinide Removal Plant (EARP) at the BNFL
reprocessing plant at Sellafield, UK, uses a floc treatment process with a
solid–liquid separation by membrane filtration (Hutson, G.V, 1996). The
plant has provision for the addition of finely divided inorganic exchange
materials, such as a transition metal hexacyanoferrate, to reduce the levels
of certain radionuclides even further than the levels achieved by the floc
treatment alone.
1.2.3.2. Synthetic organic ion exchangers
The largest group of ion exchangers available today are synthetic
organic resins in a powdered (5–150 µm) or bead (0.5–2 mm diameter)
form. The framework, or matrix, of the resins is a flexible random
network of hydrocarbon chains. This matrix carries fixed ionic charges at
various locations. The resins are made insoluble by cross-linking the
various hydrocarbon chains. The degree of cross-linking determines the
mesh width of the matrix, swelling ability, movement of mobile ions,
hardness and mechanical durability. Highly cross-linked resins are harder,
more resistant to mechanical degradation, less porous and swell less in
solvents.
When an organic ion exchanger is placed in a solvent or solution it
will expand or swell. The degree of swelling depends both on the
characteristics of the solution/solvent and the exchanger itself and is
influenced by a number of conditions, such as:
— The solvent’s polarity,
— The degree of cross-linking,
— The exchange capacity,
— A strong or weak solvation tendency of the fixed ion groups,
— The size and extent of the solvation of counter ions,
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— The concentration of the external solution,
— The extent of the ionic dissociation of functional groups.
The main advantages of synthetic organic ion exchange resins are
their high capacity, wide applicability, wide versatility and low cost
relative to some synthetic inorganic media. The main limitations are their
limited radiation and thermal stabilities.
At a total absorbed radiation dose of 109to 1010 rads most organic resins
will exhibit a severe reduction in their ion exchange capacity (a 10 to
100% capacity loss), owing to physical degradation at both the molecular
and macroscopic level.
Cation exchange resins are generally limited to operational
temperatures below about 150°C, while anion exchange resins are usually
limited to less than 70oC. This requires that some streams, such as reactor
coolant water, be precooled substantially before their introduction to the
ion exchange media. The main groups of synthetic organic ion exchange
resins are described below.
1.2.3.2.1. Polystyrene divinylbenzene
The most common form of ion exchange resin is based on a
copolymer of styrene and divinylbenzene. The degree of cross-linking is
adjusted by varying the divinylbenzene content and is expressed as the
percentage of divinylbenzene in the matrix; for example, 5% crosslinking means 5 mol % divinylbenzene in the matrix. Low
divinylbenzene content resins are soft and gelatinous and swell strongly
in solvents.
Fixed ionic groups are introduced into resin matrices, for example by
sulphonation, to create an ion exchanger. In sulphonation eight to ten –
SO3H groups are added for every ten benzene rings in the structure. The
H+ of the –SO3H group then becomes the mobile or counter ion. It can be
replaced by a treatment with a solution containing another cation; for
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example, a solution of NaOH will produce the –SO3Na group, with Na+
as the mobile ion.
Anion exchangers can be produced by creating –NH3+ or –N2+
functional groups on the matrix with OH– ,Cl– or other anions as the
counter ion.
1.2.3.2.2. Phenolic
Phenol-formaldehyde condensation products, with the phenolic –OH
groups as the fixed ionic groups, are very weak acid exchangers.
Sulphonation of the phenol prior to polymerization can be used to
increase the acid strength. Phenolsulphonic acid resins are bifunctional
with both strong acid –SO3H and weak acid –OH groups included. The
degree of cross-linking is controlled by the amount of formaldehyde.
A resorcinol-formaldehyde polycondensate resin was recently
developed, characterized and tested extensively in India for the efficient
removal of radiocaesium from alkaline reprocessing waste containing a
large concentration of competing sodium ions (Samanta, S.K , et al
1992, Samanta, S.K., et al 1993, Samanta, S.K., et al 1995). Under
alkaline conditions the phenolic –OH groups ionize and serve as cation
exchange sites with a high selectivity for caesium ions. Incorporation of
iminodiacetic acid functional groups in the phenolic polymer gives it the
additional property of strontium uptake by chelation; such a resin is
presently being used in an industrial scale plant at Tarapur in India for the
treatment of alkaline intermediate level reprocessing waste (Kulkarni,
Y., et al 1996). The development of a similar resin for the removal or
recovery of radiocaesium from neutralized high level waste has also been
reported in the USA (Bray, L.A., et al 1990).
Other phenolic type resins are produced using resorcinolformaldehyde, which incorporates phosphoric acid or arsonic acid
functional groups.
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1.2.3.2.3. Acrylic
A weak acid ion exchange resin with weakly ionized carboxylic acid
groups is prepared by the suspension copolymerization of acrylic or
methacrylic acid with divinylbenzene. The –COOH functional groups
have very little salt splitting capacity, but under alkaline conditions
exhibit a strong affinity for Ca2+ and similar ions (such as strontium).
The acid strength can be increased by using various phosphoric acid
derivative groups, such as –PO32, –PO33– and –HPO2–.

1.2.4. Composite Ion Exchangers
Composite ion exchangers consist of one or more ion exchangers
combined with another material, which can be inorganic or organic and
may itself be an ion exchanger. The reason for manufacturing a
composite material is to produce a granular material, with sufficient
strength for column use, from ion exchangers that do not form, or only
form weak, granules themselves (Dyer, A., et al 1990). Synthetic zeolites
are manufactured in a granular form using inorganic binders such as
aluminium oxide, for example. Different organic binders have also been
tested at the laboratory scale. A composite ion exchanger has been
developed by coating cupric ferric hexacyanoferrate on to polyacrylic
fibres. This was done with a view to improving the column characteristics
of the hexacyanoferrate. The composite has been used to treat actual
radioactive waste arising out of a power reactor.
A granulation process based on the incorporation of various kinds of
inorganic ion exchange materials in a polyacrylonitrile gel has been
developed in the Czech Republic; these materials have been tested for
nuclear waste effluent treatments (Šebesta, F., et al 1993, Šebesta, F., et
al, 1994, Šebesta, F., et al 1997). One of these exchangers, containing a
nickel hexacyanoferrate, has been used to treat contaminated fuel pond
water at a Slovak nuclear power plant (Field, D., et al., 1999). In this
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operation 80 L of sorbent was used to remove 8 × 1013 Bq of 137Cs from
550 m3 of pond water.
The absorbers described in elsewhere(Šebesta, F., et al 1993,
Šebesta, F., et al, 1994, Šebesta, F., et al 1997) can be prepared with a
greater than 80% ion exchanger content (based on dry weight); the
sorption kinetics of the exchanger are not affected by their incorporation
into the polyacrylonitrile.
The impregnation of organic resin beads with inorganic exchanger
materials is reported in Ref. (Narbut, J., et al 1988). The amount of
exchanger that can be introduced into the resin is small and the sorption
kinetics of the composite material are significantly worse than those of
the free exchanger.
A potential application for composite sorbents involves the
combination of an inorganic exchanger with magnetite so that the loaded
exchanger can be removed from the treated liquid by a magnetic field.
This type of exchanger is commercially available from several
companies, for example Bio-Separation Ltd in the UK (Hooper, E.W.,
1999). There has been no reported use of these materials in treating liquid
radioactive waste, but they have been used to remove caesium from
contaminated milk.

1.2.5. Ion Exchange Membranes
There are two principal types of ion exchange membranes:
heterogeneous and homogeneous. Heterogeneous membranes can be
prepared using almost any ion exchanger (Danazi, P.R., et al 1988,
Porter, M., 1990, Sen Gupta, et al 1995). They are prepared by
dispersing colloidal or finely ground ion exchange materials throughout
an inert thermoplastic binder such as polyethylene, polystyrene or
synthetic rubber, followed by rolling, compressing or extruding them into
discs, films or ribbons. Ion exchange particles must be in contact with one
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another in the binder, but not to the complete exclusion of the binder
otherwise the membrane will have a poor mechanical strength. Typically,
the ion exchange media comprises 50 to 75% by volume of the
membrane.
Homogeneous membranes are condensation products of sulphonated
phenol and formaldehyde or of nitrogen-containing compounds and
formaldehyde. These strong acid or strong base condensates are laid out
in thin sheets on mercury or acid- resistant plates. They can also be
prepared by heating a precondensed, viscous reaction mixture between
plates. If additional strength is required, membranes can be prepared on a
mesh or fibrous backing.
Commercial membranes have also been prepared by interpolymer
and graft polymerization techniques. The interpolymer films are obtained
by the evaporation of a solution of a linear polyelectrolyte and a linear
inert polymer. Although they are not cross-linked, these membranes are
insoluble in water. In the graft polymerization method gamma irradiation
(60Co) is used to graft styrene, or styrene divinylbenzene mixtures
impregnated in a polyethylene film, to a polyethylene base. Sulphonation
of the graft copolymer produces a strong acid cation exchange membrane,
while chloromethylation and quaternization or amination provide strong
base and weak base anion membranes. The principal disadvantages of ion
exchange membranes when used in electrodialysis processes are:
— Their relatively high cost,
— Their limited mechanical stability,
— That chemical precipitation on and in the membrane will affect its
useful life,
— Their high electrical resistance at low electrolyte concentrations,
— Their high osmotic and electro-osmotic water transport.
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, has prompted their incorporation in porous stainless steel membranes. It
is reported that membranes impregnated with TiO2 The low mechanical
stability of some of the oxide sorbents, such as TiO2 are very efficient for
the sorption of radionuclides from aqueous solutions and can be used for
the removal of corrosion products from radioactive liquid effluents
(Bilewicz, A., et al 1992).

1.3. SEPARATION METHODS
The separation science plays a significant role in analytical
chemistry. In the past many methods have been developed using large
number of sophisticated instruments. It facilitated quantitative analysis of
metals from milligram (10–3) to ato level (10–18). The methods were rapid
and sensitive. They included absorption spectroscopy, fluorosence
technique, plasma spectroscopy including atomic absorption method and
numerous electroanalytical and radiochemical methods. However, inspite
of these methods being so sensitive and selective, for the purpose of
quantitative analysis the demand grew for analysis of extra pure materials
specially those free from interfering components. Some methods could
not furnish reliable results if in case nanogram (10–9) impurities were
present. This led to search for reliable methods for the purpose of
isolation and purification of compounds before one could undertake the
task of instrumental quantitative analysis. Many separation methods are
described in authoritative monographs (J.A. Dean, 1969, E.W. Berg,
1963, Z. Marchenko,1980). Each of them is important in a true sense.
An account of various separation methods (J.C. Giddings, 1981, B.L.
Krager, 1973) like chromatography, reversed osmosis, electrophoresis,
dialysis are available in the monographs (Z. Marchenko, 1980, F.D.
Snell, 1980) . They indicate how an excellent instrumental method of
analysis can be used if supplemented by an efficient separation technique.
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All colorimetric methods (E.B. Sandell, 1978; F.D. Snell, 1980) need
preliminary separation of impurities. In the presence of such impurities it
would influence the process of analysis. Some books (SEN GUPTA,
S.K., et al 1995; Bilewicz, A., et al 1992) present information on the
specialized methods for the isolation and determination of rare metals or
the radioactive isotopes. Only few methods were an exception to this rule
of pre-separation as are atomic absorption spectroscopy or inductively
coupled plasma atomic emission spectroscopy which generally do not
need preliminary treatment of sample solution for separation. Amongst
separation methods so far utilized, solvent extraction occupies the most
favoured position.

1.3.1. Ion Exchange Chromatography
Separation in ion exchange chromatography depends upon the
reversible adsorption of charged solute molecules to immobilized ion
exchange groups of opposite charge. Most ion exchange experiments are
performed in five main stages. These steps are illustrated schematically
below (A. P. Biotech, 2001).
The first stage is equilibration in which the ion exchanger is
brought to a starting state, in terms of pH and ionic strength, which
allows the binding of the desired solute molecules. The exchanger groups
are associated at this time with exchange- able counter-ions (usually
simple anions or cations, such as chloride or sodium)
The second stage is sample application and adsorption, in which
solute molecules carrying the appropriate charge displace counter-ions
and bind reversibly to the gel. Unbound substances can be washed out
from the exchanger bed using starting buffer.
In the third stage, substances are removed from the column by
changing to elution conditions unfavourable for ionic bonding of the
solute molecules. This normally involves increasing the ionic strength of
28

INTRODUCTION
the eluting buffer or changing its pH. In Figure(1) desorption is achieved
by the introduction of an increasing salt concentration gradient and solute
molecules are released from the column in the order of their strengths of
binding, the most weakly bound substances being eluted first.
1Starting
Conditions

2Adsorption of
sample substances

+++
++

+++
++

Starting buffer counter ion

3Start of
desorption

4End of
desorption

+++
++

5Regeneration

+++
++

Substances to be separate

+++
++

Gradient ions

Figure (1): The principle of ion exchange chromatography (salt
gradient elution).
The fourth and fifth stages are the removal from the column of
substances not eluted under the previous experimental conditions and reequilibration at the starting conditions for the next purification.
Separation is obtained since different substances have different
degrees of interaction with the ion exchanger due to differences in their
charges, charge densities and distribution of charge on their surfaces.
These interactions can be controlled by varying conditions such as ionic
strength and pH. The differences in charge properties of biological
compounds

are

often

considerable,
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chromatography is capable of separating species with very minor
differences in properties, e.g. two proteins differing by only one charged
amino acid, it is a very powerful separation technique.
Ion exchange separations may be carried out in a column, by a
batch procedure or by expanded bed adsorption. All three methodologies
are performed in the stages of equilibration..
1.3.2. Solvent Extraction
Solvent extraction has become a very powerful method of
separation for various reasons. One amongst them is, it is very simple,
rapid, selective and sensitive. This method does not need any kind of
sophisticated instrument excepting a separating funnel. The organic
chemists have rendered yeoman’s service to analytical chemists by
synthesizing an array of ligands with different functional groups
containing varying donor atoms. The solvent extraction domain is
dominated by the extraction by chelation or compound formation. It has
received maximum attendation due to an array of reagents available for
the purpose of separations in solvent extraction (S.M. Khopkar, 2007).
In nuclear energy programmes, the greatest contribution pertains to
solvation system. The versatile solvating solvents like TBP, TBPO,
TOPO or simple compounds like diethyl ether, ethyl acelate or MIBK
which facilitated separations of various elements like uranium, thorium,
plutonium or californium. The method of substochiometric extraction (J.
Ruzicka, et al, (1968) was quite satisfactory for analysis of various
isotopes of elements. Even common transition metals like zirconium,
hafnium, niobium and tantalum or series of transition elements or the
elements like uranium or thorium were separated with solvating solvents
like TBP. In such a system more the basic solvent it offered better the
extraction.
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1.4. USE OF ION EXCHANGERS FOR SEPARATION
OF METAL IONS AND TREATMENT OF
RADIOACTIVE LIQUID WASTE
Ion exchange forms the basis of a large number of chemical
processes which can be divided into three main categories: substitution,
separation, and removal of ions (IAEA, 2002).
• Substitution: A valuable ion (e.g., copper) can be recovered from
solution and replaced by a valueless one. Similarly, a toxic ion
(e.g., cyanide) can be removed from solution and replaced by a
nontoxic ion.
•

Separation: A solution containing a number of different ions
passes through a column containing beads of an ion-exchange
resin. The ions are separated and emerge in order of their
increasing affinity for the resin.

• Removal: By using a combination of a cation resin (in the H+
form) and an anion resin (in the OH- form), all ions are removed
and replaced by water (H+ OH-). The solution is thus
demineralized.
The use of ion exchange materials for separation of metal ions and
treatment of radioactive liquid waste shown in Table (5).
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Table(5): Uses of ion exchangers for separation of metal ions and
Treatment of Radioactive Liquid Waste
Organic resin

Uses

Reference

- Polyacrylamide P(AM)

Removal of Co60,
Eu154, and Eu152
-Removal of Eu154,
Eu152

(T. Siyam,
et al, 1993)
(T. Siyam,
et al, 1992)

-Poly(acrylamide-sodium-acrylatediallyldiethylammonium chloride)
P(AM-AANa-DADEAmCl)
-Poly(acrylamide-acrylic acid)
P(AM-AA)

- Separation of Co60
and Cs137

-Poly(acrylic acid-acrylonitrile)
P(AA-AN)

- Separation of
Sr90, Co60 and Cs137

(T. Siyam,
et al, 1995,
T. Siyam,
et al, 1996)
(T. Siyam,

-Poly(acrylamide- acrylic aciddiallyldiethylammonium chloride)
P(AM-AA- DADEAmCl).

-Separation
of ( F.H. El137
134
95
Cs , Cs , Zr ,
Sweify,200
Ru103, Sb125, and
Zn65
3)

-Poly(acrylamide-sodium-acrylate)
p(AM-AANa).
-Poly(sodium-acrylate)
P(AANa)

et al, 1999)

- Poly(acrylamide- acrylic acidsodium-acrylatediallyldiethylammonium chloride)
P(AM-AA- AANa- DADEAmCl)
- Poly(acrylamide- acrylic aciddimetylaminoethylmethacrylate)
P(AM-AA-DMAEM)

-Aliginate polymer gel

- Separation of
Na+, Cs+, Co2+,
Pd2+, Sr2+, Fe3+ and
Eu3+

- Poly(acrylamide-acrylic acid)-

(H.
Mimura et
al, 2001)

-Removal of Cr(VI) (H.M.
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ethylenediaminetetracetic acid
disodium)
P(AM-AA)-EDTANa2.

and Cu(II).

AbdelAziz, 2006)

- Separation of
Fe(III) from
Cu(II), Ni(II),
Co(II), Fe(II),
Mn(II), and Zn(II
- Chelation of
Fe(III) blood
plasma

(M.
Chanda, et
al, 1993)

-Good sorption
capacities for
Au(III), Pt(IV),
Ir(IV), and Os(IV)

(C. YiYong et al,
1994)

-Poly(acrylamide-acrylic acid)montmorillonite
P(AM-AA)- montmorillonite.
- Poly(acrylamide-acrylic acid)hexacyanoferrate
P(AM-AA)-KNiHCF or KZnHCF.
-Polyethyleneimine with poly(vinyl
benzaldehyde)

- Poly( 1-(β-acrlamidoethyl)-3pyridinone - N,N
dimethylacrylamide).
- polystyrene-supported- 1-(2aminoethyl)piperazine

(M. Feng,
et al, 1985)

-Separation of
Au(III) and Pb(II)
from Cu(II), Ni(II),
and Fe(III)
- Poly(glycidy1 methacrylate)
supported by pyrazole, imidazole,
and 1,2,4-triazole

-Separation of
Cu(I1) from
Cd(II), Co(II),
Ni(II), and Zn(II

- Poly(glycidy1 methacrylate)
- Separation of
supported with 1,3Cu(I1) from Cu(II),
bis(benzamidazol- 2-yl)propylamine)
Cd(II), Co(II),
Ni(II) and Zn(I1)
- poly (amidoxime)

- Removal of
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(PM. van
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D.J.
Dijkstra, et
al, 1995)
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Cu(II) and U(VI)
from sea water

et al, 1993)

-Poly(4-vinylpyridine) supported
with dithizone

- Separation of
Hg(II) from Cd(II)
and Zn(II)

(R. Shah,
et al, 1996)

-poly(4-vinyl-2 –
carboxybenzophenone)

-Selective for
Cu(I1) in
the presence of
Cd(II), Ni(II), and
Zn(II)

(K.J.
Kamble, et
al 1995)

-Selective removal
of Fe(III)from
Cu(II) and Ni(I1)
- Selectively
removed Fe(III)
over Cu(II) and
Ni(I1)

- poly(hydroxamic acid)

(K.J.
Kamble, et
al 1994)

- Poly(methylacrylohydroxamic
acid)

-The affinity for
metal ions in the
order Cu(II) >
Zn(II) > Ni(I1) >
Co(II) >
Pb(II) > Fe(II)

(Y.K.
Agrawal, et
al,1996)

-poly(Nacryloyldiethyliminodiacetateacrylic acid))

-Removal of Eu152

- Phenylphosphinic acid resins

-Cu(II), Cd(II),
Ni(II), Zn(II) and
Eu(II)

(V.
Montemba
ult,et al
1994)
(Andrzej
W. et al,
2000)

-Polycalixarene

34

- removal of In(III)
and Ga(III)

(Andrzej
W. et al,
2005)

-Separation of
Ga(III), In(III) and
Tl(III)

(M.S.
Gidwani, et
al 2002)
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2- ethylhexyl phosphoric acid
mono(2-ethylhexyl) resin

Extraction and
separation of
In(III), Ga(III) and
Zn(II)

-Poly(acryldinitrophenylamidrazone- -Separation of
Au(III), Ru(III),
dinitroacrylphenylhydrazine
In(III), Bi(III),
Zr(IV), V(V),
Ga(III) and Ti(IV
Alternanthera philoxeroides biomass -Removal of Ni(II),
Zn(II) and Cr(VI)

(J.S. Liu .,
et al , 2006)

(Xijun
Chang, et
al, 2002)
(Xue-Song
Wang,et al,
2006)

1.5. THE NECESSITY AND IMPORTACE OF INDIUM
1.5.1. Inactive Indium
Indium is a crystalline, very soft, ductile, and malleable metal that
retains its high plastic properties at cryogenic temperatures. It generally
increases the strength, corrosion resistance, and hardness of an alloy
system, when indium is added. It is also used in electrical contacts, liquid
crystal displays, low-pressure sodium lamps, alkaline dry batteries, and
semiconductors (Watanabe, A et al, 2002). Recently, many applications
for indium and its compounds have been found in the electronic field. In
the near future, a significant increasing in indium demand is expected
because of its use in many new technologies. Indium is used in the field
of electronics for semiconductor devices, thermistors and optical devices,
electronic soldering (alloys); in the nuclear field it is being used for
control rods in reactors; indium is also used to improve some dental
alloys (Kirk, R.E.et al, 1996, Zhang, X.Y., et al, 2004). Indium is
widely spread in nature, generally in very low concentrations.
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1.5.2. Active Indium
Indium-111 as a lipophilic complex (e.g.

111

In oxine) is used for

labelling blood cells. Indium-111 octreotide, a radiolabelled somatostatin
analogue, binds to somatostatin receptors, which are very common in
several cancers. Indium-111 may, therefore, be useful for the
visualization of metastases in cancer patients (IAEA, 2009). 111In is used
for specialized diagnostic studies, for example brain studies, infection and
colon transit studies. Other applications include the labeling of platelets
for thrombus detection, labeled leukocytes (type of white blood cells) for
localization of inflammation and abscesses, as well as leukocyte kinetics
(Nuclear monitor, 2010). Cyclotron produced

111

In is widely used in

nuclear medicines for labeling blood cell elements and monoclonal
antibodies. The

111

In was produced by the

111

Cd (p, n) 111In and

112

Cd

(p,2n) 111In nuclear reactions at the MGC-20E Cyclotron (M.C.B. Fortes,
et al 1998). Also,

111

In is used for specialized diagnostic studies, for

example brain studies, infection and colon transit studies. Other
applications include the labeling of platelets for thrombus detection,
labeled leukocytes (type of white blood cells) for localization of
inflammation and abscesses, as well as leukocyte kinetics (Nuclear
monitor, 2010).
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2. EXPERMENTAL
2.1 CHEMICALS AND REAGENTS
All chemicals and reagents used in this work were of analytical
grade type and bidistilled water was used. The main chemicals and
reagents used are listed in Table (5).
Table (5): Chemical and reagents used in the present study
Reagents

Formula

Source

Acrylamide P(AM)

C2H5NO

Merck

Acrylic Acid (AA)

C3H4O2

BDH

Dimethylaminoethylmethacrylate
(DMAEM)
N,N`-methylenediacrylamide
(DAM)
Sodium hydroxide

C8H15O2N

Merck

C2H10N2O2

Merck

NaOH

Merck

Acetone

C3H6O

Adwic, Egypt

Zinc Sulfate

ZnSO4.H2O

LOBA, Chem

Zinc Chloride

ZnCl2

Riedel-de Haen

Nickel Chloride

NiCl2.H2O

Merck

Indium Oxide

In2O3 .H2O

Merck

Hydrochloric acid analar (37% HCl
HCl, density 1.19 gm/cm3)

Adwic, Egypt

Nitric acid analar (68% HNO3, HNO3
density 1.4 gm/cm3)

Sigma

Sulfuric acid

Aldrich

H2SO4
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Also; Organic ion exchanger [Dowex 50w-x8 (H+ form) resin], mesh
size 200-400, product serva, was obtained from Feinbiochemica,
Heidberg, Germany. The properties of the resin are given in Table (6).
Both acidic and salt forms of the resin are stable at temperatures up to
120 0C.
Table(6): Characteristics of Dowex 50w-x8
Types

Strong acid cation exchanger

Active groups (Function groups)

Sulfonic acid

Matrix

Styrene and divinylbenzene

Ionic form as shipped

H+

Physical form

Spherical beads (orange color)

Standard mesh size

200-400

Effective pH range

0-14

Total exchange capacity

H+ (1.7)

Water retention capacity

50-58

2.2 EQUIPMENTS
2.2.1. Gamma Cell:
A cobalt-60 gamma cell of type MC-20 (Russia) was used as
irradiation source for polymerization. It has two chambers with 5 liters
for irradiated samples.

2.2.2. UV/Vis. Spectrophotometer
A Shimadzu UV/Vis-double beam spectrophotometer model;
Shimad Zu Model UV 160 was used for spectrophotometic determination
of metal ions.
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2.2.3. Inductively Coupled Plasma Atomic Emission
spectrometer (ICP-AES).
In the present work we used Jobin Yvon ICP-AES model Ultima2
to determine the metals ion concentrations. This technique founds
nowadays special interest since, it is the most sensitive analytical
technique for fast multi-element determinations in the trace and ultra
trace concentration ranges in different fields such as: geological, nuclear
sciences, environmental, high-purity materials, biological, medical, and
technical products. ICP-AES is based on the production of excited atoms
in plasma, an emission spectrum results from the electronic transition
from a higher energy level to a lower one. The ICP–AES spectrometer (F.
H. Abdel-Sayed, 2004; Yudelevich, I.G., et al 1992) consists mainly of
the following parts as shown in Figure (2).
1 -The high frequency generator and the load coil which brings the
energy to the plasma
2– The ICP torch
3- Sample inlet system
4-The spectrometer with its readout system which enables manipulation
of signals and data.
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Figure (2): Schematic diagram of an ICP-AES Spectrometer
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2.3 LABORATORY MEASURMENTS AND
PREPARATIONS
2.3.1. Gamma Cell Technique
Co-60 gamma cell irradiation source was employed. The dose rate
was determined by Fricke dosimeter (W. Holn and J. Berry, 1970) and
was found to be 8kGy/hr. The decay of the radiation source of Co-60 is
shown in Figure (3) and is periodically corrected using the standard
Fricke dosimeter.

Percentage Remaining (%)

100

80

60

40

20

0

2

4

6

8

10

12

Years from calibration
Figure(3): Gamma cell (Co-60 source) decay curve
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2.3.2. Inductive Coupled Plasma Technique
The contents of the separated material were determined via
inductive coupled plasma Atomic Emission Spectrometry (ICP-AES)
using the system ULTIMA2 ICP, Jobin Yvon S. A., France. The
specifications of the device and operating conditions are given in Tables
(5,6), respectively. The inductive coupled plasma (ICP) was used to
determine all concentrations of metal ions before and after the sorption
process using standard curve (Calibration Curve) methods. The standard
curves and all parameters that used to determine the concentrations of
indium(III) and cadmium(II) are shown in Figures(4,5).

Table (7): Specifications of the ULTIMA 2 (ICP) Spectrometer
Parameter

Specification

Optical mounting

Czerny-Turner

Far UV options

Yes

Focal length

1m

Greetings: Number of grooves per mm 2400 g/mm
Resolution

5pm 120-230 mm
10pm 320-800

Thermoregulation

32 = .01 oC

Type of generator

40 MHz, Solid state

Torch

Vertical
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Table (8): Operating Conditions of ULTIMA 2 (ICP)
Parameter

Condition

Rf-power

1000 W

Plasma gas flow rate

12 L/min

Auxiliary gas flow rate

0 L/min

Sheath gas flow rate

0.2 L/min

Nebulizer flow

0.8 L/min at 3 bars

Types of Nebulizer

Glass concentric

Types of spray champer

Glass cyclonic

Argon humidifier

Yes

Injector tube diamter

3mm

Sample uptake

1 ml/min

Emission lines for Indium

303nm

Cadmium

228nm

43

EXPERMENTAL

Figure(4): Calibration curve (Standard curves) that is used to
determine the concentration of Indium(III) by inductive
coupled plasma (ICP).

Figure(5): Calibration curve (Standard curves) that is used to
determine the concentration of Cadmium(II) by
inductive coupled plasma (ICP).
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2.3.3.Preparation of Indium Stock Solution
Indium stock solution was prepared by dissolving 1g of pure
Indium metal in concentrated HCl. The solution was left for 24h to
complete reaction, Evaporate the amount of remaining HCl and diluted to
1000ml by double distilled water. The solution contained 1000µg/ml
(1000ppm) of indium. Ten milliliters of the solution was pipetted out and
supplied to 100 ml to give100µg/ml (100ppm) of indium.

2.3.4. Preparation of Cadmium Stock Solution
Cadmium stock solution was prepared by dissolving 1.63g of pure
cadmium chloride in double distilled water . The solution contained
1000µg/ml (1000ppm) of cadmium. Ten milliliter of the solution was
pipetted out and

diluted to 100 ml to give100µg/ml (100ppm) of

cadmium.

2.3.5. Synthesis of Zn(II) polymethacrylates
Cadmium methacrylate were synthesized in the following steps: an
aqueous solutions of NaHCO3 was treated with methacrylic acid and the
mixture was stirred for 30 minutes , then zinc chloride was added and
stirred again for one hour at 40 0C. Once the reaction took place, the
insoluble zinc methacrylate precipitate was filtered out, washed with
deionized water and dried under vacuum (F. Urena-Nun ez, et al, 2007;
Bryan Bilyeu, et al, 2010). The γ-ray induced polymerization of the
monomer was carried out in a gamma irradiation unit , supplied with a
60

Co source at 30 kGy. The polymerization reactions for coordinate

metals.
2.3.6. Preparation of Polyacrylamide Gel
Polyacrylamide, P(AM) was prepared by a gamma radiation
initiated polymerization of acrylamide monomer in aqueous solution at
10% monomer concentration, radiation dose 10kGy (T. Siyam, 2001) .
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2.3.7. Synthesis of Poly(acrylamide- acrylic acid) by Template
polymerization Technique
Poly(acrylamide-acrylic acid), p(AM-AA) was prepared by
template polymerization technique. DAM aqueous solution(1%),p(AM)
gel (3%) and (1%) acrylic acid were mixed with this mixture. The
mixture was stirred vigorously at room temperature for about 2 hours till
it reached complete homogeneity.

The solution was irradiated at

radiation dose 30kGy. After irradiation, the solidified sample was cut into
small pieces after precipitation in acetone, dried and analyzed (T. Siyam,
2001).
2.3.8. Treatment of Samples.
The samples were de-aerated by bubbling pure dry nitrogen gas for
about 10 minutes, and irradiated by a gamma-ray to a certain
predetermined dose. Soon after stopping the irradiation, the polymeric
resins were then precipitated from their aqueous solution by adding
excess acetone slowly with continuous stirring. The mixture was then
left for 2 hours. The deposited polymeric resins were separated from their
solutions by filtration, then dried in vacuum at 50 oC overnight to
constant weight.
2.3.9. Synthesis of Zirconium Vanadate
An amorphous variety of zirconium vanadate was prepared as
follows: 0.1M sodium vanadate solution (100ml) was added dropwise
into a solution of 0.1M zirconyl chloride (50ml) in 2M HCl, with constant
stirring when a ﬁne yellow precipitate appeared. After the addition was
complete, the reaction mixture was diluted to 2l with deionized water and
the precipitate was allowed to settle for 24h. The precipitate was washed
several times with de-ionized water, ﬁltered and again washed with hot
water until chloride free and pH of the ﬁnal solution was slightly
acidic(around pH 4). The washed solid was dried in a reﬂected bunsen
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ﬂame and preserved in adesiccator. The compound was then analyzed for
its zirconium and vanadium content by fusing a weighed amount of the
solid material with caustic soda. The fused mass was poured into hot
water and ﬁltered. The residue was dissolved in 2M H2SO4 and analyzed
for zirconium by complexometric titration with ethylenediaminetetra
acetic acid (EDTA). The ﬁltrate was analyzed for vanadium by
gravimetric method (Kamalika Roy, et al, 2003; K. Roy, et al, 2004;
Susanta Lahiri, et al, 2005; M.M. Abd El-Latif and M.F. El-Kady,
2008; M.M. Abd El-Latif and M.F. Elkady, 2011).
The material was characterized by its elemental analysis, thermal,
chemical and radiation stabilities, pH titration and ion exchange capacity
(IEC) for different metals ; results have been discussed thoroughly in
earlier publication (Roy, et al.,2002).
2.3.10. De-oxygenated Water
De-oxygenated water was prepared by boiling double distilled
water for about 15 minutes, followed by cooling under stream of pure dry
nitrogen gas at room temperature.
2.3.11. Batch Sorption Studies
2.3.11.1. Sorption of Single-Component Solution
The sorption of In(III) and Cd(II) was carried out in the batch
processes at room temperature (25±1oC). In(III) and Cd(II) solutions were
prepared in de-ionized water using In2O3 and CdCl2, respectively and
used as stock solutions and diluted to the required initial concentration.
Precisely, 0.04g of sorbet (polymeric resins) was added to separate
solutions of the 20ml of In(III) and Cd(II). The pH of the solutions was
determined for each metal. The effect of contact time, the initial
concentration of solutions, weight of the resins and variation of pH of the
solutions has been studied using commercial and prepared polymeric
resins (organic ion exchange resins), P(AM-AA), (Zn(II)PMA), and also,
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using inorganic ion exchangers where, the concentrations of

both

elements was determined by ICP (calibration curve method).
The capacity (q) was calculated using the following equation (T.
Siyam and H.M. Abdel-Aziz, 2009).
.
Uptake %
Capacity (q) =

C0 x V
x

100

m

x Z (mg/g)

Uptake % = (1-A/A0) x 100
Where A the absorbance of the solution at equilibrium (after addition of
the resin), A0 is the initial absorbance of the solution, C0 is the initial
concentration of solution in mol/l, V is the volume of the solution in ml,
m is the weight of the resin, and Z is the valency of the cation.
The amount of metals adsorbed per gram of dry resin, expressed as
Q, was calculated as the change of metal concentration before and after
equilibration divided by the weight of the dry resin used. The distribution
coefficient of a metal, D, defined as the ratio of metal concentration in the
resin phase (mol/g) and the aqueous phase (mol/ml), is represented as;
D = Q / Ce
Where Ce denotes the equilibrium concentration of metal in the aqueous
solution
2.3.11.2. Sorption of the Mixture Indium and Cadmium
Solid/liquid extraction, experiments were performed using
solutions at a concentration of 100ppm of both metals and weight of
resin equal to 40mg. The effect of contact time and variation of pH of the
solution were studied in details. The solution was mixed and shaken in a
stopped glass flask in the shaker for about 2.5 hours.
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2.3.12. Column Test for Adsorbing and Stripping Metals
For continuous extraction, a glass column 4.6 mm x 100 mm was
packed with two polymeric resins using the slurry-packing technique. A
total of 1.0 g of resin was introduced (packing depth 50 mm). The
columns were controlled by fraction collector: the flow rate was varied
between 0.5 to 3.0 ml per minute.
Preliminary experiments were performed using single component
solution at a concentration of 100ppm of metal ions and pH was selected
to be the optimum pH for selective separation established in previous
batch experiments. Eluent solutions of acetate buffer, NH4NO3,HCl,
HNO3, and H2SO4 were used for the recovery of metals from loaded
organic and inorganic ion exchangers. All the experiments were carried
out at room temperature.
2.3.13. Complexation of Metal Ion with Organic and Inorganic Ion
Exchangers.
The complexation of organic resins were carried out with metal
ions from salt solution such as In(III) ion using batch equilibrium method.
P(AM-AA) was used in the sodium form. but other ion exchanger,
Zn(II)PMA, used as it is. A known weight of the ion exchangers were
stirred with a definite concentration of excess metal salt solution (InCl3)
at its neutral pH (~6.2) for 24 hours. The complexed ion exchangers were
collected by filtration, and washed with distilled water to remove
uncomplexed metal ions.
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3. RESULTS AND DISCUSSION
3.1. SEPARATION OF INDIUM(III) FROM CADMIUM
USING ORGANIC ION EXCHANGERS
3.1.1. Separation of Indium (III) from Cadmium (II) using
(Dowex 50w-x8) Resin
This part of the thesis is assesses the potential of an adsorptive
material, Dowex 50w-x8, for the separation of indium(III) ions from
Cadmium(II) ions in aqueous media. The adsorption behavior of Dowex
50 w-x8 for indium and cadmium ions was investigated. The effect of pH,
initial concentration of metal ions, the weight of resins, and contact time
on the sorption of each metal ions were determined. It was found that the
adsorption percentage of the indium ions was more than 99% at pH 4.0.
The results show that Indium(III) was first extracted while Cadmium(II)
is slightly extracted at this pH value. The recovery of Indium(III) and
Cadmium(II) ions is around 98% by using hydrochloric acid as the best
eluent.
3.1.1.1. Effect of pH
In this study, knowledge of pH was important because the pH of
solution influences the distribution of ion exchange properties of Dowex
50w-x8. At the higher pH, the OH- on the surface of Dowex 50w-x8
provides the ability of binding cations. The decrease of pH leads to the
neutralization of surface charge, and OH- is displaced from the surface.
When the surface of Dowex 50w-x8 carries positive charges, it begins to
adsorb anions. Therefore, the effect of the initial pH on the adsorption of
Indium(III) and Cadmium(II) ions was investigated in the pH range of 1–
6 by using 120mg of Dowex50w-x8 at a fixed concentration of

50

RESULTS AND DISCUSSION

Indium(III) ions as 100ppm.The variation of adsorption percentage with
the pH of solution is shown in Figure(6).
Figure(6) indicates that the adsorption of indium increases with
increasing pH from 1 to 4, but in case of cadmium the adsorption with
increases with increasing pH of the solution from 1-6. The uptake percent
of indium was found to be more than in case of cadmium due the more
positively charged of indium than cadmium.
The effect of pH on Indium(III) adsorption can be explained by
the following reasons. The surface charge is neutral at isoelectric point
(IEP), which pH of IEP value is 6.8 for Dowex 50w-x8. The surface of
sorbent carries positive charges at pH value lower than IEP, which
enhances electrostatic force of attraction with InCl3
(In the studied system, the main chemical species of indium in solutions
is InCl4- [Nguyen et al, 2003]. As a result, the process of sorption takes
place more easily in pH 2-4, so the adsorption percentage of Indium(III)
was higher. In pH <2, there is a balance reaction:
H+ + InCl-4

HInCl4

the main chemical species of Indium(III) is HInCl4 [Yuko et al,1980;
Mehmet Akçay, 2004,Reddy et al, 1985], so the adsorption percentage
of Indium(III) is lower. Therefore, pH 4 was selected for adsorption of
Indium(III) in the experiment.
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Figure(6): The effect of pH on the adsorption of Indium (III) and
Cadmium(II) by Dowex 50w-x8.
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3.1.1.2. Effect of resin weight
Different weights of Dowex (50w-x8) were used for the removal of
100ppm Indium(III), and Cadmium(II) individually from aqueous
solution at pH = 4.0 . The results are shown in Figure (7).
The uptake percentage increases with increasing the weight of the
resin material and reached its maximum value at 100mg in case of
Indium(III), Whereas in case of Cadmium(II) the optimum weight for
complete removal of Cadmium(II) was 120mg for both metal ions,
120mg is an optimum amount of resin for the complete sorption process.
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Figure (7): Effect of resin weight of dowex 50w-x8 on
Indium (III) and Cadmium(II).
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3.1.1.3. Effect of contact time
The adsorption behavior of Indium(III) and cadmium(II) ions (at
concentration 100ppm for each one and pH=4 ) from aqueous solution
was studied with time onto Dowex 50w-x8 resin. The results are shown
in Figure(8).
In both cases, the uptake increases with increasing time. The
equilibrium time for complete removal of Indium and Cadmium by
Dowex 50w-x8 was found to be 40, 90min. respectively. The higher
equilibrium time value for Cadmium relative to Indium can be attributed
the three positive charge on the indium that accelerate the reaction than
cadmium. However, the equilibrium time in all studies was set to 120
minutes for the sake of simplicity as well as to ensure a complete process
of adsorption.
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Figure (8): Effect of contact time on the uptake percentage of
Indium (III) and Cadmium (II) onto Dowex 50w-x8.
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3.1.1.4. Chromatographic Separation
3.1.1.4.1. Effect of flow-rate
The effect of varying flow-rate from 0.5 to 3 ml/min. on the
separation of Indium (III) and Cadmium (II) was investigated in the
column procedure. The studies show that these ions can be sorbed
quantitatively by Dowex 50w-x8 at 0.5-3.0 ml/min. However, the
increase in flow rate results incomplete sorption due to the insufficient
contact period between the resin and the metal solutions
3.1.1.4.2. Breakthrough Studies
The breakthrough studies are more significant for chromatographic
separation of metal ions than batch studies. The breakthrough curves for
Indium(III) and Cadmium(II) at the flow rate 2ml/min. and bed depth
50mm on Dowex 50w-x8 are shown in Figure(9).
The breakthrough curve shows that: Indium (III) was completely
adsorbed onto Dowex 50w-x8 resin at 100ml. By increasing the volume
up to 100ml the concentration of Indium (III) increased, this may be
attributed to the disappearance of the active site of Dowex 50w-x8 resin.
While Cadmium (II) slightly adsorbed on resin specially after 40ml due
to competition ions between Indium(III) and Cadmium(II). Therefore, it
is clear that, the Dowex 50w-x8 resin is more selective for In(III) than
Cadmium(II). The affinity of Dowex 50w-x8 resin towards Indium(III),
typically increases with an increasing charge on the exchanging cation
and increases with increasing atomic number of the exchanging cation.
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Figure(9): Breakthrough curves of Indium(III) and Cadmium(II)
onto Dowex 50w-x8.

3.1.14.3. Effect of eluents
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A mixture of indium and cadmium (100ppm for each one) was
passed through the column after adjusting the pH to 4 . The elution of
indium and cadmium onto Dowex50w-x8 resin from column by various
eluents and different concentrations of mineral acids is shown in Figures
(10,11,12).
Hydrochloric acid was used as the stripping agent as its stripping
effect is better than that of sulfuric acid and nitric acid, A slightly higher
concentration of acid was required for the for elution of indium compared
to the adsorbed cadmium on the column. This means that indium and
cadmium were adsorbed on the same resin column could be separated by
one step using hydrochloric acid of different concentrations onto Dowex
50w-x8 resin.
Figure (10), 0.05M HCl is used for the elution of cadmium while
1M HCl is used for the elution of indium. The data shows that, there is no
interference between the two peaks. Indium and cadmium have different
extents of extraction at pH 4 according to acid concentrations. Thus, the
hydrochloric acid was considered the best eluent for separation of indium
and cadmium. Such differences can be exploited to devise a technique to
extract and separate these ions with Dowex 50w-x8 resin in di-component
mixture.
Figures (11, 12) 0.05M HNO3, H2SO4 are used for the elute
Cadmium(II) while 1M HNO3 , H2SO4 are used for the elute Indium(III)
from packed column. The data shows that, there are interferences
between the two peaks. Therefore, the separation possibility is very
difficult because the two metal ions are eluted together.
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Figure(10):Elution curve of separation of In(III) and Cd(II)
from Dowex 50w-x8 using HCl; curve(a) 0.05M
HCl, curve (b) 1M HCl
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Figure(11): Elution curve of separation of In(III) and Cd(II)
from Dowex 50w-x8 using HNO3 ; curve(a) 0.05M
HNO3 , curve (b) 1M HNO3.
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Figure(12):Elution curve of separation of In(III) and Cd(II)
from Dowex 50w-x8 using H2SO4; curve(a) 0.05M
H2SO4, curve (b) 1M H2SO4.
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3.1.1.4.4. Cyclic properties of the resin
To check the regenerating capacities of the commercial Dowex
50w-x8 it was subjected to repeated sorption and elution studies of
Indium(III) and Cadmium(II) at the optimum conditions. It was found
that up to ten cycles of sorption and elution there is apparently no change
in the sorption capacity of Dowex 50w-x8.
The following flow sheet illustrates the separation of Indium(III)
from Cadmium(II) in aqueous solution using the commercial resin
Dowex 50w-x8 as shown in Figure (13).

Mixture of In(III) and
Cd(II), 100ppm for each
pH 4
Packed column In(III) and Cd(II)
Stripping with 1M
HCl

Stripping with 0.05M HCl

Cd(II)

In(III)

Figure(13):Flow sheet for the separation of In(III) from
Cd(II) onto commercial resin, Dowex 50w-x8.
.
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3.1.1.5. Proposed Metal ions Adsorption Mechanism with Dowex
50w-x8
The complexing main sites are sulfonic acid groups, (-COOH) and
the adsorption mechanism might be partly a result of the ion exchange or
complexation between the Indium(III) and sulfonic acid groups. Thus, the
metal ions reaction may be represented in two ways as shown in
Figure(13).
Since the oxygen of the sulfonic acid groups has a pair of electrons
that can add themselves to a proton or metal ion to form a complex
through a coordinated covalent bond, it takes us to propose that the
complexes between Indium(III) metal ions and Dowex 50w-x8 are
formed according to the mechanism illustrated in Figure (13)(a). In this
mechanism, the metal ions Indium(III) with empty orbitals function as a
Lewis acid capable of accepting electron pairs. In contrast, the sulfonic
acid groups that have non- shared electron pairs function as Lewis bases
donating their electrons pairs (Zhang L., et al, 2009; Cunhua Xiiong, et
al, 2009).
This behavior depends on the solution

pH. That is, if the

desorption system is in a neutral or slightly acid pH, the mechanism
shown in Figure(13)(a) will predominate. Nevertheless, under acidic
environment, the metal adsorption capacity diminishes as the solution pH
decreases. This may be a result of the decrease of the retention efficiency
of the absorbent due to the occupation of the active sites of the weak ionexchanger by protons. The proposed mechanism is illustrated in Figure
(13)(b), (Zhang L., et al, 2009; Cunhua Xiiong, et al, 2009).
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Dowex 50w-x8 (a) complexation and ion exchange
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3.1.2. Separation of Indium(III) from Cadmium(II) using
Synthetic Organic Ion Exchanger Resins
3.1.2.1. Synthesis of organic ion exchange resins
3.1.2.1.1. Synthesis of Zn(II) polymethacrylates, (Zn(II)PMA)
Figure (15) shows that zinc methacrylate were synthesized in the
following steps: an aqueous solutions of NaHCO3 was treated with
methacrylic acid and the mixture was stirred for 30 minutes [Equation
(1)], then zinc chloride was added and stirred again for one hour at 40 0C
[Equation (2)]. Once the reaction took place, the insoluble zinc
methacrylate precipitate was filtered out, washed with deionized water
and dried under vacuum [F. Urena-Nun ez et al 2007; Bryan Bilyeu, et
al 2010 ]. The γ-ray induced polymerization of the monomer was carried
out in a gamma irradiation unit , supplied with a Co-60 source at 30 kGy.
The polymerization reactions for coordinate metals is shown in [Equation
(3)].
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Figure(15): Synthesis of Z(II) polymethacrylate, (Zn(II)PMA) by
irradiation polymerization technique.
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3.1.2.1.2. Synthesis of poly(acrylamide- acrylic acid) by template
polymerization technique
Polyacrylamide was prepared by two different methods; first,
acrylamide monomer was polymerized at 60 oC in the presence of
initiator. The initiator used was benzonyl peroxide. The second method,
the investigated polyacrylamide was mixed with different volumes of
water and then irradiated by exposure to cobalt-60 gamma chamber [T.
Siyam, 2001]..
Poly(acrylamide-acrylic acid), p(AM-AA) was prepared by template
polymerization technique as shown in Figure(16). DAM aqueous
solution(1%),p(AM) gel (3%) and (1%) acrylic acid were mixed with this
mixture. The mixture was stirred vigorously at room temperature for
about 2 hours till it reached complete homogeneity. The solution was
irradiated at radiation dose 30kGy.
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Figure(16): Synthesis of poly(acrylamide-acrylic acid), p(AM-AA) by
template polymerization technique.
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3.1.2.1.2.1. Effect of water percent on the polymerization process
Table (9) shows that the effect of different water percent the added
to the monomer substrate of (polyacrylamide- acrylic acid) on the
polymerization process. A series of different irradiation doses from (5-40)
kGy were take place. From the data of Table (10) we found that the
polymerization process affected by the addition of water to monomer so
as the water content increase the elasticity of the block increase, so we
selected 20% water content and 30 kGy for other test experiments to
obtain homogeneous solid block material.
3.1.2.1.2.2. Effect of radiation doses on the polymerization process
The capacity of p(AM-AA) organic resin towards In(III) as tested
ion

was determined at different radiation doses as the result of

polymerization of polyacrylamide and acrylic acid using template
polymerization technique. The results are given in Table (11). It can be
seen that the capacity of prepared resin decreases at dose < 15 kGy. The
decrease in the capacity at higher doses can be attributed to higher
increase in the extent of cross-linking as a result of irradiation, imidation
of amide groups and decreasing in the degree of hydrogen bonding.
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Table(10): Effect of water percent on polymerization of acrylamide at series of irradiation dose.
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Table(11): Effect of gamma radiation doses on the capacity for
template polymerization of AA on p(AM).
Sample No.

Dose (kGy)

Capacity (meq/g)

1

5

4.2

2

10

5.1

3

15

5.8

4

20

6.85

5

25

7.3

6

30

8.9

7

35

7.2

8

40

6.83
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3.1.2.1.2.2. Influence of monomer concentration
The influence of the monomer concentration on the capacity of the
obtained resin p(AM-AA) was studied at a gamma-radiation dose 30kGy,
DAM concentration 1% and template polymer concentration 3%. The
results are shown in Figure(17) which shows that the capacity increases
by increasing the monomer concentration. With increasing the monomer
concentration the probability of association between the monomer and the
added template polymer increases which lead to increase the degree of
crosslinking (permanent trapped entanglements) between the organic
chains of the resin (Candau. S., et al 1982; Koetsier et al 1980). In
addition to, the number of carboxylic groups increases by increasing the
monomer concentration and consequently the capacity of the organic
resin increases (T. Siyam and R Ayoub, 1997; T. Siyam , 2001; T.
Siyam and Z.H. Abdel-Elatif, 1999).
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Figure (17): Effect of monomer concentration on the capacity for
the template polymerization of AA on p(AM)
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3.1.2.2. The capacity of obtained organic resins
The capacity of the obtained synthetic organic ion exchange resins
toward the indium ions as a tested ion was studied using batch technique;
the results is shown in Table(12). The results show that, the capacity of
indium onto p(AM-AA) was more than Zn(II) PMA due to the number
of function groups in case of p(AM-AA).
Table(12): The capacity of synthetic organic resins with indium(III)
ions.
Organic Resin

Capacity(meq/g)

Zn(II)PMA

4.74

P(AM-AA)

8.9

3.1.2.3. Separation of Indium(III) from Cadmium(II) using
Obtained Organic Ion Exchanger Resins
3.1.2.3.1. Batch Experiments
3.1.2.3.1.1. Effect of pH
In this study, the knowledge of pH was important because the pH
of solution influences the distribution of ion exchange properties of
organic ion exchange resins..
To investigate the influence of the pH on the adsorption of
indium(III) and cadmium(II) onto (Zn(II)PMA), and p(AM-AA) resins,
the adsorptions studies were performed in mixture solution of indium(III)
and cadmium(II) at 100ppm for each one with various pH. The effect of
the initial pH on the adsorption of Indium(III) and Cadmium(II) ions was
investigated in the pH range of 1– 8 by using 120mg of organic ion
exchange resins. The variation of adsorption percentage with the pH of
solution is shown in Figures.(18,19).
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Figure(18) shows the effect of pH on the adsorption of Indium(III)
and Cadmium(II) by (Zn(II)PMA), which indicates that; both the metal
ions show different extent of adsorption percentage at different pH
values. The percent adsorption for Indium(III) and Cadmium(II) ions
increased with increasing pH and reached the plateau at pH 4.5, 6
respectively.
Figure(19) shows the effect of pH on the adsorption of Indium(III)
and Cadmium(II) using p(AM-AA), which indicates that the adsorption
percentage of indium and cadmium increases with increasing pH. in this
case, this resin more selective for Indium(III) than Cadmium(II) at the pH
range 5-8. The adsorption percentage of Indium(III) reach maximum
(100%) at pH 5, but in case of cadmium(II), the adsorption percentage
(about 50%) reach maximum at pH 6.
Generally, at the higher pH, the OH- on the surface of polymeric
resins provides the ability of binding cations. The decrease of pH leads to
the neutralization of surface charge, and OH- is displaced from the
surface. When the surface of polymeric resins carries positive charges, it
begins to adsorb anions. The effect of pH on Indium(III) adsorption can
be explained by the following reasons. The surface charge is neutral at
isoelectric point (IEP), The surface of sorbent carries positive charges at
pH value lower than IEP, which enhances the electrostatic force of
attraction with InCl3
(In the studied system, the main chemical species of indium in solutions
is InCl4-,(Nguyen et al, 2003). As a result, the process of sorption takes
place more easily in pH 2-6, so the adsorption percentage of In(III) and
Cd(II) was higher. In pH <2, there is a balance reaction:

72

RESULTS AND DISCUSSION

H+ + InCl4

HInCl4, the main chemical species of In(III) is

HInCl4 (Yuko et al,1980; Mehmet Akçay, 2004; Reddy et al, 1985), so
the uptake percentage of Indium(III) and Cadmium(II) was lower.
3.1.2.3.1.2. Separation power
The selectivity coefficient is usually determined using multicomponent solutions and calculating the ratio between the distribution
coefficients of each metal. In the present work, we used previous results
(Uptake percentage vs pH with matrix-component solutions) to get a
separation power coefficient (SP %). This coefficient was calculated
using the following equation (Zhang L.,et al , 2009):
SP = SEM1−SEM2
Where SEMi (%) is the extraction efficiency at selected pH for metal i.
The values of the distribution coefficients were extrapolated in order
to obtain the corresponding values of the separation power. This
parameter enables the optimum pH range for metal separation to be
predetermined simply and quickly. Using the data of Figures (18, 19), the
separation power was calculated as shown in Figure(20). The minus sign
of the separation power means; the uptake percentage of Cadmium(II)
more than Indium(III) at this pH range. From Figure(20), it is clear that
the optimum pH values for separation of Indium(III) from Cadmium(II)
using (Zn(II)PMA) and p(AM-AA) were 3,4 respectively.
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Figure(18): The effect of pH on the adsorption of In(III) from
Cd(II) by (Zn(II)PMA).
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Figure(19): The effect of pH on the adsorption of In(III)
from Cd(II) by p(AM-AA).
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Figure(20): Influence of pH on separation power (SP) for the
separation of In(III) from Cd(II) in aqueous solution
by (Zn(II)PMA) and p(AM-AA).

75

RESULTS AND DISCUSSION

3.1.2.3.1.3. Effect of contact time
The sorption behavior of indium(III) and cadmium(II) ions (at
concentration of 100ppm for each one and pH varied according to
optimum pH value for each resin) from aqueous solution was studied
with time onto (Zn(II)PMA), and p(AM-AA). The results are shown in
Figures (21,22).
From Figures.(21,22), In both cases, the uptake increases with
increasing time. The uptake percentage of metal ions increased rapidly
during the few first minutes, which may be the existence of greater
number of resin sites available for metal ions adsorption, and then
increased slowly until the equilibrium state was reached within 150
minutes. As can be seen from Figures(21,22), the equilibrium time for
complete removal of Indium(III) and Cadmium(II) by (Zn(II)PMA), was
found to be (40, 90)min. respectively. While the equilibrium time for
complete removal of Indium(III) and Cadmium(II) by p(AM-AA), was
found to be (70, 140)min respectively. The higher equilibrium time value
for Indium(III) relative to Cadmium(II) can be attributed the more
positive charge on the Indium(III) that accelerate the reaction than
Cadmium(II). However, the equilibrium time in all studies was set to 120
minutes for the sake simplicity as well as to ensure a complete process of
adsorption.
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Figure(21): The effect of contact time on the adsorption of
In(III) and Cd(II) by (Zn(II)PMA)
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Figure(22): The effect of contact time on the adsorption of
In(III) and Cd(II) by p(AM-AA)
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3.1.2.3.2. Chromatographic Separation
3.1.2.3.2.1. Effect of flow-rate
The effect of varying flow-rate from 0.5 to 3 ml/min. on the
separation of Indium(III) and Cadmium(II) was investigated in the
column procedure. The studies show that these ions can be sorbed
quantitatively by polymeric resins at 0.5-2.5 ml/min. However, the
increase in flow rate results incomplete sorption due to the insufficient
contact period between the resin and the metal solutions
3.1.2.3.2.2. Breakthrough Studies
Batch experimental data are often difficult to apply directly to
fixed-bed sorption because isotherms are unable to give accurate data for
dynamically operated column thus; the breakthrough studies are more
significant for chromatographic separation of metal ions than batch
studies. From batch mode, the optimum conditions for separation of
Indium(III) from Cadmium(II) were obtained which have been used in
the column mode. Practically, from all given results on (Zn(II)PMA) and
p(AM-AA) in batch mode. The breakthrough curves for Indium(III) and
Cadmium(II) at the flow rate 2ml/min. and bed depth 50mm on
(Zn(II)PMA) and p(AM-AA) are shown in Figures (23,24)
From Figures (23, 24) the breakthrough curve shows that: Indium
(III) was completely adsorbed onto (Zn(II)PMA), at 100ml. By increasing
the volume up to 100ml the concentration of Indium(III) increased, this
due to disappearance the active site of (Zn(II)PMA), resin. While
Cadmium(II) slightly adsorbed on resin specially after 35ml due to
competition ions between Indium(III) and Cadmium(II). Therefore ,it is
clear that, the(Zn(II)PMA), resin is more selective for Indium(III) than
Cadmium(II). additionally, the affinity of (Zn(II)PMA), resin towards
Indium(III), typically increases with an increasing charge on the
exchanging cation and increases with increasing atomic number of the
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exchanging cation and increases with increasing the atomic number of the
exchanging cation.
From Figure (24) the breakthrough curve shows that: Indium(III)
and Cadmium(II) was adsorbed onto (Zn(II)PMA) with each other, where
Indium(III) more slightly adsorbed than Cadmium(II).
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Figure(23): Loading curves of In(III) and Cd(II) onto
(Zn(II)PMA).
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Figure(24): Loading curves of In(III) and Cd(II)
onto p(AM-AA).
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3.1.2.3.2.3. Stability test
The stability of synthesized Zn(II)PMA and p(AM-AA) was tested
with acids (hydrochloric acid, ammonium nitrate and nitric acid). The
(Zn(II)PMA), and p(AM-AA) are stable in all concentration of above
eluants..
3.1.2.3.2.4.Effect of eluants
A mixture of indium and cadmium (100ppm for each one) was
passed through the column after adjusting the pH to 3 in case of
Zn(II)PMA and pH 5 in case of p(AM-AA). The elution of indium and
cadmium onto (Zn(II)PMA), and p(AM-AA) resins from column by
various eluants with different concentrations is shown in Tables. (13,14).
Table(13) Hydrochloric acid, ammonium nitrate and nitric acid
were used as the stripping agent as its stripping effect is better than of
ammonium nitrate and nitric acid , A slightly higher concentration of acid
(1M HCl) was required for the for elution of indium(III) compared to the
adsorbed cadmium(II) from (Zn(II)PMA) column. This means that
indium(III) and cadmium(II) were adsorbed on the same resin column
could be separated by two step using hydrochloric acid as better eluant
from (Zn(II)PMA) organic ion resin. But in case of cadmium, the
ammonium nitrate was consider as best Eluant for stripping of cadmium
from (Zn(II)PMA) organic ion resin where the separation percentage was
99%.
Table(14), Hydrochloric acid, sulphuric acid and nitric acid with
different concentrations were used for the elution of indium(III) and
cadmium(II) from p(AM-AA) organic resin. The data shows that, in case
of indium ions, the percentage of eluation using sulphuric acid and nitric
acid was low but the percentage of eluation by hydrochloric acid, is high.
Therefore, the different concentration of hydrochloric acid is consider
best eluant for stripping of indium(III) and cadmium(II).
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Table(13):Recovery of Indium(III) and Cadmium(II)
(Zn(II)PMA) resin.
1- (Zn(II)PMA)
Metal ion
Amount
Amount
Eluent
Recovery
Loaded(ppm) recovered
(%)
In(III)
500
488
50ml 1M HNO3
97.6
500
491
50ml 1M
98.2
NH4NO3
500
496
50ml 1M HCl
99.2
Cd(II)
400
353
50ml 0.01M
88.25
HNO3
400
396
50ml 0.01M
99
NH4NO3
400
368
50ml 0.01M
92
HCl

by

Table(14): Recovery of Indium(III) and Cadmium(II) by p(AM-AA)
resin.
2- p(AM-AA)
Metal ion
Amount
Amount
Eluent
Recovery
Loaded(ppm) recovered
(%)
In(III)
500
485
50ml 1M HNO3
97
500
476
50ml 1M
95.5
H2SO4
500
493
50ml 1M HCl
98.6
Cd(II)
400
361
50ml 0.01M
90.25
HNO3
400
352
50ml 0.01M
88
H2SO4
400
397
50ml 0.05M
98.5
HCl
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3.1.2.3.3. Proposed Metal ions Adsorption and Ion Exchange

Mechanism with (Zn(II)PMA), and p(AM-AA).
From the obtained experiment data, the possible mechanism for the
interaction of organic resin with indium(III) in aqueous solution is as
follows;
The I.R. spectral data of the complex formed betweenindium(III)
and the prepared organic resin, p(AM-AA), has been studied. The
spectroscopic studies show that the mechanism of interaction between
organic resin and iindium chloride is a bond formation between the active
groups of organic resin chains and indium(III) ions. The obtained results
as well as their discussion are presented in the following:
The infrared spectral data of p(AM-AA)-In, was studied. The
characteristic absorption band of the amide group (N-H) appeared at
about 3433, for p(AM-AA)-In coordination, the N-H bond is weakened
and N-H stretching frequencies are lowered, where the stronger the M-N
bond, the weaker the N-H bond and the lower N-H stretching frequencies.
Thus, the N-H stretching frequencies can be used as a rough measure of
the M-N bond strength. From the I.R. spectral data, the peaks at 3438cm-1
related to N-H of p(AM-AA)-In, after the interaction with indium
chloride, indicating the coordination of amide nitrogen with indium ions.
From the data presented in Table (15), the I.R. spectrum of p(AMAA), shows that the band of carboxylate (COO-) groups appear nearly at
1435, indicating complexation with metal ions.The bands around 400-800
Cm-1 correspond to the metal-oxygen vibration frequencies. Accordingly,
the peaks at 611 cm-1 of p(AM-AA), are related to metal oxygen atoms
(M-O) as shown in the Fig. (25).
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In case of amide groups, the peak at approximately 1626cm-1 of
p(AM-AA)-In, related to (C=O, amide). They also appear at lower
frequencies, indicating the coordination between indium ions and C=O of
the amide group. Also, bands at 1095cm-1 are assigned for ionic chloride.
Consequently, the amide group form coordination bonds with Indium(III)
through nitrogen and oxygen atoms as shown in the Figure. (26)
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Table (15): Assignment of FTIR bands of p(AM-AA)-In
Absorption bands of original groups, Cm-1
Amide:
Free > NH stretching 3500-3400
(Amide II)
Bonded > NH stretching 3350-3180
(Amide II)
> NH bend
1620-1590
> C=O Stretching
1650
(Amide I)
Aliphatic
- CH2 stretching
- CH3 bend
- CH2 bend

2926-2853
1380, 1470-1430
1485-1445, 1300-1100,
790-720

Carboxylate:
- COO- stretching
- COO- bend

1610-1550
1400-1300

Ester
> C=O stretching
> C-O stretching

1750-1735
1300-1100

Chloride
Ionic
Covalent

3433
3438

1625.6

2923
1453

1435

1739

1140-1070, 480-400, 1450-1350,
1230-1150, 650-550

Carboxylic:
- COOH stretching
1725-1700
- COOH bend
1420, 1300-1200, 920
Free –OH stretching
3550
Bonded –OH stretching 3300-2500
Amine:
C-N stretching
> NH stretching

P(AM-AA)-In

1410, 1220-1020
3000-2700, 2700-2500

1095, 1033

1739

1412

Metal-O bond
600-800

611

85

RESULTS AND DISCUSSION

a

O

OH
P

C

P

C

HO

In

Complexation

O
O

HO

P=Polymer Chain

C
P
b

O

O

P

C

C

P

O

In

Complexation Ion exchange

O
O

O

P= Polymer Chain

C
P
Figure(25): Proposed In(III) adsorption mechanism with P(AMAA): (a) complexation and ion exchange (b) complexation
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Figure(26): Proposed Indium(III) adsorption mechanism with amide
groups
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3.2. SEPARATION OF INDIUM FROM CADMIUM
USING ZIRCONIUM VANADATE AS INORGANIC
ION EXCHANGER
The use of inorganic ion exchangers, for the separations of metal
ions is of wide interest, particularly in the field of radioanalytical
chemistry due to the excellent stability of these materials toward thermal
and radiation dose. Inorganic ion exchangers have found wide
applications during the separation of carrier free daughter nuclides from
their respective parents. During the past few years, a wider application of
inorganic ion exchangers in nuclear waste treatment has been investigated
for fission and activation product elimination (Bortun et al., 1999).
Keeping parity with the modern trends, some authors recently synthesized
two new inorganic ion exchangers, viz. zirconium vanadate (Roy et al.,
2002; Roy et al., 2003). The zirconium vanadate ion exchanger has
already proved and was used a potential adsorber for alkali metals.
However, no attention has been paid to zirconium vanadate until now,
although it has been used in the separation of other radioisotopes. In our
present work, we have synthesized a granular variety of zirconium
vanadate suitable for batch and column operation and we have attempted
a separation between Indium(III) from Cadmium(II) using zirconium
vanadate exchanger. The exchange capacities of both metal ions as well
as the distribution coefficients of different metal ions have been
determined. The time of equilibration and the maximum weight of the
exchanger for uptake of a fixed amount of metal ions were also
determined. The results suggest that this exchanger may be suitable as a
separation for different hazardous metal ions.

88

RESULTS AND DISCUSSION

3.2.1. Determination of Ion Exchange Capacity
The adsorption of indium and cadmium with various prepared
inorganic ion exchangers was studied. Only zirconium vanadate was
adsorbed the indium and cadmium. There is no adsorption observed for
indium and cadmium by other inorganic ion exchangers.
Ion exchange capacity (IEC) of the exchanger were determined by
equilibrating about 0.5g solid with 50ml of 2M solution of different salt
solutions and the liberated acid was estimated by inductive coupled
plasma (ICP) . The IEC of different ions are tabulated in Table(16).
Table(16): Exchange Capacity of Different Metal Ions
Metal ion

Exchange Capacity (meq/g)

In3+
Cd2+
Na+
K+
Cs+
Mg2+
Sr2+
Ba2+
Ca2+
Y3+

3.6
1.2
4.08
4.32
0.13
0.88
0
0
0
0.1

Ref.
Calculated

(Susanta Lahiri, et al,
2005); Kamalika
Roy, et al, 2003)

3.2.2. Thermal, Radiation and Chemical Stability
Thermal stability of the exchanger was studied employing a
differential thermogravimetric analysis technique. Radiation stability was
checked by determining the (IEC) of the solid before and after γirradiation dose of 2.5Gy/min.Chemical stabilities were determined by
0.1g of the exchanger with 50ml of different solvents for a period of 16h
followed by the determination of the percentage of vanadium that has
dissolved Table(17).
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Table(17):Chemical Stability of Zirconium Vanadate in Different
Media
Solvent
Vanadium (%) leached out in the solvent
Water

0

2M HCl

4

4M HCl

9

2M HNO3

2.2

4M HNO3

5.3

2M H2SO4

4.1

4M H2SO4

10.7

0.1M NaOH

6.4

1M NaOH

10.4

Ethanol

0

Benzene

0

3.2.3. Batch ion exchange studies
The optimum time required for the equilibration determined with a
ﬁxed amount of the exchanger was found to be 4hours and the maximum
weight of the exchanger absorbing a ﬁxed amount of Indium(III) and
Cadmium(II) was found to be nearly 0.2g. The Kd data of different metal
ions determined under varying pH/HCl concentrations. Maximum
adsorption of the metal ions occurs at pH 4. The sorption of various
radionuclides studied in this work was found in the following order, Cs+
>Eu3+ >Am3+ >Y3+ >UO2 2+ which decreased sharply with the increase of
the aqueous acidity. The separation factor for Am3+/ Eu3+ was found to
change drastically with the aqueous acidity (0.5at pH 4 to 12.4 at
1MHCl).
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3.2.3.1. Effect of pH
Preliminary studies indicated that equilibrium was attained within 4
hours, in a shaker with 220 rpm adjusted at 25±1◦C, for the exchange
reaction. The distribution coefficients of metal ions in demineralized
water are very small so that one can not decide whether or not zirconium
Vanadate is selective for any cation.
In order to investigate the selectivity of zirconium vanadate for
Indium(III) and Cadmium(II), the

distribution coefficients (Kd) were

determined at different pH’s for each of Indium(III) and Cadmium(II).
The sorption behavior, distribution coefficients (Kd) for Indium(III) and
Cadmium(II) at different pH’s on zirconium vanadate is shown in

Distribution Coefficient, Kd (meq/g)

Figure(27).

300

Indium
Cadmium

250

200

150

100

50

0
-1

0

1

2

3

4

5

6

7

8

9

pH

Figure(27): The effect of pH on the distribution coefficient of
In(III) from Cd(II) by zirconium Vanadate.
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Figure(27): the results show that the distribution coefficient (Kd) of
indium(III) and Cadmium(II) increases with increasing pH values. The
distribution coefficient values of indium(III) more than cadmium(II) this
may be due to the increase of electrostatic interaction of the multivalent
cation compared to the divalent cation and to the fact that zirconium
vanadate are cation exchangers; their cationic behavior becomes more
pronounced by the increase in pH. The extra values of distribution
coefficient means that zirconium vanadate more selective for indium(III)
than cadmium(II) and to determine the optimum pH value separation of
indium (III) and cadmium(II) it must be calculate the separation power.
3.2.3.2. Separation power
The selectivity coefficient is usually determined using multicomponent solutions and calculating the ratio between the distribution
coefficients of each metal. To get a separation power coefficient (SP %).
This coefficient was calculated using the following equation [24]:
SP = SEM1−SEM2
Where SEMi (%) is the extraction efficiency at selected pH for metal i.
The values of the distribution coefficients were extrapolated in order
to obtain the corresponding values of the separation power. This
parameter enables the optimum pH range for metal separation to be
predetermined simply and quickly. Using the data of Figures (27), the
separation power was calculated as shown in Figure (28). From
Figure(26), it is clear that pH=4 the optimum pH for separation of
Indium(III) from Cadmium(II) using zirconium vanadate.
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Figure(28): Influence of pH on separation power (SP) for the separation
of In(III) from Cd(II) in aqueous solution using zirconium
vanadate.
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3.2.4. Zirconium Vanadate-Column for Separation of indium(III)
and cadmium(II)
From batch mode, the optimum conditions for separation of
indium(III) and cadmium(II) were obtained which have been used in
column mode where the column chromatography is more significant than
batch mode for separation of metal ions. Practically, from all given
results on zirconium vanadate in batch mode, these elements presented a
significant contrast that could facilitate in separation of indium(III) and
cadmium(II). Additionally, in the column mode, the effective parameter
is the flow rate related to the time. However, for loading step, 100ml has
been loaded with flow rate 0.5ml/min. During the loading step, all
indium(III) was adsorbed on the zirconium vanadate (inorganic ion
exchanger) while cadmium(II) passed through the column. This indicate
that separation of indium(III) and cadmium(II) has been occurred (the
main task of work) and this means that the zirconium vanadate inorganic
ion exchanger has selective for indium(III) ions.
For more details the elution curve for separation of indium(III) and
cadmium(II) was given in Figure (29). As described in the experiment
part (chapter 2), for zirconium vanadate inorganic ion exchanger a 100
ml stock solution containing 100ppm of each indium(III) and
cadmium(II) at pH 4 was loaded onto a glass column, 22cm long x 1.5cm
in diameter, packed with zirconium vanadate with depth of 2cm. At this
pH zirconium vanadate showed no specific adsorption of cadmium(II). So
cadmium(II) passed through the column with percentage 74% of initial
amount. Further step, washing by de-ionized water and showed that trace
amount of cadmium(II) passed through the column while indium(III) still
remained on the column. A 20ml sample of buffer solution was sufficient
for elution of cadmium(II) at a flow rate of 0.5ml/min. then indium(III)
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retained in the column is eluted with 20ml 2M HCl with the same flow
rate Table(18) and Figure(28).
Table (18): Recovery of indium(III) and cadmium(II) using different
eluants.
Amount
loaded,(ppm)
100ppm

Element
separated
In(III)

Eluant

100ppm

Cd(II)

buffer
solution

100

2M HCl

Amount
recovered
98.4%

20

24.98%

2M HCl
Citrate buffer pH 3.5

80

Metal elution(%)

Eluant
volume(ml)
20

60

40

20

In(III)

Cd(II)

0

0

5

10

15

20

25

30

35

40

Volume, ml

Figure(29):Elution curve of indium(III) and cadmium(II) onto
zirconium vanadate using 2M HCl for indium and citrate
buffer pH 3.5 for cadmium
The following flow sheet illustrates the separation and recovery of
indium(III) and cadmium(II) using the zirconium vanadate inorganic ion
exchanger as shown in Figure( 30).
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Binary Solution of indium(III)
and cadmium(II), 100ppm for
each one

pH 4

Packed zirconium vanadate
column with indium and a few
amount of cadmium,

74% Cd(II)
eluted

Packed zirconium vanadate
column, 100% In(III) and
26% Cd(II)

2M HCl

3.5 Citrate buffer

98.4% In(III)

24.98% Cd(II)

Figure (30): Flow sheet for the separation of indium(III) and cadmium(II)
onto synthetic inorganic ion exchanger, zirconium vanadate.
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Recently commercial and synthetic organic and inorganic ion
exchangers have found many applications not only in the nuclear field but
also in the industrial (removal of contaminated water) and environmental
fields. This may be returned to extraordinary capacity toward radiation
and temperature. So organic and inorganic ion exchangers can be used
successfully in the treatment of radioactive liquid waste and also in
separation and recovery of some metal ions from waste solutions.
In the present work, The possibility of using organic and inorganic
ion exchangers for the separation of indium(III) and cadmium(II) was
studied. The work carried out in the present thesis is presented in three
main chapters:

Chapter One
Chapter 1 includes five main parts. The first part, includes the
principles of ion exchange processes which explain the following item;
ion exchange equilibrium, selectivity, ion exchange, sorption, ion
exchange capacity, ion exchange application technique and limitation of
ion exchangers application. The second part involves general information
of ion exchange materials, naturally occurring ion exchangers, synthetic
ion exchangers, composite ion exchangers and ion exchange membranes.
The third part, includes ion exchange chromatography and solvent
extraction techniques. The fourth part, contains a review about the uses of
organic and inorganic ion exchangers for separation of some metal ions
from aqueous solution and the treatment of radioactive liquid waste. The
fifth part, includes the necessity and importance of active and inactive
indium
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Chapter Two
Chapter 2 represents the different experimental procedures
followed in the experimental work and is divided into three main parts:
The first part deals with some properties of the used chemicals, such as
purity and production details. The second part involves description of the
used equipments and instruments, such as Gamma cell and ICP-AES that
used in this work. The third part involves description of the used
equipments, experimental technique which includes preparation of stock
solutions and standard curves used to determine the concentration of
metal ions, and also the methods of calculations.

Chapter Three
This chapter contains the experimental results obtained in this work
and is divided into two main parts as follow:

1- Separation of Indium(III) from Cadmium(II) using Organic
Ion Exchangers:
A. Separation of indium(III) from cadmium(II) using a commercial
resin (Dowex 50w-x8)
This part of the thesis assesses the potential of an adsorptive
material, (Dowex 50w-x8), for the separation of indium from cadmium
ions in aqueous media. The results showed that;
• The uptake percentage of Dowex 50w-x8 increases with increasing
the pH values. The optimum pH for removal of indium and cadmium
is at pH 4.
• The effect of the resin weight on the uptake percentage of Dowex
50w-x8. The results showed that the uptake percentage increases
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with increasing the weight of organic ion exchanger and an amount
of 120mg is sufficient to remove 100 ppm from each metal ion.
• The equilibrium time for removal of indium and cadmium onto
Dowex50w-x8 was found to be (40,90) minutes, respectively.
• From the above data (batch technique), the optimum conditions for
separation of indium and cadmium were obtained and applied used
in the column experiments, the results showed that:
- The optimum flow rate for adsorption of indium and cadmium onto
Dowex50w-x8 resin was found to be 0.5-2.5 ml/min.
- Loading of indium and cadmium onto Dowex50w-x8 column; the
data shows that, the indium ions were first extracted then cadmium
ions at pH 4.
- The elution of indium and cadmium from Dowex 50w-x8 column
using mineral acid was investigated. The results showed that, 1M
HCl was used for elution of indium while 0.05M HCl for elution of
cadmium.
- The mechanism of interaction between indium and Dowex50w-x8
resin was studied, and it was found that there are two types of bonds;
ion exchange and complexation bonds.
B. Separation of indium(III) from cadmium(II) using Zn(II) poly(
methacrylate) and poly( acrylamide- acrylic acid) as synthetic
organic ion exchange resins.
In this part of the thesis, Zn(II)polymethacrylates, and poly
(acrylamide-acrylic acid), as synthetic organic ion exchangers were
prepared by gamma irradiation polymerization technique of the
corresponding monomer at 30kGy. The obtained organic resins were used
for separation of indium and cadmium in aqueous solution as follow;
- Batch Experiments:
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Zn(II)Polymethacrylate, and poly( acrylamide- acrylic acid), organic
resins were used for studying, the adsorption behavior of indium and
cadmium ions from aqueous solution under different conditions.
1. The adsorption of indium and cadmium ions was studied individually
on different organic resins from aqueous solutions at different pH. The
data shows that:
a- The uptake percentage firstly increases with increasing the pH
values, while further increases don’t lead to an increase in the
uptake percentage
b- The uptake percentage for the sorption of indium and cadmium ions
on different studied resins have the following sequence:
p(AM-AA) > Zn(II)PMA.
2. The separation power of indium and cadmium ions reach its maximum
value at pH (5- 6) respectively using Zn(II)PMA resin while p(AMAA) reach its maximum value at pH = 4.5- 6.
3. The uptake percentage of indium and cadmium ions from aqueous
solutions was studied individually with contact time by obtained
organic resins. It was found that the equilibrium time is reached,
nearly within two hours.
- Chromatographic Experiments:
1- The effect of flow-rate on the separation of indium and cadmium ions
was investigated in the column procedure. The study shows that these
ions can be sorbed quantitatively by the both polymeric organic resins
at flow rate between 0.5-2.5 ml/min.
2- The breakthrough curves for indium and cadmium ions at the flow rate
2ml/min. and bed depth 50mm on p(AM-AA) and Zn(II)PMA.. The
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results show that, indium, completely adsorbed onto two organic
resins while cadmium was slightly adsorbed.
3- The stability of the synthesized p(AM-AA) and Zn(II)PMA was tested
with (hydrochloric acid, sodium nitrate and nitric acid). The p(AMAA) and Zn(II)PMA were stable in all concentration of three acids.
4- The percentage of elution for indium and cadmium onto p(AM-AA)
and Zn(II)PMA from column by various eluents and different
concentrations of mineral acids was measured and the results show
that, the separation percentage about 99% between two metal ions.
5- Regenerating capacities of the synthesized Zn(II)PMA and p(AM-AA)
were studied. The results show that, up to five cycles of sorption and
elution there is apparently no change in the sorption capacity of
Zn(II)PMA and p(AM-AA)
6-The mechanism of interaction between indium and both polymeric
resins was studied, and it was found that there are two types of bonds
ion exchange and complexation.

2. Separation of Indium(III) from Cadmium(II) using Zirconium
Vanadate as Synthetic Inorganic Ion Exchanger.
In the latter part of the thesis, the capacity of more than inorganic ion
exchangers was determined for indium(III) and cadmium. it was found
that zirconium vanadate has high ability to remove indium more than
cadmium as the following:
1- The ion exchange capacity (IEC) of zirconium vanadate was measured
for more than one element. it was found that zirconium vanadate is a
best inorganic ion exchanger for the adsorption of indium(III) and
cadmium(II).
2- The adsorption of indium and cadmium ions was studied on zirconium
vanadate from aqueous solutions at different pH values. The data
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shows that the optimum pH value for separation of indium and
cadmium at pH 4.
3- The loading curve of indium and cadmium with zirconium vanadate
was studied and it was found that zirconium vanadate has high
selectivity for indium than cadmium.
4- hydrochloric acid and citrate buffer was the best Eluent for the
separation of indium and cadmium from packed column of zirconium
vanadate.
Accordingly, the present study deals with the use of organic and
inorganic ion exchangers for separation of indium(III) and cadmium(II)
using four different types organic and inorganic ion exchangers:
The 1st part is a commercial resin (Dowex50w-x8) was used for the
separation of indium(III) and cadmium(II). The results showed the
separation percentage was about 98%. The 2nd part deals with the use of
synthetic Zn(II)polymethacrylates and p(AM-AA) organic resins for
separation of indium(III) and cadmium(II) in aqueous solution. The
separation percentage was about 99%. The 3rd part zirconium vanadate as
synthetic inorganic ion exchanger was used for separation of indium(III)
and cadmium(II). The separation percentage was about 98.4%.
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.[Zn(II)PMA and p(AM-AA)] ً"#L
 5+ه<ا ا*^ء ! 2ا! 4( U( #دت أ  [Zn(II)PMA G %
]) and p(AM-AAوه !دت   h7 Uا "#ا!5+ H

ت  S?+اM1

 U( $%ا "#ام ( 1أ4" !D Nه *  إ !  Nاره  ٣٠آ  Dاي  ?4ل
 !دت أ ذو ! R?Iو! Nع وأ !و!  "آ^ات ا (2! J

٣

ا

 ا

ا %ض  23  $4ا "#ا!  Hت ا M1  S?Jدون  %وث (U( A< H(3  73
ا" D 1 .Xت إ   J(!  Nا*! .و ا ! "#ه< :ا دت ا
ا 4ة ?1 S?+ 5+ي ا م وا3د!م آ   :5
 ا"دل ان ?1 2! e3ي

أ U( -درا( Vy( #آ^ ان ا Hرو 2D

ا م وا3د!م وو Dا 5+ Yا^ 2"4دة (آ^ أن ا Hرو^( 2Dداد ا 3
ا" 23  5ا?4ل  2! Hا 2! % "% ?1و  G( :ا  3ا Iyذة !2
ا ?1و" 2أ ' S+س ا Hرو 51Dا" 1 5ه " S?+ Uا2( U( 2?1
 رة ا (Separation Power) S?Jوو Dا Yأ S+أس ه رو  51Dدل ا5
" : 1 Uا" S?JزA

 ا Gآeت" (Zn(II)PMA) ،و

 )اآ- !e

اآ  p(AM-AA) ،(Aه   ٤-٣ا"ا.5
ب 2( U( -ز! 2ا(^ان  2! e3ا دت ا ا " ! "7زA

 ا Gآeت" و

"  )اآ- !eاآ  "(Aا  ! "7وو DأeI Yل  ٧٠و  ١٤٠د 5
ا"ا. 5


د ا S?Jوو Dأن  7آة

ت U( -درا?1 S 4( #ي ا م وا3د!م

 Dا ! 2ا م ( %ا " ( (%٩٩) 5

د ا S?Jوان  7ا!"?ص

3  71د!م (? Sإ   . %٥٨ذ C*( U( Aأآ^O C<! 2! Gال ا71
ا  2!  4آ eا 2?1وو Dأن  7ا  2?1  S?Jو  Mإ. % ٩٩ ~ 5
ث U( -درا 33! #ا" 2 S Jا دل ا 5و(     4اوا ,ا "2 3
ا د 2ا 2و ?1 2ا م وا3د!م.

ت -اء ا %) :$ي ا"#$Hم ا! = ا= = = ا=دم ا=
ا '&(#ام ,دل أ"* U $ي *Jة ).(Zirconium Vanadate
 5+ا*^ء ا 2! Iا U( #ا"Iر

 ا دت ا ا Lا   Sا"Iر

 ?1ا م  $%أه ^  ! Uه< :ا دت ا ا   Lر( Hا ( J
!و! اNOع و H(Vا4اري وا 5+ 5R 3درDت ا4ارة ا ( Jوو Dأن ا دل
ا (Zirconium Vanadate) 5ه أ S+ه< :ا دت وه<ا "  .! Nا tR"1ا7
ا" 5ا "#م  H+ه<ا ا دل ا 5ا Lي  'ق وا $% .#ا "#م
) S?+ 5+ (Zirconium Vanadateأآ .X! Q 2! Gوآ ا D *X! tR"1ا U" 53
ا "#ا!?1 S?+ 5+ Yي ا م وا3د!م.

٤

ا

و  Sء ا "#ام ا دل ا 5ا Lي )5+ (Zirconium Vanadate

 ا

 اS?J

(   2( Uا 7ا?ى ا   Mدل !?1 .ي ا م وا3د!م وDءت اtR"1
آ(:5
أ -و Dا  A "  Yرة  Oزا  ?1ا م اآ  ?1 2! G3ا3د!م و(U
!ر ا 7ا" U( 5ا?4ل  .! Hا 7ا" S 7 5ذ T AاM1
اIى.
ب U( -درا( Vy( #آ^ أن ا Hرو  2Dا دل ا 5ا Lي وو Dأن آ 
ا M1ا Iyذة ! 2ا  4ل ("b C#1د ! .زدة (آ^ ان ا Hرو 2DوS+
(آ^ "?1 S?+ : 1 Uي ا م وا3د!م ه .٤
ت U( -درا?1 S 4( #ي ا م وا3د!م 
ا  م وا3د!م ا 7آ 

د ا S?Jوو Dأن ?1 7ي

د ا% S?Jا  e %٩٨٦ 5م و%٢٦

 3د!م ( 1آ^ ان ا Hرو ٤ 2Dو! ل ا7ب   4ل  S3 S! ٠٥د.
ث U( -ا "#ام أآ S?+ YeI 2! U" C<! 2! Gا 2?1وو Dأن أ S+ه< :ا <ت ه
! 4ل ! 2ا"7ات ا  (Citrate Buffer) UQ1ذو (آ^ ?4  ٣٥ل  ?1
ا3د!م وأ ?1 C<! S+ا م ه ! 4ل  T %ا Hروآ ر" Aآ^ ! ٢
).(2M HCl

٥

ـ ا ز 
آـــ ا ــــم
ـ اـ ـ ء
درا" ت  #$%ا"! ام ا  دت ا ا و ا 
ام * +ا د*م ) "! ام ا(ق ا!$$,
ﺭﺳﺎﻟﺔ ﻣﻘﺪﻣﺔ ﻣﻦ
ﺃﻳﻤﻦ ﺃﺣﻤﺪ ﺍﻟﺴﻴﺪ ﻣﺤﻤﺪ ﻣﺴﻌﻮﺩ
*0وع ا.$ون
*آ 3ا,ث ا1و
ه 7ا(  ا6ر ا 

إ#
آ $ا$م –  * :ا 3ز;
,$ل  #$%در:
دآ!را> ا ?@ $ا$م ،آ  ء
)آ  ء ($$,.

٢٠١١

درا" ت  #$%ا"! ام ا  دت ا ا و ا 
ام * +ا د*م ) "! ام ا(ق ا!$$,
ﺭﺳﺎﻟﺔ ﻣﻘﺪﻣﺔ ﻣﻦ
ﺃﻳﻤﻦ ﺃﺣﻤﺪ ﺍﻟﺴﻴﺪ ﻣﺤﻤﺪ ﻣﺴﻌﻮﺩ
*0وع ا.$ون
*آ 3ا,ث ا1و
ه 7ا(  ا6ر ا 
,$ل  #$%در:
دآ!را> ا ?@ $ا$م ،آ  ء
)آ  ء ($$,.

 1GاEFاف ا? $
ا!H

ا"
ا.د K /د> *  ,أ  KآM$
أذ ا ء ا  
آ ا م –  ا ز 

ا.د #(* ?1K @ /أ) ا1ر
أذ ا ء ا و  وا  
و)( ر' ه %ا   $ا #ر  ا! 
*آ ا  -ا ,رة
ه %ا   $ا #ر 

ا.د /أ" * % ;O Mا Nر
أذ ا  ء ا و 
*آ ا ,ث ا و 
ه %ا   $ا #ر 

 ا  ء
آ $ا$م –  * :ا 3ز;

درا" ت  #$%ا"! ام ا  دت ا ا و ا 
ام * +ا د*م ) "! ام ا(ق ا!$$,
ﺭﺳﺎﻟﺔ ﻣﻘﺪﻣﺔ ﻣﻦ
ﺃﻳﻤﻦ ﺃﺣﻤﺪ ﺍﻟﺴﻴﺪ ﻣﺤﻤﺪ ﻣﺴﻌﻮﺩ
*0وع ا.$ون
*آ 3ا,ث ا1و
ه 7ا(  ا6ر ا 
,$ل  #$%در:
دآ!را> ا ?@ $ا$م ،آ  ء
)آ  ء ($$,.

و R .ا  0 1وا ا@: P$% Q
ا:1G$
 -١ا.د /أ, 1د */آ
أذ ا ء ا   ،آ ا م   ،ا 2ه*ة

 -٢ا.د 187 /أ 5 67ب
أذ ا ء ا  ، ,آ ا م   ،ة ا ' 8

 -٣ا.د7 /د 6, 9أ 67آ:
أذ ا ء ا   – آ ا م –  ا ز 

 -٤ا.د ;$< ;87 6 *= /أ /ا ر
أذ ا ء ا و  – *آ ا  -ا ,رة – ه %ا   $ا #ر 

 .ر Yا ا@٢٠١١ / ...... / ..... :Qم

ا!H

