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Preparation of modified polymer- Alumino silicate composite
and their application in removal of some radionuclides from

aqueous solutions.

Aim of work

The waste solutions contain many species which are
dangerous for the environmental; removal of these species from
the waste solution is a problem of environmental and economic
concern. One of the most common treatment methods of such
aqueous streams is the use of ion exchange. This study aims to the
removal of some radionuclides from radioactive waste solutions
using ion exchange technique. The removal of cesium, cobalt and
strontium ions was focused in this study as they constitute a
significant part of radioactive liquid waste arising from nuclear
facilities. In these concern two composite ion exchangers namely
polyacrylamide- bentonite and polyacrylamide- zeolite were
prepared and used for the removal of cesium, cobalt and strontium
ions from their aqueous waste solutions. Kinetic sorption and
sorption isotherms will be studied to investigate the mechanism
and the type of sorption process and thermodynamic parameters
will be determined. Also immobilization of the exhausted
composites will be carried out, different tests will be employed to
determine the efficiency of the mixed composites with cement to
increase the compressive strength and to reduce the leaching rates
of cesium, cobalt and strontium radionuclides from cement
pastes.
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Preparation of modified polymer- Alumino silicate composite and their
application in removal of some radionuclides from aqueous solutions.

Abstract

Ion exchange is one of the most common and effective treatment methods for
radioactive liquid waste. This technique is well developed and has been employed for
many years in both the nuclear industry and in other industries. In this thesis
polyacrylamide- zeolite and polyacrylamide- bentonite composites were prepared and
characterized using advanced analytical techniques. The prepared materials were used
as composite ion exchangers for removal of Cesium, Cobalt and Strontium ions from
simulated waste solution. Effect of pH of the medium on the removal of
aforementioned ions was investigated. The sorption kinetic was studied and the data
were analyzed by different kinetic models which rivaled that the mechanism of the
sorption processes is mainly controlled by pseudo – second order reaction, and particle
diffusion might be involved in the sorption processes. The values of diffusion
coefficient of the three metal ions were calculated and suggested that chemisorption
was the predominated sorption mechanism. Several isotherm models were applied for
the sorption, and thermodynamic parameters were determined. The positive values of
enthalpy change, ∆H, for the three metal ions confirmed the endothermic nature of the 
sorption processes. The results indicated that the prepared materials can be used as
efficient ion exchange materials for the removal of cesium, cobalt and strontium ions
from simulated waste solution. In the present study, immobilization of
polyacrylamide- zeolite and/ or polyacrylamide- bentonite composites loaded with
cesium, cobalt and/or strontium radionuclides with Ordinary Portland Cement (OPC)
has been carried out. Several factors affecting the characteristics of the final solidified
waste product towards safe disposal such as mechanical strength and leaching behavior
of the radioisotopes have been studied. The obtained results showed that the presence
of polyacrylamide- zeolite and/ or polyacrylamide- bentonite composites in the
cemented wastes improve the mechanical characteristics of the solidified cement
matrix (mechanical strength) towards the safety requirements and reduce considerably
the radionuclides leach rates.

Key Words: Kinetics/ Thermodynamics/ Sorption/ Cesium, cobalt and strontium ions/
polyacrylamide/ Zeolite/ Bentonite/ Immobilization / Radioactive wastes / Portland
cement.



1

1. Introduction

Radioactive waste generally consists of a mixture of discarded materials
or components arising from the production or use of radioactive
material. The specific activity of a waste material or its point of origin
determines whether it is considered to be radioactive under national
regulations or not. These wastes contain materials that emit ionizing
radiation, which has been recognized as a potential hazard to human
health since the beginning of the 20th century. The safe management of
radioactive waste is therefore essential for the protection of human
health and the environment, in the present and future.

The radioactive waste management policy serves as a national
commitment to address the radioactive waste issues in the country in a
coordinated and cooperative manner. It is a framework to interact with
the world and our past, present and future. The International Atomic
Energy Agency (IAEA) has developed a comprehensive set of
principles for the safe management of radioactive waste. These
principles are applicable to all countries and can be applied to all types
of radioactive waste, regardless of its physical and chemical
characteristics or origin. These sets are the protection of human health
and the environment, now and in the future without imposing undue
burden now or in the future [55]. In addition to the internationally
accepted principles, waste management in Egypt is managed in
accordance with national policy principles that are considered the
national legal framework; it includes the control of radioactive waste
generation, safety of facilities, waste generator pays, sound decision-
making based on scientific information, risk analysis and optimization
of resources, precautionary principle and finally International
cooperation [110]. The national legal framework provides laws,
regulations and guidelines for radioactive waste management taking
into account the overall national radioactive waste management
strategies. Generation of radioactive waste is kept to the minimum
practicable, in terms of both its activity and volume. During all
radioactive waste management activities priority are given to safety
matters including the prevention of accidents and limitation of
consequences if accidents occur. The financial burden for the
management of radioactive waste is borne by the generator of that
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waste. Decision-making is based on proven scientific information and
recommendation of competent national and international institutions
dealing with radioactive waste management.

In this review, a brief description of integrated radioactive waste
management system will be given and the available technical options for
the treatment of these wastes will be reviewed. The paper will focus on
the development of the sorption process, as one of the most viable
technique used in the treatment of radioactive liquid waste, presenting
some of the latest important results and giving a source of up-to date
literature on it. The progress in utilizing chemi-sorbents in radioactive
liquid waste treatment will be highlighted.

Radioactive waste management
1.1. Sources of radioactive wastes

Radioactive wastes are produced during the operational and
decommissioning phases of facilities associated with the following
activities [65]:

 Radioisotope production activities including the applications in
research, medicine, industry, and education.

 Nuclear fuel cycle activities that includes operation of nuclear
reactors and other facilities within the nuclear fuel cycle.

 NORM and TE-NORM that accompany the human activities
associated to natural resource exploitation, and this includes the
mining and processing of ores, the combustion of fossil fuels, or
the production of natural gas and oil.

1.2. Types of radioactive wastes

The types of the generated radioactive wastes can be divided into the
following categories

 Aqueous waste generation
 Liquid organic waste generation
 Solid waste generation
 Wet solid waste generation
 Biological waste generation
 Medical waste generation
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1.2.1. Aqueous waste generation

Aqueous liquid radioactive waste is generated during research reactor
operations and in other operations involving the application of
radioisotopes (e.g. medicine, research and education). The type of liquid
waste produced depends upon the particular operation being conducted
and can vary extensively in both chemical and radionuclides content [72].
Most operations, particularly the larger ones, also produce a variety of
radioactive liquid wastes from locations such as showers, laundries and
analytical laboratories, and from decontamination services. The specific
activity of the waste generated depends upon which radioactive
materials are used.

1.2.2. Liquid organic waste generation

Radioactive organic liquid waste from medical, industrial and research
centers forms a relatively small volume compared with other
radioactive wastes. Typically, this waste includes oils, solvents,
scintillation fluids and miscellaneous biological fluids.

1.2.2.1. Oils, Radioactive oil waste consists of lubricating oils,
hydraulic fluids and vacuum pump oils. This type of waste generally
contains only relatively small quantities of beta/gamma emitting
radionuclides, but may also contain trace quantities of alpha emitting
radionuclides, depending on its origin. This waste generally arises from
activities in nuclear research centers; tritium contaminated oils may also
arise from various medical and industrial applications. Radioactivity
levels for oils may vary widely, depending on the applications they are
associated with.

1.2.2.2. Scintillation liquids, Scintillation liquids result from
radiochemical analyses of low energy beta emitters, such as 3H and 14C.
They typically consist of non-polar organic solvents such as toluene,
xylene and hexane, but they may also include biological compounds
such as steroids and lipids.

1.2.2.3. Solvents, Spent solvents may arise from solvent extraction
processes. The most commonly used extraction solvent is TBP. TBP is
diluted for the extraction process usually with a light saturated
hydrocarbon, often dodecane or a mixture of paraffins. A variety of
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organic decontamination liquids and solvents, such as toluene, carbon
tetrachloride, acetone, alcohols and trichloroethane, arise from various
operations.

1.2.3. Solid waste generation

Solid waste can be segregated into two main groups: compactable,
combustible solid waste and non-compactable, non-combustible solid
waste [111]. The largest volume of solid waste is general rubbish, which
includes protective clothing, plastic sheets and bags, rubber gloves,
mats, shoe covers, paper wipes, rags, towels, metal and glass. The
typical distribution of solid waste generated in research centers is:

 70% compressible or combustible material, such as plastic
fragments, paper and cloth, small metallic or glass objects, and
miscellaneous (animalcarcasses, wood, etc.);

 20% hard materials, such as metal components, coating or
lining fragments and items whose size normally calls for
fragmentation;

 10% debris resulting from plant conversion and operational
incidents (concrete, soil, etc.).

1.2.4. Wet solid waste generation

Wet solid waste, such as spent radioactive ion exchange resins,
precipitation sludge and evaporator concentrates, is generated by the
treatment of aqueous waste streams at nuclear research centers or at
centralized waste processing facilities.

1.2.4.1. Spent ion exchange resins, Ion exchange media can be
classified into two basic categories: inorganic ion exchangers (both
natural and synthetic) and organic resins (mainly synthetic). Most
commercial ion exchangers are synthetic organic resins typically
consisting of polystyrene cross-linked with divinylbenzene. Spent
organic and inorganic ion exchange media may require different
treatment and conditioning options. Although regeneration of spent
organic resin is possible, the preferred option is direct conditioning of
spent resin, as regeneration results in the production of highly acidic
and caustic radioactive liquids, which may be difficult to treat [67].
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1.2.4.2. Precipitation sludge, The product of treatment of liquid
radioactive waste by chemical precipitation and flocculation is a sludge
containing most of the radioactivity; this can vary greatly in terms of its
chemical and physical characteristics, depending on the specific process
used [58]. The chemical composition of the sludge differs from the initial
waste owing to the addition of the precipitating chemicals.

1.2.4.3. Evaporator concentrates, Evaporator concentrates are
produced through an evaporation process by which the volatile and non-
volatile components of a solution or slurry are separated to reduce both
the waste volume and the amount of radioactivity in a liquid effluent.
Evaporation is most effectively used for radioactive liquids with high
concentrations of salts or other impurities. The concentrate or bottoms
product can range from 15 wt% solids to a virtually dry powder or cake,
depending on the evaporator type and efficiency and on the chemical
composition of the waste stream[47, 14].

1.2.5. Biological waste generation

Biological radioactive waste arises from biological, research and
teaching/training practices. This waste includes animal carcasses,
contaminated body fluids and animal tissues. The inclusion of materials
having a biological origin clearly distinguishes this type of waste from
inorganic materials. A primary example of biological waste is the waste
from research involving animals. All discharges (e.g. faeces, urine and
saliva) from animals used in research involving radioactive materials
must be considered to be potentially contaminated. Animal cage
containers must be treated as contaminated until monitored and declared
free from contamination.

1.2.6. Medical waste generation

Medical radioactive waste may be defined as radioactive waste arising
from diagnostic, therapeutic and research applications in medicine. In
addition to being contaminated by radioactivity, medical waste, like
biological waste, can have infectious, pathological and other hazardous
properties. In many instances the potential additional hazard, either
from the waste’s chemical, biological or physical properties, is greater
than the radiological hazard [70].
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The following types of radioactive waste may occur as a result of the
use of radionuclides in medicine:

 Spent radionuclide generators and spent sealed radiation
sources;

 Anatomical and biological waste (e.g. body parts, tissues,
organs, fluids and excreta from patients administered with
radionuclides);

 Miscellaneous aqueous and organic liquids, and radioactive
solutions;

 Miscellaneous solid dry waste (e.g. gloves, paper tissues and
equipment parts);

 Miscellaneous waste posing a puncture hazard (e.g. needles,
broken glassand nails).

1.3) Waste Classifications
Classification of radioactive wastes can be helpful at any stage, from the
origination of the raw waste through to its collection, segregation,
treatment, conditioning, storage, transportation and final disposal.
Classification systems may be derived from different perspectives, for
instance safety related aspects, the physical/chemical characteristics of
the waste, process engineering demands or regulatory issues [65, 60]. Some
of the important waste properties and criteria to be considered for various
classification schemes are:

 The origin of the waste.
 The radiological properties: half-life, heat generation, activity

and concentration of the radionuclides, surface contamination,
and the dose factors of the relevant radionuclides.

 The physical properties: physical state (e.g. solid, liquid or
gaseous), size and weight, compatibility, dispersibility,
volatility, solubility and miscibility.

 The chemical properties: potential chemical hazard, corrosion
resistance/ corrosiveness, organic content, combustibility,
reactivity, gas generation and sorption of radionuclides.

 The biological properties: potential biological hazards (e.g. infection
and putrefaction).
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In the classification system proposed by the IAEA, the principal waste
classes include exempt, low and intermediate level waste, which may be
subdivided into short lived and long lived waste, and high-level waste.
Boundary levels between waste classes are presented as orders of
magnitude; typical characteristics of waste classes are summarized as
follow [60].

Exempt waste (EW) contains so little radioactive material that it
cannot be considered 'radioactive' and might be exempted from
nuclear regulatory control. That is to say, although still radioactive
from a physical point of view, this waste may be safely disposed of,
applying conventional techniques and systems, without specifically
considering its radioactive properties. IAEA recommended
exemption activity concentrations to be range from about 0.1 Bq/g
to about 104 Bq/g.

Low and intermediate level wastes (LILW); Low level waste has
been defined to mean radioactive waste that does not require
shielding during normal handling and transportation. Radioactive
waste which required shielding but needed little or no provision for
heat dissipation was classified as intermediate level waste. IAEA
recommended a contact dose rate of 2.0 mSv/h to distinguish
between the two classes. Although low and intermediate level-short
lived waste may contain high concentrations of short lived
radionuclides, significant radioactive decay will occur during the
period of institutional control and their possible hazard can often be
significantly. The 4000 Bq/g long lived alpha emitter concentration
is generally used to redistrict the long lived radionuclide
concentrations in these wastes.

High level waste (HLW) This waste contains large concentrations
both of short and long lived radionuclides, typical activity levels are
in the range of 5*104 to 5*105 TBq/m3.

1.4. Radioactive waste management activities

The overall waste management scheme should be properly planned to
consider collection and segregation of wastes, their volume reduction
and appropriate conditioning into a form suitable for future handling,
transportation, storage and disposal. Pertinent technological activities in
managing radioactive waste are detailed in Fig. (1.1)
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Fig. (1.1) Radioactive Waste Management Activities

1.4.1. Transportation

In countries where the movement of waste to a centralized site is
practiced, special attention needs to be paid to transportation. The waste
packages, means of transportation and overall transport conditions
should meet the requirements set forth in the internationally accepted
IAEA regulations. This also applies for the transportation of spent
sources back to the supplier, and of packaged waste for disposal in a
regional or national repository.

1.4.2. Pretreatment

Segregation is one of the most important pretreatment methods in
managing radioactive wastes. The collection of waste should provide
for segregation according to half-life and chemical composition in order
to facilitate subsequent storage for decay, or treatment, conditioning and
disposal. Waste containing long lived radionuclides generally requires a
more complex technological infrastructure. Waste treatment,
conditioning, storage and eventual disposal may all be required, and in
turn will require appropriate facilities, equipment and training of
personnel.
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1.4.3. Treatment

Treatment of waste involves operations intended to benefit safety and/or
economy by changing the characteristics of the waste. Solid wastes may
be treated by compaction or incineration, and liquid waste concentrated
by means of chemical precipitation, evaporation or ion exchange
techniques [66].

1.4.4. Conditioning

It is generally agreed that the safe management of radioactive wastes
may be brought about if they are transformed into a solidified form
through an appropriate conditioning technique. Conditioning of waste is
defined as those operations that produce a waste package suitable for
handling, transportation, storage and/or disposal. Conditioning may
include the conversion of the waste into a solid waste form, enclosure of
the waste in containers and, if necessary, providing an over pack. These
operations, which involve immobilizing radioactive waste and
providing adequate packaging, are mainly based on the use of
cementation, and appropriate immobilization methods [9,15,109].

1.4.5. Storage

Storage facilities are required to accommodate waste arising prior to
their release or disposal. These facilities should be well constructed,
with inner surfaces that can be easily decontaminated, and provided
with security measures to prevent the intrusion of unauthorized persons.

1.4.6. Disposal

Disposal of radioactive waste involves placing it in an approved,
specified facility (e.g. a near surface or geological repository) without
the intention of retrieval [110]. Disposal may also include the approved
direct discharge of effluents (e.g. liquid and gaseous waste with very
low activity) to the environment, with subsequent dispersion. For
countries with minimum waste quantities originating from few
practices, it may be inappropriate to construct and operate a national
repository. It should be noted that when a foreign vendor originally
supplies sealed sources, return of the spent source to the original
country of supply is the best solution. Also, disposal options may
include landfill of short-lived low-level waste. For long lived spent
sources, notably 226Ra that cannot be returned to the vendors, as well as
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other conditioned wastes with activity contents exceeding the criteria
for disposal in a national near surface repository, controlled storage is
presently the only practicable option. Geological repositories for these
waste categories are being developed in several countries, but would
possibly not be justified in terms of cost for non-nuclear power
countries with only modest amounts of waste.

1.5. Treatment of liquid radioactive wastes

The selected treatment process should be based on conventional chemical
treatment principles, but the individual characteristics and sources of the
waste must be considered. Failure to account for the chemical and
biological nature of waste may result in inadequate treatment and/or
conditioning and could even damages the waste processing facilities [39].

Low level aqueous waste appears to be the most straightforward to
manage, as much of the extensive existing knowledge of normal water
purification processes may be applied to this kind of radioactive waste.
However, there can be some problems when using these water treatment
processes to meet the specialized requirements of radioactive waste
management.

The most obvious problem is the potential for the uncontrolled release
of liquids, with the creation of extensive contamination, and therefore
every effort must be made to avoid leaks, spills or other unplanned
releases. The integrity of containers is especially important when
aqueous waste is stored for decay. The management of corrosive
aqueous waste requires that the collection, storage and treatment
facilities can withstand prolonged exposure to this type of waste;
otherwise it must be conditioned directly without any prior treatment.

The selection of a liquid waste treatment system involves making
decisions on a number of factors. These can be grouped into five main
categories:

 Characterization and segregation of liquid waste,
 Discharge requirements for decontaminated liquors,
 Available technologies and their costs,
 Conditioning of the concentrates resulting from the treatment,
 Storage and disposal of the conditioned concentrates.
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The waste streams that are presented for treatment in a waste processing
facility usually have a range of components and may not be fully
characterized with respect to chemical composition. They may contain
organic compounds, oxidizing agentsand suspended solids.

The processes available for treating liquid radioactive wastes fall
generally into three main categories: ion exchange/sorption, chemical
precipitation and evaporation. Other processes, such as ultra
filtration/reverse osmosis (UF/RO) and incineration, are used in
countries with small or developing nuclear programs, but not
extensively owing to their high capital and operating costs.

To a large extent, the selection of a primary treatment process for liquid
waste depends upon its radiological and physicochemical properties and
the quantity of raisings. It is therefore important to know these properties,
not only those predicted by the plant’s design characteristics but also
those that result from the actual operating conditions in a plant.

1.5.1. Solid/liquid separation

Liquids containing suspended matter must be treated to remove the
particulate. This can occur either before primary treatment (such as
prior to ion exchange) or after (such as to remove the precipitate/sludge
produced in a chemical precipitation process). Other methods used in
this respect are: sedimentation, filtration, centrifugation and
hydrocyclone techniques.

1.5.2 .Chemical precipitation

Chemical precipitation processes are well established methods for
removing radioactivity from low and intermediate level liquid wastes
and are in regular use at fuel reprocessing facilities, research
establishments and at several power stations. A wide range of different
precipitants is now in use (e.g. metal hydroxides, oxalates and
phosphates). Often, small quantities of selected adsorbents are added
during a floc process to improve or provide decontamination for
specific radionuclides.

 The objective of a chemical precipitation process is to use an
insoluble, finely divided solid material to remove radionuclides
from a liquid waste. The insoluble material or floc is generally,
but not necessarily, formed in situ in the waste stream as a
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result of a chemical reaction. The majority of precipitation
methods use metal hydroxide flocs under neutral or alkaline
conditions to remove the radionuclides. In these processes a
number of the radionuclides are extensively hydrolyzed and are
likely to be either coprecipitated or sorbed onto a floc.
Precipitation normally involves four main stages:

 The addition of reagents and/or adjustment of pH to form the
precipitate,

 Flocculation,
 Sedimentation,
 Solid/liquid separation.

1.5.3. Sorption/ ion exchange

The use of ion exchange procedures in chemical processing, water and
wastewater treatments was well developed by the time the technique was
first applied in the nuclear industry. Since then much progress has been
made in improving the technology, and ion exchange methods have been
widelyused to remove soluble radionuclides from liquid waste [35,39].

The process involves the exchange of ionic species between a liquid
solution and a solid matrix containing ionizable polar groups. When
exchangers become fully loaded they are removed from service and
treated as radioactive waste. Alternatively, strong acids or bases,
yielding radioactive liquid waste with a high salt and activity content,
may regenerate many organic ion exchange materials. Ion exchange
media are available in many combinations of natural or synthetic,
organic or inorganic materials, and in cation or anion exchange forms.
Many media are also available in a variety of physical (e.g. bead or
powdered) and chemical forms (e.g. H+ or Na+ counter ions). Cation
exchangers are used to remove cationic species such as Cs+ or Sr2+,
while anion exchangers remove anionic species such as Cl-. Highly
specific ion exchange media are readily available for radionuclides
common in the nuclear industry, such as Cs and Sr, but these are not
frequently encountered in non-nuclear power applications. Ion exchange
processes can be operated in batch or continuous modes.

1.5.4. Evaporation

Evaporation is a well-established process, widely used in the nuclear
industry. It is capable of giving high decontaminations and large volume
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reductions and is currently being used for the treatment of high,
intermediate and low level waste effluents. On cost considerations,
evaporation is a relatively expensive process and is therefore more
attractive for the treatment of small volumes of highly active effluents than
for the treatment of large volumes of low-level waste. It is, however, used
for low level waste concentration at some sites with large volumes
contaminated with fission and corrosion products [47].

1.6. Utilization of sorption technique in radioactive liquid
waste treatment

1.6.1. General

Sorption at various interfaces has concerned scientists since the
beginning of this century. This phenomenon underlies a number of
extremely important processes of utilitarian significance. The
technological, environmental and biological importance of sorption can
never be in doubt. Its practical applications in industry and
environmental protection are of paramount importance. The sorption of
substrates is the first stage in many catalytic processes. The methods for
separation of mixtures on a laboratory and on an industrial scale are
increasingly based on utilizing the change in concentration of
components at the interface. Moreover, such vital problems as
purification of water, sewages, air and soil are involved here too.

In the Nuclear industry, sorbents are widely used for radioisotope
separation, as well as for the removal of hazardous fission products
from aqueous waste prior to discharge to the environment. Sorption is a
process involving two phases between which certain components can
become differentially distributed. There are three types of sorption,
classified according to the type of bonding involved:

Physical sorption. At which no exchange of electrons occur, 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.

Chemical sorption. Chemical adsorption, or chemisorption,
involves an exchange of electrons between specific surface sites and
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solute molecules, which results in the formation of a chemical bond.
Chemisorption is typified by much stronger adsorption energy than
physical adsorption. Such a bond is therefore more stable at higher
temperatures.

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. In
addition to being ion exchangers, ion exchange materials can also
act as chemi-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.

1.6.2. Theory of sorption process

A basic concept in sorption occurring at every interface is the real sorption
system. Let us consider this concept in terms of the solid-gas interface. The
real sorption system can be defined as an equilibrium one including the
sorbent being in contact with the bulk phase and the so-called interfacial
layer. This layer consists of two regions: the part of gas residing in the
force field of the solid surface and the surface layer of the solid. The term
‘adsorption’ deals with the process in which molecules accumulate in the
interfacial layer. The material in the adsorbed state is defined as the
‘adsorbate’, but that in the bulk gas or vapor phase prior to being adsorbed
is called the ‘adsorptive’. The penetration by the adsorbate molecules into
the bulk solid phase is determined as ‘absorption’. The term ‘sorption’
together with the terms ‘sorbent’, ‘sorbate’ and ‘sorptive’ is also used to
denote both adsorption and absorption, when both occur simultaneously
and cannot be distinguished.

1.6.2.1. Sorption equilibrium and selectivity

Sorption isotherm is the fundamental concept in sorption science that is
considered as the primary source of information on the sorption process.
It is defined as the equilibrium relation between the quantity of the
sorbed material and the pressure or concentration in the bulk fluid phase
at constant temperature and pH. The equilibrium between a bulk phase
and the surface layer may be established with regard to neutral or ionic
particles. Sorption equilibrium is usually described by an isotherm
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equation whose parameters express the surface properties and affinity of
the sorbent.

Large numbers of simplified equations, both theoretical and empirical in
nature have been developed to study the sorption isotherm. These
equations based on experimental data under certain conditions would
probably serve best the purpose of equilibrium modeling and in a
further step of a commercial-scale operation design. The most common
cases for liquid phase adsorption and ion exchange systems are the
Langmuir and Freundlich isotherms that are used to give insight on the
sorption nature and mechanism [40,49]. Also, the Dubinin–Radushkevich
(D-R) sorption isotherm is considered a one of the most versatile,
proven, and useful model for predicting, as well as describing,
equilibrium sorption capacities of vapors on sorbent [92,93].

Freundlich isotherm model the multilayer sorption and for the
sorption heterogeneous surfaces. The logarithmic form of Freundlich
equation may be written as [40]:

Log qe =log Kf + (1/ n) logCe (1)

where, qe is the amount of metal ion sorbed per unit weight of
sorbent (mmol/kg), Ce is the equilibrium concentration of the metal
ion in the equilibrium solution (mmol/L), Kf is constant indicative
of the relative sorption capacity (mmol/kg) and 1/n is the constant
indicative of the intensity of the sorption process.

Langmuir isotherm model the monolayer coverage of the sorption
surfaces and assumes that sorption occurs on a structurally
homogeneous adsorbent and all the sorption sites are energetically
identical. The linearized form of the Langmuir equation is given by
the following equation [49]:

(Ce / qe)= (1/ Qob) + (1/Qo) Ce (2)

Where, Qo is the monolayer sorption capacity (mmol/kg) and b is
the constant related to the free energy of adsorption (b αe-ΔG/RT).

Dubinin – Radushkevich (D-R) isotherm model describes sorption on
a single type of uniform pores. In this respect the D–R isotherm is an
analogue of Langmuir type but it is more general because it does not
assume a homogeneous surface or constant sorption potential. The D–
R isotherm is given with the following equation [92,93]:
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ln qe=ln qm-2 (3)

where, qm is the maximum amount of ion that can be sorbed onto
unit weight of sorbent i.e., sorption capacity (mmol/kg), βis the
constant related to the sorption energy (mol2/kJ2); and is the
Polanyi potential = RT ln (1 + 1/Ce), where R is the gas constant
(kJ/mol.K), and T is the absolute temperature (K).

The mean free energy of sorption is the free energy change when
one mole of ion is transferred to the surface of the sorbent from
infinity in the solution, and it is calculated from:

E= (-2)-1/2 (4)

The magnitude of E can be related to the reaction mechanism. If E
is in the range of 8-16 kJ/mole, sorption is governed by ion
exchange. In the case of E < 8 kJ/mole, physical forces may affect
the sorption mechanism.

Temkin isotherm the Temkin isotherm describes the effect of indirect
adsorbate/ adsorbate interactions on adsorption isotherm(R). it has been
used in the form as:

= ∆ ( ° )
Where R is the gas constant (0.008314 KJ/mol K) and T is the absolute
temperature, ΔQ is the variation of adsorption energy (KJ/mol), and K°

is the Temkin equilibrium constsnt (mmol/g). the linear form is:

= ∆ ° + ∆ (5)

1.6.2.2. Sorption kinetics

When designing a sorption treatment system it is desirable to have an
appreciation of the rate at which the reaction will occur. The required
contact time will influence the physical size of the plant. The sorption
dynamics studies describe the solute uptake rate and evidently this rate
controls the residence time of sorbate uptake at the solid/solution interface.

The data of the kinetics of different ions sorbed into sorbents can be
analyzed using pseudo first-order, pseudo second-order, and
homogenous diffusion kinetic models. The conformity between the
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experimental data and each model predicted values is expressed by the
correlation coefficient, a relatively high coefficient indicate that the
model successfully described the kinetics of the metal ion sorption
removal [34].

Pseudo first-order model the sorption kinetics of metal ions from liquid
phase to solid is considered as a reversible reaction with an equilibrium
state being established between two phases. A simple pseudo first-order
model [34,134] was therefore used to correlate the rates of reaction and
expressed as follows:

)(1 te
t qqk

dt
dq

 (6)

where, qe and q t are the concentrations of ion in the sorbent at
equilibrium and at time t, respectively (mmol/ g) and k1 is the pseudo
first - order rate constant (hr-1).After integration and applying boundary
conditions t = 0 to t = t and qt = 0 to qt = qt, the integrated form of
equation becomes:

  tkqqq ete 303.2
loglog 1 (7)

Pseudo second-order model describes the kinetics of the sorption of ions
onto sorbent materials. The differential equation for chemisorption kinetic
ratereactionis expressed as [36]:

2
2 )( te

t qqk
dt
dq  (8)

where, k2 is the rate constant of pseudo second - order equation (kg/
mmol. min). For the boundary conditions t = 0 to t = t and qt = 0 to qt =
qt, the integrated form of Eq. (7) becomes:

tk
qqq ete

2
1

)(
1




(9)

Equation (8) can be rearranged to obtain a linear form equation as:

(10)tqqkqt eet )/1()/1()/( 2
2 
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Intra- particle Diffusion model in the sorption process by porous
sorbents, the sorption rate can be controlled by one or more of the
following steps [22]:

(1) Transport in the solution phase, which is rapid, and in the
laboratory, can be eliminated by rapid mixing.

(2) Transport across a liquid film at the particle/ liquid interface (film
diffusion).

(3) Transport in liquid- filled macropores (> 2 nm).

(4) Diffusion of sorbate along pore wall surfaces (surface diffusion).

(5) Diffusion of sorbate occluded in micropores (< 2nm) (pore
diffusion).

(6) Diffusion processes in the bulk of the solid.

All of which are activated diffusion processes. Pore and surface
diffusion can be referred to as interparticles diffusion while in the solid
is intraparticle diffusion.

Intra- particle diffusion model assumes that the film diffusion is
negligible and intra- particle diffusion is the rate controlling step, which
is usually true for well mixed solutions. Morris and Weber model, is
represented as the following[46]

= / +C (11)

Where Kad is the rate constant of intra- particle transport (mmol/g
min1/2). The value C (mmol/g) in this equation is a constant which
indicates that there exist a boundary layer diffusion effects, and is
proportional to the extent of boundary layer thickness(R).

Helffrich model in order to identify the step governing the overall
removal rate of the sorption process, the model given by Boyd et al.
(1947) was applied. In this model, various parameters were calculated
using the following expressions:

= 1 − ∑∞ ( ) (12)

Where F is the fractional attainment of equilibrium at time t (F=qt/qe), n
is an integer number, 1, 2, 3, ..., is a mathematical function equal:

= / r2 (13)
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Di the effective diffusion coefficient of metal ion, r2 the radius of the
solid particle [(0.5x5)2]. According to equation (11), F is a function of
( ) and (t) only, and is thus independent of the external solution.
Experimental results may be tested to determine whether they confirm
the above equation by plotting values of (Bt) against the corresponding
values of (t) where (Bt) values are taken from Reichenberg’s table [24] as
follows:

= −0.4977− (1 − ) (14)

Homogeneous particle diffusion model (HPDM) In this model, the rate
determining step of sorption is normally described by either a) diffusion
of ions through the liquid film surrounding the particle, called film
diffusion, or b) diffusion of ions into the sorbent beads, called particle
diffusion mechanism. Nernst-Plank equation [34,77], which takes into
account both concentration and electrical gradients of exchanging ions
into the flux equation, was used to establish the HPDM equations. If the
diffusion of ions from the solution to the sorbent beads is the slowest
step, rate-determining step, the liquid film diffusion model controls the
rate of sorption. In such case, the following relation can be utilized to
calculate the diffusion coefficient:

(15)

where C and Cr are the equilibrium concentrations of the ion in solution
and solid phases, respectively, D is the diffusion coefficient in the liquid
phase, X is the fraction attainment of equilibrium or extent of sorbent
conversion, ro is the radius of the sorbent particle, δis the thickness of
the liquid film. If the diffusion of ions through the sorbent beads is the
slowest step, the particle diffusion will be the rate determining step and
the particle diffusion model could apply to calculate the diffusion
coefficients. Then, the rate equation is expressed by:
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where, Dr is the particle diffusion coefficient
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1.6.2.3 Thermodynamic considerations

In order to gain insight into the thermodynamic nature of the sorption
process, several thermodynamic parameters for the sorption systems
should be calculated. The Gibbs free energy change, ΔGo, is the
fundamental criterion of spontaneity. Reactions occur spontaneously at
a given temperature if ΔGo is a negative quantity. The free energy of the
sorption reaction is given by the following equation [75]:

ΔGo = −RT ln Kd (17)

Where Kd is the distribution coefficient,

R is the gas constant and

T is the absolute temperature (K).

The other thermodynamic parameters, enthalpy change (ΔHο) and
entropy change (ΔSo), could be determined using the relationships.
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1.7. Application of sorbent materials in radioactive liquid
waste treatment

Sorption process has been applied for many years in nuclear fuel cycle
operations and other activities involving the treatment of radioactive
liquids. Most of the systems and operating methods applied will work
with many different types of sorbent. The selection of an appropriate
sorbent medium is best done using information provided by the media
manufacturer together with trials on the actual liquid to be treated.

Sorbent is generally suited only for the treatment of aqueous liquids
satisfying the following criteria:

 For use in columns with a downward flow of liquid the
concentration of total suspended solids in the waste should be
considered to prevent the solids filtered out by the bed of
sorbent. When columns are used in the upward flow mode the
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expansion of the bed of the sorbent should allows fine
particulate matter to pass through the bed, and hence a pre-
filtration of the waste stream may not be necessary.

 The waste should have low total dissolved salts content to
prevent the rapid exhaustion of the sorbent capacity of
conventional sorbent resins by inactive ions.

 Radionuclides should be present in a suitable ionic form.
Adjustment of the solution pH is often sufficient to convert a
radionuclide into a species that can be removed by sorbent.
However, the addition of pH adjustment chemicals will add to
the total dissolved salts and may affect the amount of
contaminant that can be taken up by the sorbent.

 Generally the waste should contain only very small amounts of
organic contaminants. Some compounds, such as oils and
greases, if present as a separate phase, will result in a severe
fouling of the sorbent media and a loss of sorbent capacity.
Others, such as certain organic solvents, may cause a physical
decomposition of organic sorbent media.

 Strong oxidizing compounds, such as nitrates, can cause a
catalytic degradation of organic media when in the presence of
some metallic ions. This can create a problem when treating the
spent media, for example by drying with warm air, or during
some conditioning processes, such as bituminization.

1.7.1 Sorbent materials

Sorbents can be divided into two large categories: (1) those that have
hydrophobic properties and therefore adsorb the molecules dissolved in
the solution in contact with the sorbent, and (2) those that eliminate
solutes by chemical affinity. Within the first category, hydrophobic
sorbents, there are two subgroups: charcoal and nonionic macroporous
resin. Charcoal is produced both from biological substances such as
coconut shells or peach pits and from nonbiological substances, such as
petroleum. The charcoal is activated by controlled oxidation in air,
carbon dioxide, or steam. Adsorption into charcoal occurs through its
pores, and therefore, its efficiency depends on the total number of pores
and their radius. The nonionic macroporous resins are very similar to
charcoal and are microsphere agglomerates. The sorbents, which
eliminate substances by chemical affinity, are fundamentally ion
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exchange resins, which exchange one ion for another of the same
electrical charge. Some substances, which act by chemical links
between the sorbent and the solute, are also considered
"chemisorbents".

A wide range of materials is available for the sorption 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. Sorbent materials can be categorized
according to their suitability for different applications. Nuclear grade
organic sorbent 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 sorbent are similar to commercial
grade resins but have a tighter specification for particle size and
composition. Organic resins are often used for a number of treatment
cycles by eluting the sorbed radioisotopes with suitable solutions and
then restoring the sorbent 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 sorbent 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 sorption in the event that very high concentrations of
competing ions are present..

1.7.1.1 Naturally occurring sorbent materials

Natural inorganic sorbents, Many natural mineral compounds, such as
clays (e.g. bentonite, Kaolinite and illite), vermiculite and zeolites (e.g.
analcite, chabazite, sodalite and clinoptilolite), exhibit sorption properties.
Natural zeolites were the first materials to be used in sorption processes.
Clay materials are often employed as backfill or buffer materials for
radioactive waste disposal sites because of their sorption properties, low
permeability and easy workability. Clays can also be used in batch sorption
processes but are not generally suited to column operation because their
physical properties restrict the flow through the bed. Other natural
aluminosilicate materials, such as green sand, are also used in some waste
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treatment applications, generally in column or large deep bed designs [68,

69,105].

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 sorbent are:

 Their relatively low sorption 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;
 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.

Natural organic sorbents, A large number of organic materials exhibit
sorption 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 sorption 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 [95,96]. 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 sorbents are:

 Their low sorption 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,
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 That they are non-selective,
 That they are unstable outside a moderately neutral pH range.

Modified natural sorbents To improve sorption capacity and
selectivity, some naturally occurring organic sorbents are modified; for
example, cellulose based cation exchangers may be modified by the
introduction of phosphate, carbonic or other acidic functional groups.

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 [99].

1.7.1.2 Synthetic sorbents

Synthetic sorbents are produced by creating chemical compounds with
the desired physical and chemical properties. They can be inorganic
(mineral) or organic (generally polymer) based.

Synthetic inorganic sorbents, Some of the important synthetic
inorganic sorbents are described below.

Zeolites were the first inorganic materials to be used for the large
scale removal of radionuclides from nuclear waste effluents.
Zeolites are crystalline aluminosilicate 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;
 They have a limited chemical stability at extreme pH ranges
 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



25

reduce the processing capacity. In high salt solutions, such as
evaporator concentrates and fuel reprocessing effluents, the
processing capacities of zeolites are very low. The zeolites, after
exchange with cesium, strontium or thorium, were thermally treated
to fix the ions successfully in the same matrix [98]. A locally
available synthetic mordenite was used recently in a campaign to
reduce activity in spent fuel storage pool water [100,102].

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 sorbent 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 are known to be highly
selective sorbents for strontium. 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 [27]. A titanate
product for the removal of radioactive strontium is a highly
effective sorbent in an alkaline solution (i.e. for pH >9) [115]. This
sorbent was used, in combination with a hexacyanoferrate absorber,
at an industrial scale in Murmansk, Russian Federation, to purify
process waters at a civil nuclear fleet base. The decontamination
factors obtained for 137Cs and 90Sr were 1000 and 5000,
respectively. This sorbent has also been used at the Japan Atomic
Energy Research Institute and in the USA [97].

Titanates and hydrous titanium oxides are not efficient for the
removal of cesium from solution. A new type of titanate sorbent,
called crystalline silicotitanates, has recently been developed at the
Sandia National Laboratory and at Texas A&M University [108].
These sorbents have a high selectivity both for 137Cs and 90Sr 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 [107].

Transition metal hexacyanoferrates, Insoluble transition metal
hexacyanoferrates have been known for decades as effective agents



26

for the removal of radioactive cesium from solution [48-54].
Various forms of hexacyanoferrates are available for selective
cesium removal; for example, in India potassium cobalt(II)–
hexacyanoferrates(II) has emerged as a promising inorganic sorbent
that can be prepared in a column-usable granular form that needs no
resin support. The sorbent was also found suitable for removing
137Cs from alkaline reprocessing waste containing a high
concentration of sodium salts [30].

A freshly precipitated cupric hexacyanoferrates has been also
examined in India for the removal of cesium from aqueous
solutions [101]. 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 [38].
The plant has provision for the addition of finely divided inorganic
sorbent 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.

Synthetic organic sorbents, the largest group of sorbents 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
crosslinking 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 sorbent 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 sorbent itself and is influenced by a number of conditions, such as:

 The solvent’s polarity,
 The degree of cross-linking,
 The sorption capacity,
 A strong or weak solvation tendency of the fixed ion groups,
 The size and extent of the solvation of counter ions,
 The concentration of the external solution,
 The extent of the ionic dissociation of functional groups.



27

The main advantages of synthetic organic sorbent 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. Cation sorbent resins are generally
limited to operational temperatures below about 150°C, while anion
sorbent resins are usually limited to less than 70oC. This requires that
some streams, such as reactor coolant water, be pre-cooled substantially
before their introduction to the sorbent media. The main groups of
synthetic organic sorbent resins are described below.

Polystyrene divinylbenzene the most common form of sorbent 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% cross-linking 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 a sorbent. 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 example, a solution of NaOH will produce the –
SO3Na group, with Na+ as the mobile ion.

Phenolic Phenol-formaldehyde condensation products, with the
phenolic –OH groups as the fixed ionic groups, are very weak acid
sorbents. 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 [116-118]. 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



28

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
[129]. The development of a similar resin for the removal or recovery
of radiocesium from neutralized high level waste has also been
reported in the USA [81]. Other phenolic type resins are produced
using resorcinol-formaldehyde, which incorporates phosphoric acid
or arsonic acid functional groups.

Acrylic A weak acid sorbent 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 affinityfor Ca2+ and similar ions (such as strontium).

1.7.2. Selection of sorbent and treatment process

The selection of an appropriate sorbent medium depends on the needs
of the system. However, if there are large concentrations of chemically
similar ions in the waste the process of selection becomes more
difficult. If low cost general sorbent media are used, large volumes may
be required, leading to larger volumes of waste to treat and dispose of.
Higher cost specific sorbent may be a better choice, especially when the
extra cost of the media is more than offset by the reduction in the total
cost for the treatment and subsequent storage and/or disposal of the
spent media.

The sorbent media must be compatible with the chemical nature of the
waste (such as the pH and type of ionic species present), as well as the
operating parameters, notably temperature and pressure.

The total radioactivity content of the waste should be considered in the
selection of the sorption process to be used. Concentration of the
radioactivity onto the sorbent can greatly increase (by many orders of
magnitude) the radiation fields surrounding the sorbent vessels
compared with those surrounding the original liquid. Radiation levels
can also affect the stability of the sorbent media. Media stability is of
most concern for long term storage and/or disposal.
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1.7.3. Application techniques

Sorption 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.

Batch operation is the simplest method for operating a sorbent 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 litres of liquid).

Column operation The most common uses of sorbent media are as
packed beds in vessels or columns. The sorbent 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 sorbent media and can be constructed in a
wide variety of sizes and materials to meet the requirements of the system.

Membrane systems sorbent membranes are used in a number of
treatment processes. The management of waste from these sorbent
membrane processes is mostly concerned with the further treatment of
the concentrated salt stream, which can be treated by chemical methods
or by evaporation or can be immobilized directly. In some cases the
concentrated stream may be the product of primary interest, such as for
concentration or the purification of radioactively labeled
pharmaceuticals that may be too delicate for conventional concentration
techniques (e.g. distillation), or to separate or concentrate certain liquids
prior to chemical and/or radiochemical analysis. The sorbent
membranes themselves are thin sheets of polymeric materials. When
expired they can be treated as conventional low level solid waste and
are suitable for incineration or compaction.
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1.7.4. Cost considerations

Before selecting a particular sorption treatment process, a complete
economic evaluation should be conducted. The principal cost
components to be considered are:

 capital costs,
 initial cost of the sorbent media,
 operating costs,
 costs associated with the treatment and disposal of the spent

sorbent.

In addition, in the event of a new sorbent system being installed, the
reduced costs that result from the use of smaller process systems should
be taken into account when highly selective materials are used in small
columns. The total cost of operating a process is the sum of the above
costs. The total cost of constructing a plant will depend on the desired
treatment rate and decontamination factor, which will govern the size of
the equipment and the number of treatment stages. It should be noted
that cost alone is not always the most important factor in the selection
process, and more expensive options may be selected to meet other
technical requirements, such as the availability of materials,
compatibility with existing equipment or conformity to national
practices.

In some cases the total costs can be reduced by a regeneration of the
spent media instead of using a once through process. However, it should
be noted that the regeneration process may produce a liquid waste that
has higher treatment and disposal costs than the costs saved by a reuse
of the media. To be economically viable the volume of such liquids
must be substantially smaller than the volume of the original liquid
treated by sorption. Ideally, the secondary liquids should be treated by
existing on-site liquid radioactive waste treatment systems. If new
facilities are required, the cost of providing such facilities must be
weighed against the cost of not using regeneration (i.e. a higher
consumption of sorbent media).

1.8. Immobilization Materials and Processes

Waste immobilization has become an important step in the field of
waste management and the philosophy of environmental containment.
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This step converts waste, usually a liquid or semi-liquid, into a solid
form that can be handled, stored and disposed of more safely and
conveniently. It can reduce the volume of the waste by removing liquid
and reduces the potential for radionuclides to remove through the
geosphere after disposal.
There are a variety of matrix materials and techniques available for
immobilizing and conditioning waste. For long term storage and
disposal the method of solidification used should not be reversible
process that allows the solid to return to a liquid form. Estimation of the
rate of leaching from a solidified matrix during disposal is one of the
important considerations in the assessment of solidification method, as
it will strongly influence the amount of treatment, containment and
surveillance that will be needed. Low matrix solubility improves the
safety of waste management through isolation, which future reduces the
likelihood of radionuclide release. For short-term storage, or to convert
temporarily a liquid into a solid for material handling purposes, a
reversible process may be used.

1.8.1. Matrix Material

There is a wide range of potential matrix materials available for
conditioning liquid and wet solid waste [20]. The selection of any
particular material will be governed not only by the waste form criteria
by the licensing and regulatory bodies, but by the composition of the
waste and the extent and type of treatment prior to the conditioning
step.

A wide divergence regulatory, process and product requirements have
led to the investigation and adoption of a variety of conditioning
matrices for waste immobilization.
The matrix materials are available commercially and have been
demonstrated to be viable to various degrees are:
Hydraulic cements (with and without additives).
Bitumen.
Polymers.
i) Hydraulic Cement
The term hydraulic cement is used to describe inorganic materials that
have the ability to react with water at ambient conditions to form
hardened mass.
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The term concrete, however, is used to describe a mixture of hydrated
(hardened) cement containing solid waste aggregates such as ion
exchange resins, salts and sludge.
The most common cements are those based on calcium silicates such as
Portland cements e.g. Portland cement, Masonry cement, Portland
sodium silicate cement, Portland pozzolonic cement and blast furnace
slag cement [54].
ii) Bitumen
Bitumen is a thermoplastic material mechanically as either a viscous
liquid or a solid, depending on its temperature. The use of bitumen to
solidify low level radioactive wastes has been successfully applied on
an industrial scale for many years in different countries. Bitumen is a
mixture of high molecular weight hydrocarbons that is obtained as a
residue in petroleum or coal tar refining. It has two major components:
asphaltene compounds, which give bitumen colloidal properties, and
malthene compounds, which impart viscous property [64].
iii) Polymers
Polymer processes have only been used to a limited extent for
immobilization radioactive waste. Generally, they have been applied to
ion exchange resins owing to the difficulties encountered when using
cement or bitumen [31].

1.8.2 Immobilization processes

1.8.2.1 Cementation

Conditioning of liquid radioactive waste concentrates by cementation
has developed as standard solidification technique in waste
management. It is practiced on different scales depending on the
specific local situation with respect to the types and volumes of waste.
Cementation units can be designed that take account of possible
fluctuations in waste compositions. In addition, waste conditioning that
applies elaborate mixtures of cement and additives is common practice
and assures final waste products of a high quality and standard.
There are recently a large number of cementation units in operation at
various nuclear facilities through out the world.
Cementation process consists of mixing the cement with the radioactive
waste (solution, sludge or solid) in container.
The cement mixture is then allowed to settle and various cementation
processes was applied [85].
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1.8.2.2Modified Cementation Processes

To gain a better quality of the cement waste forms, introducing
impregnation procedure modified the cementation process. The basic
idea is to fill or to cover the pores and thus lower the leach rate by using
additives e.g. clays, polymers. The resulting mixture is essentially
impermeable with improved strength, durability and resistance to
chemical attack [44,56].

1.8.2.3 Bituminization Processes

Bituminization is a proven immobilization process for a wide variety of
radioactive wastes. Both batch and continuous processes have been
used, but the continuous processes are generally preferred because of
the higher throughput. The primary equipment of a continuous process
is either a multiple screw extruder or a wiped thin film evaporator, both
of which are expensive. The process is also energy intensive owing to
the need to heat equipment, bitumen storage tanks and feed lines [59].
Basically the process consists of mixing solutions, sludge or solids with
bitumen at elevated temperatures, the water contained in the waste is
evaporated and the residual particles are uniformly coated with a thin
layer of bitumen.
The bitumen mixture is released in suitable containers where it cools
down and solidified.
The final solidified waste form is affected by the waste composition e.g.
Nitrates, Borates.

1.8.2.4 Polymer Processes

Polymer processes have only been used to limited extent for
immobilizing radioactive waste, mainly for ion exchange resins. Both
thermoplastic and thermosetting polymers have been used. In most
cases the waste must be predried when polymers are used as the
immobilization matrix; an exception to this is if a water extendible vinyl
ester or polyester resin forms the matrix. Generally, polymer processes
are of the batch type [71].

1.8.3. Properties of the Immobilized Waste Forms

The properties that are usually considered for the safety and economics of
solidified low and intermediate level waste management are [48]:
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1- Leachability.
2-Mechanical strength
3- Radiation resistance.
4- Water immersion.
Low leachability is generally considered as one of the most important
properties in the evaluation of the immobilized waste form, where the first
barrier to release of radionuclides to the environment over long periods.
Mechanical strength is most important during transport in order to reduce
the probability of waste forms breaking into smaller pieces.
Compatibility between the solidified waste form and the container is
necessary since most cases, corrosion from the outside should for
outweigh corrosion from the inside.
A knowledge of many physical, chemical, physicochemical and
radiochemical properties of the solidified waste forms is required for
understanding the immobilization process for packing, transport, storage
and disposal of the immobilized waste form.
Among the chemical characteristics that must be considered the most
significant properties are fire resistance and leachability. The combitity of
the radioactive wastes with various matrix materials and the compatibility
of the matrix container are important consideration in waste storage and
disposal.
Knowledge of the flammability of an immobilized waste form is important
in handling and is also necessary in meeting the criteria of the various
regulatory bodies that govern its transportation [58].

1.8.3.1 Leaching – Rate Values

The leaching rate of immobilized waste forms can be measured by several
methods. Four main methods have been generally accepted:

A rapid leaching test carried out with laboratory samples using an
extractor of the soxhlet type (72 h) residence time, at 100c, according to
ISO recommendations.

Along – term leaching method carried out with laboratory samples
according to IAEA recommendations.
A long – term method (not yet standardized) carried out with full-scale
waste forms without container following the IAEA recommendations as
far as the leaching water renewal frequency is concerned.
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A static leaching test using laboratory has been proposed by materials
characterization center (MCC) in the United States. This method is
different from all the above methods in that it neither circulates nor
replaces the leaching water [119].

1.8.3.2 Radio- Chemical Properties

The physical or chemical characteristics of immobilized waste forms can
change as a result of alpha, beta and gamma radiation. When the absorbed
doses are high (< 10 rad) the solidified waste form undergo significant
changes.
Experimental results have shown that, in general most low and
intermediate level radioactive wastes immobilized in any matrix material
(i.e. cement, bitumen, polymer and epoxy resins) can withstand such
radiation doses under the conditions for storage and disposal [18].

1.8.3.3 Physical Properties

The change in external condition (e.g. temperature, pressure and climate
during storage, transport and disposal) may lead to change in physical
properties. Therefore the physical properties of an immobilized waste
form should always be considered in the selection of the disposal system
[106].

- Waste/ Matrix Ratio

It is necessary to know the relative loading of the waste in the final waste
forms for comparing the physical properties. Generally the amount of
solid, dry waste incorporated in a matrix is in the range 10-15 by volume
percent.

- Density
The useful value for the density of a product in case of deep- sea dumping
(disposal), is always more than 1.2 g/cm3. Higher density is also required.

- Porosity and Permeability

Residual porosity in the solidified waste form will affect the mechanical
and physico-chemical properties. Cement matrices contain inter connected
porosity that leads to high internal surface areas if the water/ cement ratio
is high.
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1.9. Immobilized waste form characteristics:

- Compressive Strength

The compressive strength test, given as applied maximum load divided by
a cross-sectional area of a specimen [73].

- Static Leaching Test

Several leaching studies have been reported using different methods to
study the temporal distribution of radionuclides in the leachant medium.
Also, a significant number of works dealing with the immobilization of
different radioisotopes with cement and cement mixed with different
additives have been carried out [6,9]. The International Atomic Energy’s
(IAEA) standard leach method [28] has been is the most leaching method
hae been used to study the leach pattern of radionuclides from solidified
waste forms.

The cumulative leach fraction can be calculated according to the following
equation,

Cumulative leach fraction =
∑ ( )

°
(19)

Where, A (t) = Cumulative radioactivity leached

A0 = Initial radioactivity present in specimen

V = Volume of specimen, cm3

S = Exposed surfacearea of specimen, cm2

- Diffusion coefficient (D) to study the mechanism of leaching, it is very
important to estimate for other longer period what will be the leaching rate
in the future period till the radioactivity will reach very low level. Several
works in the leaching of different immobilized radioactive isotopes in
different matrices show that the leaching usually proceed via diffusion
type mechanism specially of (Fick’s) type which follows the equation [21];

∑
°

. = 2
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Therefore, by plotting
∑

°
against (∑ ) , if the result gives a straight

line, so that leaching will be sure having the diffusion mechanism and the
slope (m) will be equal;

= 2 = (20) Then,

= (21)

This plot is known as a second plot, and the modified effective diffusion
coefficient D (cm2.d-1) is calculated, by this plot we can imagine the
quantity that will be reached at any future period since extrapolation of the
straight lines give that easily.

- Leaching index

The leachability index is a material parameter of the leachability of
diffusing species, which used to catalogue the efficiency of a matrix
material to solidify a waste and is given by [5, 87]:

= −log ( ) (22)

The value of 6 is the threshold to accept a given matrix as adequate for the
immobilization of radioactive wastes.
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Literature review

This part cover the survey related to the present studies in two
aspects namely
1- Treatment of radioactive low level liquid waste solution.
2- Immobilization of radioactive low level liquid waste.

1- Treatment of radioactive low level liquid waste

- Ulusoy and Baybaş(2011) synthesized the composites of natural
(clinoptilolite) and synthetic zeolite (Z and YZ) with polyacrylamide
(PAAm). The composites were characterized by FT-IR, TGA, XRD,
SEM and PZC analysis. The adsorptive features of the minerals and its
composites were investigated for Tb analogues to the rare earth
elements (REs) by isotopic tracer method, 160Tb was the radiotracer.
The composites were the hybrid formations of PAAm and Z or YZ. Tb
adsorption capacities of the composites were higher than those of bare Z
and YZ. The compatibility of Tb adsorption kinetics to the second order
and Weber–Morris models implied that the sorption process was
chemical via ion exchange. The values of enthalpy and entropy changes
were positive and the negative free enthalpy change was evidence for
the spontaneity of adsorption. The reusability tests for the composites
for five uses demonstrated that the adsorbents could be reused after
complete recovery of the loaded ion. Unlike PAAm–YZ, PAAm–Z was
resistant to acidic environment. The overall results eventually suggested
that the composite of Z and PAAm was a potential cost effective
adsorbent for Tb3+ and Res

- Abdel-Halim et al. (2011) prepared Guar gum/polyacrylamide graft
copolymer in the presence of potassium bromate/thiourea dioxide as
initiation system. The so-prepared and separated guar
gum/polyacrylamide graft copolymer was used for preparation of silver
nanoparticles through reduction of silver nitrate under certain
conditions. For comparison, guar gum, polyacrylamide and guar
gum/polyacrylamide composite were used individually for the
preparation of silver nanoparticles under the same conditions. UV-vis
spectra of nanosilver prepared using polyacrylamide showed relatively
good plasmon intensity after 45 minutes but prolonging the reaction



time up to 60 minutes brought about noticeable decrease in the
absorption intensity. Using guar gum for nanosilver preparation, the
trend in the UV-vis spectra was found to be the same as in case of using
polyacrylamide but the peak at
intensity and the decrease in the absorption inten
was not so much. Using the
copolymer in nanosilver preparation, the UV
improvement in the absorption intensity at
acquire ideal bell shape, which mean
higher. Also no decrease in the peak intensity was noticed after
60 minutes, which means that the graft copolymer has better
stabilization efficiency than each individual component alone.

- Sheng et al. (2011) investigated th
aqueous solution to titanate nanotubes (TNTs) as a function of various
water quality parameters under ambient conditions. The results
indicated that the adsorption of Ni (II) to TNTs was strongly dependent
on pH and ionic strength. A positive effect of humic acid (HA)/fulvic
acid (FA) on Ni (II) adsorption was found at pH
negative effect was observed at pH
Ni (II) was dominated by outer
exchange with Na+/H+ on TNT surfaces, whereas inner
complexation was the main adsorption mechanism at high pH. The
TNTs are suitable material for the preconcentration of Ni (II) from large
volumes of aqueous solutions.

- Anirudhan and Suchithra
utilizing a novel adsorbent, humic acid
polyacrylamide/bentonite composite (HA
adsorption of Cu (II), Zn (II) and Co (II) ions from aqueous solutions.
The FTIR and XRD analyses
material. The effects of pH, contact time, initial adsorbate
concentration, ionic strength and adsorbent dose on adsorption of metal
ions were investigated using batch adsorption experiments. The
optimum pH for Cu(II), Zn(II) and Co(II) adsorption was observed at
5.0, 9.0 and 8.0, respectively
ions by HA-Am-PAA-B was based on ion exchange and complexation
reactions. Metal removal by HA
second-order kinetics and equilibrium was achieved within
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minutes brought about noticeable decrease in the
orption intensity. Using guar gum for nanosilver preparation, the

vis spectra was found to be the same as in case of using
polyacrylamide but the peak at 45 minutes showed higher absorption
intensity and the decrease in the absorption intensity after 60 minutes
was not so much. Using the composite or the separated graft
copolymer in nanosilver preparation, the UV-vis spectra showed high
improvement in the absorption intensity at 45 minutes and the peaks
acquire ideal bell shape, which means that the reduction power got
higher. Also no decrease in the peak intensity was noticed after

minutes, which means that the graft copolymer has better
stabilization efficiency than each individual component alone.

investigated the adsorption of Ni (II) from
aqueous solution to titanate nanotubes (TNTs) as a function of various
water quality parameters under ambient conditions. The results
indicated that the adsorption of Ni (II) to TNTs was strongly dependent

gth. A positive effect of humic acid (HA)/fulvic
adsorption was found at pH <6.0, whereas a

negative effect was observed at pH >6.0. At low pH, the adsorption of
Ni (II) was dominated by outer-sphere surface complexation or ion

e with Na+/H+ on TNT surfaces, whereas inner -sphere surface
complexation was the main adsorption mechanism at high pH. The
TNTs are suitable material for the preconcentration of Ni (II) from large
volumes of aqueous solutions.

Suchithra (2010) explored the feasibility of
utilizing a novel adsorbent, humic acid -immobilized-amine-modified
polyacrylamide/bentonite composite (HA-Am-PAA-B) for the
adsorption of Cu (II), Zn (II) and Co (II) ions from aqueous solutions.
The FTIR and XRD analyses were done to characterize the adsorbent
material. The effects of pH, contact time, initial adsorbate
concentration, ionic strength and adsorbent dose on adsorption of metal
ions were investigated using batch adsorption experiments. The

I), Zn(II) and Co(II) adsorption was observed at
respectively. The mechanism for the removal of metal

B was based on ion exchange and complexation
reactions. Metal removal by HA-Am-PAA-B followed a pseudo-

netics and equilibrium was achieved within 120 min.
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The suitability of Langmuir, Freundlich and Dubinin-Radushkevich
adsorption models to the equilibrium data was investigated. The
adsorption was well described by the Langmuir isotherm model. The
maximum monolayer adsorption capacity was 106.2, 96.1 and
52.9 mg g−1 for Cu(II), Zn(II) and Co(II) ions, respectively, at 30 °C.
The efficiency of HA-Am-PAA-B in removing metal ions from
different industry wastewaters was tested. Adsorbed metal ions were
desorbed effectively (97.7 for Cu(II), 98.5 for Zn(II) and 99.2% for
Co(II)) by 0.1 M HCl. The reusability of the HA-Am-PAA-B for
several cycles was also demonstrated.

-Park et al. (2010) investigated the applicability of ammonium
molybdophosphate–polyacrylonitrile (AMP–PAN) on the adsorptive
removal of Co, Sr and Cs in the radioactive laundry wastewater
generated from nuclear power plants. Single- and bi-solute competitive
adsorptions of Co2+, Sr2+ and Cs+ onto AMP–PAN were investigated.
The influencing factors such as co-existing metal ion and surfactants
were investigated. Adsorption of Co2+, Sr2+ and Cs+ onto AMP–PAN
occurs via both physical adsorption due to weak van der Waals forces
and ion exchange of ammonium molybdophosphate. The results of
adsorption model analyses showed that AMP–PAN has high selectivity
for Cs+. The maximum adsorption capacities were 0.16, 0.18 and 0.61
mmol/g for Co2+, Sr2+ and Cs+, respectively. In bi-solute competitive
adsorptions, adsorption of one metal ion was suppressed by the
presence of competing metal ion. Alkali metal (Na+) inhibits adsorption
of Cs+ and the presence of Ca2+ ion decreased the adsorption of Co2+

onto AMP–PAN. Adsorption behaviors of Co2+, Sr2+ and Cs+ onto
AMP–PAN in the presence of surfactants were quiet different. The
presence of cationic (OTMA and HDTMA) and anionic surfactants
(SDBS and SOBS) decreased adsorption of Co2+, Sr2+ and Cs+ onto
AMP–PAN, but that of non-ionic surfactants (Tween 80 and Triton X-
100) did not.

- Mansooria et al (2010) investigated the grafting polyacrylamide
onto organophilic montmorillonite. Cloisite 20A was reacted with
vinyltrichlorosilane to replace the edge hydroxyl groups of the clay with
a vinyl moiety. Since the reaction liberates HCl, it was performed in the
presence of sodium hydrogencarbonate to prevent the exchange of
quaternary alkyl ammonium cations with H+ ions. Only the silanol
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groups on the edge of the clay react with vinyltrichlorosilane. The
product maintained the same basal spacing as the precursor. The radical
polymerization of the product with acrylamide as a vinyl monomer
leads to chemical grafting of polyacrylamide onto montmorillonite
surface. The homopolymer formed during polymerization was Soxhelt
extracted from the grafted organoclay. Chemical grafting of the polymer
onto Cloisite 20A was confirmed by IR spectroscopy. The interlayer
and surface changes of the clay in the prepared nanocomposite materials
and the grafted nano-particles were studied by XRD and SEM.
Intercalated nanocomposites were obtained for clay contents of 3–7%
and agglomeration occurred at higher clay loadings. The
nanocomposites were studied by thermogravimertic analysis (TGA) and
dynamic mechanical analysis (DMTA).

-Anirudhhan et al. (2010) prepared a novel composite matrix,
polymethacrylic acid- grafted composite/ bentonite (PMAA-g-CTS/B).
The composite was characterized and used for the adsorption of thorium
(IV) from ater and sea water. It was showed that the adsorbent PMAA-
g-CTS/B had high potential for the removal of thorium (IV) from
aqueous solutions.

-Omar et al. (2009) tested the removal of radioactive isotope 60Co
using bentonite and formaldehyde modified- bentonite (MF-bentonite).
The two adsorbents were characterized. Some kinetic models and
adsorption isotherms were determined. It was found that bentonite can
be modified by treatment with formaldehyde to improve its adsorption
properties.

-Nilchi et al. (2009) synthesized three inorganic ion exchangers
namely, potassium zink hexacyanoferrate (II) (PZF), Magnisium oxide-
polyacrylonitrile composite (MgO- PAN) and ammonium
molybdophosphate (AMP). Physicochemical properties of the prepared
ion exchangers were determined using different techniques. The three
exchangers were used for the removal of Sr2+, La3+, Co2+, Ni2+ and Zr4+

ions from aqueous solutions. It was observed that the exchange capacity
of the ion exchangers depend on the pH value of the solution used.
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- Ulusoy and Akkaya (2009) prepared a micro- composite of
polyacrylamide (PAA) and apatite (APT) by direct polymerization of
acrylamide in a suspension of APT. the composite was characterized
using different techniques. The adsorption features of PAA-APT was
investigated for Pb2+, UO2

2+ and Th4+ in view of dependency on ion
concentration, temperature, kinetics, ion selectivity and reusability.
From the obtained results it was found that the use of PAA-APT
composite enhanced the adsorption features of APT.

- El- Kamash et al. (2008) synthesized and evaluated zeolite A as an
inorganic ion exchanger, for the removal of cesium and strontium ions
from aqueous solutions in both batch and fixed bed column operations.
Batch experiments were carried out as afunction of pH, initial ion
concentration and temperature. Simple kinetic and thermodynamic
models had been applied to the rate and isotherm sorption data and the
relevant kinetic and thermodynamic parameters were determined from
the graphical presentation of these models. Breakthrough data were
determined in a fixed bed column at room temperature (298°K). The
results illustrated that zeolite A can be used as a good ion exchanger for
the removal of cesium and strontium ions from aqueous solutions.

- El-Kamash (2008) prepared zeolite Na A-X blend from fly ash. The
zeolite Na A-X was characterized and used for the removal of Cs+ ions
using batch and fixed bed column operations. Equilibrium isotherms
parameters have been determined, the maximum sorption capacity and
the mean free energy of the studied Cs+ ions were calculated. From the
results obtained from the fixed bed column operations it was found that
the sorption rate constant (K) increased with increasing the flow rate
indicating that the overall system kinetics was dominated by external
mass transfer in the initial part of the sorption process in the column.

- Ali et al. (2008) synthesized a series of impregnated metal oxides
with different FE/Si ratios (0.5, 1 and 2) by the direct precipitation
method. The materials were used as an ion exchanhers, applications and
the sorption properties of the materials with some radioactive nuclides
have been studied. These investigations indicated that the ion exchange
capacities as well as the selectivity of different materials towards the
studied nuclides show the order Co2+>Cs+> Na+ at a certain pH.
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- El- Kamash et al. (2006) synthesized cerium (IV) tungstate powder;
it was exploited as adsorbent material for the decontamination of cobalt
and europium ions from radioactive waste solutions under simulated
conditions using batch techniques. The uptake of europium was found
to be slightly greater than the cobalt and the sorption capacity increased
with increasing the temperature. The magnitudes of the particle
diffusion coefficients of both ions were in the order 10-14 m2/s
indicating a chemosorption nature for the sorption processs. The values
of Ea obtained were <42 KJ/ mol, indicating a diffusion- controlled
process and based on Δ S* values, the sorption reaction of each ion is 
an associative mechanism.

- Abd El- Rahman et al. (2006) used synthetic zeolite A for removal
of Cs+, Sr2+, Ca2+ and Mg2+ ions from aqueous solutions. The influence
of the intial ion concentration, pH and temperature was studied. The
obtained isotherm data have been correlated with Langmuir, Freundlich
and D- R isotherm models. The effect of the temperature on the
equilibrium distribution values has been utilized to evaluate the
standard thermodynamic parameters. Based on the D- R isotherm
expression, the maximum ion exchange capacity and the mean free
energy of each studied ion has been determined. The selectivity
sequence, deduced from the equilibrium isotherm data is; Sr2+> Ca2+>
Mg2+> Cs+> Na+.

- Gutierrez et al. (2006) studied the sorption behavior of Ca2+, Sr2+

and Co2+ ions into a purified and sodium homoionized FEBEX
bentonite, using batch techniques in a wide range of experimental
conditions ( pH, ionic strength and radionuclides concentrations). The
results were interpreted considering both ionic strength and surface
complexation as the mechanisms responsible of the uptake.

- Nilchi et al. (2006) prepared potassium hexacyano cobalt (II) ferrate
(II) (KCFC) and potassium hex hexacyano cobalt (II) ferrate (II)-
polyacrylonitrile ( KCFC- PAN) composites. The two composites were
used for some alkaline earth metals (Ba, Sr, Ca and Mg) removal. The
distribution coefficient values wer found to be in the order; Ba2+> Sr2+>
Ca2+> Mg2+.
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- Tekin et al. (2006) investigated the sorption of polyacrylamide onto
sipiolite from aqueous solutions as a function of some parameters such
as calcinations temperature of sipiolite, pH, ionic strength and
temperature. The obtained result showed that the sipiolite is an effective
sorbent for polyacrylamide from aqueous solutions in a commercial
system.

-El- Kamash et al. (2005) used synthetic zeolite- A for zinc and
cadmium ions removal from aqueous solutions and indicated that
synthetic zeolite- A can be used as an efficient ion exchange material
for the removal of zinc and cadmium ions from industrial and
radioactive waste waters. Also from the obtained results it was found
that the removal of these two ions takes place via a particle diffusion
mechanism, and the thermodynamic parameters reflect the feasibility of
the process. Freundlich and D-R isotherms are the best choice to
describe the observed equilibrium data. The sorptions of both metal ions
were endothermic process.

- Ulusoy and Simsek(2005) prepared poly acrylamide- Bentonite and
Zeolite composites for lead removal from various adsorption media.
The reusability and storage characteristics of the adsorbents with and
without the addition of phytic acid were also considered for Pb2+
adsorption. The studied features of the prepared composites suggest that
these materials, preferentially their use with Phy should be considered
amongst the favorable adsorbents. It is envisaged that the use of PAA-B
and PAA- Z composites and their Phy modification will provide
paractically and effectiveness of Pb2+ separation and removal
procedures and they have potential research materials in dtudies of
adsorption involving di/ trivalent cations.

-El- Zahhar et al. (2005) studied the ion exchange sorption
characteristics of polymeric composite resins which are, (acrylamide-
acrylic acid) - ethylenediaminetetra acetic acid di sodium salt, poly
(acrylamide- acrylic acid) – montmorillonite and poly (acrylamide-
acrylic acid) – potassium nickel hexacyanoferrate which prepared by
gamma radiation. The composite resins were used for removal of 2+Co
and 3+Eu ions in aqueous solutions in wide rang of pH. Various factors
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that could affect the sorption behaviors of metal ions on the prepared
composites were studied.

- Abou- Mesalam et al. (2005) carried out the retention of some toxic
heavy metals such as 2+Cu, 2+Cd, 2+Ni and 2+Zn ions from waste water
using poly(acryl amide- acrylic acid) impregnated Silicon Titanate as
inorganic ion exchanger. Several factors affecting the separation of
metal ions using the polymeric resins were investigated using column
technique.

-Kasgoz et al (2003) prepared modified cross linked Poly acryl amides
having different functional groups. The polymers used for removal of
2+Cu, 2+Cd and 2+Pb ions under competitive and noncompetitive
conditions at different pH. It was found that the polymers could be used
several times by regeneration without loss of their adsorption capacities
and changing of selectivity properties.

- Samoshina et al (2003) studied the adsorption of polyacrylamide on
the silica surface by ellipsometry. The influence of the type of
polyacrylamide, charge density and degree of swelling were also
determined.

-El- Kamash (2003) synthesized zeolite A from reaction mixture of an
amorphous sodium alumino silicate substrate contacted with sodium
hydroxide. The product was used for the removal of Zn2+ and Cd2+ ions
from waste solutions. The obtained data indicated that zeolite A exhibits
higher affinity towards Zn2+ and Cd2+ ions in solutions than host Na+

ions.the obtained thermodynamic data provide valuable information
about the exchange mechanisms and helpful for the design of improved
removal schemes for toxic heavy metals from waste solutions using
synthetic zeolites.

-Manju et al (2002) synthesized an adsorbent for heavy metals by
introducing carboxylate function group into polyacrylamide- grafted
hydrous iron (III) oxide. The product exhibited a very high adsorption
potential for Pb2+, Hg2+ and Cd2+, the adsorption process as found to be
follow the first order reversible kinetics.
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-Churchman (2002) prepared different complexes using bentonite
and four different cationic polymers that varied in the chemical type.
The formed complexes were characterized using XRD, XRF and zeta
potential. The prepared complexes were used for the remove organic
pollutants (toluene) from water and inorganic pollutants such as +Na
and 2+Ca salts. It was found that, complexes with several cationic
polymers developed a positively charged surface at relatively high
loading of polymers. These should be capable of removing anionic
pollutants from solution. Hence, clays that have been modified with the
appropriate cationic polymers could be used for the removal of both
nonionic and anionic pollutants from water.

-Tranter et al (2002) immobilized ammonium molybdophosphate
(AMP) on polyacrylonitryl (PAN) to form a sorbent material which in
turn used for the removal of Cs137 ions from nuclear waste. The sorbent
was efficient and its capacity was determined to be approximately 32 g
Cs/ Kg Amp- PAN.

- Gungor and Karaoglan (2001) studied the flow properties of
natural Ca- bentonite and Na- bentonite after the addition of anionic
polyacrylamide polymer. It was found that the rheological properties of
bentonite and the formation of gel structures with water were altered by
the addition of polyacrylamide polymer.

-El- Dessouky et al (2000) investigated the removal of 90Sr isotope
from radioactive liquid waste solutions using different types of natural
zeolites. Fixed bed column technique was used; a systematic
mathematical model was used to predict the characteristics of the
breakthrough curve under a given set of conditions. From the obtained
results it was found that the mathematical model proposed to simulate
the behavior of an ion exchange zeolite fixed bed is able to fit the
concentration values in the resin column and in the solution eluted from
it as a function of time.

- Marinin and Brown (2000) studied the removal of radioactive
strontium from low level liquid waste solution using natural zeolite,
clinoptilolite, modified natural clinoptilolite and synthetic zeolites.
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Batch tests for determination of strontium distribution coefficients,
sorption and kinetic measurements were carried out. It was noticed that
all the composites and materials used were efficient for the removal of
strontium, the distribution coefficients of the used materials were
decreased with increasing the concentration of calcium ions added to
the solution which showed poor selectivity to the strontium in the
presence of calcium.

2- Immobilization of radioactive low level liquid waste

- Saleh et al (2011) prepared Different samples of radioactive borate
waste simulate [originating from pressurized water reactors (PWR)] and
solidified after mixing with cement–water extended polyester composite
(CPC). The polymer–cement composite samples were prepared from
recycled poly (ethylene terephthalate) (PET) waste and cement paste
(water/cement ratio of 40%). The prepared samples were left to set at
room temperature (25 °C ± 5) under humid conditions. After 28 days
curing time the obtained specimens were kept in their molds to age for
7 years under ambient conditions. Cement–polymer composite waste
form specimens (CPCW) have been subjected to leach tests for both
137Cs and 60Co radionuclides according to the method proposed by the
International Atomic Energy Agency (IAEA). Leaching tests were
justified under various factors that may exist within the disposal site
(e.g. type of leachant, surrounding temperature, leachant behavior, and
the leachant volume to CPCW surface area…). The obtained data after
260 days of leaching revealed that after 7 years of aging the candidate
cement polymer composite (CPC) containing radioactive borate waste
samples are characterized by adequate chemical stability required for
the long-term disposal process.

-Erdem and Özverdi (2011) examined the solidification and
stabilization of zinc extraction residue containing some heavy metals
(e.g. Pb, Zn, Cd, Mn) which can leach using Portland cement, fly ash
and lime. Zinc extraction residue was solidified and stabilized with
different amounts of Portland cement, fly ash and lime for heavy
metalimmobilization. Leaching behavior of all solidified/stabilized
products was tested by pH dependent batch leaching test, Toxicity
Characteristic Leaching Procedure (TCLP) and Synthetic Precipitation



Leaching Procedure (SPLP). The results were evaluated in order to
determine if the solidified/stabilized products can be disposed of at a
landfill site with domestic waste or at a segregated landfill. Mechanical
strength decreases with increase in the waste content. H
the waste could be considerably immobilized by the
Solidification/stabilization process.

- Galiano et al (2011) described the stabilization/solidification (S/S)
of a municipal solid waste incineration (MSWI) fly ash containing
hazardous metals such as Pb, Cd, Cr, Zn or Ba by means of
geopolymerization technology Different reagents such as sodium
hydroxide, potassium hydroxide, sodium silicate, potassium silicate,
kaolin, metakaolin and ground blast furnace slag have been used.
Mixtures of MSWI waste withthese kinds of geopolymeric materials
and class F coal fly ash used as silica and alumina source havebeen
processed to study the potential of geopolymers as waste immobilizing
agents. To this end, the effects of curing conditions and compositi
have been tested. S/S solids are submitted to compressive strength and
leaching tests to assess the results obtained and to evaluate the
efficiency of the treatment. Compressive strength values in the range
9MPa were easily obtained at
metals leached from S/S products were strongly pH dependent, showing
that the leachate pH was the most important variable for the
immobilization of metals. Comparison of fly ash
systems with classical Portland cement
been accomplished.

- Habib et al. (2011) prepared cementitious
treated clay powder (TCP) and excess lime. For comparison, ordinary
Portland cement (OPC) has also been used to see entrapment capacity
of the CMs for target metal ions. Interestingly, cured CMs and cured
OPC show the same infrared (I
some toxic metal ions have been trapped in hardened CMs and OPC.
All these ions shift the major
extent. Finally, trapped ions have been leached with deionized water
and acetate buffer. Samples leached with deionized water show
maximum retention ( 99%
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cedure (SPLP). The results were evaluated in order to
determine if the solidified/stabilized products can be disposed of at a
landfill site with domestic waste or at a segregated landfill. Mechanical
strength decreases with increase in the waste content. Heavy metals in
the waste could be considerably immobilized by the
Solidification/stabilization process.

described the stabilization/solidification (S/S)
of a municipal solid waste incineration (MSWI) fly ash containing

als such as Pb, Cd, Cr, Zn or Ba by means of
geopolymerization technology Different reagents such as sodium
hydroxide, potassium hydroxide, sodium silicate, potassium silicate,
kaolin, metakaolin and ground blast furnace slag have been used.

WI waste withthese kinds of geopolymeric materials
and class F coal fly ash used as silica and alumina source havebeen
processed to study the potential of geopolymers as waste immobilizing
agents. To this end, the effects of curing conditions and compositi on
have been tested. S/S solids are submitted to compressive strength and
leaching tests to assess the results obtained and to evaluate the

Compressive strength values in the range 1–
MPa were easily obtained at 7 and 28 days. Concentrations of the

metals leached from S/S products were strongly pH dependent, showing
that the leachate pH was the most important variable for the
immobilization of metals. Comparison of fly ash -based geopolymer
systems with classical Portland cement stabilization methods has also

prepared cementitious materials (CMs) from
treated clay powder (TCP) and excess lime. For comparison, ordinary
Portland cement (OPC) has also been used to see entrapment capacity
of the CMs for target metal ions. Interestingly, cured CMs and cured
OPC show the same infrared (IR) spectral characteristics. In this study,
some toxic metal ions have been trapped in hardened CMs and OPC.
All these ions shift the major ν3 band of silicate unit but to different
extent. Finally, trapped ions have been leached with deionized water

cetate buffer. Samples leached with deionized water show
99%) of ions, whereas when buffer solution is



used to leaching, most of the ions except Cr
only 20–45% retention .

-Zheng et al . (2011) explored the role playe
geopolymerization for the immobilization and solidification of
municipal solid waste incineration (MSWI) fly ash. The water
pretreatment substantially promoted the early strength of geopolymer
and resulted in a higher ultimate stren
without water-wash. Static monolithic leaching tests were conducted for
geopolymers to estimate the immobilization efficiency. Heavy metal
leaching was elucidated using the first
Combined with the results from compressive strength and
microstructure of samples, the effects of water
were studied also.

-Coz et al (2009) studied the stabilization/solidification (S/S)
formulations in order to improve the control of the mobili
pollutants and the ecotoxicity of the samples. Different mixtures of
cement or lime as binders and additives (foundry sand, silica fume,
sodium silicate, silicic acid, activated carbon and black carbon) have
been used in order to reduce the mobil
ecotoxicological regulated parameters and to compare the results for
commercial and residual additives. The best results have been obtained
with sorbents (activated carbon and black carbon) or sodium silicate.
The results of the foundry sand ash as additive can conclude that it can
be used as replacement in the cement products. However, silica fume in
the samples with lime and siliceous resin sand as additives gives
products that do not fulfil the regulated limits. Finally, some line
expressions between the chemical parameters and the quantity of
material used in the samples have been obtained.

-Zhang (2009) investigated the s
mercury-containing solid wastes using thiol
cement. The thiol-functionalized zeolite (TFZ) used in the study was
obtained by grafting the thiol group (
zeolites, and the mercury adsorption by TFZ was investigated. TFZ was
used to stabilize mercury in solid wastes, a
were subjected to cement solidification to test the effectiveness of the
whole S/S process. The results show that TFZ has a high level of
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most of the ions except Cr2O72- (75–89%), show

explored the role played by water -wash on
geopolymerization for the immobilization and solidification of
municipal solid waste incineration (MSWI) fly ash. The water-wash
pretreatment substantially promoted the early strength of geopolymer
and resulted in a higher ultimate strength compared to the counterpart

wash. Static monolithic leaching tests were conducted for
geopolymers to estimate the immobilization efficiency. Heavy metal
leaching was elucidated using the first-order reaction/diffusion model.

the results from compressive strength and
microstructure of samples, the effects of water-wash on immobilization

studied the stabilization/solidification (S/S)
formulations in order to improve the control of the mobili ty of the
pollutants and the ecotoxicity of the samples. Different mixtures of
cement or lime as binders and additives (foundry sand, silica fume,
sodium silicate, silicic acid, activated carbon and black carbon) have
been used in order to reduce the mobility of the chemical and
ecotoxicological regulated parameters and to compare the results for
commercial and residual additives. The best results have been obtained
with sorbents (activated carbon and black carbon) or sodium silicate.

ndry sand ash as additive can conclude that it can
be used as replacement in the cement products. However, silica fume in
the samples with lime and siliceous resin sand as additives gives
products that do not fulfil the regulated limits. Finally, some line ar
expressions between the chemical parameters and the quantity of
material used in the samples have been obtained.

) investigated the stabilization/solidification (S/S) of
containing solid wastes using thiol-functionalized zeolite and

functionalized zeolite (TFZ) used in the study was
obtained by grafting the thiol group (–SH) to the natural clinoptilolite
zeolites, and the mercury adsorption by TFZ was investigated. TFZ was
used to stabilize mercury in solid wastes, and then the stabilized wastes
were subjected to cement solidification to test the effectiveness of the
whole S/S process. The results show that TFZ has a high level of –SH



content (0.562 mmol g−1)
conform to the Freundlich adsorption isotherm. The mercury adsorption
capacity is greatly enhanced upon thiol grafting, the maximum of which
is increased from 0.041 mmol
found to be effective in stabilizing Hg in the
stabilization process, the optimum pH for the stabilization reaction is
about 5.0. The optimum TFZ dosage is about
cement dosage is about 100%
effects on mercury adsorption by TFZ, the Portland cement
solidification of TFZ stabilized surrogates containing
can successfully pass the TCLP leaching test. It can be concluded that
the stabilization/solidification process using TFZ and Portland cement is
an effective technology to treat and disp

- Pereira et al . (2009) described the stabilization/solidification (S/S)
of a carbon steel electric arc furnace (EAF) dust containing hazardous
metals such as Pb, Cd, Cr or Zn using geopolymerization technology.
Different reagents such as sodium hydroxide, potassium hydroxide,
sodium silicate, potassium silicate, kaolinite, metakaolinite and blast
furnace slag have been used. Mixtures of EAF waste with these
geopolymeric materials and class F fly ash have been processed for
studying the potential of geopolymers as waste immobilizing agents.
Compressive strength tests and leaching tests for determining the
efficiency of heavy metal immobilisation have been carried out.
Comparison of fly ash-based geopolymer systems with classic
cement stabilization methods has also been accomplished. Compressive
strength values far better than those achieved by hydraulic S/S methods
were easily obtained by geopolymer solids at
leachability, the geopolymer S/S solids al
better behaviour, showing very promising results.

- Plecas and Dimovic (2009
involved in the leaching of radioactive nuclides from cement composite
matrix using an empirical method employing
They studied the leaching of
composite into a surrounding fluid, the mathematical analysis of the
obtained data ( cumulative amount of contaminant leached) showed that
polynomial equations describe quit good leaching phenomena of
and 60Co.
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) and the adsorption of mercury by TFZ
ich adsorption isotherm. The mercury adsorption

capacity is greatly enhanced upon thiol grafting, the maximum of which
mmol Hg g−1 to 0.445 mmol Hg g−1. TFZ is

found to be effective in stabilizing Hg in the waste surrogate. In the
stabilization process, the optimum pH for the stabilization reaction is

The optimum TFZ dosage is about 5% and the optimum
100%. Though Cl−and PO43−have negative

effects on mercury adsorption by TFZ, the Portland cement
solidification of TFZ stabilized surrogates containing 1000 mg Hg/kg
can successfully pass the TCLP leaching test. It can be concluded that
the stabilization/solidification process using TFZ and Portland cement is
an effective technology to treat and dispose mercury-containing wastes.

described the stabilization/solidification (S/S)
of a carbon steel electric arc furnace (EAF) dust containing hazardous
metals such as Pb, Cd, Cr or Zn using geopolymerization technology.

gents such as sodium hydroxide, potassium hydroxide,
sodium silicate, potassium silicate, kaolinite, metakaolinite and blast
furnace slag have been used. Mixtures of EAF waste with these
geopolymeric materials and class F fly ash have been processed for

udying the potential of geopolymers as waste immobilizing agents.
Compressive strength tests and leaching tests for determining the
efficiency of heavy metal immobilisation have been carried out.

based geopolymer systems with classic Portland
cement stabilization methods has also been accomplished. Compressive
strength values far better than those achieved by hydraulic S/S methods
were easily obtained by geopolymer solids at 28 days. Regarding
leachability, the geopolymer S/S solids also manifested in general a
better behaviour, showing very promising results.

2009) investigated the transport phenomena
involved in the leaching of radioactive nuclides from cement composite
matrix using an empirical method employing a polynomialequation.
They studied the leaching of 137Cs and 60Co radionuclides from a waste
composite into a surrounding fluid, the mathematical analysis of the
obtained data ( cumulative amount of contaminant leached) showed that

cribe quit good leaching phenomena of 137Cs
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- Hawng et al. (2008) prepared various polymer- modified mortars
using recycled artificial marbel waste fine aggregate (AMWFA),
styrene- butadiene rubber (SBR) latex and polyacrylic ester (PAE)
emulsion. The three materials were employed as polymer modifier into
mortar reducing the water- cement ratio. The compressive strength was
found to be decreased in the presence of polymer cement modifier.

-Cota et al. (2008) studied the immobilization of simulated evaporator
concentrate waste in low density polyethylene (LDPE). The
immobilized waste forms were employed to investigate the effect of
polymer addition to the cement in the way of compressive strength and
leachability testes. From the obtained results it was determined that the
addition of (LDPE) polymer to the cement increases the compressive
strength and decreases the cumulative leach fraction and diffusion
coefficient.

- El- Kamash et al. (2006) investigated the possibility of solidifying
exhausted synthetic zeolite A, loaded with 137Cs and/ or 90Sr
radionuclides in ordinary portland cement (OPC). Several factors
affecting the characteristics of the final solidified waste products
towards safe disposal such as mechanical strength and leaching
behavior of the rdionuclides have been studied. The obtained results
showed that the presence of zeolite A in the final cemented wastes
improve the mechanical characteristics of the solidified waste matrix
towards the safety requirements and reduce considerably the
radionuclides leaching rates.

- Abdel- Rahman et al. (2006) investigated the influence of the clay
additives on the leaching behavior of the solid matrices. The
international atomic energy agency (IAEA) standard leach test method
has been employed to study the leach pattern of 137Cs, 60Co and
152&154Eu radionuclides immobilized in ordinary portland cement
(OPC), OPC- bentonite and OPC- red clay grouts. From the obtained
results it was found that the clays additives to the OPC reduced the
leach pattern as OPC- bentonite < OPC- red clay< OPC for all studied
radionuclides.

-Plecas et al. (2006) studied the influence of natural sorbents
(bentonite and zeolite) on immobilization of evaporator concentrate in
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cement matrix, by measuring leachability of 137Cs, 60Co and 85Sr from
the obtained results it was observed that the addition of zeolite or
bentonite for cement mortars decreases leaching rate for 137Cs, 60Co and
85Sr radionuclides in the order Cs> Sr> Co. Also it was found to
enhance the mechanical strength of the cement mortars.

- Querol et al. (2006) synthesized zeolitic materials from coal fly ash
which in turn used for the immobilization of polluted soils containing
trace elements such as Zn, Pb, As, Cu, Co, Tl and Cd. Leaching test was
carried out to the immobilized forms, the obtained results showed that
the zeolitic materials synthesized from coal fly ash appeared as an
effective amendment to attenuate the soil contamination by trace
elements. After such a treatment the leachability rates of metals (Zn, Pb,
As, Cu, Co, Tl and Cd) decreased around 95-99 % when zeolitic
materials were applied to the polluted soil.

- Pelcas and Diomovic (2006) studied the waste immobilization
performance for low level liquid wastes in cement- natural sorbent
mixtures. The solidification matrix consisted of standard portland
cement mixed with spent mix bead exchange resins, with or without 1-
10 % of bentonite and/ or clinoptiolite (zeolite). The leaching rates from
the cement- bentonite matrix for 137Cs and 60Co after 300 days were
measured. From the obtained data it was found that the compressive
strength of the cement – natural sorbents composite is remarkably
reduced by increasing the amounts of natural sorbents added to the
cement, it was noticed also that the leaching rates were influenced by
increasing amount of zeolite and bentonite added.

-Zampori et al. (2006) investigated the role of polymeric additives on
the hydration process of cement pastes admixed with a lead compound
(Pb3O4). Three series of pastes were prepared: the reference series,
mixing water with ordinary portland cement (OPC), and two series in
which whether a styrene- butadiene rubber latex or super plasticizer
based on acrylic- modified polymer was added to the pastes. Dynamic
leaching tests were performed on solidified pastes; from the obtained
results it was found that the addition of the synthetic rubber latex to the
pastes increases the leaching rate of Pb2+ ions while the addition of
super plasticizer decreases the leaching rate.
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-Rai and Singh (2005) studied the effect of polyacrylamide (PAM)
addition to the ordinary portland cement and mortar, on the properties
of the solidified forms such as setting time, heat of hydration,
compressive strength and tensile strength. It was found that the
polymeric phase is interspersed in cement causing decrease in water
absorption and also its interaction with hydrating cement resulting in an
addition bond formation which leads to increase in the strength of the
solidified forms.

- Li and Wang (2005) studied the solidification of waste radioactive
ion exchange resins in cement pastes. They also investigated the
improvement of the properties of the cement pastes by adding zeolite in
terms of compressive strength and leachability. From the obtained
results it was found that the addition of zeolite to cement increases the
compressive strength and decreases the leaching rates of isotopes.

-Al- Zahrani et al. (2003) evaluated the mechanical properties and
durability characteristics of nine polymer and cement- based repair
mortars. It was found that the elastic modulus of the polymer- based
repair mortars was less than that of the cement based repair mortars.
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2. Experimental

2.1. Chemicals and reagents:

2.1.1. Chemicals

All the chemicals employed were of the analytical grade, distilled water
was used for the analytical purposes, and the entire chemical used is
given in Table (2.1).
2.1.2. Radioactive Tracers
The radioactive tracers; caseium- 134, cobalt – 60 and strontium-85 are
of A. R from Amersahm, England in the form of chlorides.
2.1.3. Clays and cement
Some clay minerals of industrials by-products Produced in large
quantities from the Egyptian factories and others present in large
amounts in different place of Egypt were employed such as bentonite
which obtained from Egypt Bentonite Co. Natural zeolite (chabazite) was
brought from England.
Portland cement was obtained from National Cement Company,
Helwan, Egypt. The chemical composition of Portland cement is given
is in Table (2.2).
2.1.4 Low-Level Waste Used
The chemical and radiochemical composition of low level radioactive
liquid waste was shown in Tables (2.3).
2.1.5. De- oxygenated water:
De- oxygenated water was prepared by boiling double distilled water
for about 15 minutes followed by cooling under a stream of purified
nitrogen gas to room temperature [42].
Table (2.1): Chemicals used

Name Formula Product
of

Acrylamide C3H5NO Merck
Acetone (CH3)2CO Merck

Ammonium hydroxide NH4OH Fluka
Cesium chloride CsCl Merck
Cobalt chloride CoCl2 Merck

N,N`- methylenebisacrylamide
(DAM) (CH2=CHCONH)2CH2 Fluka

Nitric acid HNO3 Prolabo
Strontium chloride SrCl2 Merck
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Table (2.2): Chemical composition of the Portland cement used [85].
Weight %Compound

63CaO
20SiO2

6Al2O3

3FeO/Fe2O3

1.5MgO
2SO3

0.5Na2O
0.5K2O

Table (2.3): The chemical composition of low level radioactive liquid
waste [85]

Conc. range g/lName
10-100Dry residue

0.15Suspended matter
1:1Ratio Ca: Mg

0.06-0.1Sulfate – ion
0.04-0.12Chloride – ion
0.01-0.02Phosphate-ion

0.007-0.07Nitrate – ion
0.02-0.10Oxalate – ion
0.01-0.03Detergent(SAA)

Table (2.4): The radiochemical composition of low level radioactive
liquid waste [85].

Radionuclide Quantity
Bq/m3 Ci/l

 activity 3.7 E7 1 E-6
Cesium-137 1.48 E7 4 E-7
Cobalt- 60 1.85E5 5E-9

Strontium-90+Ytterium-90 2.22 E6 6 E-8
Ruthenium-106+Rohdium-106 7.4 E5 5 E-8

Iodine-131 1.85 E5 5 E-9
Europium-154 1.1 E6 3 E-9

Zirconium-95+Niobium-95 1.1 E6 3 E-9
Cerium-144+Praseodymium-144 7.4 E5 2 E-8

 activity 3.7 E5 1 E-8
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2.2. Instrumentation:

2.2.1. Atomic absorption spectrophotometer

Atomic absorption spectrophotometer (Buck Scientific) model VGP
210 using air acetylene flame, Kyoto-Japan was used to analyze cesium,
cobalt and strontium solutions.
2.2.2. Centrifuge
Complete separation of solid phases was obtained by centrifugation
using a centrifuge model 1020 and range up to 1000 series.
2.2.3. Digital balance
All chemicals for solutions preparation were weighted using 6-digit
analytical balance of PRICESA, model 40 SM-200A having accuracy of
± 0.1 mg. It was calibrated before each weighting process.
2.2.4. Magnetic stirrer
The complete stirring processes in the present work were achieved by
using magnetic stirrer model 4803-02, product of COLE-PARMER
instrument Co., USA.
2.2.5. Thermostat shaking water bath
The kinetic and thermodynamic studies performed in this study were
carried out in a thermostat shaking water bath of type Julabo SW-20C/2,
Germany.
2.2.6. pH meter
The pH measurements were made using a microprocessor bench top
Hanna pH meter model pH 211 having the range 0.002-14.00 of
accuracy + 0.01 and resolution 0.01. It is connected to a combined
single electrode. The scale of pH meter was calibrated using suitable
standard buffer solutions before each experiment.
2.2.7. Radiometric Measurements
The radiometric measurements were carried out using gamma
spectrometer with 2”x2” NaI crystal activated with thallium. The crystal
was connected to multichannel analyzer by the nuclear excellence in the
nuclear instrumentation, model 800A. All measurements were carried
out under similar geometrical conditions and background was counted
and subtracted in all measurements.
Load compressive strength machine, this range loading frame conform
in general to the design requirement of the British Standard Bs 1881, Bs
1610 and the American Society for testing materials, ASTM Standards.
The compressive strength testes were carried out using Universal
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Tasting Instrument 1190 Series (INSTRON) of maximum loud capacity
3000 Kg.

2.3. Characterization apparatus:

- X -Ray Diffraction
The analysis of the prepared materials structure is normally performed
using X-ray (Electromagnetic Radiation with a wavelength range 0.1-
10ºA). The measurements of X-ray diffraction patterns were carried out
using Shimadzu X-ray diffractometer, XD-D, using a nickel filter and a
CuKd x-radiation tube.

- X-Ray Fluorescence
X-ray fluorescence is a technique, which is match more useful for very
accurate quantitative detection of elements than for structural studies.
The chemical compositions of the different solids were studied using X-
ray fluorescence. The samples as powders were mixed with (Na2B4O7)
melted at elevated temperatures to form a homogeneous transparent
glass mixture. The composition of the different materials was
determined with the help of X-ray fluorescence (Vacuum –
Spectrograph, Philips).

- Fourier transformed infrared spectrophotometer (FT-IR)
The active function group present in the examined samples was
investigated using FT-IR spectrophotometer of type BOMEM FTIR,
MB- Series.

- DTA-TG Analysis
Thermogravemetric analysis was done for the solid materials using
Shimadzu DTA- TGA system of type DTA- TGA- 50, Japan to
determine the phase changes and weight losses of the samples,
respectively, at heating range of 10°C/min in presence of nitrogen gas
to avoid thermal oxidation of the powder sample.

2.4. Experimental Studies:
2.4.1. Preparation of metal ion solutions
The solutions of Cs+, Co2+ and Sr2+ ions were prepared by dissolving an
appropriate amount of metal ion in certain volume of distilled water to
obtain a series of concentrations which are 10-4, 10-3, 5x10-3, 10-2 and
5x10-2 M. initial and equilibrium concentrations of metal ions in the
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aqueous phase were determined using atomic absorption
spectrophotometer.

2.4.2. Preparation of composites
- polyacrylamide polymer was prepared by a gamma radiation- initiated
polymerization of acryl amide monomer in aqueous solution at a
monomer concentration of 10% and a radiation does at a does rate 10
kGy/hr[1]. Directly after stopping the irradiation of the polymer was then
precipitated from its aqueous solution by adding excess acetone slowly
with continuous stirring. The mixture was then left for 2 hours; the
deposited polymer was separated from its solution then dried in vacuum
oven at 60°C overnight [42].

- Polyacrylamide- bentonite and polyacrylamide- zeolite composites
was carried out by dissolving polyacrylamide polymer (PAM), zeolite
and/ or bentonite and N, N -̀ methylenediacrylamide (DAM) in de-
oxygenated water at appropriate amounts. All the samples were de-
aerated by bubbling pure dry nitrogen gas for about 10 minutes, and
irradiated by gamma- rays to a certain predetermined does. Directly
after stopping the irradiation of the composites were then precipitated
from their aqueous solutions by adding excess acetone slowly with
continuous stirring. The mixture was then left for 2 hours; the deposited
composites were separated from their solutions then dried in vacuum
oven at 60°C overnight to a constant weight [1, 42].
2.5. Sorption investigations:
The sorption experiments were carried out on solutions containing
cesium, cobalt and strontium ions with prepared polyacrylamide-
bentonite and polyacrylamide- zeolite composites in batch techniques.
The scheme of this work can be grouped under the following headings:

2.5.1. Effect of particle size
The effect of clay particle size was studied to the prepared
polyacrylamide- bentonite and polyacrylamide- zeolite composites
using different size fractions ranged from 5 to 80µm and 10-4 M initial
metal ion concentration and neutral pH value.



59

2.5.2. Effect of pH
The effect of solution pH on the uptake of polyacrylamide- bentonite
and polyacrylamide- zeolite composites for cesium, cobalt and
strontium ions was studied at room temperature to determine the
optimum pH range for maximum uptake of the studied cations. In this
respect, batch experiments with 20 μm polyacrylamide- bentonite and
polyacrylamide- zeolite composites particles and 10-4 M initial metal
ion concentration at different pH values, ranging from 2 to 8 were
conducted. Liquid ammonia (35%) and 1 M HNO3 solutions were used
to adjust the pH value.

2.5.3. Effect of initial concentration and contact time
The effect of initial concentration on the sorption process was studied
by using five different concentrations in the range from 10-4 to 5x10-2 M
for cesium, cobalt and strontium ions and at three different temperatures
value of 298, 313 and 333 K, 100V/m ml/g and initial pH .Also the
effect of contact time on the uptake of 10-4 M Cs+, Co2+ and Sr2+ by
polyacrylamide- zeolite and polyacrylamide- bentonite composites has been
investigated batchwisely at 25±1ºC,100 V/m ml/g, 20µm size and neutral pH
value

2.5.4. Effect of temperature
The effect of temperature on the investigated kinetics and
thermodynamic parameters was studied at three different temperatures
in the temperature range from 298 K to 333 K for cesium, cobalt and
strontium solutions. The temperature of the system was maintained by a
thermostat shaking water bath during the exchange process.

2.5.5. Sorption kinetics
Batch sorption behavior of the studied metal ions with prepared
polyacrylamide- bentonite and polyacrylamide- zeolite composites were
carried out by immersion of 0.1 g coposite/10 mL of 104, 10-3, 5x10-3,
10-2 and 5x10-2 M metal ion solution under constant vigorous shaking at
298, 313 and 333 K using thermostatic shaking water bath. At different
time intervals, samples were withdrawn and centrifuged. The clear
liquid phases obtained were diluted to the concentration ranges
available for measuring the concentration of Cs+, Co2+ and Sr2+ ions by
atomic absorption spectrophotometer using standard solutions.
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2.5.6 Sorption isotherms
Sorption isotherm studies were mainly performed using the batch
technique to obtain equilibrium data, and for these investigations a
series of 50-mL test tubes were employed. Each test tube was filled
with 10 mL of the metal ion solution of varying concentrations (10-4, 10-

3, 5x10-3, 10-2 and 5x10-2 M) and adjusted to the desired temperature.
The temperature of the system was maintained by a thermostat (298,
313 and 333 K) shaking water bath during the exchange process.
0.1 g polyacrylamide- bentonite and polyacrylamide- zeolite composites
were added into each test tube and then agitated for 24 hours.
Preliminary investigations showed that equilibrium was attained in two
hours. After this period the suspension was centrifuged to separate the
solid from the liquid phase. The clear liquid phases obtained were used
for measuring the concentration of each cation by atomic absorption
spectroscopy. The metal concentration retained in the solid phase (qe,
mmol/g) was calculated using the following equation:

= ( ° ) (23)

Where; Co and Ce are the initial and equilibrium concentrations of
metal ion in solution (mg/l),
V is the solution volume (l), and
M is the weight of the solid (g).

2.6. Conditioning of Waste:
Conditioning of the waste consisting of polyacrylamide- bentonite and
polyacrylamide- zeolite composites loaded with/ or without isotopes in
cement was studied, the solidified waste forms were consisting of
different percents between composites and cement, each solidified
matrix was evaluated as function of their compressive Strength.
Leachability test was studied too.

2.6.1 Preparation of Cement Samples
The solidified samples prepared by mixing ordinary Portland cement
with different weights ranged from 1 to 10% of the prepared composites
at water – cement ratio W/C 0.35.The resulting mixtures were stirred
for 5 min and the grout was then poured into cubic 7-cm3 Polyethylene
mould and vibrated until any air bubbles present has been removed.
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After a setting time 24 h the samples were demoulded and cured for 28
days at room temp the weight, area and volume of the dried sample was
determined [9].
2.6.2 Compressive Strength Measurements
For all sample the compressive strength were measured using a load
compressive strength machine (2000Kv)
Compressive strength = L/S where
L: load applied to cause failure (kg)
S: surface area of right cylinder (Cm2)

2.6.3 Long-Term Leachability
All samples, cubic moulds 2x2x2 cm3 dimensions of dried composites
loaded with the radio active tracers Cs-134, Co-60 and Sr-85 mixed
with ordinary Portland cement and cement mixed with 5% of
composites were prepared and left to solidify for 24 hr, the specimens
were demoulded and cured for 28 days.
The entire samples prepared were immersed in the leachant-distilled
water for 90 days at room temperature. Samples of the leaching solution
were withdrawn and analyzed radiometrically as follow:
Daily, during the first week or until the leaching rate became constant.
One per week, for the following 5 weeks.
One for month for the following 3 months [28].
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3. Results and Discussion
This chapter describes the results of different investigations, and their
discussion. The adsorption of Cs+, Co2+ and Sr2+ ions was carried out
using polyacrylamide- zeolite and polyacrylamide- bentonite
composites. Characterizations of the prepared composites have been
done using different techniques. Effect of solution pH and the
composite particle sizes have been studied as preliminary studies. The
effect of contact time of the sorption of Cs+, Co2+ and Sr2+ ions onto
polyacrylamide- zeolite and polyacrylamide- bentonite composites was
carried out at three different temperatures, the equilibrium concentration
was obtained, different sorption kinetic models were applied. Also the
diffusivity was determined using different models. Effect of metal ion
concentration on the sorption of these metal ions onto polyacrylamide-
zeolite and polyacrylamide- bentonite composites at different
temperatures was investigated; different isotherm models were used to
determine the sorption type of this process. Further, the effect of
temperature and thermodynamic studies were carried out. Finally
immobilization of exhausted polyacrylamide- bentonite and
polyacrylamide- zeolie composites, loaded with 134Cs, 60Coand 85Sr
radionuclides, with Ordinary Portland Cement have been carried out.
Several properties such as the effect of composite addition percent, the
mechanical strength of the solidified waste package were examined.
The leach characteristics of the investigated radionuclides from a simple
cement waste form and a heterogeneous waste form consisting of
granules of contaminated composite ion exchange in a cement matrix
have been also studied using IAEA’s standard leach method.

3.1. Characterization of the prepared materials:

- X- ray fluorescence technique (XRF)

In this method, a suitable sample is radiated by high energy X-rays by
which electrons can be expelled from the different atoms, leaving holes
in low-lying orbital. The X-ray fluorescence radiation is characteristic
for the emitting atoms and can be used for quantitative elemental
analysis. The mineralogical composition of the inorganic part of
polyacrylamide- zeolite , polyacrylamide- bentonite composites were
found as, (44.20% for Si, 19.44% for Al, 19.44% for O2, 4.95% for Na,



3.84 % for Zn 3.31% for Cu
and some traces for other elements) for polyacrylamide
composite and( 39.31% for Si
for Na, 3.45 % for Zn 3.25%
for K and some traces for other elements) for polyacrylamide
composite.

- X-ray diffraction technique (XRD)

The x-ray (powder) diffraction patterns of the used material samples
were obtained using x-ray diffractometer
2θ range from 10 to 70 (̊where
found that, from the XRD pattern of polyacrylamide
polyacrylamide- bentonite compo
the composites are semi crystalline
bentonite and monomer in polymeric chains during synthesis takes
place and leads to absence of diffraction peaks

- Fourier transformed infrared spectroscopy (FT

Fig(3.1): XRD pattern of polyacrylamide

Fig(3.2): XRD pattern of polyacylamide
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for Cu, 2.96% for S, 1.05% for Ca, 0.43% for K
her elements) for polyacrylamide- zeolite

for Si, 14.46% for Al, 19.74% for O2, 5.24%
3.25% for Cu, 1.19% for S, 2.32% for Ca, 1.41%

for K and some traces for other elements) for polyacrylamide- bentonite

ray diffraction technique (XRD)

ray (powder) diffraction patterns of the used material samples
ray diffractometer. The samples were scanned at

where θ is the angle of diffraction). It was
found that, from the XRD pattern of polyacrylamide - zeolite and

bentonite composites shown in Figs (3.1, 3.2), both of
mi crystalline. Strong interaction between zeolite,

bentonite and monomer in polymeric chains during synthesis takes
place and leads to absence of diffraction peaks [1,126].

Fourier transformed infrared spectroscopy (FT -IR)

XRD pattern of polyacrylamide- zeolite composite

XRD pattern of polyacylamide- bentonite composite



Figs (3.3) represent the IR spectrum for polyacrylamide

polyacrylamide- zeolite and polyacrylamide

absorption band at 3400-3600

1000- 1700 cm-1 and band at

Bands at 1673, 3200 cm-1 are for C

cm-1 related to C-H group

corresponding to Al-OH and Si

that the absorption band at

shifts to 1689 cm-1and1686 cm

respectively, which indicates that the interaction between clays

PAM has some influence on chemical

Fig (3.3): FTIR spectrum of a) polyacrylamide
bentonite composite
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) represent the IR spectrum for polyacrylamide ,

zeolite and polyacrylamide- bentonite composites. The

3600 cm-1is of O-H, from water. The band at

and band at 400-700 cm-1 corresponding to silicates.

are for C=O from amide group . Band at 2900

H group. Bands at 800 and 2500 cm-1 are

OH and Si-OH respectively. It was noticed also

absorption band at 1673 cm-1 ascribed to –CONH2of PAM

cm-1 in the spectra of PAM- Z and PAM- B,

which indicates that the interaction between clays and

AM has some influence on chemical reaction [113,126].

polyacrylamide b) polyacrylamide- zeolite and c) polyacrylamidepolyacrylamide-
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- TGA and DTA Analysis

We have three states the first at temperature at 100°c, the weight loss

was 2% for both composites which related to the elimination of water

molecules absorbed on the surface. The second state at 300 °c, the

weight loss assigned to the elimination of chemical bind water and it

was found to be 8% for polyacrylamide- zeolite composite and 12 % for

polyacrylamide- bentonite composite. The last state was at temperature

greater than 300°c, it was related to the decomposition of both

composites material and characterized by endothermic peaks shown in

Figs (3.4, 3.5) [1].

Fig. (3.4): TGA and DTA of polyacrylamide- zeolite composite
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3.2. Effect of pH

The removal of elements from aqueous solutions by sorption process is

highly dependent on the pH of the solution as a key factor, which

affects surface charge of the adsorbent and the degree of ionization and

speciation of the adsorbate (113). To determine the chemical conditions at

which Cs+, Co2+ and Sr2+ are effectively sorbed onto polyacrylamide-

zeolite and polyacrylamide- bentonite composites the sorption was

studied at different pH values ranging from 2.0 to 8.0. Figures (3.6, 3.7)

showed the percentages of Cs+, Co2+ and Sr2+ ions removed as a

function of equilibrium pH values. Results indicated that, the sorption

reactions are greatly affected by the solution pH. In general, the

amounts of Cs+, Co2+ and Sr2+ ions sorbed onto polyacrylamide- zeolite

and polyacrylamide- bentonite composites were increased by increasing

the solution pH level up to 8.0 for Cs+, Co2+ and Sr2+ ions. Beyond this

value the hydrolysis of the metal ions takes place for Co2+ and Sr2+ ions

but in case of Cs+ ions the decrease of the uptake could be attributed to

Fig. (3.5): TGA and DTA of polyacrylamide- bentonite composite
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the competition between hydrogen ions and Cs+ ions for sorption on the

composites. It is clear from such figures that, at lower values, the metal

ion uptake was inhibited in acidic medium attributed to the presence of

H+ ions competing with the Cs+, Co2+ and Sr2+ ions for the sorption

sites. The uptake continuously increases with the increase in pH value

and the highest uptake was observed at pH range from 6.0 to 8.0. Also

increasing the pH value decreases the degree of protonation of the

amide and the amino groups cross linking between polymeric chains

which leads to an increase in the probability of interaction between

composites and metal ions [1,113].
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Fig (3.6): Effect of pH on the sorption of Cs+, Co++ and Sr++ ions onto PAM-
Zeolite

composite at 25±1ºC and 10-4M.
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3.3. Effect of particle size:

The contact surface between any sorbent and liquid phase plays an
important role in the phenomena of sorption. The effect of particle size
of polyacrylamide- zeolite and polyacrylamide- bentonite composites
on Cs, Co and Sr ions removal was studied using the size ranging 5-100
µm at room temperature. Figs. (3.8, 3.9) show that as the particle size
increases the percent removal increases till reaches a maximum value at
20 µm, after this value the percent removal decreases as the particle size
increases attributing to the decrease of the surface area of the clay
particles.
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Fig (3.7): Effect of pH on the sorption of Cs+, Co++ and Sr++ ions onto PAM-
Bentonite composite at 25±1ºC and10 -4M.
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3.4. Kinetic studies:

The effect of contact time on the uptake of 10-4 M Cs+, Co2+ and Sr2+ by
polyacrylamide- zeolite and polyacrylamide- bentonite composites has
been investigated batchwisely at 25±1ºC,100 V/m ml/g, 20µm size and

Fig (3.8): Effect of PAM- Zeolite composite particle size on the sorption of Cs+,
Co++ and Sr++ ions at 25±1ºC, initial pH, 100V/m ml/g and 10 -4M.
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Fig (3.9) : Effect of PAM- Bentonite composite particle size on the sorption of
Cs+, Co++ and Sr++ ions at 25±1ºC, initial pH, 100V/m ml/g and 10 -
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neutral pH value . The preliminary experiments showed that the
adsorption of the mentioned ions sharply increases with time in the
initial stage (0–45 min range), and then gradually increases to reach an
equilibrium value in approximately 45 min. A further increase in
contact time had a negligible effect on the amount of ion sorption as
showed in Fig. (3.10), which presents the plot of percent uptake of ions
versus contact time of 120 minutes. From these data one can
investigated that the uptake for the three ions take the order Co2+> Sr2+>
Cs+ at uptake percent values of 92.2, 91.8 and 86.1 with
polyacrylamide- zeolite composite and 81.7, 81.3 and 72.2 with
polyacrylamide- bentonite composite at 25±1ºC. The temperature has a
pronounced effect on the amount sorbed, q, (qt=C0-Ct v/m), as presented
in Figs(3.11, 3.12) which show the plots of amount sorbed, q, of Cs, Co
and Sr ions respectively, versus time for the sorption at different
temperatures of 298, 313 and 333 K̊, which indicate that the amount
sorbed increases with increasing temperature. These increases in the
uptake indicate the endothermic nature of the sorption process of Cs+,
Co2+ and Sr2+ by polyacrylamide- zeolite and polyacrylamide- bentonite
composites.

(a) (b)

Fig (3.10) : Effect of contact time on sorption of Cs+, Co++, Sr++ ions onto(a) PAM- Zeolite
and (b) PAM- Bentonite at 25±1ºC, 100 V/m ml/g, 20µm size and initial pH.
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Fig (3.11): Effect of contact time on sorption of a) Cs+, b) Co++ and c) Sr++ ions onto
PAM- Zeolite at three different temperatures, 100V/m ml/g, 20µm size and initial pH.
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(a) (b)

(c)

II. Sorption kinetics modeling

The study of sorption dynamics describes the solute uptake rate and
evidently this rate controls the residence time of adsorbate uptake at
solid/solution interface. Data of the kinetics of Cs+, Co2+ and Sr2+ ions
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Fig (3.12): Effect of contact time on sorption of a) Cs+, b) Co++ and c) Sr++ ions onto PAM-
Bentonite at three different temperatures, 100 V/m ml/g, 20µm size and initial pH.
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sorbed from aqueous solutions onto polyacrylamide- zeolite and
polyacrylamide- bentonite composites at different concentrations and
temperatures were analyzed using pseudo first-order, pseudo second-
order, intra- particle diffusion, Helfferich model and homogeneous
particle diffusion kinetic models, respectively. The conformity between
experimental data and each model predicted values was expressed by
the correlation coefficient (R2). A relatively high R2 values indicates
that the model successfully describes the kinetics of metal ion sorption
removal.

i. Pseudo- first- order:

The sorption kinetics of metal ions from liquid phase to solid is
considered as a reversible reaction with an equilibrium state being
established between two phases. A simple pseudo first-order model
[34,134] was therefore used to correlate the rate of reaction and expressed
as follows:

Log (qe-qt) = logqe- . t (24)

where qe and qt are the concentrations of ion in the adsorbent at
equilibrium and at time t, respectively (mmol/g) and k1 is the pseudo
first-order rate constant (min-1).

The plots of log (qe - qt) against t for the pseudo- first order equation
give a linear relationship, the values of K1 (rate constant) and qe can be
determined from the slope and the intercept of this equation,
respectively. Figs. (3.13, 3.14) show the plots of the linearized form of
the pseudo- first order equation. Kinetic parameters along with
correlation coefficients (R2) of the pseudo- first order model are shown
in Tables (3.1, 3.2). As can be seen from the three Figures and the
Table, the correlation coefficients values for the pseudo- first order
model obtained at three different temperatures (298,313 and 333 K̊) for
the three metal ions, under study, are quit high (> 0.90) although the
linear correlation coefficients of the plots are so good, the qe
(calculated) values are not in agreement with qe (experimental) for all
studied sorption processes. So, it could suggest that the sorption of all
metal ions onto polyacrylamide- Zeolite and polyacrylamide-
bentonite composites is not a first-order reaction.
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Fig(3.13): Pseudo first order plots for a)Cs+, b)Co++ and C) Sr+ + onto PAM- Zeolite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Fig(3.14): Pseudo first order plots for a)Cs+, b)Co++ and C) Sr+ + onto PAM- Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table(3.1): The calculated parameters of the pseudo first-order kinetic
model for Cs+, Co2+ and Sr 2+ ions sorbed onto PAM- Zeolite
composites at diferent sorption temperatures

Metal

ion
Temp., K

k1,

min.-1
qe, calc.

mmol/kg

qe exp

mmol/kg.
R2

Cs+

298 0.065 4.57 7.2 0.991

313 0.066 5.5 7.51 0.973

333 0.065 6.03 8.0 0.965

Co++

298 0.062 2.88 8.15 0.988

313 0.059 3.80 8.31 0.984

333 0.060 5.90 8.50 0.994

Sr++

298 0.069 2.88 8.12 0.976

313 0.068 4.47 8.28 0.978

333 0.064 5.90 8.46 0.982

Table(3.2): The calculated parameters of the pseudo first-order kinetic
model for Cs+, Co2+ and Sr 2+ ions sorbed onto PAM- Bentonite
composites at diferent sorption temperatures

Metal

ion
Temp., K

k1,

min.-1
qe, calc.

mmol/kg

qe exp

mmol/kg.
R2

Cs+

298 0.07 2.7 8.6 0.970

313 0.069 5.01 9.0 0.974

333 0.066 6.8 9.5 0.980

Co++

298 0.064 3.16 9.2 0.962

313 0.062 4.0 9.56 0.976

333 0.064 5.62 9.90 0.980

Sr++

298 0.067 3.47 9.16 0.968

313 0.066 5.19 9.53 0.974

333 0.064 6.92 9.88 0.980



77

ii. Pseudo second-order kinetic model

A pseudo second-order rate model [36] is also used to describe the
kinetics of the sorption of ions onto adsorbent materials.

= + (25)

Where k2 is the rate constant of pseudo second-order equation. The qe
and K2 values of the pseudo second-order kinetic model can be
determined from the slope and the intercept of the plots of t/q versus t,
respectively. Figs (3.15, 3.16) give the results of the linearized form of
the pseudo second-order kinetic model. The calculated qe values are
closer to the experimental data than the calculated values of pseudo
first-order model. Therefore the sorption of the three metal ions can be
approximated more favorably by the pseudo second-order model, tables
(3.3, 3.4) illustrate that the correlation coefficients (R2) are very high,
(>0.99), for pseudo second-order kinetic model which reinforcing the
applicability of this model.
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Fig(3.15): Pseudo second order plots for a)Cs+, b)Co++ and C) Sr+ + onto PAM- Zeolite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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(c)

Table(3.3): The calculated parameters of the pseudo second-order
kinetic model for Cs+, Co2+ and Sr2+ ions sorbed onto PAM- Zeolite
composites at different sorption temperatures

Metal
ion

Temp., K
K2 ,

g/mmol.min

qe, calc.

mmol/kg

qe exp
mmol/kg.

R2

Cs+

298 0.02 8.9 8.6 0.996

313 0.02 9.5 9.0 0.998

333 0.03 9.9 9.5 0.998

Co++

298 0.022 10.0 9.2 0.998

313 0.023 10.1 9.56 0.998

333 0.025 10.3 9.9 0.998

Sr++

298 0.021 10.0 9.16 0.999

313 0.015 10.2 9.53 0.996

333 0.023 10.3 9.88 0.998
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Fig(3.16): Pseudo second order plots for a)Cs+, b)Co++ and C) Sr+ + onto PAM- Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table(3.4): The calculated parameters of the pseudo second-order
kinetic model for Cs+, Co2+ and Sr2+ ions sorbed onto PAM- Bentonite
composites at different sorption temperatures

Metal
ion Temp., K

K2 ,

g/mmol.min

qe, calc.

mmol/kg

qe exp
mmol/kg. R2

Cs+

298 0.021 7.7 7.2 0.996

313 0.022 8.0 7.51 0.998

333 0.023 8.3 8.0 0.998

Co++

298 0.025 8.3 8.15 0.998

313 0.02 9.1 8.31 0.999

333 0.02 10.0 8.50 0.996

Sr++

298 0.025 8.3 8.12 0.998

313 0.022 9.0 8.28 0.999

333 0.03 9.1 8.46 0.997

iii. intra- particle Diffusion:

The intra- particle diffusion model, Morris and Weber model, is
presented as the following [22]:

q= Kadt1/2+C (26)

Where Kad is the rate constant of intra- particle transport (mmol/g
min1/2). The value C (mmol/g) in this equation is a constant which
indicates that there exist a boundary layer diffusion effects, and is
proportional to the extent of boundary layer thickness.the plots of q
versus t1/2 are given in Figs (3.17, 3.18) for the adsorption of Cs, Co and
Sr ions, respectively onto polyacrylamide- zeolite composite at different
temperatures. It can be seen from the Figures that the adsorption data
gives two stages, initial and final stages; the initial stage is sharp
increase indicated boundary layer diffusion and straight- line portions in
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final stage indicated that the process of removal was dominated by
intra- particle diffusion [46]. The intercepts, calculated from the
extrapolation of the linear portions of the plots back to y- axis, provide
the measure of the boundary layer thickness. The boundary layer
diffusion is a fast step; therefore the adsorption process is controlled by
intra- particle diffusion. The kinetic parameters are given in Tables (3.5,
3.6).
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Fig (3.17): Intra particle diffusion plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM-Zeolite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Fig (3.18): Intra particle diffusion plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table(3.5): The kinetic parameters of itra-particle diffusion model for
Cs+, Co2+ and Sr 2+ ions sorbed onto PAM- Zeolite composites at
diferent sorption temperatures

Metal ion Temp., K
Kad, mmol/g

min1/2
C, mmol/kg R2

Cs+

298 0.030 6.9 0.991

313 0.024 7.3 0.991

333 0.026 7.7 0.998

Co2+

298 0.024 7.9 0.999

313 0.024 8.1 0.991

333 0.030 8.2 0.989

Sr2+

298 0.022 7.9 0.996

313 0.022 8.1 0.991

333 0.030 8.2 0.990

Table(3.6): The kinetic parameters of itra-particle diffusion model for
Cs+, Co2+ and Sr 2+ ions sorbed onto PAM- Bentonite composites at
diferent sorption temperatures

Metal ion Temp., K
Kad, mmol/g

min1/2
C, mmol/kg R2

Cs+

298 0.020 8.41 0.99

313 0.023 8.78 0.98

333 0.020 9.30 0.99

Co2+

298 0.021 9.00 0.99

313 0.026 9.30 0.98

333 0.021 9.70 0.99

Sr2+

298 0.021 9.00 0.99

313 0.015 9.40 0.99

333 0.017 9.60 0.99
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iv. Determination of Diffusivity:

-Helfferich Model

In this model, various parameters were calculated using the following
expressions:

(27)

Where F is the fractional attainment of equilibrium at time t (F=qt/qe), n
is an integer number, 1, 2, 3, ..., is a mathematical function equal:

/ r2 (28)

Di, the effective diffusion coefficient of metal ion, r the radius of the
solid particle (20 µm). Figures(3.19,3.20) represents the variation of
F(fractional attainment) with time for the three ions with both
polyacrylamide composites. According to equation (27), F is a function
of ( and (t) only, and is thus independent of the external solution. (Bt)

values are taken from Reichenberg’s table [24] as follows:

βt= - 0.4977 – ln(1- F) (29)

The linearity test of βt versus time plots is employed to distinguish the
film and particle diffusion- controlled rates of sorption process. If the
plot is a straight line passing through the origin, then the sorption rate is
governed by particle diffusion mechanism otherwise it is governed by
film diffusion [13]. Figures (3.21, 3.22) depict the βt versus time plots for
Cs+, Co2+ and Sr2+, respectively, at different temperatures. The plots are
linear passing through the origin for the three metal ions indicating that
the particle diffusion is the controlled rate of sorption process at all
studied temperatures. The values of Di calculated at different
temperatures are represented in Tables (3.7, 3.8). On the other hand
plotting of ln Di versus 1/T gave straight lines, as shown in Fig (3.24)
proves the validate of the linear from Arrhenius equation:

lnDi= lnDo- Ea/RT (30)

Where, Do is a pre-exponential constant analogous to Arrhenius
frequency factor. The activation energies for all ions, Ea, were
calculated from the slope of the straight lines and the obtained values
were presented in Table (3.7, 3.8).
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Values of Ea<42.0 kJ/mol generally indicate diffusion–control
processes and higher values represent chemical reaction processes
[123].the activation energy of the cation
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Fig (3.19) : Variation of fractional attainment with a) Cs+, b) Co++ and c) Sr+ +onto PAM-
Zeolite composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Fig(3.20) : Variation of fractional attainment with a) Cs+, b) Co++ and c) Sr+ +onto PAM-Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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diffusion reflects the ease of cation diffusion into the composite
particles. Such a low value of the activation energy for the sorption of
each metal ion indicates a chemical sorption process consisting of weak
interaction between sorbent (polyacrylamide- zeolite and
polyacrylamide- bentonite composites) and sorbate (Cs+, Co2+ and Sr2+)
and illustrate that each sorption process has a low potential energy.
The hydration energy and hydrated volume of Cs+ are the smallest of
the studied cations [32]. Therefore, one would expect a relatively low
value of activation energy (Ea) for Cs+ ions on polyacrylamide- zeolite
and polyacrylamide- bentonite composites. Ea in the order Co2+> Sr2+>
Cs+.

(a) (b)

(c)

Fig (3.21) : Helfferich plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Zeolite composite at
different temperatures100 V/m ml/g, 20µm size and initial pH.
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Fig (3.22) : Helfferich plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Bentonite composite
at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table(3.7): Diffusion coefficient and thermodynamic parameters for the
sorption of Cs+, Co2+and Sr2+onto PAM- Zeolite composite at different
sorption temperature.

Metal

ion

Di x 1010, m2/s R2 Do x

107

m2/s

Ea

kJ/mol
R2

ΔS*

298 K 313 K 333 K 298 K 313 K 333 K

Cs+ 3.62 5.82 7.11 0.995 0.999 0.999 3.6 28.3 0.982 -97

Co2+ 4.53 6.63 8.53 0.998 0.997 0.985 8.7 32.5 0.988 -89

Sr2+ 3.12 6.02 7.51 0.999 0.987 0.962 6.5 29.8 0.959 -92

Table(3.8): Diffusion coefficient and thermodynamic parameters for the
sorption of Cs+ , Co2+and Sr2+onto PAM- Bentonite composite at
different sorption temperatures

Metal

ion

Di x 1010, m2/s R2 Do x

107

m2/s

Ea

kJ/mol

R2

ΔS*

298 K 313 K 333 K 298 K 313 K 333 K

Cs+ 2.30 4.32 6.50 0.999 0.998 0.975 2.80 25.2 0.992 -99

Co2+ 3.71 6.21 8.90 0.992 0.989 0.977 7.90 29.3 0.981 -90

Sr2+ 2.63 3.82 5.21 0.999 0.955 0.978 5.80 27.5 0.995 -93
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(a) (b)

The Arrhenius equation would be also used to calculate D0 which in
turn is used for the calculation of activation entropy, ΔS*, of the 
sorption process using:

R/S2
0

*

exp)h/kTd(72.2D  (31)

where, k is the Boltzmann constant, h is the Planks constant, d is the
average distance between two successive positions, R is the gas
constant and T is the absolute temperature. Assuming that the value of d
is equal to 5x10-8 cm [113], the values of ΔS* for the ions were calculated 
and presented in Tables (3.7, 3.8). The value of entropy of activation
(ΔS*) is an indication of whether or not the reaction is an associative or 
dissociative mechanism. ΔS* values > -10 J/mol. K generally imply a
dissociative mechanism [113]. However, the high negative values of ΔS* 
obtained in this study, suggested that all Cs+, Co2+ and Sr2+ ions sorption
onto polyacrylamide- zeolite and polyacrylamide- bentonite composite
is an associative mechanism and normally reflect that no significant
change occurs in the internal structure of the composite matrix during
the sorption of ions[113].

- Homogeneous Particle Diffusion Model (HPDM)

In this model, the rate-determining step of sorption is normally
described by either (a) film diffusion in which ions are diffused through

Fig(3.23) : Arrhenius plots for the particle diffusion of Cs+, Co++ and Sr+ +onto
a) PAM- Zeolite and b) PAM- Bentonite composite
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the liquid film surrounding the particle, or (b) particle diffusion in
which ions are diffused into the sorbent beads. Nernst-Plank equation
[34, 77], which takes into account both concentration and electrical
gradients of exchanging ions into the efflux equation, was used to
establish HPDM equations. If the diffusion of ions from the solution to
the sorbent beads is the slowest step, rate-determining step, the liquid
film diffusion model controls the rate of sorption. In such case, the
following relation can be utilized to calculate the diffusion coefficient:

-ln(1-F)=(3DiCL)/(rδCs)t (32)

where CL and Cs are the equilibrium concentrations of the ion in
solution and solid phases, respectively, Di is the diffusion coefficient in
the liquid phase, F is the fraction attainment of equilibrium or extent of
adsorbent conversion, r is the radius of the adsorbent particle and δis
the thickness of the liquid film. Figures(3.24, 3.25) represent the
function of –ln(1-F) against t, a straight lines are obtained but are not
pass through the origin indicating that the film diffusion model doesn't
controls the rate of the adsorption processes.
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(c)
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Fig (3.24): HPDM plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Zeolite composite
at

different temperatures .
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(c)

If the diffusion of ions through the adsorbent beads is the slowest step,
the particle diffusion will be the rate-determining step and the particle
diffusion model could apply to calculate the diffusion coefficients.
Then, the rate equation is expressed by:

-ln(1-F2)=(2Diπ
2)/(r2)t (33)

Where Di is the particle diffusion coefficient. Figures (3.26, 3.27)
represent the function of –ln(1-F2) against t, a straight lines are obtained
pass through the origin indicating that the particle diffusion model
controls the sorption process at all studied temperatures The slopes
values of were used to calculate the effective diffusion coefficients Di

for Cs+, Co2+ and Sr2+ ions These calculated values together with the
correlation coefficients (R2) are presented in . The magnitude of the
diffusion coefficient is dependent upon the nature of the sorption
process. For physical adsorption, the value of the effective diffusion
coefficient ranges from 10-6 to 10-9 m2/s and for chemisorption, the
value ranges from 10-9 to 10-17 m2/s. The difference in the values is due
to the fact that in physical adsorption the molecules are weakly bound
and therefore there is ease of migration, whereas for chemisorption the
molecules are strongly bound and mostly localized. Therefore, from this
research, the most likely nature of sorption is chemisorption since the
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Fig (3.25): HPDM plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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values of Di were in the orders of 10-10 m2/s. Figs (3.29, 3.30) represent
the function of –ln (1-F2) against t, a straight lines are obtained pass
through the origin indicating that the particle diffusion model controls
the sorption process at all studied temperatures The slopes values of
were used to calculate the effective diffusion coefficients Di for Cs+,
Co2+ and Sr2+ ions These calculated values together with the correlation
coefficients (R2) are presented in table (3.9, 3.10) . From the obtained
results, the most likely nature of sorption is chemisorption since the
values of Di were in the orders of 10-10 m2/s. Tables (3.10, 3.11)
illustrate that the correlation coefficients (R2) are very high, (>0.99), for
all ions and at all temperatures, this confirm that the sorption is
controlled by particle diffusion mechanism.
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Fig (3.26): PDM plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Zeolite
composite at different temperatures100 V/m ml/g, 20µm size and
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Fig(3.27): PDM plots for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Bentonite composite
at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table(3.9): Values of diffusion coefficient for Cs+, Co2+and Sr2+ ions
obtained from homogeneous particle diffusion model using PAM-
Zeolite composite at different sorption temperatures

Metal ion Temp., K Di x 1010, m2/s R2

Cs+

298 3.5 0.989

313 4.22 0.999

333 4.8 0.998

Co2+

298 4.2 0.995

313 5.0 0.996

333 6.5 0.999

Sr2+

298 3.8 0.992

313 5.0 0.999

333 5.6 0.998

Table(3.10): Values of diffusion coefficient for Cs+, Co2+and Sr2+ ions
obtained from homogeneous particle diffusion model using PAM-
Bentonite composite at different sorption temperatures.

Metal ion Temp., K Di x 1010, m2/s R2

Cs+

298 2.7 0.999

313 3.43 0.989

333 4.12 0.999

Co2+

298 3.61 0.956

313 4.72 0.966

333 5.53 0.978

Sr2+

298 3.25 0.999

313 4.0 0.991

333 5.10 0.991
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3.5. Sorption isotherm studies:
Sorption equilibrium is usually described by an isotherm equation
whose parameters express the surface properties and affinity of the
sorbent, at a fixed temperature and pH. An adsorption isotherm
describes the relationship between the amount of adsorbate on the
adsorbent and the concentration of dissolved adsorbate in the liquid at
equilibrium. In this concern, the sorption isotherms for the removal of
Cs+, Co2+and Sr2+ ions onto polyacrylamide- zeolite and
polyacrylamide- bentonite composites at three different temperatures
were studied by applying some isotherm models such as Langmuir,
Freundlich, and Dubinin- Radushkviech (D-R) isotherm models.

I. Effect of metal ion concentration and temperature:
The effect of metal ion concentration in the range from 10-4 to 5x10-2 M
on adsorption of the metals, under study, by polyacrylamide- zeolite and
polyacrylamide- bentonite composites, was carried out at V/m= 100
ml/g and neutral pH value at different temperatures, 298, 313 and
333°K. Figures (3.28, 3.29) represent the sorption isotherms for the
removal of Cs+, Co2+ and Sr2+ ions from aqueous chloride solutions onto
both composites at three different temperatures. The isotherms are
regular, positive, and concave to the concentration axis. The initial rapid
sorption gives way to a slow approach to equilibrium at higher ion
concentrations. These results reflect the efficiency of both composites
for the removal of metal ions from aqueous solution in a wide range of
concentrations. The uptake of ions increased with the increase in
temperature thereby indicating the process to be endothermic. The
isotherm parameters were evaluated using Freundlich, Langmuir, and
Dubinin – Radushkevich.
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(c)
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Fig(3.28): sorption isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Zeolite composite
at different temperatures,100 V/m ml/g, 20µm size and initial pH.
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(c)

II. Isotherm Models:

i. Langmiur Isotherm Model

Langmuir sorption isotherm models the monolayer coverage of the
sorption surfaces and assumes that sorption occurs on a structurally
homogeneous adsorbent and all the sorption sites are energetically
identical [49]. The linearized form of the Langmuir equation is given by:

(34)

Where, qe is the amount of metal ion sorbed per unit weight of
adsorbent (mmol/g), Ce is the equilibrium concentration of the metal ion
in the equilibrium solution (mmol/L), Qo is the monolayer adsorption
capacity (mmol/g) and b is the constant related to the free energy of
adsorption (b αe-ΔG/RT). Applying Langmiur isotherm by plotting Ce/qe

vs. Ce as shown in Figs (3.30, 3.31) for Cs, Co and Sr respectively
straight lines are obtained for the three ions, confirming that this
expression is indeed a reasonable representation of chemisorption
isotherm. From the slope and intercept one can determine the Langmiur
constants as shown in tables (3.11, 3.12).the monolayer sorption
capacity (Qo) values of polyacrylamide- zeolite and polyacrylamide-
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Fig (3.29): sorption isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Bentonite composite
at different temperatures,100 V/m ml/g, 20µm size and initial pH.
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bentonite composites towards Co2+ions are relatively higher than that of
Cs+ and Sr2+ ions. The Langmuir constants Q0 and b for the sorption of
both ions increased with temperature showing that the sorption capacity
and intensity of sorption are enhanced at higher temperatures. This
increase in sorption capacity with temperature suggested that the active
surface available for sorption has increased with temperature.
One of the essential characteristics of the Langmuir model could be
expressed by dimensionless constant called equilibrium parameters RL
[23]

RL=1/ (1+b Co) (35)

where, Co is the highest initial metal ion concentration (mmol/L). The
value of RL indicates the type of isotherm to be irreversible (RL=0),
favorable (0<RL<1), linear (RL=1), or unfavorable (RL>1). All the RL

values were found to be less than 1 and greater than 0 indicating the
favorable sorption isotherms of all metal ions.
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Fig (3.30): Langmiur isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Zeolite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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(c)

Table(3.11): Langmuir parameters for sorption of Cs+, Co2+and Sr2+

ions onto PAM- Zeolite composites.

Metal ion Temp.,k
Q0,

mmol/kg
b, l/mmol R2 RL

Cs+

298 568.2 0.08 0.981 0.20

313 769.2 0.16 0.982 0.11

333 1351.4 0.20 0.991 0.09

Co2+

298 1042 0.09 0.979 0.18

313 1550 0.11 0.999 0.15

333 1592.6 0.12 0.999 0.14

Sr2+

298 1010 0.10 0.965 0.17

313 1355.2 0.11 0.977 0.15

333 1448 0.14 0.991 0.13
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Fig (3.31): Langmuir isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM-Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table (3.12): Langmuir parameters for sorption of Cs+, Co2+and Sr2+

ions onto PAM- Bentonite composites.

Metal ion Temp.,k
Q0,

mmol/kg
b, l/mmol R2 RL

Cs+

298 237.5 0.25 0.988 0.074

313 271.7 0.44 0.988 0.043

333 335.6 1.70 0.999 0.012

Co2+

298 448.4 0.50 0.991 0.040

313 490.2 1.20 0.997 0.020

333 625 3.20 0.977 0.006

Sr2+

298 409.8 0.20 0.991 0.091

313 460.8 0.47 0.996 0.041

333 515.5 1.10 0.999 0.020

ii.Freundlich isotherm model

The logarithmic form of Freundlich equation may be written as [40]:

Log qe =log K + (1/ n) logCe (36)

where, qe is the amount of metal ion sorbed per unit weight of sorbent
(mmol/kg), Ce is the equilibrium concentration of the metal ion in the
equilibrium solution (mmol/L), K is constant indicative of the relative
sorption capacity (mmol/kg) and 1/n is the constant indicative of the
intensity of the sorption process. The pictorial illustration of log qe vs.
log Ce is shown in Figs. (3.32, 3.33), which suggests that the sorption of
Cs+, Co2+and Sr2+ ions obeys Freundlich isotherm over the entire range
of sorption concentration studied. The numerical values of the constants
1/n and K are computed from the slope and the intercepts, and also
given in Tables (3.13, 3.14). It can be seen from these data that the
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Freundlich intensity constant (n) are greater than unity for all studied
ions. This has physicochemical significance with reference to the
qualitative characteristics of the isotherms, as well as to the interactions
between metal ions species and polyacrylamide- zeolite,
polyacrylamide- bentonite composite. In our case, n > 1 for all ion
species, both composites show an increase tendency for sorption with
increasing solid phase concentration. Since the values of n lie between
one and ten, this indicates favorable adsorption[78].
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Fig (3.32): Freundlich isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Zeolite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Fig (3.33): Freundlich isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table(3.13): Freundlich parameters for sorption of Cs+, Co2+and Sr2+
ions onto PAM- Zeolite composites.

Metal ion Temp.,k 1/n
K,

mmol/kg
R2

Cs+

298 0.94 3.1 0.992

313 0.95 3.8 0.992

333 0.96 4.4 0.995

Co2+

298 0.97 1.66 0.996

313 0.97 2.24 0.999

333 0.98 2.9 0.998

Sr2+

298 0.86 1.82 0.991

313 0.95 2.04 0.998

333 0.97 2.63 0.995

Table(3.14): Freundlich parameters for sorption of Cs+, Co2+and Sr2+

ions onto PAM- Bentonite composites.

Metal ion Temp.,k 1/n
K,

mmol/kg
R2

Cs+

298 0.90 1.15 0.998

313 0.94 1.58 0.998

333 0.95 2.00 0.997

Co2+

298 0.82 1.12 0.991

313 0.93 1.50 0.993

333 0.95 2.57 0.998

Sr2+

298 0.83 1.15 0.999

313 0.93 1.41 0.997

333 0.95 2.45 0.993
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iii. Dubinin – Radushkviech Isotherm (D–R Isotherm)

In order to study the nature of the sorption processes, the D-R isotherm
was also verified in the form [92]:

lnqe=lnqm-βε2 (37)

where, qm is the maximum amount of ion that can be sorbed onto unit
weight composite i.e., sorption capacity (mmol/g), βis the constant
related to the sorption energy (mol2/kJ2); and εis the Polanyi potential =
RT ln (1 + 1/Ce), where R is the gas constant (kJ/mol.K), and T is the
absolute temperature (K). Figs (3.34, 3.35) show the plots of lnqe versus
ε2 where, the slope gives βand the ordinate intercept yields the sorption
capacity, qm. the values of βis related to the sorption mean free energy,
E(KJ/mol), defined as The mean free energy of sorption is the free
energy change when one mole of ion is transferred to the surface of
composite from infinity in the solution, and it is calculated from[91]:

E= 1/ (2 β) 0.5 (38)

The magnitude of E can be related to the reaction mechanism. If E is in
the range of 8-16 kJ/mole, sorption is governed by ion exchange [R]. In
the case of E< 8.0 kJ/mole, physical forces may affect the sorption
mechanism. The D-R linear plots indicate that the D-R isotherm
expression is followed for each metal ion. Linear regression analysis
using paired of ln qe and ε2 resulted in the derivation of qm,β, E and the
correlation factor (R2). The correlation factor is a statistical measure of
how well the data points fit the regression line. These D-R parameters
are presented in Tables (3.15, 3.16). The values of the mean free
energy, E, of sorption is in all cases in the range of 8-16 kJ/mol, which
are within the energy ranges of ion exchange reaction [78]. The linear
correlation coefficients for D-R model are always greater than
0.97which indicating the applicability of D- R model.
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Fig (3.34): D-R isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Zeolite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Fig (3.35): D-R isotherms for a) Cs+, b) Co++ and c) Sr+ +onto PAM- Bentonite
composite at different temperatures100 V/m ml/g, 20µm size and initial pH.
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Table (3.15): D-R parameters for sorption of Cs+, Co2+and Sr2+ ions
onto PAM- Zeolite composites.

Metal

ion
Temp.,k β,mol2/kj2 qm,mmol/kg E,kj/mol R2

Cs

298 -0.0060 2.06 9.13 0.97

313 -0.0058 3.04 9.28 0.99

333 -0.0053 5.89 9.71 0.99

Co

298 -0.0040 2.53 11.20 0.97

313 -0.0035 4.21 12.00 0.99

333 -0.0030 6.22 12.91 0.99

Sr

298 -0.0032 2.44 12.50 0.99

313 -0.0030 3.68 12.91 0.99

333 -0.0025 5.72 14.14 0.98

Table(3.16): D-R parameters for sorption of Cs+, Co2+and Sr2+ ions onto
PAM- Bentonite composites.

Metal

ion
Temp.,k β,mol2/kj2 qm,mmol/kg E,kj/mol R2

Cs

298 -0.0043 1.67 10.78 0.97

313 -0.0026 2.56 13.87 0.97

333 -0.0025 4.95 14.14 0.97

Co

298 -0.0035 1.82 11.95 0.98

313 -0.0021 3.52 15.43 0.99

333 -0.0020 5.02 15.81 0.99

Sr

298 -0.0025 1.76 14.14 0.99

313 -0.0020 3.20 15.81 0.97

333 -0.0018 4.93 16.67 0.97
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3.6. Thermodynamic studies:

To calculate the different thermodynamic parameters, Vant Hoff
equation was used which is given as follow [75]:

ΔG= -2.303RT logKc therefore, logKc= - ΔG/2.303R (1/T)

Therefore,
(39)

Kc= Fe/(1-Fe), Fe=qt/qe=(C0-Ct)/(C0-Ce)

ΔG: is the free energy, T: is the absolute temperature in Kelvin, R: is 
the general gas constant (R=8.314 J/mol. K), ΔH: is the enthalpy
change, ΔS: is the entropy change and Kc is the equilibrium constant.
The values of enthalpy change (ΔH) and entropy change (ΔS) 
calculated from the slope and intercept of the plot of log Kc versus 1/T,
shown in Fig (3.36), are also given in Tables (3.17, 3.18).The change in
ΔH for all  ions were found to be positive confirming the endothermic 
nature of the sorption processes. ΔS values were found to be positive
due to the exchange of the metal ions with more mobile ions present on
polyacrylamide- Zeolite and polyacrylamide- Bentonite composites
towards Cs+, Co2+ and Sr2+ ions, which would cause increase in the
entropy during the sorption process.
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Fig(3.36): Vant Hoff plots for sorption of Cs+, Co++ and Sr++ ions onto a) PAM- Zeolite,
b) PAM- Bentonite at three different temperatures.
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Table(3.17): Values of the thermodynamic parameters for the sorption
of Cs+ , Co2+and Sr2+ ions onto PAM- Zeolite composite.

Temp,k
kc ΔGº,kj/mol ΔHº, kj/mol ΔSº, kj/mol

Cs+ Co2+ Sr2+ Cs+ Co2+ Sr2+ Cs+ Co2+ Sr2+ Cs+ Co2+ Sr2+

298 2.71 1.50 3.12 -2.45 -1.03 -2.80

20.0 24.0 29 69.0 86.2 107.2313 5.67 1.90 3.72 -4.49 -1.68 -3.42

333 11.43 2.20 5.2 -6.76 -2.17 -4.60

Table(3.18): Values of the thermodynamic parameters for the sorption
of Cs+ , Co2+and Sr2+ ions onto PAM- Bentonite composite.

Temp

,k

kc ΔGº,kj/mol ΔHº, kj/mol ΔSº, kj/mol

Cs+ Co2+ Sr2+ Cs+ Co2+ Sr2+ Cs+ Co2+ Sr2+ Cs+ Co2+ Sr2+

298 4.90 1.17 1.00 -3.94 -0.40 0.00

63.40 71.40 69.20 226 243 230313 15.60 7.70 7.04 -7.13 -5.33 -5.10

333 75.00 26.15 20.23 -12.00 -9.05 -8.35
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Table (3.19): Comparison of cesium, cobalt and strontium ions sorption
capacities for various sorbents

Metal ion Sorbent
Sorption
capacity,

mg/g
References

Cs+

Zeolite A 212.5 El kamash et al. 2006
Zeolite A 207.47 El kamash 2008

Zeolite Na-X blend 325.3 H. A. Ibrahim et
al.2008

Hydrous titanium oxide 126.92 Metwally et al., 2007
Potassium depleted

phlogopite 167.45 Stout et al. 2006

Nickel ferrocyanide based
composite 66.45

Orchovska and Rajic
1999

PAM-Bentonite
composite

222.11 Present work

PAM-Zeolite composite 274 Present work

Co2+

Raw material of pottery 621 Abd- Allah A. Helal, et
Al.2005

Pottery 580.8 Abd- Allah A. Helal, et
Al.2005

Cation exchange resin 86.2 Rengaraj & Moon 2002
Zeolite 85.0 Ebner, et al. 2001

Styrene- g- polyethylene
membrane 25.0 Choi & Nho, 1999

PAM-Bentonite
composite 301.2 Present work

PAM-Zeolite composite 373.2 Present work

Sr2+

Zeolite A 385.2 El kamash et al. 2006
Zeolite A 303 El kamash 2008

Potassium depleted
phlogopite 339 Stout et al. 2006

Calcium silicate hydrates 35.05 Tits et al., 2006
Hydrous zirconium

dioxide
30.12 Inan et al., 2006

PAM-Bentonite
composite 331.2 Present work

PAM-Zeolite composite 398.3 Present work
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3.7. Conditioning of Waste
Solidified waste form properties

The physical and chemical properties of immobilized waste forms have
to be adequate to meet any storage, transport and disposal facilities
conditions and regularity requirements.
One of the most prevalent mechanical properties applicable to cement
based materials, its compressive strength corresponding to superior long
term chemical stability of the waste forms. The compressive strength of
waste cement forms depend on a set of parameters, water to cement
ratio, cement to waste ratio, type of waste and curing time. Compressive
strength is often used to evaluate the degradation that a sample
undergoes after exposure to an environmental conditions such as water
immersion or freeze- thaw cycling.
Leachability is the measure of radionuclides and other contaminants
transported from the waste form to the environment by an aqueous
media, leach test are generally used for purposes such as evaluation of
additives and admixtures, determination of release rates and leaching
mechanisms.
In the present work, immobilization of exhausted polyacrylamide-
bentonite and polyacrylamide- zeolie composites, loaded with 137Cs,
60Co90Sr radionuclides, with Ordinary Portland Cement have been
carried out. Several properties such as the effect of composite addition
percent, the mechanical strength of the solidified waste package were
examined. The leach characteristics of the investigated radionuclides
from a simple cement waste form and a heterogeneous waste form
consisting of granules of contaminated composite ion exchange in a
cement matrix have been also studied using IAEA’s standard leach
method.

3.7.1. Mechanical Characteristics:
- Effect of composite Additive Percent

The results of the compressive strength of the hardend cement pastes
and cement pastes mixed with different percentages of polyacrylamide-
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bentonite and/or polyacrylamide- zeolie composites, at 0.35 W/C ratios,
are given in Table (3.20). Results indicated that addition of 5%
composite leads to increase the value of thecompressive strength from
200 (Kg/cm2) in plain samples to 415, 520 (Kg/cm2) for
polyacrylamide- bentonite and polyacrylamide- zeolite composites
respectively and beyond this value, the compressive strength is
decreased. This increase in compressive strength may be attributed to
the increase in silicates present in OPC due to the addition of
composites that in consequence increase the rate of hydration and
strength the final solid product.

Table (3.20): Effect of PAM- Bentonite and PAM- Zeolite composites
additive percent on compressive strength.

Cement matrix % of additives
Compressive stregnth,

kg/cm2

Plain cement 0.0 200

OPC+ PAM-
Bentonite

1 250

3 370

5 415

7 300

10 205

OPC+ PAM- Zeolite

1 300

3 455

5 520

7 410

10 280
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3.7.2. Long Term Leaching Test:

- Leaching Characteristic of 147Cs , 60Coand 85Sr Radionuclides

The variation of cumulative leach fractions of 134Cs, 60Coand 85Sr
radionuclides incorporated in cement and cement mixed with 5%
polyacrylamide- bentonite and polyacrylamide- zeolite are depicted in
Figs.(3.37- 3.39) respectively. The results showed that, addition of 5%
polyacrylamide- bentonite and polyacrylamide- zeolite decreased the
leaching rates of cesium, cobalt and strontium radionuclides from
cement matrix and this may be attributed to the extreme finesse and
high surface area of composites which are capable to reduce the volume
of large pores and capillaries, which is normally founded in cement
pastes, and refinement in pore structure. The magnitude of the
cumulative leach fraction is an index for the release of the nuclide from
the cement matrix. In both studied cases, cesium has highest values of
cumulative leach fraction than strontium radionuclide.

Fig (3.37): Cumulative fraction of radioactive isotope Cs-134 leached from solidified
waste forms.
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Fig (3.38): Cumulative fraction of radioactive isotope Co-60 leached from solidified
waste forms .

Fig (3.39): Cumulative fraction of radioactive isotope Sr-85 leached from solidified
waste forms.
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- Controlling leaching mechanism

In general, any leaching phenomena from cementitious material can be
explained as a combination of the diffusion and dissolution
mechanisms. Various studies in the literature, divide the leaching
phenomena into three regions [6,2]. The first is controlled by the rapid
release of dissolved soluble materials that exists on the surface of the
waste matrix, which is known as surface wash-off. Following surface
wash-off, the material release is controlled by diffusion through the
pore space of the waste matrix. At the last region, the slow portion of
dissolution control the leaching phenomena, in this case, the dissolution
of materials from the surface proceeds faster that the diffusion through
the pores. Both the rapid and slow portion of dissolution will result in
the release of highly soluble materials but it will not cause depletion of
material. The examination of the plot of incremental leach fractions
form the studied immobilized waste matrices loaded by 134Cs, 60Co, and
85Sr expressed as cm/day on log scale versus time, shown in Figs (3.40-
3.42), indicate that the leaching pattern can be divided into two regions.
Region I shows initial rapid release of radionuclides within the first 5
days, then a drastic reduction in the release take place over a longer
period of time. From this figure, it is clear that the leaching of the
studied radionuclides is due to surface wash-off and diffusion, where
the slow portion of dissolution did not take place. Results showed also
that the incremental fractions of hardened cement pastes mixed with 5%
composite were lower than those of plain cement for both radionuclides.
This may be attributed to the fact that fineness of composite particles
leads to low penetration of caesium, cobalt and strontium ions. The
determination of the controlling leaching mechanism could be
conducted based on the slope of the linear regression of the logarithm of
CLF versus the logarithm of time. If the slope is less than 0.35 the
controlling leaching mechanism will be the surface wash–off, for the
slope values ranging from 0.35-0.65 the controlling mechanism will be
the diffusion, and higher slope values represent the dissolution
mechanism [21 ]. To eliminate interpretative errors in the analysis due to
the surface wash off mechanism, the initial leached fraction has been
excluded. The result of the linear regression in the second region (5-
120 day) is listed in Table (3.25), it is clearly shown that the slop values
less than 0.35 which indicate that the surface wash–off is the controlling
leaching mechanism for all studied cases.
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Table (3.21): incremental leaching fraction of radioactive Cs- 134 from
immobilized cement matrices

Time, d
incremental leaching fraction cm d-1

OPC OPC+ PAM-
B

OPC+ PAM-
Z

1 1.4E-2 4.2E-6 3.1 E-6
2 7.5E-3 2.55 E-6 2.05 E-6
3 5 E-3 2 E-6 1.53 E-6
4 4 E-3 1.7 E-6 1.40 E-6
5 3.6 E-3 1.54 E-6 1.34 E-6
6 3.33 E-3 1.35 E-6 1.25 E-6
7 3.14 E-3 1.17 E-6 1.07 E-6
14 1.6 E-3 0.59 E-6 0.54 E-6
28 0.9 E-3 0.29 E-6 0.27 E-6
60 0.42 E-3 0.14 E-6 0.13 E-6
90 0.28 E-3 0.09 E-6 0.1 E-6
120 0.21 E-3 0.07 E-6 0.07 E-6

Table (3.22): incremental leaching fraction of radioactive Co- 60 from
immobilized cement matrices

Time, d
incremental leaching fraction cm d-1

OPC OPC+ PAM-
B

OPC+ PAM-
Z

1 1.0E-2 3.5 E-7 2.2 E-7
2 5.6E-3 2.2 E-7 1.55 E-7
3 4 E-3 1.77 E-7 1.5 E-7
4 3.25 E-3 1.53 E-7 1.3 E-7
5 2.8 E-3 1.4 E-7 1.2 E-7
6 2.5 E-3 1.2 E-7 1.05 E-7
7 2.3 E-3 1.03 E-7 0.9 E-7
14 1.16 E-3 0.52 E-7 0.45 E-7
28 0.58 E-3 0.26 E-7 0.23 E-7
60 0.3 E-3 0.12 E-7 0.11 E-7
90 0.18 E-3 0.08 E-7 0.07 E-7
120 0.14 E-3 0.06 E-7 0.053 E-7
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Table (3.23): incremental leaching fraction of radioactive Sr-85 from
immobilized cement matrices

Time, d
incremental leaching fraction cm d-1

OPC OPC+ PAM-
B

OPC+ PAM-
Z

1 1.3E-2 5 E-7 3.7 E-7
2 9E-3 3 E-7 2.3 E-7
3 7.7 E-3 2.27 E-7 1.83 E-7
4 7.03 E-3 1.93 E-7 1.6 E-7
5 6.7 E-3 1.7 E-7 1.46 E-7
6 6.7 E-3 1.45 E-7 1.23 E-7
7 6.4 E-3 1.27 E-7 1.1 E-7
14 3.3 E-3 0.64 E-7 0.56 E-7
28 1.68 E-3 0.32 E-7 0.28 E-7
60 0.79 E-3 0.15 E-7 0.13 E-7
90 0.52 E-3 0.1 E-7 0.09 E-7
120 0.4 E-3 0.08 E-7 0.07 E-7

Table (3.24): comparison of compressive strength for different cement
matrices

Waste form Compressive strength Kg/cm2

Plain cement (OPC) 200

OPC+ fly ash 58.4

OPC+ silica fume 70.1

OPC+ Homra 67.9

OPC+ ceramic 61.2

OPC+ bentonite 290

OPC+ sandstone 210

OPC+ Asswanlly 370

OPC+ zeolite A-X 270

OPC+ PAM-bentonite 415

OPC+ PAM-zeolite 520
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Fig (3.40): Incremental leach fraction of Cs-134 from immobilized cement
matrices as a function of time.
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Table(3.25): Slope of the linear regression of log (clf) versus log (time)
in the second region (7-120 d).

Radionuclide OPC OPC –PAM-B OPC –PAM-Z

Cs-134 0.11 0.15 0.17

Co-60 0.14 0.20 0.23

Sr-85 0.15 0.22 0.25

- Effective Diffusion Coefficient

The diffusion mechanism could not be completely studied due to
complex microstructure of composite and the presence of multi
variables which affect the rate of leaching such as matrix composition,
temperature, chemical nature of leaching solution, chemical nature of
the element diffused out, and radiation effects. Several methods are
used to measure leaching data and IAEA suggested that diffusion
coefficients may be used to compare leaching data [2]. Figs (3.43- 3.45)
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Fig (3.42): Incremental leach fraction of Sr-85 from immobilized cement matrices as
a function of time.
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represent the plotting of the fraction leached of cesium, cobalt and
strontium radionuclides from both studied samples versus square root of
leaching time, respectively. As can seen from these figures, for all
studied leaching tests, the results indicated an initial fast leaching
during the first period followed by slow leaching in the subsequent
periods. This behavior suggests the presence of two different values of
diffusion coefficient for the fast and slow components. So, the
calculated diffusion coefficients for all nuclides, as presented in Table
(3.26), are the main average values of their diffusion coefficients. These
data indicated that 134Cs have largest values of diffusion coefficients in
all waste matrices compared to 60 Co and 85Sr nuclide.

Fig (3.43) : Variation of fraction leached of Cs-134 from solidified waste
forms versus square root leaching time. .
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Fig (3.44) : Variation of fraction leached of Co-60 from solidified waste forms
versus square root leaching time. .
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Table(3.26): Diffusion coefficient values of caesium, cobalt and
strontium ions leached from solidified cement matrices.

Cement matrix
Diffusion coefficent cm2 s-1

Caesium Cobalt Strontium

Plain OPC 3.10E-10 2.27E-10 1.38E-9

OPC+5%
PAM-

Bentonite
2.58E-10 2.89E-10 2.20E-10

OPC+5%
PAM-Zeolite

5.81E-10 3.63E-10 3.65E-10

- Leaching index

As it is shown in Table (3.27), the mean leaching indices for all
radionuclides in all studied matrices are in the range from 8.86 to 9.66,
which exceed the value of 6. These values indicated that all studied
OPC matrices, especially OPC – PAM- Zeolite, can be catalogued as
efficient materials for immobilizing cesium, cobalt and strontium from
radioactive wastes [87].

Table(3.27): Mean leaching Index of Cs-134, Co-60, and Sr-85

Radionuclide OPC OPC –PAM-B OPC –PAM-Z

Cs-134 9.51 9.59 9.24

Co-60 9.64 9.54 9.44

Sr-85 8.86 9.66 9.44
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Summary

Radioactive wastes are arising from the application of
radioactive materials in many fields as well as from a number of
liquid processes and waste streams at nuclear facilities. Such
wastes should be managed in particular care. Ion exchangers play
an important role in the treatment of such wastes. The present
work was carried out in three main chapters;

Chapter (1):

This chapter includes an introduction and short notes
covering the background of radioactive wastes, their sources,
classification and treatment methods. Also, this chapter
overviewed the different types of ion exchangers. Furthermore, it
involved the theoretical background of kinetic and
thermodynamics of the ion exchange processes. And involved the
literature review covering the works that were done in the past to
the present work in fields of characteristics of composites, clays
and polymers, past applications of them, potential applications of
composites, kinetics and thermodynamics and ion exchange.

Chapter (2):

This chapter representes the different experimental
procedures which were followed in the present work and is
divided into three main parts. The first part covered the materials
used in the present work. The second part covered the instruments
used in the analysis and characterization of different samples. The
last part covered the experimental procedures that were followed
in the present study.
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Chapter (3):

This chapter includes the results obtained, and their
interpretation. The results obtained in the present work can be
summarized in the following points:

1. Quantitative elemental analysis of polyacrylamide- zeolite
and polyacrylamide- bentonite composites was achieved
by total x-ray fluorescence instrument. The major content
of the inorganic part of the composites was found to be Si
and Al coupled with a high SiO2/Al2O3 ratio (2.72%) for
polyacrylamide- zeolite and (2.27%) for polyacrylamide-
bentonite.

2. The XRD patterns show both of the composites are
amorphous.

3. The characteristic bands of aluminosilcate phases and
polyacrylamide were identified by the FT-IR spectrum.

4. TGA and DTA curves show that the composites are
thermal stable at temperature greater than 300ºC.

5. Sorption was studied at different pH values ranging from
2.0 to 9.0 to determine the chemical conditions at which
Cs+, Co2+ and Sr2+ are effectively sorbed onto
polyacrylamide- zeolite and polyacrylamide- bentonite
composites. It was observed that, highest uptake was
observed at pH range from 6.0 to 8.0.

6. Five particle sizes of the prepared composites ranging
from 5- 100 µm were used and revealed that the sorption
of Cs+, Co2+ and Sr2+ increases as the particle size
increases till it reaches a maximum value at 20 µm.

7. The preliminary experiments showed that the adsorption
of the mentioned ions sharply increases with time in the
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initial stage (0–45 min range), and then gradually
increases to reach an equilibrium value in approximately
90-120 min. It was investigated that the uptake for the
three ions take the order Co2+> Sr2+> Cs+ at uptake percent
values of 92.2, 91.8 and 86.1 with polyacrylamide- zeolite
composite and 81.7, 81.3 and 72.2 with polyacrylamide-
bentonite composite at room temperature.it was found also
the amount sorbed increases with increasing temperature.

8. Pseudo first-order, pseudo second-order, intra- particle
diffusion, Helfferich model and homogeneous particle
diffusion kinetic models were used to investigate the
sorption process. The values of the correlation coefficient
(R2>0.99), suggested that the process of sorption of ions
follows the pseudo second-order kinetic model at all
studied concentrations and temperatures. The values of the
initial sorption rate 'h' and rate constant 'k2' were increased
with increase in temperature. The calculated qe values
agreed with the experimental ones. These results suggest
that the pseudo second-order sorption mechanism is
predominant and that the overall rate constant of ions
appears to be controlled by the chemisorption process.

9. From Helfferich model and homogeneous particle
diffusion models it was found that the film diffusion
model does not control the rate of sorption process. On the
other hand, the particle diffusion model mechanism is
controlled the sorption process at all studied temperatures
and concentrations for all studied ions, the most likely
nature of sorption is chemisorption since the values of Di

were in the orders of 10-10 m2/s.

10. The energies of activation for all studied ions at different
concentrations, Ea, were calculated and the pre-
exponential constant of diffusion process, Do, as well as



129

the entropy of activation, ΔS*, was calculated. The high
negative values of ΔS* obtained in the present study
suggested that Cs+, Co2+ and Sr2+ ions sorption onto
polyacrylamide- zeolite and polyacrylamide- bentonite
composites at different concentrations are associative
mechanisms.

11. Sorption isotherms for Cs+, Co2+ and Sr2+ ions sorbed onto
polyacrylamide- zeolite and polyacrylamide- bentonite
composites at different temperatures were constructed.
Sorption isotherms indicated that, increasing the metal ion
concentration led to an increase in the amount adsorbed of
Cs+, Co2+ or Sr2+ to a certain point, then a plateau was
seen which indicated the unavailability of further
adsorption of the studied metal ions onto composites.
Also, the amount adsorbed was increased with an increase
in temperature for all cations thereby reflecting the
endothermic nature of the process.

12. The graphic presentations of Langmuir isotherm model
gave straight lines for Cs+, Co2+ and Sr2+ ions sorbed onto
both composites, confirming that, this expression was
indeed a reasonable representation of chemisorption
isotherm.

13. The numerical value of the monolayer capacities, Qo and
the constant related to the energy of adsorption, b, were
evaluated form the slope and intercept of each Langmuir
plot. It was found that, the monolayer sorption capacity
(Qo) values of both composites towards Co2+ ions are
relatively higher than that of Cs+ and Sr2+ ions. The
Langmuir constants Q0 and b for the sorption of all ions
increased with temperature showing that the sorption
capacity and intensity of sorption were enhanced at higher
temperatures.
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14. Freundlich equation was derived to model the multilayer
sorption and for the sorption of Cs+, Co2+ and Sr2+ on
heterogeneous surfaces. Results indicated that, the
sorption of Cs+, Co2+ and Sr2+ ions obeyed the Freundlich
isotherm over the entire range of sorption concentration
studied. The numerical values of the Freundlich constants
are computed and calculated.

15. The nature of the sorption processes of Cs+, Co2+ and Sr2+

ions was also verified using the D-R isotherm model. The
mean free energy of sorption of the studied ions onto
polyacrylamide- zeolite and polyacrylamide- bentonite
composites surface were calculated. The magnitude of the
mean free energy of sorption can be related to the reaction
mechanism and it was found that the sorption processes
are governed with ion exchange.

16. The obtained negative values of ΔG° confirm the 
feasibility of the process and the spontaneous nature of the
sorption process.

17. The values of enthalpy change (ΔH°) and entropy change 
(ΔS°) for all studied ions were calculated. The change in 
ΔH° was found to be positive confirming the endothermic 
nature of the sorption process. The positive values of
entropy change (ΔS°) show the increased randomness at 
the solid/solution interface with some structural changes in
the adsorbate and adsorbent.

18. The results of the compressive strength of the hardend
cement pastes and cement pastes mixed with different
percentages of polyacrylamide- zeolite and
polyacrylamide- bentonite composites indicated that
addition of 5% composite leads to increase the value of
the compressive strength from 200 to 415, 520 (Kg/cm2)
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for polyacrylamide- bentonite and polyacrylamide- zeolite
composites respectively.

19. The variation of cumulative leach fractions of 134Cs, 60Co

and 85Sr radionuclides incorporated in cement and cement
mixed with 5% polyacrylamide- zeolite and
polyacrylamide- bentonite composites showed that,
addition of 5% composite decreased the leaching rates of
all radionuclides from cement matrix.

20. Data of incremental fractions for plain OPC and OPC
mixed with 4% zeolite loaded with radionuclides showed
that the incremental fractions of hardened cement pastes
mixed with 5% composite were lower than those of plain
cement for both radionuclides.

21. The calculated diffusion coefficients for nuclides are the
main average values of their diffusion coefficients. These
data indicated that 134Cs have largest values of diffusion
coefficients in both waste matrices compared to60Co and
85Sr nuclide.

22. The mean leachability indices for all radionuclides in all
studied matrices are in the range from8.86 to 9.66, which
exceed the value of 6. These values indicated that all
studied OPC matrices, especially OPC – PAM- Zeolite,
can be catalogued as efficient materials for immobilizing
cesium, cobalt and strontium from radioactive wastes.
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CONCLUSION

The present work is concerned with some fundamental
studies related to the preparation of two composites
(polyacrylamide- zeolite and polyacrylamide- bentonite using
gamma radiation technique. Also, studies in the present thesis
deals with the application of the prepared composites in the
treatment of liquid radioactive wastes which arise from different
applications in nuclear industry. The main aim of this study is to
examine the efficiency of the prepared composites for the removal
cesium, cobalt and strontium ions from their aqueous waste
solutions through an ion exchange mechanism. Also the
exhausted composites were solidified in cement pastes. Based on
the obtained results it can be concluded that:

1- polyacrylamide- zeolite and polyacrylamide- bentonite
composites were prepared, characterized using XRD,
FTIR ,DTA-TGA and XRF measurements and tested as
adsorbent materials for removal of cesium, cobalt and
strontium ions from their aqueous waste solutions.

2- The capacity and sorption of cesium, cobalt and strontium
ions are high at smaller particle size of composites
(20µm).

3- Sorption experiments were performed for the removal of
cesium, cobalt and strontium ions from their aqueous
solutions using the two composites. The kinetic modelings
suggest that, the pseudo second-order mechanism is
predominant and that the overall rate constant of ions
appears to be controlled by the chemisorption mechanism.

4- Sorption isotherms for cesium, cobalt and strontium ions
sorbed onto two composites at different temperatures were
constructed and tested using three isotherm models. The
nature of the sorption processes of the studied ions was
verified to be governed with the ion exchange mechanism.
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5- The results of the compressive strength of the hardend
cement pastes and cement pastes mixed with different
percentages of polyacrylamide- zeolite and
polyacrylamide- bentonite composites indicated that
addition of 5% composite leads to increase the value of
the compressive strength from 200 to 415, 520 (Kg/cm2)
for polyacrylamide- bentonite and polyacrylamide- zeolite
composites respectively.

6- The mean leachability indices for all radionuclides in all
studied matrices are in the range from8.86 to 9.66, which
exceed the value of 6. These values indicated that all
studied OPC matrices, especially OPC – PAM- Zeolite.

7- Finally, from the obtained results in the present thesis one
can recommend the effective usage of polyacrylamide-
bentonite and polyacrylamide- zeolite composites in the
field of radioactive liquid waste treatment and
immobilization.



الملخص العربي

ان ازالة بعض النویدات من محالیل النفایات المشعھ تعتبر من احدي المشكالت التي 

لذلك یتجھ العالم الي معالجة تلك ،تواجھ العالم من الناحیھ البیئیة واالقتصادیھ

وھناك عدة طرق تستخدم لمعالجة ھذه النفایات ومن اھمھا طریقة التبادل ،النفایات

ة االستخدام كمبادل ایوني لمعالجة النفایات المشعھ وھناك مواد كثیره صالح،االیوني

.ولكل منھا خواص فیزیائیة مختلفة،ھذه المواد اما ان تكون طبیعیھ او صناعیھ،السائلة

ھناك بعض االیونات مثل السیزیوم والكوبالت واالسترانشیوم تمثل جزء كبیر من 

السیزیوم والكوبالت لذلك تھدف ھذه الرسالة الي ازالة.النفایات المشعھ السائلھ

واالسترانشیوم من محالیل النفایات المشعھ باستخدام طریقة التبادل االیوني عن طریق 

-زیولیت و بولي اكریالمید-بولي اكریالمید:تحضیر نوعین من المبادالت االیونیھ ھما

.بنتونیت

:وھذه الرسالة تنقسم الي ثالثة فصول رئیسیھ ھي 

قدمھ التي تلقي الضوء علي بعض مصادر النفایات المشعھ ویشمل الم:الفصل االول

وایضا نبذه عن التبادل االیوني وانواعھ وبعض المواد المستخدمھ ،السائلة وتصنیفھا

ض االیونات من النفایات المشعھ  كمبادالت ایونیھ ثم دراسة مرجعیھ عن ازالة بع

.السائلھ باستخدام المبادالت االیونیھ

ل الجزء العملي الذي تم انجازه في ھذه الرسالھ بما في ذلك المواد ویشم:الفصل الثاني

الكیمیائیھ المختلفھ المستخدمھ في الدراسة وایضا االجھزه المعملیھ ومواصفاتھا والتى 

كما یشمل ایضا على وصفا تفصیلیا لطریقة تحضیر ، تم استخدامھا لھذا الغرض

.للدراسة المبادالن االیونیان وتحضیر المحالیل الالزمة

یحتوي ھذا الفصل علي النتائج العملیھ التي تم الحصول علیھا :الفصل الثالث

ص النتائج المتحصل ، ومناقشتھا مناقشة مفصلھ في اطار االبحاث المنشوره  وتتلخ

:علیھا في النقاط التالیھ



-زیولیت و بولي اكریالمید-بولي اكریالمید(تم توصیف المواد المحضره -١

االشعھ ، اشعة اكس الومیضیھ:ھ مثل یاستخدام بعض الطرق التحلیلب)بنتونیت

.صريلجرافیمیتري والتحلیل الكمي العنالتحلیل الحراري ا، تحت الحمراء

تم دراسة تاثیر تركیز ایون الھیدروجین علي النسبھ المئویھ الزالة ایونات -٢

لنسبھ ان االسیزیوم والكوبالت واالسترانشیوم اوضحت نتائج ھذه الدراسة 

الكوبالت كانت اعلي نسبھ ملحوظھ یلیھا االسترانشیوم المئویھ الزالة ایونات 

.٨.٠وكانت اعلي نسبھ عند تركیز ایون الھیدروجین حوالي .ثم السیزیوم

یة ازالة تم دراسة تاثیر تركیز المحالیل وكذلك تاثیر درجات الحراره علي كم-٣

واوضحت النتائج ان كمیة ازالة ،لت واالسترانشیوم ایونات السیزیوم والكوب

ایونات السیزیوم والكوبالت واالسترانشیوم تزداد بزیادة التركیز وكذا بزیادة 

واوضحت النتائج ان كمیة ازالة ایونات الكوبالت كانت اعلي .درجة الحرارة

نسبھ ملحوظھ یلیھا االسترانشیوم ثم السیزیوم عند كل درجات الحراره محل 

.الدراسة

عملیة التبادل االیوني الحادثھ بین المبادالت التي تم تحضیرھا وجد ان -٤

واالیونات محل الدراسھ تسیر وفقا لمیكانیكیة االنشار الجزیئي وذلك من 

تم حساب معامالت انتشار االیونات .خالل دراسة بعض النماذج الكیناتیكیھ 

ئویھ درجھ م٦٠الي ٢٥محل الدراسة عند ثالثة درجات حراره تتراوح من 

واوضحت النتائج ان معامالت انتشار ھذه االیونات تقع في المدي المخصص 

.للمبادالت الغیر عضویھ كما ھو مسجل في معظم االبحاث العلمیھ المنشوره

تم حساب طاقات التنشیط الالزمھ لحدوث عملیات التبادل االیوني بین -٥

النتائج ان المبادالت التي تم تخلیقھا واالیونات محل الدراسة واوضحت

عملیات التبادل االیوني تحدث وفقا لمیكانیكیة االنتشار حیث ان طاقة تنشیط 

مول وھذا المدي یكون /ك جول ٤٠-٨ھذه االیونات تقع في المدي ما بین 

لعملیة التبادل االیوني التي تحدث وفقا لمیكانیكیة االنتشار كما ھو مسجل 

.Helfferichبواسطة العالم 

راسات االتزان بین المبادالت  التي تم تحضیرھا واالیونات محل تم اجراء د-٦

درجھ مئویھ ٦٠الي ٢٥الدراسة عند ثالثة درجات حراره تتراوح من



واوضحت النتائج ان االختیاریھ كانت بالترتیب التالي الكوبلت یلیھ 

ووجد ان عملیة التبادل االیوني تعتمد علي درجة .االسترانشیوم ثم السیزیوم

.رارهالح

تم تمثیل عملیة االتزان للتبادل االیوني الحادث بین المبادالت التي تم تخلیقھا -٧

ض النماذج الریاضیھ  واالیونات محل الدراسة وذلك من خالل دراسة بع

تم حساب ثوابت الدینامیكا الحراریھ مثل الطاقات الحره .الثیرمودینامیكیھ 

وائیة لالیونات محل الدراسھ وطاقات المحتوي الحراري وكذلك الطاقات العش

.

:تم دراسة خصائص المخلفات الصلبة وھي تتلخص كاالتي -٨

تم دراسة قوة التحمل المیكانیكي للمخلفات الصلبة كدالھ علي نسبة المبادالت -أ

االیونیة المضافھ ووجد ان اكبر قیمھ للضغظ المیكانیكي سجلت عند نسبة 

تم حساب قیمة الضغط من المبادالت الي االسمنت كذلك %٥اضافھ 

والتي ٢سم/كجم١٥٠المیكانیكي لنوعي المبادالت ووجد ان قیمتھا اعلي من 

كما اوضحت .تتناسب مع المواصفات الدولیة لدفن المخلفات المشعھ الصلبة

.زیولیت-النتائج ان اعلي قیمة للضغط المیكانیكي سجلت للبولي اكریالمید

المتصلدة والمغمورة في ماء مقطر اختبار النض البطئ للمخلفات المشعة-ب

حیث وجد ان معدل النض لكل من السیزیوم والكوبلت واالسترانشیوم یقل في 

حالةالمخلفات المترسبة مع استخدام المبادالت واالسمنت عن تلك المتصلدة 

.مع االسمنت فقط 

حساب معدل التسرب للعناصر المشعة الثالثة ولوحظ من النتائج ان معدل -ت

>كوبلت>سیزیوم :یاخذ الترتیبالتسرب 

.استرانشیوم
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