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ABSTRACT 

     The problem of radioactive waste management has been raised from the 

beginning use of nuclear energy for different purposes. The radwaste 

streams produced were sufficient to cause dangerous effects to man and its 

environment. 

     The ordinary portland cement is the material more extensively used in 

the technologies of solidification and immobilization of the toxic wastes, 

low and medium level  radioactive wastes.  

     The production of portland cement is one of the most energy-intensive 

and polluting. The use of high energy in the production causes high 

emission due to the nature and processes of raw materials. The cement 

industry is responsible for 7% of the total CO2 emission. Thus, the cement 

industry has a crucial role in the global warming. The formation of alite 

(Ca3SiO5), which is the main component of the Portland cement clinker, 

produces a greater amount of CO2 emission than the formation of belite 

(Ca2SiO4). The proportion of alite to belite is about 3 in ordinary Portland 

clinker. Therefore, by decreasing this proportion less CO2 would be 

emitted. Furthermore, if industrial byproducts such as fly ash from thermal 

power station or from incineration of municipal solid wastes have the 

potential to reduce CO2 used as raw materials and alternative 

hydrothermal–calcination-routes are employed for belite clinker production, 

CO2 emission can be strongly reduced or even totally avoided. The 

availability of fly ash will help in reducing the CO2 emissions and will also 

help in resolving, to a great extent, the fly ash disposal problem. 

      This thesis is based on focusing on the possibility of using fly ash as 

raw materials to prepare low cost innovation matrices for immobilization of 

radioactive wastes by synthesizing new kind of cement of low consuming 



energy. The synthesis process is based on the hydrothermal-calcination-

route of the fly ash without extra additions. The hydrothermal treatment 

was carried out in the presence of CaO and 1 M NaOH solution for 4 h at 

the temperature of 200 °C. The precursors obtained during the 

hydrothermal treatment were heated at temperatures of 700 °C, 800 °C, and 

900 °C. Three types of new cements called fly ash-zeolite cement (FAZC) 

originates from dehydration by heating of the hydrated precursors formed at 

700 °C, 800 °C, and 900 °C as a result of the pozzolanic reaction. 

        The changes of fly ash composition after different treatments and the 

microstructural changes produced in those precursors during heating were 

characterized by X-ray diffraction (XRD), FT infrared spectroscopy, 

surface area (BET-N2), and thermal analyses (thermogravimetric analysis (TGA) 

and differential thermogravimetric analysis (DTG)). From the results obtained 

we concluded that the optimum temperature for obtaining the fly ash zeoilt 

cement clinker is 800 °C. 

       The physical ,chemical and mechanical properties of fly ash zeolite 

cement (FAZC) including the setting time, bleeding rate and compressive 

strength were determined. Then, these investigations are compered with 

those of ordinary portland cement (OPC). The effect of water immersion in 

different leachants for long periods on the compressive strength was studied 

and also, radiation resistance. Leaching behaviour of Cs
137

, Co
60

 and Sr
85

 

from both immobilized FAZC and OPC have been investigated. Based on 

the results obtained it can be concluded that, fly ash zeolite cement can be 

used for radioactive waste solidification facilities in order to satisfy toward 

the saftey requirements and reduce the radionuclides leach rates to the 

ground water in the disposal land facility. 

 
 

 



CONTENTS  

Page 

i 

iv 

 

List of Tables   

List of Figures 

Aim of Work vii 

 

[1] Introduction 
 

1.1.   Radioactive Waste 1 

1.2.   Sources of radioactive wastes 3 

   1.2.1. Nuclear fuel cycle wastes 3 

   1.2.2. Non- nuclear fuel cycle wastes 5 

1.3. Types of radioactive wastes 6 

 1.3.1.Solid wastes generation  7 

 1.3.2. Wet solid wastes generation 7 

 1.3.3. Aqueous waste generation 8 

 1.3.4. Liquid organic waste generation 10 

 1.3.5. Biological waste generation 11 

 1.3.6. Medical waste generation 11 

 1.3.7. Gaseous waste generation 12 

1.4. Classification of radioactive wastes 12 

1.5. Radioactive waste management activities 15 

 1.5.1. Pretreatment 16 

 1.5.2. Treatment 16 

 1.5.3. Conditioning 17 

 1.5.4. Storage 17 

 1.5.5. Disposal 17 

1.6. Treatment of radioactive waste 19 



 1.6.1. Low and intermediate level liquid waste treatment 20 

        1.6.1.1. Chemical precipitation 20 

        1.6.1.2.  Evaporation 21 

        1.6.1.3. Ion exchange/ Sorption 22 

 1.6.2. Solid waste treatment 23 

1.7. Immobilization materials and processes  23 

 1.7.1. Matrix materials 24 

 1.7.2. Immobilization process 31 

        1.7.2.1. Cementation process 31 

        1.7.2.2. Bituminization process 33 

        1.7.2.3. Polymer processes 34 

 1.7.3. Properties of the immobilized waste forms 34 

1.8. Basic chemistry of cement hydration 39 

1.9. Fly ash generation and classification 42 

 1.9.1. Characteristics of fly ash 44 

 1.9.2. Applications of fly ash 45 

1.10. Zeolites 46 

 1.10.1. Occurrence and formation 46 

 1.10.2. Zeolite structure 47 

 1.10.3. Synthesis of zeolites from fly ash 48 

 1.10.4. Application of zeolites 49 

   

 [2] Literature  Review  

2.1. Immobilization of radioactive waste using cement matrix  

and cement mixed with some additives.   

51 

2.2. Immobilization of radioactive waste using fly ash and 

zeolite cement paste. 

58 

2.3. Characteristic of fly ash industrial by product material. 64 

2.4. Zeolites Synthesis from fly ash. 66 



2.5. Production and characteristic of fly ash –zeolite cement. 70 

   

 [3] Materials And Methods  

3.1. Materials 75 

3.2. Instrumentation 78 

3.3.     Experimental techniques 84 

3.4.     Investigation Studies 87 

   

 [4] Results and Discussion  

4.1. Physical properties of fly ash 93 

 4.1.1. X-ray diffraction technique (XRD) 93 

 4.1.2. X-ray fluorescence technique (XRF) 93 

 4.1.3. Fourier transformed infrared spectroscopy (FT-IR) 95 

 4.1.4. Surface area measurements 95 

4.2. Characterization of synthesized fly ash zeolite cement 96 

 4.2.1. X-ray diffraction technique (XRD) 96 

 4.2.2. X-ray fluorescence technique (XRF) 101 

 4.2.3. Fourier transformed infrared spectroscopy (FT-IR) 101 

 4.2.4. Surface area measurements 104 

 4.2.5. Thermal analysis 105 

4.3.    Investigation studies 108 

 4.3.1.Effect of water/cement ratio on compressive strength 108 

       4.3.1.1. Effect of water/fly ash zeolite cement ratio on 

                   compressive strength 

108 

       4.3.1.2. Effect of water/ordinary portland cement ratio 

                   on compressive strength 

 

 

110 



 4.3.2. Effect of curing time  110 

       4.3.2.1. Effect of curing time on compressive strength 

                   for fly ash-zeolite cements. 

110 

       4.3.2.2. Effect of curing time on compressive strength 

                   for fly ash-zeolite cements and ordinary 

                   portland cement. 

115 

 4.3.3.  Setting time investigations 117 

 4.3.4. Bleeding investigations 119 

 4.3.5. Water immersion 119 

 4.3.6. Effect of radiation on compressive strength 121 

 4.3.7.  Leachability investigations 125 

 4.3.7.1 Effect of pH of leaching solutions 125 

 4.3.7.2. Cumulative leach fractions 128 

 4.3.7.3. Incremental fraction 135 

 4.3.7.4. Effective diffusion coefficient 136 

Summary  150 

References  158 

Arabic Summary  

 



 

�

����������	
�����
�א����������	
������א��

�� א�"�!����و�א����د�א����

�

  مـن مقدمـة

���� ���� ���� 	
�� 

  كيمياء –ماجستري ىف العلوم 

  مركز املعامل احلارة– هيئة الطاقة الذرية 
 

 إلــى

  جامعة عني مشس –كلية العلوم -قسم الكيمياء 

 للحصول على 

  العلوم ىف الكيمياءالفلسفة ىفدرجة دكتوراه 

)٢٠١٣( 

 
 



 
 

 

 

 

 

 

 
 تثبيت املخلفات املشعة ىف خلطات خمتلفة من أمسنت الزيوليت و الرماد املتطاير: العنوان  

 نسرين حممد سامى حممد :اسم الطالب  

 ) الكيمياء(توراه الفلسفة ىف العلوم ـدرجة دك :الدرجة العلمية  

 اءالكيمي: التابع لهالقسم   

 لومـالع :اسم الكلية  

 جامعة عني مشس :اسم اجلامعة  

 ٢٠١٣ :سنة املنح  

 

 

 

 

 جامعة عين شمس

 كلية العلوم

 قسم الكيمياء



 

 

 

�	
�����
�א����������	
�������א��

�� ���������א�"�!����و�א����د�א����

 

���� ���� ���� 	
�� 
 كيمياء – علومال ستري ىفماج

 

 التوقيع                                           : املشرفون السادة


	����/�د.��� ..............                                      �����א�����

  الكيمياء الفيزيائية والكهربيةأستاذ 

  جامعة عني مشس  - العلومبكلية 

 ..............                                     ����א��א����א��	���/�د.�

 اإلشعاعية   الكيمياء أستاذ 

  هيئة الطاقة الذرية-مركز املعامل احلارة 

 ..............                                        א��������א�����ش/�د.�

  ميائيةيأستاذ اهلندسة الك 

  معاجلة النفايات املشعةشعبة رئيس

  هيئة الطاقة الذرية-مركز املعامل احلارة 

    ..............                                  ��ل�#ل�� !�א� ���א�/�م.د.�

  أستاذ مساعد الكيمياء الفيزيائية 

  هيئة الطاقة الذرية-مركز املعامل احلارة 

  الكيمياء قسم رئيس                                                      



 

 انطونيوسجمدى شفيق /د.أ    

 
 

 دكــتوراه الةـرس

 نســريـن حمـمد سـامى حمـمد الطالب اسم

  : الرسالة عنوان


	����������א�"�!����و�  "�����
�א����������	
������א��

���"א����د�א����

 
 )الكيمياء(درجة دكـتوراه الفلسفة ىف العلوم  : الدرجة اسم

  : اإلشراف جلنة

  جامعة عني مشس- العلوم بكلية الكيمياء الفيزيائية والكهربيةأستاذ      عبدالرحيمسيد ثابت / د .أ

 هيئة الطاقة الذرية -ركز املعامل احلارة مب الكيمياء اإلشعاعية أستاذ    الدسوقىحممد ابراهيم / د .أ

 هيئة الطاقة الذرية-ركز املعامل احلارة مب أستاذ اهلندسة الكيميائية      امحـد حممد القمـاش/ د.أ

 هيئة الطاقة الذرية-ركز املعامل احلارة مبأستاذ مساعد الكيمياء الفيزيائية   بالل حسن السيد/ م.د.أ

 

 :                           ا������ وا�����������

  /د.أ

 /د .أ

 /د .أ
 

  ٢٠     /    /    ا
	�� ��ر��

  ا
���� ا
�را��ت

 



���ر��     ا����ت     ا���زة                                    ��� �
���
 ٢٠٠/    /      ا
 

�� #%�$ #"ا! ��&
�     #"ا! �       ٢٠٠        /    /     ا�#�%
 ٢٠٠/    /     #%�$ ا

 

 

 

    وتقديروتقديروتقديروتقدير    شكرشكرشكرشكر

 الذين قاموا باإلشراف األساتذة بأسمى أيات الشكر والتقدير للسادة أتقدم

 :على هذه الرسالة

 بكلية  الكيمياء الفيزيائية والكهربيةأستاذ م عبدالرحيثابت سيد/ د.ا -

 .   جامعة عين شمس- قسم الكيمياء -العلوم

 بمركز المعامل  الكيمياء اإلشعاعيةأستاذ محمد ابراهيم الدسوقى/ د.ا -

 . بهيئة الطاقة الذرية-الحارة

ركز المعامل الحارة بم أستاذ الهندسة الكيميائية احمد محمد القماش/ د.ا -

 الطاقة الذريةهيئة -

ركز بممساعد الكيمياء الفيزيائية أستاذ بالل حسن السيد الجمال  /م.د.ا -

 هيئة الطاقة الذرية-المعامل الحارة 

 

 بقسم معاجلة النفايات املشعة والعاملني أتقدم خبالص الشكر للسادة األساتذة كما

طاقة الذرية وكل  هيئة ال– احلارة املعاملوكذلك السادة األساتذة العاملني مبركز 

 .من قام مبساعدتى ىف إمتام هذه الرسالة
 



     الحمد والشكر من قبل ومن بعد الحمد والشكر من قبل ومن بعد الحمد والشكر من قبل ومن بعد الحمد والشكر من قبل ومن بعدوهللاوهللاوهللاوهللا



 
 

i 

LIST OF TABLES 
             
  Page 

Table (1): Classification of radioactive liquid wastes    9 

Table (2): Typical characteristics of waste classes. 15 

Table (3): Advantages and disadvantages of the materials 
used for  immobilization of low and intermediate 
radioactive wastes 

37 

Table (4): Hydration characteristics of the compounds of 
portland cement 

42 

Table (5): The chemicals reagents used. 75 

Table (6): The chemical composition of low level liquid 
 radioactive waste (LLLW). 

77 

Table (7): The radiochemical composition of low level liquid 
wastes. 

77 

Table (8): Chemical composition of ordinary portland cement 
(OPC). 

79 

Table (9): Chemical composition of synthetic sea water. 79 

Table (10): Chemical composition of raw fly ash 94 

Table (11): Chemical composition of fly ash zeolite cement  
(FAZC). 

101 

Table (12): The specific surface area of thermally treated 
powders of the fly ash zeolite cement variation 
with temperature. 

104 

Table (13): Effect of water/cement (FAZC) ratio on the 
compressive strength (Kg/cm2). 

109 

Table (14): Effect of water/cement (OPC) ratio on the 
compressive strength (Kg/cm2). 

111 



 
 

ii 

Table (15): Effect of curing time on the compressive strength 
of fly ash- zeolite cement at calcination 
temperature ranged from 700 to 900ºC. 

114 

Table (16): Effect of curing time on the compressive strength 
of fly ash-zeolite cement calcined at  800ºC and 
ordinary portland cement . 

 

116 

Table (17): Comparison of compressive strength for different  
cement matrices. 

١١٧ 

Table (18): The initial and final setting times for fly ash zeolite 
cement  calcined at  800ºC and ordinary portland 
cement . 
 

118 

Table (19): Effect of water immersion on compressive strength 

of FAZC at 800ºC and OPC after immersion in 

three types of water. 

121 

Table (20): Effect of radiation dose on the compressive 
strength for the hard plain cement and  fly ash- 
zeolite cement. 

123 

Table (21): pH of leaching solutions of solidified fly ash- 
zeolite cement and ordinary portland cement 
samples using low level liquid waste solution with 
cesium-137 at different times. 

126 

Table (22): pH of leaching solutions of solidified fly ash- 
zeolite cement and ordinary portland cement 
samples using low level liquid waste solution with 
cobalt-60 at different times. 

127 

Table (23): pH of leaching solutions of solidified fly ash- 
zeolite cement and ordinary portland cement 
samples using low level liquid waste solution with 
strontium-85 at different times. 

127 

Table (24): Cumulative leach fraction of cesium-137 from 
solidified cement pastes. 

 

129 



 
 

iii 

Table (25): Cumulative leach fraction of cobalt-60 from 
solidified cement pastes. 

130 

Table (26): Cumulative leach fraction of strontium-85 from 
solidified cement pastes 

130 

Table (27): Comparison of cumulative leach fraction for 
Cs137,Co60and Sr85 for different solidified waste  
forms.   

١٣١ 

Table (28): Incremental leaching fraction of cesium-137 from 
solidified cement pastes 

137 

Table (29): Incremental leaching fraction of cobalt-60 from 
solidified cement pastes 

137 

Table (30): Incremental leaching fraction of strontium-85 from 
solidified cement pastes 

138 

Table (31): Diffusion coefficient values of cesium-137, cobalt-
60 and strontium-85 ions leached From solidified 
cement matrices 
 

144 

Table (32): Leachability Index values of cesium-137, cobalt-60 
and strontium-85 ions leached From solidified 
cement matrices. 

 

144 

Table (33): Comparison of Diffusion coefficient values of   
Cs137,Co60and Sr85 for different solidified waste  
forms. 

148 

Table (34): Comparison of leachability index values of  
Cs137,Co60and Sr85 for different solidified waste  
forms. 

149 

 
 
 
 
 
 
 
 



 
 

iv 

LIST OF FIGURES 
 
 

 . Page 

Figure (1): Rate of hydration of pure portland cement compounds 43 

Figure (2): Vicat Needle Apparatus 83 

Figure (3): Flow sheet diagram for the synthesis of fly ash zeolite 
cement (FAZC) from fly ash. 

85 

Figure (4): XRD pattern for raw fly ash 94 

Figure (5): FT-IR spectra of raw fly ash. 96 

Figure (6): XRD pattern for raw fly ash after hydrothermal 
tratment 

99 

Figure (7): XRD pattern for cement fly ash precursors heated at 
700ºC 

99 

Figure (8): XRD pattern for cement fly ash precursors heated at 
800ºC 

100 

Figure (9): XRD pattern for cement fly ash precursors heated at 
900ºC 

100 

Figure (10): FT-IR pattern for fly ash –zeolite cement calcined at                 
700, 800, 900ºC 

103 

Figure (11): TGA and DTG curves of starting fly ash after                    
hydrothermal treatment. 

106 

Figure (12): TGA and DTG curves of fly ash –zeolite cement                    
calcined at 700ºC. 

106 

Figure (13): TGA and DTG curves of fly ash –zeolite cement                    
calcined at 800ºC. 

107 

Figure (14): TGA and DTG curves of fly ash –zeolite cement                    
calcined at 900ºC. 

107 



 
 

v 

Figure (15): Effect of water/cement (FAZC) ratio on the 
compressive strength (Kg/cm2) 

109 

Figure (16): Effect of water/cement (OPC) ratio on the compressive                  
strength (Kg/cm2) 

111 

Figure (17): Compressive strength as a function of curing time for 
fly ash zeolite cement at calcination temperature ranged 
from 700 to 900ºC.different temperatures. 

114 

Figure (18): Compressive strength as a function of curing time for                 
fly ash zeolite cement at 800ºC and ordinary portland                
cement. 

116 
 
 
 

Figure (19): Effect of gamma-radiation dose on the compressive 
strength for the hard plain cement and  fly ash-zeolite 
cement 
 

124 
 

Figure (20): Cumulative leach fraction of cesium-137 from 
solidified waste forms of fly ash-zeolite cement and 
plain portland cement. 

132 

Figure (21): Cumulative leach fraction of cobalt-60 from solidified                 
waste forms of fly ash-zeolite cement and plain 
portland cement. 

133 

Figure (22): Cumulative leach fraction of strontium-85 from 
solidified waste forms of fly ash-zeolite cement and 
plain portland cement. 

134 

Figure (23): Variation of incremental leach fraction of cesium - 137                 
from solidified waste forms of fly ash-zeolite cement 
and plain portland cement as a function of  total 
leaching time. 

139 

Figure (24): Variation of incremental leach fraction of cobalt - 60                  
from solidified waste forms of fly ash-zeolite cement 
and plain portland cement as a function of  total 
leaching time. 

 

140 



 
 

vi 

Figure (25): Variation of incremental leach fraction of strontium-85 
from solidified waste forms of fly ash-zeolite cement 
and plain portland cement as a function of  total 
leaching time. 

141 

Figure (26): Variation of fraction leached of cesium-137 from 
solidified waste forms of fly ash-zeolite cement and 
plain portland cement versus squar root of time. 

145 

Figure (27): Variation of fraction leached of cobalt – 60 from 
solidified waste forms of fly ash-zeolite cement and 
plain portland cement versus squar root of time. 

146 

Figure (28): Variation of fraction leached of strontium-85 from 
solidified waste forms of fly ash-zeolite cement and 
plain portland cement versus squar root of time. 

147 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

vii 

IMMOBILIZATION OF RADIOACTIVE WASTE IN 

DIFFERENT FLY ASH-ZEOLITE CEMENT BLENDS 
 

Aim of the Work 

          Waste immobilization has become an important step in the field of 

waste management and the philosophy of environmental containment, 

which radioactive wastes are immobilized and packaged to reduce the 

potential migration or dispersion of radionuclides from the wastes by 

natural processes during transport and disposal and also to minimize their 

potential risks to man and the environment. This study aims to prepare low 

cost innovation matrices for immobilization of radioactive wastes and 

development of new environmentally friendly and energy efficient cements 

due the environmental problems related to CO2 emissions in the 

manufacture of Portland cement by using industrial byproducts wastes as 

raw materials such as fly ash from thermal power station, which fly ash will 

help in reducing the CO2 emissions and will also help in resolving, to a 

great extent, the fly ash disposal problem. The present thesis aims at 

studying preparation, characterization and application of new cement called 

fly ash zeolite cement (FAZC). This cement is obtained after a 

hydrothermal –calcination route of fly ash. 

           The studied fly ash zeolite cement will be confirmed by using X-ray 

diffraction (XRD), FT infrared (FTIR) spectroscopy, surface area (BET-

N2), and thermal analyses. In this work the different factors affecting the 

physical and the chemical properties of the FAZC cement forms have been 

investigated are initial and final setting time, bleeding rate,compressive 

strength, immersion in different leachants for long periods, radiation 

resistance and finally long term leaching of Cesium, Cobalt and strontium 

through the cement pastes.   
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1. INTRODUCTION 
 

1.1. Radioactive Waste  

         Radioactive wastes result from nuclear industries is different from the 

conventional wastes because they contain radionuclides, so they are called 

radioactive wastes. The specific activity of 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 20
th

 century. Radioactive waste is any waste 

material-gas, liquid, or solid whose radioactivity exceeds certain limits. 

These limits have been established by governments or by local authorities, 

guided by the recommendations of the international commission on 

radiation protection (ICRP). The ICRP recommendations define the 

maximum permissible concentration for each individual radionuclide and 

for mixtures of radionuclides in water or air.  

Several international agreements and declarations were developed to 

control the radioactive pollution especially those related to the discharge of 

radionuclides to the environment. These agreements and declarations 

impose obligations on national policies to prevent the occurrence of 

radioactive pollution (IAEA 200a, 2010). 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 essential 

for the protection of human health and the environment, in the present and 

future without imposing undue burden now or in the future (IAEA, 1995). 
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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. 

The application of radioactive and nuclear materials in power 

generation, industries, and research can lead to radioactive pollution. The 

sources of this pollution might include the discharge of radionuclides to the 

environment by nuclear power facilities, military establishments, research 

organizations, hospitals and general industry. Also, historical tests of 

nuclear weapons, nuclear and radioactive accidents and the deliberate 

discharge of radioactive wastes are representing major sources for this 

pollution (Abdel Rahman et. al 2012).  

Radioactive waste may be composed of different nuclides in 

different chemical forms and the activities can be very different. Therefore, 

it is necessary to characterize the radioactive waste according to the 

different properties and sources in order to assess safe, handling and 

treatment. 

            One of the essential aim of waste management technologies is to 

immobilize the radionuclides in order to prevent their dispersion to 

environment and hence their hazardous effects. There are many techniques 

applied for immobilization. Reduction of waste volume is often included as 

an essential part of the immobilization process or it is a separate treatment 

phase prior to immobilization. 
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           Basic treatment concepts are directed either towards waste volume 

reduction, removal of radionuclides or change of waste composition. The 

treatment objectives are to facilitate waste conversion into a stable solid 

form that meets the acceptance criteria for disposal. This is characterized by 

low mobility of the radionuclides and minimal potential for physical or 

chemical changes. 

 

1.2. Sources of radioactive wastes 

        Radioactive waste are generated during the operational and 

decommissioning phases of facilities associated with the following 

activities: 

     - Nuclear fuel cycle activities that includes operation of nuclear reactors  

           and other facilities within the nuclear fuel cycle(IAEA, 1994). 

     - Radioisotope production activities including the applications in  

           hospitals, research laboratories, industrial and agricultural premises.  

 

1.2.1. Nuclear fuel cycle wastes 

          Nuclear fuel cycle starts with the mining and milling of uranium ore 

and proceeds to the making of the nuclear fuel. 

After use in the power stations, irradiated fuel may be reprocessed to 

recover uranium and plutonium. Eventually the cycle ends with the disposal 

of nuclear radioactive wastes. 

 

i) Mining and Milling 

    Natural uranium is obtained in most cases by mining from mines. Waste 

water arising from these operations varies with the type of mine or the 

extraction operation. 
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   This waste water contains very small amount of alpha activity from the 

natural uranium in the ore. 

 

ii)  Fuel fabrication 

     When uranium is used in the reactors that significant quantities of highly 

radioactive wastes are generated. Fuel fabrication plants also generate some 

waste oils and solvents. These wastes contain natural α-emitters and large 

amounts of nitrates, fluorides…..etc and usually discharged to a disposal 

pond (Alexander and Blomeke, 1979). 

 

iii) Nuclear power plants 

      Different waste streams arise according to the different types of reactors 

operating commercially all over the world e.g. pressurized water reactor 

(PWR), boiling water reactor (BWR), heavy water reactor (HWR), gas 

cooled reactor (GCR)…..etc. These streams are different both in activity 

content and in the amount of liquid generated. Water cooled and moderated 

reactors generate more liquid waste than the gas cooled reactors. In all 

cases liquid wastes will arise from the cooling circuit and from 

decontamination operations (IAEA,1980). 

 

iv) Fuel reprocessing  

      Fuel reprocessing plants are the main source of radioactive wastes. 

More than 99% of the total radioactivity generated by nuclear technology 

appears in wastes from reprocessing plants, most of it is a high level waste 

(HLW). The first step in fuel reprocessing is shearing the fuel elements into 

small pieces, which are leached with boiling nitric acid. The cladding hulls 

constitute the major part of the high level solid wastes arising at a 

reprocessing plant. Uranium and Plutonium are recovered from the nitric 
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acid solution by extraction with tri-butyl phosphate (TBP) dissolved in 

kerosene (Salomon L. et al.,1975), whereas the fission products remain in 

the acidic aqueous phase. This waste stream is really highly active. Similar 

extraction processes perform the separation of uranium and plutonium from 

each other and their purification. From these processes, low and medium 

level radioactive waste arises. Most of them are aqueous liquid but also 

some organic solvents (TBP and its diluents), ion exchange resins and 

miscellaneous solid wastes are produced. 

 

1.2.2. Non-Nuclear fuel cycle wastes 

          Non fuel cycle waste is that which arise from industrial applications, 

institutional researches, medical treatments. 

i)     Research and development 

        Large volumes of radioactive wastes stem from research and 

development activities connected with nuclear energy programmers and 

from the use of radioisotopes in research and industry. Such wastes 

originate from large numbers of installations. 

The wastes resulting from the use of radioisotopes in industry are generally 

large in volume, nearly neutral, and have low solids content. Their activity 

level is about 400 times greater than that permitted for discharge          

(IAEA, 1993). 

 

ii)    Radioisotope production 

        More than 100 different radioisotopes were being produced for use in 

research and industry in one year. Two types of waste arise from the 

production and use of radioisotopes. The first consists of spent radioisotope 

sources. For the most part, such sources are already packaged, and their 
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disposal is required only after they have decayed beyond the point of 

usefulness (IAEA,1988).       

      The second is the wastes which stem from the chemical process used 

for the production of radioisotopes. The starting material for radioisotopes 

production is usually an aqueous solution from which uranium and 

plutonium have been removed. The resulting solution, which has a 

composition very similar to that of neutralized purex waste, .In general, 

precipitation, solvent extraction and ion exchange procedures are used for 

radioisotope recovery .   

  

iii)  Hospitals 

       In  hospitals the type of liquid wastes are closely connected to the kind 

of radiotherapeutic and diagnostic nuclear medicine techniques that are 

applied. Most of the radioisotopes used are very short-lived ones. 

(IAEA,1989). Therefore, in most cases suitable treatment is storing in delay 

tanks before they can be discharged to the environment. 

Treatment steps are generally very limited for the treatment of these very 

low activity content, but sometimes rather significant volumes of waste. 

 

1.3. Types of radioactive wastes 

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

following categories:  

• Solid waste generation 

• Wet solid waste generation 

• Aqueous waste generation 

• Liquid organic waste generation 

• Biological waste generation 
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• Medical waste generation 

• Gaseous waste generation 

 

 

 

1.3.1. Solid wastes generation  

           Radioactive solid wastes can be segregated in two main groups, 

combustible solid waste and non-combustible solid waste (IAEA, 1992) 

and (Abdel Rahman et al., 2007). Sometimes they are segregated for 

compaction. Each of these classes are characterized as alpha bearing and 

non-alpha bearing wastes. 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 (animal carcasses, 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.). 

 

1.3.2. Wet solid wastes generation 

           Wet solid wastes, such as spent radioactive ion exchange resins, 

precipitation sludge and evaporator concentrates, is generated by the 

treatment of aqeous waste streams at nuclear research centers or at 

centralized waste processing facilities. 
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1.3.2.1. 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 exchanger 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 liquid, which may be difficult to treat (IAEA, 1984). 

 

1.3.2.2. 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 (IAEA, 1992). The 

chemical composition of the sludge differs from the initial waste owing to 

the addition of the precipitating chemicals. 

 

1.3.2.3. 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 virtually 
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dry powder or cake, depending on the evaporator type an efficiency and on 

the chemical composition of the waste stream (El-Kamash et. al., 2006).  

 

1.3.3. Aqueous waste generation 

           As a result of the use of radioactive materials by small users, part of 

the initial inventory is converted to liquid waste. 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). Most of the liquid wastes are aqueous solutions or 

sludge (Wymer and Vondra Benedict,  1981). The type of liquid waste 

produced depends upon the particular operation being conducted and can 

vary extensively in both chemical and radionuclides content.  

          The radioactive liquid waste can be composed of different nuclides in 

different chemical forms and the activities are very different. It is therefore, 

necessary to characterize the liquid wastes according to different properties 

and sources in order to assess safe handling and correct treatment (IAEA 

1993). Radioactive liquid wastes are normally classified into high, 

intermediate and low level radioactive wastes. These classification is based 

on the specific activity. Other classifications could be based upon chemical, 

physical, radiological and biological properties as well as the half-life of 

individual radionuclide. Each classification system has its advantages and 

limitations, depending upon the source of waste and the treatment method 

to be applied.  

The IAEA suggested a classification system based upon specific activity. 

Four categories of low-and intermediate level liquid waste according to this 

classification are shown in Table (1), (IAEA, 1984). 
 

               Table (1):  Classification of radioactive liquid wastes  
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Category 
Activity (m

-3
) 

Mixed β δ 

emitters
a
 

 

Remarks 

< 37 k Bq No treatment required, released after 

measuring 

low level waste 

(LLW) 

37 kBq to 3.7 MBq Treated, no shielding required 

37 MBq to 3.7 GBq Treated, shielding sometimes required 

according to radionuclide compositions   

intermediate level 

waste (ILW) 

3.7 GBq to 370 TBq Treated, shielding necessary in all cases 

a.  concentration of alpha activity is negligible. 

b.  Related to the release rates, licensed the respective component authority. 

1.3.4. 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. 

 

1.3.4.1. Oils 

             Radioactive oil waste consist 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 level for oils may vary widely, 

depending on the applications they are associated with. 

 

1.3.4.2. Scintillation liquids 

              Scintillation liquids results from radiochemical analyses of low 

energy beta emitters, such as 
3
H and 

14
C. they typically consist of non-polar 
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organic solvent such as toluene, xylene and hexane, but they may also 

include biological compounds such as steroids and lipids. 

 

1.3.4.3. 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 organic decontamination 

liquids and solvents, such as toluene, carbon tetrachloride, acetone, alcohols 

and trichloroethane, arise from various operations. 

1.3.5. 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. 

 

1.3.6. Medical waste generation 

           Medical radioactive waste may be defined as radioactive waste 

arising from diagnostic, therapeutic and research applications in medicin. 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 
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the waste chemical biological or physical properties, is greater than the 

radiological hazard (IAEA, 1998). 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 

glass and nails). 

 

1.3.7. Gaseous waste generation 

           Nuclear power reactors are the main sources of radioactive gaseous 

wastes, gases quantities depend largely on the type of reactor. An amount 

of gaseous waste generated by small users is usually very small and often 

contains radionuclides with relatively shorter half lives (i.e. <100 days). 

Dilution by air after atmospheric dispersion will often be sufficient to 

maintain exposures to the public at acceptable levels. Additional treatment 

of radioactive gases generated by small users is therefore unlikely to be 

necessary justifiable. The range of activity is restricted and methods of 

treatment are few, but nevertheless there still exist some difference in 

activity levels and composition of gaseous effluents that justify the 

classification of gaseous wastes into several categories shown in Table (2) 

(IAEA 2000). 
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1.4. Classification of radioactive wastes 

        Classifications 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 system may be derived from different perspectives for 

instance safety related aspects, the physical/chemical characteristics of the 

waste process engineering demands or regulatory issues (IAEA, 1970).  

  Some of the important waste properties and criteria to be considered 

for various classification schemes are: 

 

• 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). 

     In the classification system proposed by the IAEA, the principle waste 

classes include exempt, low and intermediate level waste which may be 

subdivided into short lived and long lived waste and high level waste. The 

low and intermediate level wastes represent the largest volume of liquid 

waste produced while the high level waste represent the smallest volume  

according to physical nature of waste. Boundary levels between waste 
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classes are presented as orders of magnitude, typical characteristics of 

waste classes are summarized  in Table (2) as follow:  

i- Exempt waste (EW) 

   Exempt waste 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 0.1Bq/g to about 10
4
Bq/g. 

 

ii- Low and Intermediate Levels Radioactive Waste (LILW)  

    Low level waste has been defined to mean radioactive waste that does 

not require shielding during normal handling and transportation. It is 

generated from hospitals, laboratories and industry which contains an 

amounts of mostly short-lived radioactivity. Usually it is buried in shallow 

landfill sites. To reduce its volume, it is often compacted or incinerated (in 

a closed container) before disposal. Radioactive waste which required 

shielding but needed little or no provision for heat dissipation was classified 

as intermediate level waste. It typically comprises resins, chemical sludges 

and reactor components, as well as contaminated materials from reactor 

decommissioning. It may be solidified in concrete or bitumen for disposal. 

Generally short-lived waste (mainly from reactors) is buried, but long-lived 

waste (from reprocessing of nuclear fuel) is disposed of deep underground. 

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, 
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significant radioactive decay will occur during the period of institutional 

control and their possible hazard can often be significant.  

 

ii- High Level Radioactive Liquid Waste (HLW) 

          This waste contains large concentrations both of short and long lived 

radionuclides, typical activity levels are in the range of 5x10
4
 to 5x10

5
 

TBq/m
3
. High-level waste may be the spent fuel itself, or the principal 

waste from reprocessing of the spent fuel. It contains the highly-radioactive 

fission products and some heavy elements with long-lived radioactivity. It 

generates a considerable amount of heat and requires cooling, as well as 

special shielding during handling and transport. If the spent fuel is 

reprocessed, the separated waste is vitrified by incorporating it into 

borosilicate (Pyrex) glass which is sealed inside stainless steel canisters for 

eventual disposal deep underground .  

Table (2): Typical characteristics of waste classes. 

 

Waste class 

 

Typical characteristics 

 

Disposal options 

1. Exempt waste 
(EW)  

Activity levels at or below 
the clearance levels which 
are based on an annual dose 
of members of the public of 
less than 0.01 mSv. 

No radiological 
restrictions 

2. Low and inter- 
mediate level 
waste (LILW)  

 
 
2.1. Short lived 

waste 
 
 
 
 
2.2. Long lived 

waste  

Activity levels above the            
clearance levels and the 
thermal power below about 
2 kW/m3 
 

Restricted long-lived 
radionuclide concentrations 
(limitation of long lived 
alpha emitting 
radionuclides). 
 
Long-lived radionuclide 
concentrations exceeding 

Near surface or 
geological disposal 
facilities. 
 
 
Near surface or 
geological disposal 
facilities. 
 
 
 
Geological disposal 
facilities. 
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the limitations for short 
lived waste. 

3. High level waste 
    (HLW) 

Thermal power above about 
2 kW/m

3
 and long-lived 

radionuclide concentrations 
exceeding the limitations for 
short-lived waste. 

Geological disposal 
facilities 

 

1.5. 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.  

 

1.5.1. Pretreatment 

           Segregation is one of the most important pretreatment methods in 

managing radioactive wastes. It consists of collection, chemical adjustment 

and may include a period of interim storage. 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. This step is extremely important because it provides in many 

cases the best  opportunity to separate waste streams, for recycling within 

the process or for disposal as ordinary non-radioactive waste when the 

quantities of radioactive materials contain are exempt from regulatory 

controls. It also provides the opportunity to separate radwaste, for near 
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surface or geological disposal. Waste containing long lived radionuclides 

generally requires a more complex technological infrastructure. 

  

1.5.2. Treatment 

           Treatment of radwaste includes those operations intended to improve 

safety or economy by changing the characteristics of the radwaste. The basic 

treatment concepts are volume reduction (incineration of combustible waste 

or compaction of dry solid waste), radionuclide removal (evaporation, 

filtration or ion exchange of liquid waste streams) and change of composition 

(precipitation or flocculation of chemical species). Often, several of these 

processes are used in combination to provide effective decontamination of a 

liquid waste stream. This may lead to several types of secondary radwaste to 

be managed (contaminated filters, spent resins, sludges) (IAEA, 2003).  

1.5.3. Conditioning 

           Conditioning of radioactive waste involves those operations that 

transform radioactive waste into a form suitable for handling, transportation, 

storage and disposal. The operations include immobilization of radwaste, 

placing the waste into containers and providing additional packaging. 

Common immobilization methods include solidification in cement or 

bitumen for low and intermediate level liquid radwaste and vitrification for 

high level radwaste in a glass matrix. Immobilized waste is packaged in 

containers, depending on the nature and concentrations of the radionuclides. 

In many instances, treatment and conditioning take place in close conjunction 

with one another (El-Kamash et. al., 2002). 

 

1.5.4. Storage 
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           Storage facilities are required to accommodate waste arising prior to 

their release or disposal. These facilities should be well constructed, with 

inner surface that can be easily decontaminated and provided with security 

measure to prevent the intrusion of unauthorized persons. 

 

1.5.5. Disposal 

           Disposal is the final step in the integrated radioactive waste 

management, it relay on the passive safety concept. It consists mainly of the 

emplacement of radioactive waste in a disposal facility with reasonable 

assurance for safety, without the intention of retrieval and without reliance 

on long term surveillance and maintenance. Its design aims to provide 

isolation of the disposed waste for appropriate period of time taking into 

account the waste and site characteristics and the safety requirements 

(Bozkurt, 2001) and (Abdel Rahman et. al, 2005). The safety is mainly 

achieved by the isolation of suitably conditioned radioactive waste in a 

disposal facility. Isolation is attained by placing barriers around the 

radwaste in order to restrict the release of radionuclides into the 

environment. All activities related to radioactive waste management are 

aimed at reaching reasonable admissible minimal level of irradiation of 

personnel and population, taking under consideration the economic and 

social factors. To achieve this aim, the multi-barrier concept that relays on 

using engineered barriers to augment natural barriers has been developed. 

The use of engineered barriers helps in ensuring that increasingly stringent 

design aims are satisfied to an appropriate level (IAEA 1997). This concept 

helps in avoiding over-reliance on the natural barriers to provide the 

necessary safety. 
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            Disposal facilities could be place in geological formation or near 

surface. Near-surface disposal includes two main types of disposal systems: 

shallow facilities located either above or below the ground surface; and 

underground facilities, usually in rock cavities. Geological disposal refers 

to disposal at greater depths, typically several hundreds of meters below 

ground. 

The optimization of the disposal is done by conducting safety 

assessment studies. These studies are complex due to the dynamic nature of 

the hydrological and biological subsystems in the host environment that 

affects the degradation scenarios of the disposal facility. So treating the 

disposal as one system is not possible, instead these subsystems are 

decoupled and divided into modules for which the evolution of the disposal 

is distinguished into step changes rather than continuous time change 

(NCRP (2005). Generally, safety assessment relays on specifying 

assessment context, describing the disposal system, developing and 

justifying evolution scenarios, formulating and implementing of models; 

and finally analyzing the assessment results for each module. During the 

development of safety assessment, all confidence building tools should be 

utilized and illustrated . 

 

1.6. Treatment of radioactive waste 

        The protection of the environment and human health from the 

detrimental effects of radioactive wastes could be achieved through the 

effective development and implementation of radioactive waste 

management system. Recently, some trends that influence the practice of 

radioactive waste management have emerged worldwide. These trends 

include planning and application of radioactive waste policy and strategy, 
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issue of new legislation and regulations, new waste minimization strategies, 

strengthen the quality assurance procedures, increased use of safety and risk 

assessment, strengthened application of physical protection and safeguards 

measures in designing and operation of waste management facilities, and 

new technological options. 

            The selected treatment process should be based on conventional 

chemical treatment principle, but the individual characteristics an 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 damage the waste processing facilities 

(Huston, 1996). The radioactive waste generated in Egypt can be classified 

in terms of treatment technology into liquid and solid wastes. 

 

 

 

 

 

 

1.6.1  Low and Intermediate level Liquid Waste Treatment 

            The selection of liquid waste treatment system involves a set of 

decisions related to a number of factors. These can be grouped into five 

main categories:- 

• Available technologies and their costs. 

• Conditioning of the concentrates resulting from treatment. 

• Storage and disposal of conditioned concentrates. 

• Characterization of waste arising with the possibility of segregation. 

• Discharge requirements for decontaminated liquors. 

The selection of process for liquid wastes treatment depends to a large 

extent upon the radiological and physico-chemical properties and the 
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quantity of waste arised. It is therefore important to define these 

parameters, not only on the base of reference plant design but also to the 

actual operational conditions in the plant. 

            Many techniques can be used for the treatment of aqueous liquid 

wastes. The most common techniques used in many countries are chemical 

precipitation, ion exchanger, 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. 

 

1.6.1.1. Chemical precipitation 

              Chemical precipitation process are well established for removing 

radioactivity from low level liquid wastes and are in a regular use at fuel 

reprocessing facilities, research establishments and some power stations 

(IAEA, 1992). 

            The objective of a chemical precipitation process is to use of an 

insoluble finely divided solid material, so the radionuclides are removed 

from the solution by one or more of the following mechanisms (Cross et 

al., 1987). 

- Co-precipitation with a carrier. 

- Sorption onto particulates present in the waste stream. 

- Sorption onto the flock (ion exchange, chemisorptions…….. etc.). 

       The use of these processes concentrates the radioactivity present in 

liquid waste stream into a small volume of wet a solid that can be separated 

from the bulk liquid component.  

Precipitation normally involves four main stages: 
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- The addition of reagents and/or adjustment of pH to form the 

precipitate. 

- Flocculation. 

- Sedimentation. 

- Solid/Liquid separation. 

 

1.6.1.2.  Evaporation 

             Evaporation is a a well established process, widely used in the 

nuclear industry. It is capable of giving high decontamination and large 

volume 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 larg volumes 

contaminated with fission and corrosion products. 

             The condensate resulting from evaporation is an almost salt free 

solution of very low activity which may be subsequently “polished” by ion 

exchange, reverse osmosis, or simply fed to another stage of evaporation, 

befor it is discharged or recycled for use in the plant. The concentrate 

containing the radionuclides can be directly incorporated into a suitable 

matrix (e.g. cement, bitumen or plastics) or be dried to produce a salt cake 

for compaction into pellet form before immobilization. 

 

1.6.1.3. Ion exchange/ Sorption  

            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 
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made in improving the technology, and ion exchange methods have been 

widely used to remove soluble radionuclides from liquid waste (Hutson, 

1996) and (McKay, 1999). 

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. May 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 Sr

2+
, 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. 

 

1.6.2.  Solid Waste Treatment 

           The treatment of solid waste includes compaction and incineration. 

In case of incineration, segregation will be in terms of combustible and 

non-combustible wastes and in case of compaction, segregation will be in 

terms of compressible and non-compressible wastes (IAEA, 1994). The 

compactor is in-drum compaction type with a compaction ratio ranging 

from 1:5 to 1:10. the compacted waste will be conditioned by cementation 
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in the cementation plant. The main parts of Inshas (LAWI) low active waste 

incinerator are gas reactor, combustion chamber, air mixing chamber, 

cyclone separator, filter package, valves, fitting, piping system, burner and 

gas feeding system, process control and stack. 

 

1.7. Immobilization materials and processes  

        Waste immobilization has become an important step in the field of 

waste management and the philosophy of environmental containment. After 

waste materials have been treated to achieve volume reductions and to 

recover valuable (active or inactive) components, they have to be 

conditioned (in inert matrices) for transport, storage and disposal of more 

safely and conveniently. Conditioning is the waste management step at 

which radioactive wastes are immobilized and packaged to reduce the 

potential migration or dispersion of radionuclides from the wastes by 

natural processes during transport and disposal and also to minimize their 

potential risks to man and the environment (IAEA, 1983).  

        Immobilization techniques consist of entrapping the contaminant 

within a solid form that can be handled, stored and disposed. It can reduce 

the volume of the waste be removing liquid and reduces the potential for 

radionuclides to remove through the geosphere after disposal for long term 

storage and disposal the method of solidification used not be reversible 

process that allows the solid to return to a liquid form.  

 

1.7.1. Matrix materials 

            There are a wide range of potential matrix materials available for 

conditioning liquid and wet solid waste. The selection of any particular 

material will be governed not only by the waste form criteria by the 
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licensing and regulatory bodies, but by the composition of the waste and 

type of treatment prior to the conditioning step. 

The matrix materials must be suitable to : 

1. The radioactive components in the wastes (types and half lives of 

radionclides, specific activities, radiation levels, etc.). 

2. The chemical and physical properties of the waste materials (liquid, 

sludges, ion-exchange resins, solids etc.) 

3. The behaviour of the package with regard to disposal conditions. 

The matrix materials should be relatively easy to handle and should not 

dilute the wastes excessively resulting in high immobilized waste volumes 

relative to those of the untreated waste. 

          The immobilization processes involve the use of various inert non-

radioactive matrices, to fix the wastes in homogeneous monolithic solid 

forms, such as cements, bitumen and polymers. 

 

 

 

1. Cement  

    Cement is the main constituent of concrete. It can be defined as material 

having adhesive and cohesive properties which make it capable of bonding 

mineral fragments of solid matter to a compact mass. Actually this 

definition covers a large variety of cementing materials. Cements mainly 

can be classified into two groups: 

     (i)  Natural Cement 

            This type of cement can be obtained by burning lime stone 

containing 20-40% clay and crushing it to powder. It is brown in colour and 

sets very quickly when mixed water. It is very akin to eminent hydraulic 

lime. The difference between a hydraulic lime and natural cement is a 
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function of the temperature attained during calcination. Furthermore, a 

hydraulic lime can hydrate in a“lump” form, whereas natural cements must 

be crushed and finely ground before hydration can take place. Lime starts to 

slak on mixing water with it and natural cement sets immediately after 

adding water to it. Natural cement is stronger than hydraulic lime but 

weaker than portland cement (Snell and Snell,  2000). 

 

     (ii)  Portland Cement 

              Portland cement is composed mainly of silica (SiO2), lime (CaO) 

and alumina (Al2O3), but also contains small quantities of magnesia (MgO), 

ferric oxide (Fe2O3), sulphur trioxide (SO3) and other oxides as impurities. 

Portland cement is used in most countries, recognize the existence of a 

number of different types . These types are : ordinary Portland cement 

(OPC) , modified  cement , rapid hardening Portland cement (RHPC) , low 

heat Portland cement (LHPC), sulfate resisting cement (SRPC ), and  

Portland blast -furnace slag cement (BFSC). Portland cement powder is 

considered generally to consist of four major minerals, namely, tri-calcium 

silicate (C3S), β-di calcium silicate (C2S), tri-calcium aluminates (C3A) and 

tetra-calcium alumino-ferrite (C4AF). The silicate contains minor oxides in 

solid solution . 

 

     - Types of portland cement 

        Several types of Portland cement are manufactured having different 

characteristic. The classification of varies types of Portland cement is based 

on: The rate and extent of heat of evolution during hydration and the 

resistance of hardened cement paste against the attack by sulfate solutions. 

The characteristics of each type are influenced by the relative properties of 

the major phases, gypsum content as well as the fineness of cement. 
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The most important standard types of Portland cement are (Nevill, 1981). 

 

I)   Ordinary Portland Cement (Type I) 

       This is general-purpose cement, suitable for all uses when the 

properties of other types are not required. Portland cement is produced by 

heating calcium (usually limestone) silica and alumina (typically clay or 

shale) and iron (steel mill scale or iron ore) in cement kilns to temperatures 

of up to 2,700 degrees Fahrenheit. Under this intense heat, the raw 

materials blend and when the powder is homogenised and heated to 1450C 

in the kiln, the lime molecules combine with all the silica, alumina and iron 

oxide molecules to form a pebble-like substance called "clinker."   

The raw materials are transformed into clinker in several stages:  

• up to 550
0
C the mixture is dried and the clay dehydrates;  

• from 550
0
C to 900

0
C pre-heating and decarbonisation takes place 

(calcining);  

• from 900
0
C to 1300

0
C the di-calcium silicates, aluminates and 

ferro-aluminates are formed; and  

• from 1300
0
C to 1450

0
C the formation of tri-calcium silicate takes 

place.  

        The material can only form at this temperature and consequently the 

material must reach this temperature to make clinker. After reaching this 

temperature the clinker is rapidly cooled and finely ground, 3% to 5% 

gypsum is added to control the setting rate and other additives (slags, fly-

ash, limestone filler, etc) may be introduced to form the final product.  

Cement kilns are basically tilted, rotating cylinders lined with heat-resistant 

bricks. They vary in size depending on the particular type of cement-

making process employed, and can reach 750 feet in length and 25 feet in 
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diameter. The raw feed material mixture ("meal") is fed into the higher, 

elevated or "cool" end of the kiln. As the kiln slowly rotates, the raw meal 

tumbles down toward the hot lower, or "flame" end, gradually altering 

physically and chemically in the intense heat to form clinker. During the 

burning operation in the manufacture of Portland cement clinker, calcium 

combines with the other components of the raw mix to form four principal 

compounds that make up 90% of cement by mass. Gypsum (4% to 6%), or 

other calcium sulfate source, and grinding aids are also added during 

grinding. The term “phase” rather than “compounds” can also be used to 

describe the components of clinker. Following are the four primary 

compounds in portland cement, their approximate chemical formulas, and 

abbreviations: 

 

 

 

− Tricalcium Silicate             3CaO•SiO2 = C3S  

− β-Dicalcium Silicate             2CaO•SiO2 = C2S  

− Tricalcium Aluminates         3CaO•Al2O3 = C3A  

− Tetra-calcium Aluminoferrite         4CaO•Al2O3•Fe2O3=C4AF  

Gypsum, calcium sulfate dihydrate, is the predominant source of sulfate 

used in cement. C3S and C2S in clinker are also referred to as alite and 

belite, respectively. Alite constitutes 50% to 70% of the clinker, whereas 

belite accounts for only 15% to 30%. Aluminate compounds consttute 

about 5% to 10% of the clinker and ferrite compounds 5% to 15% (Taylor, 

1997).  

II)    Modified Portland Cement (Type II) 



 

 

 

 - ٢٩ – 

 

        Type II cement is recommended for structures and uses where a 

moderately low heat generation is desirable or where moderate sulphate 

attack may occur (Neville and Brooks, 1987). 

 

III)   Rapid hardening Portland Cement (Type III) 

         This cement is similar to ordinary Portland cement , but is normally 

ground finer. Its strength develops more rapidly , (i.e. gives high strength in 

24 hours as given by ordinary Portland cement at 3 days ). It is used when 

early strength is required , sets and hardens such quicker than ordinary 

Portland cement ,but the ultimate strength attained is usually ground to a 

specific surface of 2500 to 3000 cm
2 

/g compared with at least 3300-4000 

cm
2
/g for this types.  

 

IV)     Low heat  Portland Cement (Type IV) 

           All the above two types of cements have a fairly heat of hydratio For 

large mass concrete work in dams, piers, etc., it is chemical composition of 

low heat Portland cement is so modified as to give a heat of hydration 

lower than the maximum specified. The rate of strength development is 

lower than that of ordinary Portland cement. This type of cement had a 

strict composition where the maximum C3S is limited to 35% and the C3A 

is limited to 7.0%, whereas β- C2S should not be less than 40% (Nevill, 

1981) . 

 

V )   Sulfate Resisting Cement (Type V )  

         This type of cement is exposed to serve sulfate action. It is 

manufactured in the same way as ordinary Portland cement except that the 

iron content is increased to reduce the percentage of tri-calcium aluminates 

to below 3.0%, and the SO3 content to 2.5%. This limit of the tri-calcium 
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aluminates is to prevent and expansive reaction with dissolved sulfates in 

the surrounding environment (soil, ground   water ).  

 

VI )     Portland Blast Furnace Slag Cement (Type VI )  

             Blast furnace slag is a by-product formed in the process of iron 

manufacture from the fusion of limestone with coke and the siliceous as 

well as aluminous residue remaining from the after the reduction and 

separation of iron. The slag rises to the surface and is trapped off from time 

to time. The essential components of slag are the same oxides as those 

present in Portland cement, namely lime, silica and alumina, but their 

proportion are different. The granulated slag must consist almost entirely of 

glass and must have a suitable chemical composition in order to have 

hydraulic activity of slag generally rises with decreasing contents of SiO2. 

Parker and Nurse (Parker and Nurse, 1949) have adopted a formula to 

determine the quality of  

   CaO + MgO + Al2O3 

  M =  ------------------------------     ≥1.0 

    SiO2 

The oxides are in weight percentages and the amount of CaO must be 

corrected for calcium present originally as CaS. 

Granulated blast furnace slag when ground fine has no cementatious value, 

but when it is cooled quickly or quenched and then ground, it acquire 

cementatious value. The process of quenching is called (granulation) and 

the product (granulated blast-furnace slag ) . Granulated slag is ground with 

lime or Portland cement clinker and the resultant product is called slag 

cement. The most popular slag cements are (Portland blast-furnace slag 

cement) which may contain not more than 65% of granulated slag. The 

remainder is Portland cement clinker with 6% gypsum. 
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Portland blast-furnace slag cement has all the physical properties of 

ordinary Portland cement , but it has much lower heat of hydration and is 

more sulfate resistant . Properties of Portland blast-furnace slag cement will 

be more and determined by the quantity and quality of the blast-furnace 

slag added (Regourd,  1976 ) .Strength development is generally slower at 

early ages in cements in which slag is the dominant component but strength 

gain at later ages allow the achievement of values often higher than those 

for cements rich in clinker (Smolczyk, 1980). Alkali-aggregate reaction is 

minimized for cement with high slag content. 

 

2.  Bitumen  

      Bitumen is a mixture of high molecular weight hydrocarbons obtained 

as a residue in the refining of petroleum or coal tar. It is a ranger of 

thermoplastic materials and can behave mechanically as either a viscous 

fluid or a solid, depending on the thermoplastic properties. The use of 

bitumen to solidify low level radioactive wastes has been successively 

applied on an industrial scale for many years in different countries (IAEA, 

1970b).  

 

3.  Polymers 

     Immobilization of radioactive waste in polymer is considered as a 

relatively new solidification process compared to cementation and 

bituminisation. Generally, they have been applied to ion exchange resins 

owing to the difficulties encountered when using cement or bitumen. There 

are many polymer families, but few of them have been used on laboratory 

or on the industrial scale for immobilization of low and Intermediate level 

radioactive waste, e.g. epoxies resins, unsaturated polyester, vinyl ester, 

styrene-divinely benzene, urea formaldehyde, polyethylene, phenol 
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formaldehyde, polymethyl-methacrylate and polyvinyl chloride 

polyurethane (Nitry, E. et al., 1965). 

 

1.7.2. Immobilization processes 

1.7.2.1. Cementation Process 

               Cementation process consists of mixing the cement with the waste 

as solution or solid, the cement paste is then allowed to set. The mixing of 

the cement with various rad-wastes, affects the properties of final cement 

/waste products (Fredrik, 1990). 

            Cementation of radioactive waste has been practiced for many years 

basically for immobilization of low and intermediate level radioactive 

waste. The majority of cementation techniques rely on using Portland 

cement as the primary binder. Other binders might be used to improve 

either the mechanical performance of the final waste matrix or to improve 

the retention of radionuclides in that matrix, these include fly ash, blast 

furnace slag, bentonite, zeolite and other materials. The implementation of 

this technique worldwide is supported by its compatibility with aqueous 

waste streams, capability of activated several chemical and physical 

immobilization mechanisms for a wide range of inorganic waste species. 

Also, cement immobilization possesses good mechanical characteristics, 

radiation and thermal stability, simple operational conditions, availability, 

and low cost. The various cementation processes can be classified 

according to how the mixing is achieved into:  
 

a)   In-drum mixing cementation process:         

       In this process, the cement and waste are fed separately into a 

container, which is also the final shipping container, Once in the container, 

the components are mixing until homogeneous mixture is obtained. After 
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mixing, the cement composite is allowed to set .The container is then 

monitored and quality control checks are made in the package before 

storage. The mixing of the cement and the waste is important for 

homogeneity of the final waste form (IAEA, 1992b). Care must be taken to 

avoid air entertainment, as it is desirable to have the lowest possible 

porosity in the set cement composite. 

  b)   In-line mixing cementation process;                

      In this process the cement and the waste are separately interred into one 

end the mixer. The cement is fed by a screw feeder, while the waste is fed 

by a positive displacement pump. The cement/waste mix is released directly 

from the mixer into the container. The container is then sealed, 

decontaminated, monitores and sent for storage (Weeren, 1977). In Egypt 

,at Hot Laboratory and Waste Management Center (HLWMC), the in-line 

mixing cementation method is used for conditioning of LLLW and ILLW. 

 

 

 

1.7.2.2. Bituminization Process    

                 Bituminisation is applied to immobilize the secondary wastes 

resulting from the treatment of low and intermediate level liquid effluents 

of very low heat generation (<40 TBq/m
3
). The bituminized product has a 

very low permeability and solubility in water and is compatible with most 

environmental conditions (IAEA, 1998). This kind of immobilization 

media is restricted for wastes that contain strongly oxidizing components, 

e.g. nitrates, biodegradable materials and soluble salts. A special care 

should be given to this waste form during its storage owing to its 

flammability.  
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           Heating bitumen to liquefaction and then mixing it with the waste 

achieve incorporation of rad-waste in bitumen. The water is then 

evaporated and the mixture is cooled, the waste is mechanically held in the 

solid bitumen matrix. The rad-waste constituents affect the properties of the 

bitumen waste form like nitrates, borates. Bitumen waste form is 

characterized by chemically inert, insoluble in water and shows a 

remarkable lower leach rate of final waste form when compared with 

cement products.  

           Bitumen has good coating properties, good adhesion to incorporated 

material and resistance to attack by microorganisms. Several types of 

bitumen products are available, including direct distillation products, 

oxidized bitumen, creaked bitumen, pitches and emulsified bitumen. The 

two type of bitumen most widely used for immobilizing radioactive waste 

are straight run distillation bitumen and oxidized (air blown) bitumen. 

            Bituminization products has a low heat conductivity and therefore, 

heat release connected with decay of radionuclides may cause accumulated 

increase in temperature, in bitumen blocks (Burms, 1971). Phase 

separation in bitumen  mixture is likely to occur more readily than in 

cement /waste products. The flammability and radiation instability of 

bitumen are considered as the main drawback for its application as an 

immobilization material for radioactive wastes. 

 

1.7.2.3 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. The polymeric 

processes do not really solidify the waste, the long chained molecules of the 
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organic polymer are linked together to form a porous sponge that traps the 

waste (Duck et al.,1976). Interim storage represents a main component in 

management of long lived conditioned or unconditioned waste, The 

capacity for the waste storage facility should be designed for a period of 

10years. Interim storage of conditioned waste is a transition step between 

storage and final disposal in a suitable repository site To prevent radiation  

exposure to on-site personal, it is recommended that interim storage facility 

should be constructed a way from waste treatment plants or other buildings 

.final disposal is the last step of the safe management of radioactive waste. 

The principle of disposal is to prevent any unacceptable release of 

radioactive material to the environment from the nuclear waste. 

          Advantages and disadvantages of the materials used for 

immobilization of low and intermediate level radioactive wastes are 

illustrated in Table (3). 

 

1.7.3. 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 : 

Leachability,mechanical strength, radiation resistance and 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. 
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       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 (IAEA, 1992).  

 

1.7.3.1. 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 (72h) residence time, at 100°c according to ISO 

recommendations. 

A long-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. 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  

 

1.7.3.2. 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 
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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 (Baher, 

W. et al., 1970). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Table (3): Advantages and disadvantages of the materials used for  

                    immobilization of low and intermediate radioactive wastes. 

 
 

Matrix 

 

Advantages 

 

Disadvantages 
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Cement -Relative simplicity 

-Availability and low cost 

of the raw materials 

-High density (shielding 

effect) and mechanical 

strength of the waste form 

-Compatibility of water 

with the matrix material 

-Relative high permeability 

-High temperature induce a 

loss of strength (Roberto 

and Gambarova,1998) both 

in compression and 

intension 

-Increase both the 

elastic(Sujit and 

Nasser,1996 and Yan et 

al.,1997 ) 

deformability and the creep 

by altering the chemical-

physical composition of 

cement paste. 

Bitumen -Insolubility in water 

-High resistance against 

diffusion of water 

-Chemical intertness, 

except oxidation 

-High plasticity 

-High incorporation 

capacity 

-Material available at 

reasonable cost 

-Decrease of viscosity as a 

function of temperature 

-Combustible. although not 

easily flammable 

-Chemical interaction with 

certain waste components 

Polymer -Once the polymerization 

reaction is complete, a 

permanent set is achieved 

and the plastic cannot be 

reformed or re-melted. 

-Superior mechanical 

properties allow for higher 

waste leads than can 

normally be incorporated 

into cement and bitumen. 

-High cost 

-Inflammability of the 

monomers 

 

 

 

 

1.7.3.3. 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 
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waste form should always be considered in the selection of the disposal 

system (Batter and Townsend, 1976). 

 

- 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/cm
3
. Higher density is also required. 

 

- Porosity and permeability 

  Residual porosity in the solidified waste form will affect the mechanical 

and physic-chemical properties. Cement matrices contain inter connected 

porosity that leads to high internal surface areas if the water/cement ratio is 

high. 

 

-  Mechanical properties 

    The mechanical properties of the final waste form will be determined by 

its resistance to the intrinsic ionizing radiation and the external 

environment, excursions of temperature and/or pressure in the event of an 

untoward occurrence. The compressive strength test, gives as applied 

maximum load divided by a cross-sectional area of a specimen. 

 

 - Thermal conductivity 

   Significant heat generation generally occurs only in high-level, and 

thermal conductivity is not usually a required property in the assessment of 

low and intermediate level waste forms. 
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- Swelling/shrinking 

   In the event that water gains access to the waste form in the long term, the 

sorption of water by the form could lead rapidly to full exposure of the 

form if the container bursts. In the case of wastes incorporated in cement 

matrices, the most important problem is the behavior of the free water 

contained in the pores of cement, either at the moment of preparation or 

entering later from the environment. In the long term such entrapped water 

can produce cracking and mechanical degradation of the final waste form 

(Mergen, et al., 1977). 

 

1.8. Basic chemistry of cement hydration 

        By mixing the liquids with cement powder the cement reacts with the 

water to form the solid hydration products, calcium hydroxide and calcium 

silicate hydrate (archaically called tobermorite gel). Hydrated portland 

cement contains 15% to 25% calcium hydroxide and about 50% calcium 

silicate hydrate by mass. The main hydration products, which are 

responsible for the properties of a hardened cement stone are Tobermorite 

(Calcium Silicate hydrat phase) and Calcium hydroxide. The hydration 

process is an exothermic one. The amount of heat depends on the used 

cement type. 

         The hardening and strength producing process has been explained as 

follows: the hydration produces tobermorite colloid and calcium hydroxide. 

The colloid is neutralized by the concentration of calcium ions which leads 

to the formation of a gel. Once in the rigid gel state, the hydration process is 

considered to be non-reversible. The strength of the cement stone is thought 

to be caused by “Van Der Waals Forces” at the contact points of the colloid 

particles. The extremely huge specific surface area (3.10
6
 cm

2
/g) and 
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numerous contact points explain cement ability to withstand high 

compressive forces in relation to tensile forces. Neutralization of the colloid 

charge is necessary to allow coagulation of the particles. It has been 

determined that electrolyte  concentration changes of certain ions can 

stabilize the colloid and thus prevent coagulation (Koester R, 1992). 

          Main hydrates can be classified as calcium silicate hydrates and 

triclacium aluminate hydrate. The two calcium silicates are the main 

cementitious compounds in cement. The physical behaviour of cement 

during hydration is similar to that of these compounds alone. C4AF is 

supposed to be hydrated into tricalcium aluminate hydrate and CaOFe2O3 

aqueous.  

Tricalcium Silicate, C3S, hydrates and hardens rapidly and is largely 

responsible for initial set and early strength. In general, the early strength of 

portland cement concrete is higher with increased percentages of C3S. 

Dicalcium Silicate, C2S, hydrates and hardens slowly and contributes 

largely to strength increase at ages beyond one week. 

Tricalcium Aluminate, C3A, liberates a large amount of heat during the 

first few days of hydration and hardening. It also contributes slightly to 

early strength development.Cements with low percentages of C3A are more 

resistant to soils and waters containing sulfates. 

Tetracalcium Aluminoferrite, C4AF, is the product resulting from the use 

of iron and aluminum raw materials to reduce the clinkering temperature 

during cement manufacture. It contributes little to strength. Most color 

effects that make cement gray are due to C4AF and its hydrates. 

Calcium Sulfate, as anhydrite (anhydrous calcium sulfate), gypsum 

(calcium sulfate dihydrate), or hemihydrate, often called plaster of paris or 

bassanite (calcium sulfate hemihydrate) is added to cement during final 
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grinding to provide sulfate to react with C3A to form ettringite (calcium 

trisulfoaluminate). This controls the hydration of C3A. Without sulfate, a 

cement would set rapidly. In addition to controlling setting and early 

strength gain, the sulfate also helps control drying shrinkage and can 

influence strength through 28 days (Lerch 1946). 

Hydration of Compounds of Portland Cement in: 

C3A + 6 H2O                    C3 A H6 

C3A +3CS + 32 H2O          C6A S3 H32 

             (ettringite) 

2C3S +6 H2O                    C3 S2 H3 + 3 CH 

                    (Tobermorite gel) 

2C2S + 4 H2O                    C3 S2 H3 + 3 CH 

         (Tobermorite gel) 

C +  H2O                            CH 

 

The relative rates of reaction of the individual phases are shown in Fig. (1). 

The hydraulic value of cement, however, depends on a number of factors 

such as the chemical composition of the clinker, the sintering temperature, 

the fineness of grinding, the presence of impurities and the effects of waste 

composition. 

      The hydration reaction of cement is accompanied by liberation of heat 

such a chemical reaction is known as exothermic (Jesse R. Conner, 1990), 

resulting in the liberation of heat; the extent of the rise in temperature 

depends on how quickly heat is liberated from the waste form. The 

contribution of each compound to the overall rate of heat evolution is a 

function of the heat of hydration, the rate of hydration and the fraction of 

the compound in the cement. The hydration characteristics of the cement 

compounds are summarized in Table (4). 

 

  Table (4) : Hydration characteristics of the compounds of portland  
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                     Cement. 
 

 C3S C2S C3A C4AF 

Heat of hydration (cal/g)
a
 120 62 207 100 

Rate of hydration (fraction on 

first day) 

0.4 0.05 0.8 0.9 

Temperature increase Medium Low High Medium 

Rate of compressive strength 

development 

Medium Slow Fast Fast 

Early strength (28 day) (MPa) 47 5 3 2 

Ultimate strength (360 day) 

(MPa) 

72 71 8 5 

a: 1cal = 4.186 J. 

 

1.9. Fly ash generation and classification 

          Fly ash is a predominantly inorganic residue derived from the 

burning of coal, flue gases of furnaces at pulverized coal power plants 

represents the noncombustible impurities originally present in the coal. 

When coal is burnt in pulverized coal boilers, the minerals, entrained the 

coal, are thermally transformed into chemical species that are reactive or 

could be chemically activated, for example, by adding of calcium 

hydroxide (Vassilev and Vassileva, 1996). Fly ash is primarily composed 

of amorphous alumino-silicate and other crystalline materials such as 

mullite, quartz, hematite, magnetite, lime, anhydrite and feldspars. The 

finely divided glass phase, the predominant phase in fly ash reacts as a 

pozzolan, which can be defined as a siliceous and alumunous material 

(Manz, 1999). 
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Fig.(1): Rate of Hydration of Pure Portland Cement Compounds. 

 
The ash generated in thermal power plants (TPPs) is either fly ash (FA) or 

(bottom ash) BA. FA (80% of total ash), being the lighter fraction, is 

carried by flue gases into the chimney and collected by electrostatic 

precipitators, the FA fraction is chemically reactive and finer in texture 

(0.01–100 mm) than the BA fraction (Lal et al., 2010). BA (20% of total 

ash) is the heavy, coarse fraction (>100 mm) that accumulates at the bottom 

of the furnace. It consists of coarse-grained, spherical and cenospherical 

clinkers. A mixture of both FA and BA, commonly referred to as pond ash 

(PA), is disposed of as a slurry through pipelines to ash ponds. Ash is also 

collected dry. 

 

1.9.1. Characteristics of fly ash  

             Fly ash is a diverse substance. The characteristics of fly ash differ 

depending on the source of coal used in the power plant and the method of 
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combustion (Helmuth, 1987) and (Scheetz and Farle, 1998). 

Cenospheres, hollow spherical particles as a part of fly ash, are believed to 

be formed by the expansion of CO2 and H2O gas, evolved from materials 

within the coal being burnt. The predominant forces are, however, the 

pressure and surface tension on the melts, (Fisher et al., 1976) as well as 

gravity. The predominantly spherical microscopic structure of fine fly ash is 

related to the equilibrium of the forces on the molten inorganic particle and 

it is forced up to the furnace or smoke stack against gravity. The molten 

inorganic particles cool down rapidly, maintaining their equilibrium shape. 

           The chemical composition of fly ash is determined by the types and 

relative amounts of combustible matter in the coal used. More than 85% of 

most fly ashes comprise chemical compounds and glasses formed from the 

elements silicon, aluminium, iron, calcium and magnesium. Generally, fly 

ash from the combustion of sub-bituminous coals contains more calcium 

and less iron than fly ash from bituminous coal. Unburned coal collects 

with the fly ash as carbon particles, the amount being determined by such 

factors as the rate of combustion, air/fuel ratio, and degree of pulverisation 

of the coal. It is desirable to keep the carbon content of the ash to a 

minimum for three reasons. First, the higher the carbon content, the lower 

the amount of reactive material available for binding. Second, the carbon 

absorbs water reducing the quantity available for hydration reactions. 

Finally, high carbon content ash darkens the concrete reducing its aesthetic 

appeal and leading to inaccurate prejudgments as to concrete quality. 

 

1.9.2. Applications of fly ash  

            The most important use of fly ash, as an additive, is in the cement 

industry, where the presence of fly ash adds strength to concrete. The glass 
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phase is believed to react with lime released from cement while the cement 

is curing (Kruger, 1986). In general fly ash reduce the water consumption 

of cement, increase the setting time, reduces the heat of hydration and gives 

better durability compared to plain Portland cement due to alkali–silica 

reaction and adds long-term strength to cement products, for example 

concrete (Vassilev and Vassileve,1996). Low-quality fly ash is adequate 

for cement mixes because it has sufficient resistance to sulfate corrosion . 

Fly ash is used as adsorbent for organic wastes. 

           The majority of the fly ash used in concrete is low-calcium ash 

obtained from burning anthracite or bituminous coal. Low-calcium fly 

ash has pozzolanic properties and little or no cementitious properties. In 

the presence of moisture in finely divided form, it will react with 

calcium hydroxide (Ca(OH)2) at ordinary temperatures to form 

compounds possessing cementitious properties. By contrast, high-

calcium fly ash has cementitious pozzolanic properties. Fly ashes 

contain meta-stable alumino-silicates that will react with calcium ions, in 

the presence of moisture, to form calcium silicate hydrates. 

            Fly ash is also used for removal of heavy metals from aqueous 

samples. This property of fly ash is dramatically enhanced by the formation 

of zeolites from fly ash. The zeolites formed from fly ash cover a 

substantial range of known structures for zeolites, and have been reviewed 

by (Querol et al., 2002), Mullites is the least reactive component in fly ash 

during the formation of zeolite (Querol et al., 1995b), while the glass 

phase react first. (Hollman et al., 1999) emphasize that the formation of 

zeolite takes place on the surface of fly ash particles. This leads to an 

impure product. 
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1.10. Zeolites  

           Natural zeolite minerals are secondary materials and can be defined 

as crystalline, hydrated alumino-silicate based material of the alkali 

(mainly sodium or potassium) and alkaline earth (mainly calcium) metals. 

Their crystal structure is based on a three-dimenssion framework of 

silicate (SiO4
4-

) and aluminate (AlO4
5-

) tetrahedra which are linked 

together by the sharing of oxygen atoms (Mumpton, 1984) and 

(Flanigen, 1984). Their structure contains channels and pores filled with a 

certain amount of water and exchangeable cations. This water can be 

evaporated when heated to about 250
0
C (dehydration) and is regained at 

room temperature (re-hydration) (Gottardi, 1978), also some cations 

constituent may be exchangeable from the zeolite inner cavities and pores 

without any major change of zeolite structure. 

 

1.10.1. Occurrence and formation  

             Zeolites form in nature as a result of the chemical reaction between 

volcanic glass (ash) or other alumino-silicate materials with saline water. 

Temperatures favoring the natural reaction range from 27 
0
C to 55 

0
C and 

the pH are typically between 9 and 10. Nature requires 50 to 50,000 years 

to complete the reaction. Naturally occurring zeolites are rarely phase pure 

and are contaminated to varying degrees by other minerals (e.g. Fe
++

, SO
4-

, 

quartz, other zeolites, and amorphous glass). For this reason, naturally 

occurring zeolites are excluded from many important applications where 

uniformity and purity are essential. Synthetic zeolites hold some key 

advantages over these natural analogs. The synthetics can be manufactured 

in a uniform, phase pure state. It is also possible to manufacture desirable 

zeolite structures, which do not appear in nature. The principle raw 
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materials used to manufacture zeolites are silica and alumina, which are 

among the most abundant mineral components on earth. 

             Natural zeolites are generally formed by reaction of mineralizing 

aqueous solutions with solid alumino-silicates. The main synthesis 

parameters are (i) the composition of the host rock and interstitial solutions; 

pH ~ 10, (ii) the time; thousands of years and (iii) the temperature; often 

<100
°
C (Ouki and Kavannagh, 1999). 

 

1.10.2. Zeolite structure  

              Zeolite structure contains two types of building units namely, 

primary and secondary. A primary building unit (PBU) is the simpler, a 

tetrahedron of (TO4) of 4 oxygen ions surrounding a central ion of either 

Si
4+

 or AL
3+

. These PBU are linked together to form a three dimensional 

framework and nearly all oxygen ions are shared by two tetrahedral. This 

result in a channel structure with molecular dimensions of 3 to 10 A
o
. 

Because some of the Si
4+

is substituted by Al
3+

, there is a net negative 

charge which is balanced by extra-framework exchangeable cations, 

mainly Na
+
, K

+
, Ca

2+
 or Mg

2+
. These cations are loosely held within the 

general cavities and surrounded by water molecules. The water molecules 

are loosely held in the pores and most zeolites can be reversibly 

dehydrated, and their cations readily exchanged. The general formula for 

the composition of zeolites can be written as, (Gottardi, 1978) 

                                          Mx/z [(AlO2)x (SiO2)y] .mH2O 

Where M is the metal cation with a valency z, while x, y and m are equal 

the number of respective species. Theoretically, the possibilities for 

different framework structure are infinite. Zeolite structure also contains 

secondary building unit (SBUs), which are formed by the linking of 
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primary building tetrahedral. They consist of single and double rings of 

tetrahedral, forming the three dimensional structure of the zeolite material. 

Secondary building units may be assembled in different ways to produce 

different types of frameworks. 

 

1.10.3. Synthesis of zeolites from fly ash 

  Since the initial studies by Höller and Wirsching (1985), many 

patents and technical articles have been proposed different hydrothermal 

activation methods to synthesize different zeolites from fly ash. All the 

methodologies developed are based on the dissolution of Al-Si-bearing fly 

ash phases with alkaline solutions (mainly NaOH and KOH solutions) and 

the subsequent precipitation of zeolitic material. The main limitation of 

this process for synthesizing zeolites from fly ash is that to speed the 

reaction, relatively high temperatures (125- 200
°
C) have to be applied to 

dissolve Si and Al atoms in the fly ash particles.  

  
 1.10.3.1. Classic alkaline conversion of fly ash 

                The classic alkaline conversion of fly ash is based on the 

combination of different activation solution/fly ash ratios, with temperature, 

pressure, and reaction time to obtain different zeolite types. Sodium or 

potassium hydroxide solutions with different molarity, at atmospheric and 

water vapor pressures, from 80 to 200
º
C and 3 to 48 h have been combined 

to synthesize up to 13 different zeolites from the same fly ash. This 

methodology has been applied at a pilot plant scale for the production of 

2.7 tones of zeolitic material in 8 h in a single-batch experiment (Amrhein 

et al., 1996). The application of microwave to the conventional synthesis 

parameters at a laboratory scale resulted in a drastic reduction of the 

reaction time to 30 min. 
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1.10.3.2. Two-stage synthesis procedure 

    Hollman et al. (1999) developed a two-stage synthesis procedure 

that enables the production of >90% pure zeolite material from high-Si fly 

ash extracts. Moreover, a zeolitic material with lower purity is also obtained 

from the residue resulting from this Si-extraction. All these different 

processes resulted in the synthesis of low-silica sodium and potassium 

zeolitic (NaP1, A, X, KM, chabazite, faujasite) material.  

 

1.10.4. Application of zeolites  

  Synthetic zeolites have many industrial applications such as gas 

adsorption, water absorption/desorption, ion exchange, sewage and 

wastewater treatment, radioactive liquid water treatment, metal removal 

from liquids, pollution control, separation science and technology, 

molecular sieves and refrigeration and air cooling systems. Synthetic 

zeolites play an essential part in nuclear waste treatment for its high cation 

exchange capacity, selectivity for cesium and strontium, radiation stability, 

temperature stability, and resistance to mechanical attrition. Zeolite used as 

an additive, is in the cement, where portland cement is the material more 

extensively used in the technologies of solidification and immobilization of 

the radioactive wastes, low level (LLW) and medium level (MLW) wastes. 

The main solidification mechanism in the above mentioned systems is 

based on the precipitation of the corresponding hydroxides due to the 

highly alkaline pore solution of hydrated Portland cement. But wastes such 

as organics, salts and heavy metals may not be amenable to this treatment. 

There are many important factors that negatively affect the stability of 

Portland cements against expansive reactions like the alkali–silica reaction 

and the sulphate attack. By this, it is necessary to introduce in the matrices 
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other components that avoid the above mentioned lacks as for example, 

resins with capacity of ionic exchange, fly ash, slags, zeolites, etc.               

( Fernandez et al., 2005). 

           Natural zeolite contains large quantities of reactive SiO2 and Al2O3. 

Similar to other pozzolanic materials such as silica fumes and fly ash, 

zeolite substitution can improve the strength of concrete by the pozzolanic 

reaction with Ca(OH)2. In general, natural zeolite, like other pozzolanic 

materials, contributes to the strength of concrete better than the strength of 

cement (Negis, 1999). Natural zeolite also prevents the undesirable 

expansion due to alkali–aggregate reaction. 
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2. LITERATURE  REVIEW 

This chapter covers the survey related to the present studies in five 

aspects namely: 

2.1. Immobilization of radioactive waste using cement matrix and cement  

        mixed with some additives.   

2.2. Immobilization of radioactive waste using fly ash and zeolite cement  

       paste. 

2.3. Characteristics of fly ash industrial by product material. 

2.4. Synthesis zeolite from fly ash. 

2.5. production and Characteristic of Fly ash – Zeolite cement. 

 

2.1  Immobilization of radioactive waste using cement matrix and   

cement mixed with some additives. 

Conditioning process means that, radioactive wastes are immobilized 

and packaged to reduce the potential migration or dispersion of 

radionuclides from the wastes during transport and disposal and also to 

minimize their potential risks to man and the environment. The 

immobilization processes involve the use of various inert non-radioactive 

matrices, to fix the wastes in homogeneous monolithic solid forms, such as 

cements, bitumen, polymers and polymer impregmted cement (PIC). 

Gwenn Le Saoût et al. (2013) investigated the effect of mineral 

additions based on calcium aluminates on the hydration mechanism of 

ordinary Portland cement (OPC) using isothermal calorimetry, thermal 

analysis, X-ray diffraction, scanning electron microscopy, solid state 

nuclear magnetic resonance and pore solution analysis. Results show that 

the addition of a calcium sulfoaluminate cement (CSA) to the OPC does not 

affect the hydration mechanism of alite but controls the aluminate 
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dissolution. In the second blend investigated, a rapid setting cement, the 

amorphous calcium aluminate reacts very fast to ettringite. The release of 

aluminum ions strongly retards the hydration of alite but the C–S–H has a 

similar composition as in OPC with no additional Al to Si substitution. As 

in CSA–OPC, the aluminate hydration is controlled by the availability of 

sulfates. The coupling of thermodynamic modeling with the kinetic 

equations predicts the amount of hydrates and pore solution compositions 

as a function of time and validates the model in these systems. 

Antoni et al. (2012) study investigates the coupled substitution of 

metakaolin and limestone in Portland cement (PC). The mechanical 

properties were studied in mortars and the microstructural development in 

pastes by X-ray diffraction, thermogravimetry analysis, mercury intrusion 

porosimetry and isothermal calorimetry. They show that 45% of 

substitution by 30% of metakaolin and 15% of limestone gives better 

mechanical properties at 7 and 28 days than the 100% PC reference. The 

results show that calcium carbonate reacts with alumina from the 

metakaolin, forming supplementary AFm phases and stabilizing ettringite. 

It is shown that gypsum addition should be carefully balanced when using 

calcined clays because it considerably influences the early age strength by 

controlling the very rapid reaction of aluminates. 

Sinha et al. (2009) studied the effect of additives like vermiculite 

and bentonite and characterize the resulting cement blocks with respect to 

leaching and compressive strength. Their results indicated that the blocks 

obtained on mixing the sludge with plane cement in the ratio 1.0:1.5 by 

weight showed good compressive strength but poor leaching characteristics 

in tap water. Addition of bentonite or vermiculite (5% of weight of cement) 
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reduced the compressive strength but improved the leaching behaviour. The 

effects were subdued in case of bentonite but were very significant in case 

of vermiculite. The effect of addition of both bentonite and vermiculite 

(each 5% of weight of the cement) was comparable to that of vermiculite 

alone and hence, addition of only vermiculite to cement was recommended 

in order to keep the leaching minimum. 

El-Dakroury and Gasser (2008) determined the waste 

immobilization performance of (Cs
+
) wastes in cement– Rice husk ash 

(RHA) mixtures. In addition to evaluating the effects of RHA on the 

leaching properties of cemented waste forms, the effect of addition of 

(RHA) on the strength of the cemented waste form is also investigated. 

However, RHA addition of 30% causes a significant increase in the 

hydraulic stability of cemented waste form. RHA enhances the strength; 

leaching and durability of cement may be through three primary actions 

which are the filler effect, the acceleration of ordinary Portland cement 

hydration and the pozzolanic reaction with calcium hydroxide (CH). They 

compared the results to control sample, and the viability of the RHA 

addition to concrete was verified.  

Abdel Rahman et al.
 

(2007)
 

investigated the leaching 

characteristics of some radionuclides that are commonly encountered in 

radioactive waste streams from immobilized waste matrices in different 

cement–clay grouts. The International Atomic Energy's Agency (IAEA) 

standard leach method has been employed to study the leach pattern of 

137
Cs, 

60
Co, and 

152,154
Eu radionuclides immobilized in ordinary Portland 

cement (OPC), OPC–bentonite, and OPC–red clay grouts. From the 

obtained results it was found that adding clays to OPC reduces the leach 
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pattern as OPC–bentonite < OPC–red clay < OPC for all studied 

radionuclides. The controlling leaching mechanism has been found to be 

diffusion and the mean apparent diffusion coefficients and leachability 

indices have been calculated for the studied waste matrices.  

Turanli et al. (2005) studied the effects of 35, 45, and 55 wt.% 

natural pozzolan addition on the properties of blended cement pastes and 

mortars. They tested the particle size distribution, setting time, heat of 

hydration, compressive strength, alkali–silica activity, and sulfate resistance 

for the cements. Cement pastes were tested by TGA for Ca(OH)2 content 

and by XRD for the crystalline hydration products. They found that the 

compressive strength of the mortars made with blended cements containing 

large amounts of natural pozzolan was lower than that of the portland 

cement at all tested ages up to 91 days. Blended cements containing large 

amounts of pozzolan exhibited much less expansion with respect to 

portland cement in accelerated alkali–silica test and in a 36-week sulfate 

immersion test.  

Plecas lija (2004) studied the leach rate of 
60

Co and 
137

Cs from two 

different ion exchange resins: (a) spent cation exchange resins and (b) spent 

mix bead ion exchange resins in cement-bentonite matrix. The 

solidification matrix was a standard Portland cement mixed with 290-350 

kg/m3 spent cation exchange resins, with or without 2-5% of bentonite 

clay. They measured the leach rates from the cement-bentonite matrix as 

60
Co: (4.2-7.3) x 10

-5
 cm/d, and for 

137
Cs: (3.2-6.6) x 10

-5
 cm/d, after 245 

days. Also, they determined from the leaching data the apparent diffusivity 

of cobalt and cesium in cement-bentonite clay matrix with a waste load of 
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290-350 kg/m
3
 spent cation exchange resins as 

60
Co: (1.0-4.0) x 10

-6
 cm

2
/d 

and for 
137

Cs: (0.5-2.6) x 10
-4

 cm
2
/d after 245 days.  

El-Dakroury (2003) studied the immobilization of radioactive 

liquid waste by using the sludge from ceramic industry to obtain monolithic 

homogeneous solid form. The final product determined the physical 

properties to obtain the optimum conditions. The final product after loading 

Co
2*

 or Sr
2*

 ions have been characterized by x-ray diffraction, leaching test 

and the compressive strength. Results showed that, the proposed matrix has 

many advantages such as availability of material, relative low cost, high 

compressive strength. Simulated radioactive liquid waste solidified with 

ceramic waste (sludge) showed a slightly less leaching effect. Leach 

characteristics of simulated radioactive liquid waste from matrix have been 

studied by using toxicity characteristic leaching procedure (TCLP) 

recommended by the U.S. Environmental Protection Agency (EPA). A 

simple model have been studied by using the proposed system to predict the 

leachability of radioactive liquid waste from the binder matrix. Moreover, it 

was also cleared that the sludge matrix had high loading of Co
2+

 or Sr
2+

 

ions (1000 ppm) and more stability in leaching at different temperature up 

to 100
°
C. 

Sakr et al. (2003) used portland cement mixed with kaolinite clay 

and epoxy polymer at different ratios to immobilize radioactive waste ions. 

They investigated the physical and mechanical properties of the mixtures in 

presence and in absence of some chemicals. Also they determined thermal 

analysis and infrared spectra of each mixture. The release of radioactive 

ions from cement kaolinite clay, polymer mixture was studied. The 

presence of 7.5% kaolinite and 6% epoxy polymer increased the 
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mechanical strength of cement mixed by 40% water, and decreased 

leachability of ions from mixture. Their studies were also performed on a 

mixture of cement and 7.5% kaolinite cubes coated with a layer of epoxy 

polymer. Leachability of ions from these samples was decreased. A 

proposed container was designed to prevent release of ions from the 

immobilized matrix to the environment. 

El-Kamash et al. (2002) Studied the leach characteristics of Cs
137

 

and Co
60

 radionuclides from both ordinary Portland cement and cement 

mixed with two different ratios of silica fume and ilmenite using 

International Atomic Energy's (IAEA) standard leach method. Also, the 

effect of temperatures on the radionuclides leaching rates was studied and 

the effective diffusion coefficients were obtained at different temperatures. 

The addition of  0-15% silica fume and ilmenite to cement decrease the 

leaching rate of each nuclide at different studied temperatures and 

suggested a rapid release of radioactivity in the beginning (fast component) 

followed by slow release for long periods of time (slow component). Their 

results indicated that the net fractional release of the two radionuclides from 

different waste forms showed a decreasing pattern as Cs
137

 > Co
60

, 

indicating the largest diffusion coefficient for cesium in all waste matrices. 

Gervais and Ouki (2002) investigated the effect of four metal 

nitrate contaminants, namely chromium, manganese, lead and zinc on the 

mechanical and leaching characteristics of cement-based materials. For this 

purpose, three different matrices made of: (i) Portland cement, (ii) Portland 

cement and silica fume, and (iii) Portland cement and natural zeolite were 

studied. The effect of metal on the stabilized/solidified (S/S) product 

characteristics were monitored by measuring: (i) setting time, (ii) 
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compressive strength, (iii) acid neutralization capacity (ANC), and (iv) 

solubility of the metal contaminants as a function of pH. The result of both 

mechanical and leaching tests showed the importance of the 

contaminant/matrix couple considered. Setting time was accelerated in 

presence of chromium, while in presence of manganese, lead and zinc it 

was delayed. However, for the last two contaminants, a 10% replacement of 

cement by silica fume and zeolite, markedly accelerated the setting time 

compared to cement-only matrix. Although the early strength development 

was adversely affected in presence of all four contaminants, the long-term 

strength was less affected compared to the control materials. 

El-Dessouky et al. (2001) studied the immobilization of spent 

TBP/Kerosene and its degradation product into different matrices . They 

investigated the destruction of spent TBP/Kerosene (odourless kerosene 

(OK) with potassium permanganate. The matrices used include, ordinary 

portland cement, silica fume, treated fly ash, epoxy resin and cement mixed 

with epoxy resin. They studied the different factors affecting solidified 

waste forms, such as compressive strength, water resistance, thermal 

stability, chemical resistance, radiological stability and leachability. They  

found that epoxy resin and cement mixed with 5, 10, 20, and 50% of epoxy 

resin enhance the compressive strength of the solidified waste forms with 

spent TBP/OK more than that obtained from degradation products. They 

found the leaching rates of Eu-(152,154) from waste forms containing 

TBP/OK was lower than that with degradation products. 
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2.2. Immobilization of radioactive waste using fly ash and 

       zeolite cement paste. 

       Depending on their physical and chemical properties and the amount of 

replacements with cement, fly ashes may provide an economical production 

possibility in concrete industry and improve the mechanical and durability 

performance of concrete. In recent years, ultrafine fly ash has become one 

of the necessary ingredients of high-performance concrete. However, many 

of the fly ashes are coarse in nature, hence grinding is necessary to obtain 

sufficient performance in concrete production.  

Zeolites are preferred materials for adsorption of radioisotopes from 

aqueous nuclear wastes because of their selectivity, radiation and 

temperature stability and good compatibility with the cement matrix. 

Loaded materials, which are not regenerated, are preferably embedded in a 

solid matrix prior to ultimate storage in a repository. 

Abid Nadeem et al. (2013) evaluated the performance of fly ash (FA) 

and metakaolin (MK) mortar at elevated temperatures. Variables of the test 

program include partial replacement of cement with MK from 5% to 20%, 

FA from 20% to 60% and temperatures from 27 °C to 800 °C. Qualitative 

analysis of the microstructure of heated and unheated mortar was 

performed by Scanning Electron Microscope while quantitative analysis 

was performed on SEM images using Image Pro-plus software. Results 

show that for all mixes compressive strength decreased while charge passed 

increased with the increase in temperature from 27 °C to 800 °C. For all 

mixes, major strength and durability loss occurred after 400 °C. The 

observation of SEM images and image analysis of area fractions of 

hardened cement paste of different mortar mixes indicated that with the 
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increase in temperature the pore area fraction increased while hydrated 

paste area fraction decreased. Major drop in hydrated paste area and rise in 

pore area fraction occurred at 400 °C. Therefore, 400 °C could be regarded 

as the critical temperature for change in the properties of mortar. In general, 

fly ash mix showed better performance in all aspects. 

Krittiya et al. (2013) investegated the limitation of free lime 

content in fly ash according to EN-450. The form and existence of free lime 

in fly ash by SEM, EDX, and free lime content by a titration method, were 

observed. Some basic properties of fly ashes with various free lime contents 

and durability properties of mortar incorporating the fly ashes were also 

preliminary studied. A free lime addition method was selected by adding 

free lime to the originally collected fly ash in order to vary free lime 

content of the fly ash. The studied basic properties consisted of normal 

consistency, autoclave expansion, initial and final setting time, water 

requirement, and compressive strength. In terms of durability, alkali-

aggregate reaction, carbonation, shrinkage, and chloride and sulfate 

resistances, were investigated. Test results revealed that physical properties 

such as normal consistency and water requirement were unaffected by free 

lime, and that a free lime content up to 4.51% had only slight chemical 

effects on fly ash–cement mixtures, i.e., faster setting, higher compressive 

strength, especially at early age, and higher autoclave expansion. Regarding 

durability, mixtures with the high free lime fly ash led to higher expansion 

due to alkali-aggregate reaction. The expansion was smaller than that of a 

cement-only mixture. Carbonation depth, shrinkage, and chloride and 

sulfate resistances were only slightly affected by the added free lime. 
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Uzal and Turanl (2012) investigated the properties and hydration 

characteristics as well as paste microstructure of blended cements 

containing 55% by weight zeolitic tuff composed mainly of clinoptilolite 

mineral. Free Ca(OH)2 content, crystalline hydration products and 

decomposition of zeolite crystal structure, pore size distribution and 

microstructural architecture of hydrated cement pastes were examined. 

Superplasticizer requirement and compressive strength development of 

blended cement mortars were also determined. The blended cements 

containing high volume of natural zeolites were characterized with the 

following properties; (i) no free Ca(OH)2 in hardened pastes at the end of 

28 days of hydration, (ii) less proportion of the pores larger than 50 nm 

when compared to portland cement paste, (iii) complete decomposition of 

crystal structure of zeolite at the end of 28 days of hydration, (iv) presence 

of tetra calcium aluminate hydrate as a crystalline product of pozzolanic 

reaction, (v) more compatibility with the melamine-based superplasticizer 

when compared to the naphthalene based product, and (vi) similar 28 days 

compressive strength of mortars to that of reference portland cement. 

Serdar et al. (2010)
 
investigated the effect of fineness of fly ash on 

mechanical properties and alkali–silica reaction resistance of cement mortar 

mixtures incorporating fly ash . Blaine fineness of fly ash has been 

increased to 907 m
2
/kg from its original 290 m

2
/kg value by a ball mill. 

They prepared the test samples by replacing cement 20, 40 and 60%, with 

finer and coarser fly ashes and kept under standard and steam curing 

conditions until testing. Test results showed that grinding process improved 

the mechanical properties of all samples significantly. The beneficial effect 

of grinding fly ash, may increase utilization of this by-product in precast 

and ready-mix concrete industries. Incorporation of fly ash with different 
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fineness values and ratios also decreased the expansions to harmless levels 

of cement mortars due to alkali–silica reaction. 

Bülent and Asim (2008) investigated the effects of low-calcium fly 

ash (FA), limestone (LS), and dolomitic limestone (DLS) on the properties 

of cement and mortar through a number of tests. Composition of cement 

hydration products in cement paste and mortar were made with clinker 

(PC), gypsum (G), FA, LS and DLS. The binders employed were Portland 

cement (OPC), fly ash–portland cement (FA–OPC), FA–LS–OPC, and FA–

DLS–OPC blends with a maximum PC replacement level of 40%, FA level 

of up to 40%, LS and DLS levels of up to 15%. The studied the hydration 

rate and products by means of X-ray diffraction (XRD) and Fourier 

transforms infrared spectroscopy (FTIR). The results showed that the FA, 

LS and DLS prolong the setting time of the cements. Relative to OPC, in 

FA–OPC system expansion decreases as the fly ash content of the cement 

increases. Ternary system, FA–DLS–OPC produces a marked fall in the 

expansion of the tested specimens 

El-Kamash et al. (2006) investigated the possibility of solidifying 

exhausted synthetic zeolite A, loaded with 
137

Cs and/or 
90

Sr radionuclides, 

in Ordinary Portland cement (OPC). Several factors affecting the 

characteristics of the final solidified waste product towards safe disposal 

such as mechanical strength and leaching behavior of the radionuclides 

have been studied. A simplified mathematical model based on diffusion 

mechanism for cylindrical geometry waste matrix has been simulated to 

predict the release rates of the investigated radionuclides from cement 

matrix. They discussed the predicted values in relation to experimentally 

observed leach rates to confirm the proposed mechanism in the model. The 
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obtained results showed that the presence of zeolite A in the final cemented 

wastes improve the mechanical characteristics of the solidified cement 

matrix (mechanical strength and setting times) towards the safety 

requirements and reduce considerably the radionuclides leach rates.   

Pipat  et al. (2006) explained the effect of water curing condition on 

compressive strengths of fly ash–cement paste by quantitative data of 

hydration degree. Hydration of fly ash–cement paste was estimated by 

Rietveld analysis and selective dissolution. Their result showed that the 

hydration degree of belite is affected by water curing conditions, more so 

than that of fly ash and alite. Fly ash still continues to hydrate even without 

an extra, external supply of water. The strong dependence of fly ash–

cement concrete on curing conditions does not come from the hydration 

degree of fly ash, but rather comes from the hydration degree of cement, 

especially belite. When the water to binder ratio is low enough, the 

hydration of cement plus small hydration of fly ash are considered to be 

enough for adequate compressive strength at the beginning. Then, 

compressive strength of fly ash–cement paste becomes less sensitive to the 

water curing period. 

Etsuo et al. (2005) studied the influences of the glass content and 

the basicity of glass phase on the hydration of fly ash cement and hydration 

over a long curing time was characterized. They used two kinds of fly ash 

with different glass content, one with 38.2% and another with 76.6%,. The 

hydration ratio of fly ash was increased by increasing the glass content in 

fly ash in the specimens cured for 270 days. When the glass content of fly 

ash is low, the basicity of glass phase tends to decrease. Reactivity of fly 

ash is controlled by the basicity of the glass phase in fly ash during a period 
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from 28 to 270 days. However, at an age of 360 days, the reaction ratios of 

fly ash show almost identical values with different glass contents. Fly ash 

also affected the hydration of cement clinker minerals in fly ash cement. 

While the hydration of alite was accelerated, that of belite was retarded at a 

late stage. 

Canpolat et al. (2004) studied the effects of zeolite, coal bottom 

ash and fly ash as Portland cement replacement materials on the properties 

of cement through three different combinations of tests. These materials are 

substituted for Portland cement in different proportions, and physical 

properties such as setting time, volume expansion, compressive strength 

and water consistency of the mortar are determined. Then, these physical 

properties are compared with those of PC 42.5. They found that, 

replacement materials have some effects on the mechanical properties of 

the cement. The inclusion of zeolite up to the level of 15% resulted in an 

increase in compressive strength at early ages, but resulted in a decrease in 

compressive strength when used in combination with fly ash. Also, setting 

time was decreased when zeolite was substituted. The results obtained were 

compared with Turkish Standards (TS), and it was found that they are 

above the minimum requirements. 

Perraki et al. (2003) examined the effect of zeolite on the hydration 

of cement . The experimental part comprises three stages: In the first stage 

a complete mineralogical characterization of the zeolite was performed. In 

addition, the pozzolanic reactivity of the zeolite was evaluated on the basis 

of Chapelle test. In the second stage, pastes of Portland cement, 

incorporating 0%, 10%, 20% and 30% per weight of fine zeolite were 

prepared. The pastes were water-cured at 20 °C, for 1, 2, 7 and 28 days. 
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Finally, the hydration rate and products were studied by means of X-ray 

diffraction and Fourier transform infrared spectroscopy, in combination 

with thermoanalytical methods (TG/DTG and differential thermal analysis). 

they concluded, the examined zeolite consists mainly of “heulandite type 

II” and shows a good pozzolanic reactivity (0.555 g of Ca(OH)2 per gram 

of zeolite, according to the Chapelle test). The incorporation of zeolite in 

cement contributes to the consumption of Ca(OH)2 formed during the 

cement hydration and the formation of cement-like hydrated products. 

 

2.3. Characteristic of fly ash industrial by product material. 

       Fly ash can be defend as a fine-grained powder, which is mainly 

composed of spherical glassy particles. The Characteristic of fly ash differ 

depending on the source and the combustion method used in the power 

plant. Fly ash has pozzolanic properties and consists essentially of SiO2 and 

Al2O3. Many articles have published concerning the characteristic of fly 

ash. 

         Kostakis (2009) characterized the phase-mineral and chemical 

composition of fly ashes produced from the brown coal burning power 

plants of Agios Dimitrios, Kardia, Ptolemais, LIPTOL, Amynteon, and 

Achlada-Meliti (Western Macedonia, Greece). They found that the fly 

ashes from the Agios Dimitrios, Kardia, and Ptolemais power plants have 

nearly the same mineralogical composition, consisting mainly of feldspars, 

lime, anhydrite, quartz, calcium silicates, and high amounts of amorphous 

phases. The fly ashes from Amynteon were slightly different, having lower 

content of lime and higher content of feldspars, whilst those from LIPTOL 

had a relative variable quantitative composition. The fly ashes from the 
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Meliti-Achlada power plant consisted mainly of amorphous phases (very 

high amounts), mullite, feldspars, and quartz.  

Blaha et al. (2008) investigated magnetic properties, particle 

structure, grain-size distribution and chemical composition for two fly ash 

samples from a black coal-fired power plant (Bexbach, Germany). They 

extracted the magnetic spherules from bulk fly ash samples and examined 

using SEM/EDX analysis. Also, they studied particle morphology and 

grain-size analysis on the magnetically extracted material. They determined 

the main element contents of the internal structures which consist of 

“magnetite” crystals and “glassy” matrix. Their found that from the 

comparison of the bulk sample grain-size (0.5–300 µm) and grain-size 

spectra from magnetic extracts (1–186.5 µm) strongly magnetic particles 

mainly occur in the fine fractions of <63 µm.  

Moreno et al. (2005) characterized fly ashes sourced from 

European pulverized coal burning power plants (from Spain, The 

Netherlands, Italy and Greece) in terms of their chemical composition, 

mineralogy and physical properties. They also determined the amount and 

composition  of the glass present in the ashes. They compared the results to 

the literature to determine their similarities to UK coal fly ashes. They 

categorized the ashes based on their oxide contents using chemical analysis 

procedures. 

Vassilev and menendez (2005) characterized the phase-mineral and 

chemical composition of heavy concentrates (HCc) and improved fly ash 

residues (IFAs) recovered from five fly ashes (FAs) produced in four large 

Spanish thermo-electric power stations. They found that, the IFAs isolated 

are in the range 71.5-97.1% and their phase-mineral composition (in 
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decreasing order of significance ) normally includes aluminosilicate glass, 

mullite, quartz char, kaolinite, plagioclase, cristobalite, wollastonite, 

hematite, anhydrite, K-feldspare, melilite, and corundum. Also, the contents 

of most elements in IFAs are similar to FAS as Ag, Ba, Ci, Cs, Ge, Mo, S, 

Sb, and Sc are significantly depleted in these residues. 

 

2.4. Zeolites synthesis from fly ash. 

The compositional similarity of fly ash to some volcanic materials, 

precursor of natural zeolites, prompted many researchers to synthesize 

zeolites from this waste material. Since then, a number of patents and 

technical articles were proposed different hydrothermal activation methods 

to synthesize different zeolites from fly ash. All these methodologies 

developed are based on the dissolution of Al – Si bearing fly ash phases 

with alkaline solutions (mainly NaOH and KOH solutions) and the 

subsequent precipitation of zeolitic material. 

Vernon et al. (2008) synthesised zeolites from fly ash (FA) and 

related co-disposal filtrates as low-cost adsorbent material. They used the 

synthesised zeolites to establish its ability to remove lead and mercury ions 

from aqueous solution in batch experiments, to which various dosages of 

the synthesised zeolites were added. Their results indicated that when 

increasing synthesised zeolite dosages of 5–20 g/L were added to the acid 

mine drainage (AMD) wastewater, the concentrations of lead and mercury 

in the wastewater were reduced accordingly. The lead concentrations were 

reduced from 3.23 to 0.38 and 0.17 µg/kg, respectively, at an average pH of 

4.5, after the addition of raw FA zeolite and co-disposal filtrate zeolite to 

the AMD wastewater. On the other hand, the mercury concentration was 

reduced from 0.47 to 0.17 µg/kg at pH=4.5 when increasing amounts of co-
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disposal filtrate zeolite were added to the wastewater. The experimental 

results had shown that the zeolites synthesised from the co-disposal filtrates 

were effective in reducing the lead and mercury concentrations in the AMD 

wastewater by 95% and 30%, respectively. 

Ye Yaping et al. (2008) synthesized pure zeolites from fly ash 

where they activated the silicon and aluminum in fly ash by fusion with 

sodium carbonate. They treated the fused product by a method involving a 

desilicification and hydrothermal process. The structure-directing agents 

and crystal seeds made a promoting effect on the type of crystallization 

achieved. They characterized the zeolites in term of mineralogical 

composition and cation exchange capacity (CEC). Their result showed that, 

the pure zeolites exhibited high CEC ranged from 3.2 to 4.6 meq/g, and the 

yield ratio reached to 70%. 

Peña et al. (2006) synthesized zeolites formed as a result of the 

hydrothermal treatment of Spanish class F coal fly ash in a 1 M solution of 

NaOH. The majority zeolite formed at 150 °C was a gismondine-type P1-

Na species, which at 200 °C transformed into analcime-C zeolite. They 

described the immobilization of Cs
+
, Cd

2+
, Pb

2+
 and Cr

3+
 by synthetic 

zeolites. The shift in pore size distribution towards pores with diameters of 

about 2.2 nm observed after the zeolites were washed entailed an increase 

in the specific surface area, to values nearly double the figures recorded 

prior to washing. With a high selectivity for Cs, the gismondine type Na 

zeolite P was found to be the best candidate for immobilizing radioactive 

waste. Gismondine and analcime-C zeolites also exhibited high Cd 

selectivity. 
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Inada et al. (2005) Converted coal fly ashes, which include much 

amount of silica and alumina into zeolite by hydrothermal alkaline 

treatment. They investigated the effect of microwave irradiation on the 

zeolite formation. They mixed the fly ash with 2 M NaOH solution and 

heated by oil bath or microwave for 2 h. Zeolite Na-P1 formed after the 

conventional treatment using oil bath, but no zeolitic product was obtained 

by microwave heating. They concluded that, the microwave is effective to 

produce the zeolite from coal fly ash in a short period by control of 

irradiation schedule in the early stage, the microwave was applied in the 

course of hydrothermal treatment, zeolitization was promoted by the early-

stage irradiation. This is due to the stimulated dissolution of SiO2 and Al2O3 

from coal fly ash. On the other hand, the microwave irradiation in the 

middle to later stage retarded the crystallization of zeolite.  

Ojha et al. (2004) used coal fly ash to synthesize X-type zeoliteby 

alkali fusion followed by hydrothermal treatment. They characterized the 

synthesized zeolite using various techniques such as XRD, SEM, FT-IR, 

BET method, etc. they optimized the synthesis conditions to obtain highly 

crystalline zeolite with maximum BET surface area. They found that, the 

maximum surface area of the product was m
2
/g with high purity. They 

estimated the cost of the synthesized zeolite to be almost one-fifth of that of 

the commercial 13X zeolite available in the market. 

Vučinić et al. (2003) modified coal fly ash to zeolitic materialsby 

hydrothermal treatment. They studied the zeolite synthesis as a function of 

the mole ratio of Na2O/SiO2 in the reaction mixtures. Their results showed 

that, NaP1 zeolite is obtained when the Na2O/SiO2 mole ratio was 0.7. 

Also, hydroxysodalite is the dominant zeolite phase in modified fly ash 
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treated with a higher Na2O concentration (Na2O/SiO2=1.3). They used the 

IR and XRD methods to determine the phases present in the starting and 

zeolitic materials.  

Maruyama et al. (2002) clarified the mechanism of zeolite 

synthesis from coal fly ash, the hydrothermal reaction was carried out in 

various alkali solutions. They investigated changes in various physical and 

chemical properties, such as crystal structure, surface structure and cation 

exchange capacity, of the obtained zeolites and the dissolved amount of Si
4+

 

and Al
3+

 in alkali solution during the hydrothermal reaction. There exist 

three steps in alkali hydrothermal reaction of zeolite synthesis: the 

dissolution step of Si
4+

 and Al
3+

 in coal fly ash, the condensation step of 

silicate and aluminate ions in alkali solution to make aluminosilicate gel, 

and the crystallization step of aluminosilicate gel to make zeolite crystal. 

The OH
−
 in alkali solution remarkably contributes to the dissolution step of 

Si
4+

 and Al
3+

 in coal fly ash, while Na
+
 in alkali solution makes a 

contribution to the crystallization step of zeolite P. They found that, this 

zeolite has the tendency to capture K
+
 selectively in the cation exchange 

site. 

Querol et al. (2001) studied the synthesis of zeolites from fly ash at 

pilot plant scale. The study focused on the synthesis of zeolites from 

Spanish fly ashes at laboratory (g and kg sample size) and pilot plant 

(metric ton sample size) scales, and on the potential application of the 

synthesized zeolitic material. To this end, eleven Spanish fly ashes were 

selected and characterized in detail. The zeolitic material obtained at the 

two scales was very similar. The NaP1 zeolite content was estimated as 

40% and high cation exchange capacity values were obtained for NaP1, 

KM, and chabazite. The results showed that fly ash zeolite has very 
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promising capacities for immobilizing environmental pollutants like heavy 

metals and ammonium. 

 

2.5. Production and characteristic of fly ash –zeolite cement. 

Aída and Pedro
 
(2009)

 
synthesized a Portland belitic clinker from 

calcite and natural zeolite. They compared the preparation through the 

conventional thermal treatment to the material synthesized by a modified 

combustion method. This procedure, using urea and ammonium nitrate, 

reduces drastically calcinations time and temperature. Also they discussed 

the particle size effect of the initial minerals. Their compounds were 

identified by X-ray diffraction and scanning electron microscopy.  

Pimraksa et al. (2009)
 
synthesized belite cement from fly ash as it 

can be produced using low temperature between 750 and 1200 °C leading 

to energy saving and low carbon dioxide emission. Two synthesis methods 

viz., clinkerization and hydrothermal processes assisted by calcinations are 

studied. For the clinkerization process and studied the firing temperatures, 

types of additives and calcium oxide/silicon dioxide ratios (Ca/Si). In this 

process, the reaction between fly ash and calcium carbonate produces 

gehlenite  which is undesirable due to its poor hydraulic property. A 

slightly higher belite phase is obtained using sulfate ion as a dopant and 

using high Ca/Si ratio. The final products are belite phase and mayenite 

which are desirable as they possess hydraulic properties. The reasonable 

28-day compressive strength of the belite cement mortar of 9.5 MPa is 

obtained. The hydrothermal process assisted by calcination is, therefore, 

suitable for use in the synthesis of belite cement from lignite fly ash. 
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Goni and Guerrero
 

(2008)
 

investigated the influence of the 

temperature on two types of hydrated fly ash belite cement pastes by 

measuring the specific surface area and pore-size distribution by sorption 

isotherms of nitrogen gas and BET method. They produced the two belite 

cements by the hydrothermal-calcination route of fly ash class C in 

NaOH1M solution (FABC-2-N) and demineralized water (FABC-2-W). in 

the case of  FABC-2-W, a densification of the C-S-H gel was produced at 

temperature of 40°C, which favored the formation of pores of ~3 nm of 

diameter leading to higher surface area values, compared with the C-S-H 

gel formed at 20°C. at a micro-scale, the temperature caused an increase of 

capillary porosity (>0.05 µm) at later age of hydration and, consequently, a 

decrease of compressive mechanical strength. At 40°C, the correlations 

were not so clear probably due to another microstructural factor such as the 

increase of the larger capillary porosity (>0.05 µm). 

Dolado et al.
 
(2007)

 
prepared fly

 
ash belite cement (FABC) pastes 

with and without nanosilica additions and maintained in sulfate solutions 

for 180 days. Then, they measured the mechanical performance and the 

changes in microstructure have been monitored at 28, 90 and 180 days by 

compressive strength, x-ray diffraction (XRD) and 
29

Si MAS NMR 

measurements. They founded the addition of nanosilica particles induces an 

initial fall in the compressive strength of the samples. Only in samples 

maintained for long time (180 days), do the nanosilica addition improve the 

mechanical properties.  

Sarra and Ana
 
(2007)

 
presented the microscopic characteration of 

two types of fly
 
ash belite cements and their hydration products by means 

of scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) 
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microanalysis and X-ray diffraction analysis. They studied the hydration 

during a period of 180 days at 21°C and >95% rh for the cements were 

obtained from ASTM class C coal fly ash by the hydrothermal-calcination 

route in water (FABC-2-W) and in NaOH1M solution (FABC-2-N). their 

result showed that important incorporation of Al in the C-S-H gel and other 

minor elements, with presumable composition close to that aluminium-

tobermorite. The C-S-H composition of the FABC-2-W is more stable over 

the hydration time than of the FABC-2-N cement. 

Goni et al. (2006) discussed The efficiency of innovative matrices 

for immobilizing cesium. The matrix formulation included the use of fly 

ash belite cement (FABC-2-W) and gismondine-type Na-P1 Zeolite, both 

of which are synthesized from fly ash of coal combustion. Matrices with 

100% of FABC-2-W are used as a reference. They evaluated the integrity 

of matrices by porosity and pore-size distribution from mercury intrusion 

porosimetry, X-ray diffraction and nitrogen adsorption analyses. Both 

matrices can be classified as good solidify systems for cesium, specially the 

FABC-2-W/zeolite matrix in which the replacement of 50% of belite 

cement by the gismondine-type Na-P1 zeolite caused a decrease of two 

order of magnitude of cesium mean effective diffusion coefficient (De) 

(2.8e-09cm/s versus 2.2e-07cm2/s, for FABC-2-W/zeolite and FABC-2-W 

matrices, respectively). 

Nabajyoti et al. (2006) produced cement clinkers from two types of 

municipal solid waste incineration fly ash (MSW ash) samples. They used 

XRD technique to monitor the phase formation during the burning of the 

raw mixes. The amount of trace elements volatized during clinkerization 

and hydration, as well as evaluated leaching behaviours of the clinkers 

obtained from optimum compositions. From the result they observed that 
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all of the major components of ordinary portland cement (OPC) clinkers are 

present in produced clinkers. Their hydration studied of clinkers obtained 

from optimum compositions show that the clinkers prepared from raw 

MSW ash are more reactive than the washed MSW ash based clinkers. 

They found that more than 44% of MSW ash with the addition of very 

small amount of silica and iron can be used to produce cement clinkers. The 

amount of CaCO3 necessary to produce clinkers (approximately 50%) is 

also smaller than the same required for the conventional process (more than 

70%). 

Goni et al. (2004) discussed the optimization of parameters of 

synthesis of belite cement clinker from coal fly ash of high Ca content. The 

synthesis process is based on the hydrothermal-calcination-route of the fly 

ash without extra additions. The hydrothermal treatment was carried out in 

demineralized water and 1 M solution of NaOH solution for 4 h at 

temperatures of 100°C, 150°C, and 200°C. the precursors obtained were 

heated at temperature of 700°C, 800, 900°C, and 1000°C. They 

characterized the change of fly ash composition after the different treatment 

by X-ray diffraction (XRD), infrared (IR) spectroscopy, surface area (BET) 

and thermal analyses. They concluded that the optimum temperature of the 

hydrothermal treatment was 200°C and the optimum temperature for 

obtaining the belite cement clinker was 800°C 

Guerrero et al. (2000) studied the effect of two kinds of Spanish 

fly ashes ASTM (class F) on the mechanical and microstructure parameters 

of fly ash–belite cement (FABC) mortars. They investigated the pore-size 

distribution analyses by mercury intrusion porosimetry, and microstructure 

by scanning electron microscopy. The pore solution was expressed and 

analyzed at different periods of hydration. Their results showed that the 
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alkali and iron content of the starting fly ash strongly influenced the 

kinetics of hydration of the FABC cements. If the time factor is deleted, 

general correlation is obtained between the mechanical and microstructure 

parameters studied, irrespective of both the starting fly ash characteristics 

and the calcination temperature. 
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3. MATERIALS AND METHODS  

3.1.  Materials 

3.1.1.Chemical reagents 

          All chemicals used in this work are extra pure grade, distilled water was 

used for preparation, analytical purposes and for leaching measurements. The 

main chemicals and the different target materials utilized for the preparation 

are listed in Table (5).  

               Table (5): The chemical  reagents used. 
 

Name Formula Product of  

Sodium hydroxide NaOH Winlab  

Hydrochloric acid HCl Merck  

Cesium chloride CsCl Merck  

Cobalt chloride CoCl2 Merck  

Strontium chloride Sr Cl2 Merck  

Calsium sulphate CaSO4 GPR  

Calsium carbonate CaCO3 British Drug Houses  

Calsium oxide CaO Winlab  

Sodium chlorid NaCl El nasr Pharm.  

Magnesium chloride MgCl2.6H2O British Drug Houses  

Magnesium  sulphate MgSO4 Aldrich  

Magnesium bromide MgBr2.5H2O Aldrich  

Tri-Sodium Phosphate Na3PO4.12H2O Koch-light Lab.Ltd  
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3.1.2. Fly ash 

          The by product industrial waste fly ash used in the present study was 

provided from the thermal power station located at Shubra El-Kheima, 

Cairo, Egypt. 

 

3.1.3. Radioactive tracers 

          The radioactive tracers; Cesium-137, Cobalt-60 and Strontium-85 

used in this work were obtained from Nuclear Research  Reactor, Inshas, 

Egypt .In the high purity of CsCl, CoCl2 and SrCl2 were prepared by neutron 

irradiation.  

 

3.1.4.  Low level waste used 

           The chemical and radiochemical compositions of Inshas radioactive 

low level liquid waste (LLLW) used in this study is presented in Tables (6, 

7)  (El-Dessouky. et al., 1990). 

 

3.1.5. Ordinary Portland Cement (OPC) 

          Ordinary Portland Cement (OPC) as solidified matrix was used, it was 

obtained from Tourah Portland Cement Company, Helwan. The chemical 

composition of Portland cement is given in Table (8).  
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        Table (6) : The chemical composition of low level liquid radioactive  

                          waste (LLLW).  

 

 
Elements      Concentration range (g / l) 

 

Dry residue 

Suspended matter 

Ratio Ca:Mg 

Sulphate-ion 

Chlorine-ion 

Nitrate-ion 

Phosphate-ion 

Oxalate-ion 

Detergent 

0.42-0.7 

0.01-0.03 

1 : 1 

0.03-0.06 

0.02-0.05 

0.06-0.12 

0.001-0.04 

0.001-0.04 

0.01-0.02 

 

 

 

 

Table (7): The radiochemical composition of low level liquid wastes. 

 

Quantity  

    Radionuclide Bq/m
3
 Ci/l 

Total Radioactivity: 

β and γ, emitters including: 

Caesium-137 

Cobalt-60 

Strontium-90+Yttrium-90 

Ruthenium-106+Rhodium-106 

Iodine-131 

Europium-(152 & 154) 

Zirconium+Niobium-95 

Cerium-144+Praseodymium-144 

α-emitters 

3.7E7 

 

1.48E7 

1.85E5 

2.22E6 

7.4E5 

1.85E5 

1.1E6 

1.11E6 

7.4E5 

3.7E5 

1E-6 

 

4E-7 

5E-9 

6E-8 

5E-8 

5E-9 

3E-9 

3E-9 

2E-8 

    1E-8 
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3.1.6. Synthetic sea water 

          The synthetic sea water was prepared by the method described by 

(Nelson, 1977). In this respect, the suitable weight of each salt was 

dissolved in distilled water as indicated in Table (9). The pH of synthetic sea 

water was adjusted to 8 by the addition of a minimum amount of sodium 

carbonate. 

 

3.2. Instrumentation 

3.2.1.   Digital balance 

 All chemicals for solution 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. 

 

3.2.2.   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. 

 

3.2.3.  pH meter 

           The pH measurements were made using a microprocessor bench top 

Hanna pH meter model pH 211. 

 

3.2.4.   Mixer           

            The mixer used is an electrically driven mechanical mixer of the epi-

cycle type. The mixer has high and low speeds to facilitate complete mixing. 

The removable mixing bowl has a capacity of 4 liters and is made of 
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stainless steel. This equipment is manufactured in Egypt by Miser-Fatramo 

Computer & Electronic Equipment Company, USA, model A-120T. 

 

 

   Table (8): Chemical Composition of Ordinary Portland Cement (OPC). 

 

Oxide Wt % 

CaO 

SiO2 

Al2O3 

Fe2O3 

MgO 

K2O 

Na2O 

SO3 

L.O.I 

61.2 

21.0 

4.74 

3.98 

2.51 

0.60 

0.29 

2.43 

3.42 

           L.O.I.  :  Loss on Ignition 

 

Table (9): Chemical Composition of synthetic sea water. 

 
 

          Compound  
 

Concentration, g/l 

Sodium chloride (NaCl) 

Magnesium chloride(MgCl2) 

Magnesium  sulphate(MgSO4) 

Calsium sulphate(CaSO4) 

Potassium sulphate(K2SO4) 

Calsium carbonate(CaCO3) 

Magnesium bromide (MgBr2) 

27.213 

3.807 

1.658 

1.260 

0.863 

0.123 

0.076 
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3.2.5.  Total X-Ray fluorescence 

            X-Ray fluorescence is a technique which is much more useful for 

very accurate quantitative detection of elements than for structural studies. 

Quantitative elemental analysis of the raw fly ash and the synthesized fly ash 

zeolite cement were accomplished by total x-ray fluorescence instrument of 

type Philips, Vacuum-Spectrograph, Italy, using Ga solution as internal 

standard for analysis measurements where the samples as powders were 

mixed with (Na2B4O7) and melted at elevated temperatures to form a 

homogeneous transparent glass mixture.  

 

3.2.6.   X-Ray diffractometer  

                 
The raw fly ash and the synthesized fly ash zeolite cement were 

analyzed using x-ray (electromagnetic radiation with a wavelength, range 

0.1-10
 0

A). The measurements of X-Ray diffraction patterns were carried out 

using a Shimadzo X-Ray diffractometer, Kyoto-Japan using a nickel filter 

and a Cu kα radiation tube.  

 

3.2.7.  Fourier transformed infrared spectrophotometer (FT-IR) 

            Investigation of the active function group present in the examined 

samples were carried out using an infrared spectrophotometer of type 

Perkin-Elmer, BX. 

 

3.2.8.  Nova 3200 BET instrument 

            The total surface area was measured for the synthesized fly ash 

zeolite cement using the standard volumetric method by nitrogen adsorption 
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at 77
°
k and application of the BET-equation by means of Nova 3200 BET 

instrument. 

3.2.9.  Thermal analysis  

3.2.9.1. Differential thermal analyzer (DTA) 

             The hydration and the thermal stability of the synthesized fly ash 

zeolite cement grout samples were studied using Shimadzo thermal 

anylyzer. This equipment manufactured by Shimadzo corporation, Kyoto-

Japan, model DTA-50. 

3.2.9.2. Thermogravimetric analyzer (TGA) 

              The thermogravimetric analyses (TGA) thermal analysis system. 

(TGA) was used to follow up the weight loss of the synthesized fly ash 

zeolite cement samples during heating from room temperature up to 800
0
C. 

This equipment manufactured by Shimadzo corporation, Kyoto-Japan, 

model TGA-50. 

 

3.2.10. Radiometric measurements 

             The gamma activities emitted from the radionuclides used in this 

work, 
137

Cs , 
60

Co and  
85

Sr were measured using gamma spectrometer with 

2
" 

 x 2
"
 Nal crystal activated with thallium. The crystal was connected to 

multichannel analyzer which had 256 channels attached with preamplifier. 

This equipment manufactured by the Nuclear Excellence in Nuclear 

Instrumentation Model 800A , made in USA. 

 

3.2.11. Gamma radiation unit 

             The effect of radiation dose rates in the range between 20 KGy to 80 

KGy on the compressive strength of the solidified waste forms after 28 days. 
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Gamma irradiation of samples were carried out using a Cobalt-60 source of 

gamma unit 220 type, made in USA. 

 

3.2.12. Vicat needle apparatus 

             The Vicat Needle apparatus with different needles was used to 

determine the initial and final setting times of cement pastes. A needle of 

1mm square section was used to determine the initial setting time. This 

needle, acts under a prescribed weight, penetrate a paste placed in a special 

mould. A needle of 5 mm diameter attachment was used for measuring the 

final setting time. Fig.(2) shows a shows a schematic view of Vicat Needle 

apparatus. 

 

3.2.13. Load compressive strength machine 

             Load compressive machine model WF, Eng, U.K., was used to 

perform the compression test according to the British Standard Bs 1881. The 

compression machine has a rigid frame assembly and provides the reaction 

of the loading of a movable piston against the sample produced this 

equipment. 

A set of three samples was used for the determination of compression test. 

The mechanical strength testes were carried out using the challenger range 

of mechanical testing machine (2000KN) calibrated at Bs 1610 grade with 

the pacer speed set at 5. 
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Fig (2): Vicat Needle Apparatus  
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3.3.    Experimental techniques 

3.3.1.  Synthesis of fly ash zeolite cement 

           The synthesis process is based on the hydrothermal-calcination-route 

of the fly ash. The synthesis of fly ash zeolite cement (FAZC) followed the 

methodology of (Jiang and Roy, 1992) using as precursors the hydrated 

compounds formed during the fly ash pozzolanic reaction, which was 

strongly activated by hydrothermal treatment. This method comprises two 

steps. In the first, a mixture of fly ash (FA) and CaO were used as starting 

materials. They were mixed at a Ca/Si molar ratio of 2. The FA/CaO 

mixture was treated hydrothermally in 1 M NaOH solution at a solution -to-

solid ratio of 3:1, for 4 h at 200°C with continuous stirring. After 4 h of 

heating, the reactor was cooled and the solids filtered. The solid obtained 

after filtration was 3 times washed with distilled water to eliminate the 

excess of NaOH. In a further step,  the solid dried at 80°C then heated at a 

rate of 10°C/min (up to 600°C), and 5°C/min from 600 to 700, 800 and 900 

°C. The schematic flow sheet of the synthesis processes was illustrated in 

Fig.(3). 

 

3.3.2.  Characterization techniques 

3.3.2.1.  X-Ray fluorescence (XRF) 

              X-Ray fluorescence is a suitable method that can be used for 

quantitative elements analysis. The elements analysis of raw fly ash(FA) and 

the synthesized fly ash zeolite cement (FAZC) were accomplished by total 
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x-ray fluorescence instrument of type Philips, Vacuum-Spectrograph, using 

Ga solution as internal standard for analysis measurements. 
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             Fig. (3): Flow sheet diagram for the synthesis of fly ash  

                                zeolite cement (FAZC) from fly ash. 

 

 

3.3.2.2.  X-Ray diffraction (XRD) 

                    
X-Ray diffraction patterns of samples of raw fly ash and the 

synthesized fly ash zeolite cement were measured using Cukα radiation by 

X-ray diffractometer. Samples were scanned for 2θ ranging from 5 to 70°. 

 

3.3.2.3. Fourier transformed infrared spectrophotometer (FT-IR) 

            Approximately 15 mg of the samples of raw fly ash and the 

synthesized fly ash zeolite cement plus 1.0 g of KBR were weighted out, 

milled and ground in a mortar. The resulting mixture was then compressed 

at 5 ton cm
-2

 into a pellet. IR spectra of the samples were recorded on a FT-

IR spectrometer in the range between (200 and 4000 cm
-1

). 

 

3.3.2.4.  Surface area measurement 

              The powder Specimens were compacted uniaxially under pressure 

of 200 Mpa into discs of 8.0 mm diameter and 5.0 mm thickness. Specimens 

were introduced into the sample holder and firstly evacuated to a pressure 

less than 10 Mpa, then subjected to instruction of non wetting liquid, Hg 

under hydraulic pressure. The specific surface area of synthesized fly ash 

zeolite cement (FAZC) was measured using standard volumetric method and 

application of the BET-equation by means of Nova 3200 BET instrument. 

 

3.3.2.5. Thermal analysis  

  (I)  Differential thermal analysis (DTA) 
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         The differential thermal analysis measurements were done using DTA 

system. For DTA, the thermocouple is made up of (90% platinum and 10% 

rhodium alloy). Calibration was carried out using indium (m.p.156.6 °C) 

weighed approximately 5 ±0.1 mg and placed in an open platinum pan. The 

samples were powder form using Shimadzo corporation, Kyoto-Japan, 

model DTA-50. 

  (II)  Thermogravimetric analyzer (TGA) 

          The thermal gravimetric analysis (TGA) were carried out at nitrogen 

atmosphere of 50 cm
3
/min flow rate with heating rate of 10 °C/min. A 20 

mg sample was placed in a platinum cell and analyzed by Shimadzo 

corporation, Kyoto-Japan, model TGA-50. 

 

3.4.    Investigation Studies 

          All studies were investigated for fly ash zeolite cement (FAZC) 

compared with ordinary portland cement (OPC). 

 

3.4.1. Effect of water/cement ratio on compressive strength 

           The cement samples were prepared by mixing fly ash zeolite cement( 

at  temperature of the hydrothermal treatment of the fly ash was 200 °C and 

when the hydrated precursors were heated at 800 °C where is the optimum 

fly ash zeolite cement clinker) with water (waste) in different ratios in the 

range from 0.3 to 0.65 but for the ordinary portland cement (OPC) with 

water ratios in the range from 0.25 to 0.45. The mixing was carried out on 

the cement powder with the water of consistency of each mix. The cement 

pastes were stirred for 3 minutes and the grout was then poured into a steel 

cylinders moulds of 2.5 cm height and 2.5 cm radius. After setting time for 

24 hours, the samples were demoulded. All cement samples were prepared 
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in triplicates and kept in aluminum foil for 28 days at room temperature for 

complete hydration of cement. The interior surface of the moulds were 

covered with oil to avoid adhesion. 

          The strength tests were carried out using a compression-testing 

machine. The estimated cylinders strengths have been calculated from the 

measured values using the appropriate correlation factors (British Standard 

BS, 1970). 

       If L is the  Load applied to cause failure (kg) and S  surface area of the 

cylinder (cm
2
), then estimated cylinder strength is determined using eqs. 

(1&2) : 

                     L X 1000 

Estimated cylinder strength(Kg/cm
2
)= ---------------------------------       (1) 

        9.8 (Specific Gravity) X S 

 

                     L X 1000 

Estimated cylinder strength (MPa) = -----------------------------------       (2) 

     9.8 (Specific Gravity) X S X10 

 

3.4.2. Effect of curing time on compressive strength 

          Cement samples were prepared by mixing fly ash zeolite cement 

(FAZC) for three types of FAZC were synthesized at 700, 800, and 900 °C 

after a previous hydrothermal treatment at 200 °C of the fly ash, CaO, and 

NaOH 1M solution)with water for cement hydration. The total water/cement 

(W/C) ratio was kept at 0.5 for all prepared samples.  And at (W/C) ratio at 

0.35 for ordinary portland cement samples. Steel cylinders moulds of 2.5 cm 

height and 2.5 cm radius were used to prepare cement pasts. Cement pastes 

were placed in the moulds and then the moulds are vibrated for several 

minutes to remove any air bubbles and to have a better compaction of the 

paste.  After setting time for 24 hours, the samples were demoulded. The 
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effect of curing time on compressive strength of the samples were studied 

for 7, 14, 28, 60 and 90 days. The strength tests were carried out using a 

compression-testing machine. The estimated cylinders strengths have been 

calculated from the measured values using the appropriate correlation 

factors (British Standard BS, 1970). 

 

3.4.3.  Setting time 

           The initial and final setting times for fly ash zeolite cement (FAZC-

calcined at 800ºC) at water/cement ratio 0.5 and ordinary Portland cement at 

water/cement ratio 0.35 were measured using Vicat Needle apparatus. The 

samples were prepared as mentioned before. For the determination of the 

initial set around needle with a diameter 1.13 ± 0.05 mm was used. This 

needle, acting under a prescribed weight, is used to penetrate a past of 

standard consistence placed in a special mould. When the past stiffens 

sufficiently for the needle to penetrate only to a point 5 ± 1 mm from the 

bottom (ASTM Standards, 1983), initial set is said to have taken place. 

The initial setting time is expressed as the time elapsed since water was 

added to the cement.  

             Final set is determined by a similar needle fitted with a metal 

attachment hollowed out so as to leave a circular cutting edge 5 mm in 

diameter and set 0.5 mm behind the tip of the needle. the final setting time is 

said to have taken place when the needle gently lowered to the surface of the 

paste makes an impression on it but the circular cutting edge fails to do so. 

 

3.4.4.  Bleeding of cement paste 

          The bleeding rate (ml/h) and bleeding capacity(%) for testing cement 

mixture was measured. Sample was prepared as above. In this test the 
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cement paste was filled in small graduated glass tubes (20 ml) to determine 

the bleeding rate and bleeding capacity. 

   The bleeding capacity and the bleeding rate were calculated from the eqs.  

(3 & 4): 

                                     Bleeded liquid   

Bleeding Capacity =   ـــــــــــــــــــــــــــــــــ   x 100      (3)                                    

                                        Initial liquid 
 

                                     Bleeded liquid 

Bleeding rate         =   (4)      ـــــــــــــــــــــــــــــــــ 

                                             Hour 
 

3.4.5. Water immersion 

          Cylinderical moulds of 2.5 cm height and 2.5 cm radius of fly ash 

zeolite cement samples and ordinary portland cement samples were prepared 

as mentioned before and cured for 28 days. These samples were immersed in 

different leachants namely; distilled water, tap water and synthetic sea water 

for one and three months, to study the effect of water immersion on the 

compressive strength of samples.  

 

3.4.6. Long-term leachability 

           The leaching rate of Cesium-137, Cobalt-60 and Strontium-90 from 

the immobilized waste forms can be determined by long-term leachability  

according to the IAEA method (Hespe E.D., 1979).  

 

I)  Samples preparation: 

     In this method, fly ash zeolite cement pasts at water/cement ratio (W/C) 

0.5 and ordinary Portland cement at water/cement ratio 0.35 loded with 

Cesium-137, Cobalt-60 and Strontium-85 for long leachability is prepared as 

the following: 
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 Cylindrical samples of diameter 2.0 cm and 1.0 cm height and 6.5 gm 

weight, of the solidified waste formed with Cs
137

, Co
60

 and Sr
85

. All the 

samples prepared were cured for 28 days and immersed in 100 ml of 

bidistilled water as a leachant in plastic container for 95 days at the ambient 

room temperature. 

 

II)  Procedure: 

      The samples were demolded after 28 days and acetone was used to clean 

the specimen surface to be free of fine particles or dust, and the dimensions 

of the specimens were measured. After that the specimens under test was 

placed into leaching solution container that was constructed of a material 

that not react chemically with the leachant, not affected by the radiation dose 

and not sorbent toward the ions involved in the test procedure. Sufficient 

leachant with volume equal to 10 times exposed the surface area of the 

specimen was added to ensure that a layer of solution at least 5 cm deep 

stands above the exposed surface. Samples of the leaching solution were 

withdrawn and analyzed radiometrically as follows: 

Daily, during the first week or until the leaching rate becomes constant; 

Once per week, for the following four weeks;  

Once per month, during the following two months. 

The pH values for the different leachants used at different periods was 

measured. 

      The results obtained were expressed by a plot of the cumulative fraction 

of radioactivity leached from the specimen as a function of the total time of 

leaching. Cumulative leach fraction was calculated by the aid of eq. (5): 

                                                Σ An            V 

Cumulative leach fraction =    ---------  .   -------    versus Σ tn            (5) 
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                                                   Ao              S                                         

Where, 

Σ An= radioactivity leached during the leachant renewal period, n. 

Ao = radioactivity initially present in specimen. 

S = exposed surface area of specimen (cm
2
) 

V = volume of specimen   (cm
3 

) 

tn = duration time (days) of leachant renewal period. 

The result may also be expressed by a plot of the incremental leaching rate, 

Rn, as a function of the time, tn (days) of leaching as expressed by eq. (6): 

                                              Σ an     V      1 

                                     Rn =  -----. ----- .-----                                   (6)   

                                                Ao      S       tn     

- Diffusion Coefficient (D)of caesium and cobalt ions in cement matrices 

can also be determined by plotting of the cumulative leach fraction against 

square root of Σ tn . 

 

- The leachability index, L, was calculated which is a material parameter of 

the leachability of diffusing species. This parameter is defined as:by eq. (7): 

  
               β  

         L = log   ------                                           (7) 

               D 

 

Where, β is a defined constant (1.0 cm
2
/s) and D is the diffusion coefficient 

of the species (cm
2
/s) assumed to be independent of time during the course 

of leaching. 
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[4] RESULTS AND DISCUSSION 

4.1. Physical properties of fly ash  

Fly ash (FA) is a microspherical, particulate by-product of coal 

combustion and is generated from power generation stations at the top of 

the burner using cyclones, electric precipitators or mechanical filters. Fly 

ash is primarily composed of amorphous aluminosilicate (Catalfamo et al., 

1993) and other crystalline materials such as mullite, quartz, hematite, 

magnetite, lime, anhydrite and feldspars, fly ash has pozzolanic properties 

and consists essentially of SiO2 and Al2O3.  

 

4.1.1. X-ray diffraction technique (XRD)  

          The X-ray diffraction patterns of starting raw fly ash (FA) is shown 

in Fig. (4). The sample was scanned at 2θ range from 5 to 55 (where θ is 

the angle of diffraction). The XRD patterns of starting fly ash has the 

following crystalline phases: quartz (α-SiO2), mullite (3 Al2O3. 2 SiO2) and 

CaO, as identified by sharp peaks. Beside the presence of some crystalline 

phases, fly ash is composed of amorphous material. An amorphous halo 

appeared between 15 and 35
°
 in the 2θ angular zone which corresponds to 

the glassy component of fly ash, mainly SiO2, (Hui and Chao, 2006) . 

 

4.1.2. X-ray fluorescence technique (XRF)  

The x-ray fluorescence radiation is characteristic for the emitting 

atoms and can be used for quantitative elemental analysis. The chemical 

composition of raw fly ash (wt. %) is shown in Table (10). 
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    Table (10):Chemical composition of raw fly ash (FA). 

 

Oxide 

 

Wt % 

SiO2 45.81 

Al2O3 24.17 

Fe2O3 4.02 

CaO  8.79 

MgO 0.94 

K2O 2.65 

Na2O 0.87 

P2O5 0.56 

Cl 4.71 

TiO2 2.25 

MnO 0.16 

L.O.I 4.84 

                        L.O.I.  :  Loss on Ignition 

 

 

 

 

 

 

 

 

 

 

            Fig. (4): XRD pattern for raw fly ash 

         :αααα-quartz (SiO2),    :mullite (3 Al2O3. 2 SiO2) 
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4.1.3. Fourier transformed infrared spectroscopy (FT-IR)  

          The FT-IR spectrum of the raw (FA) is shown in Fig.(5). The 

characteristic bands of aluminosilcate phases and α-quartz can be identified 

in the FT-IR spectrum of raw FA in the regions (420-500 cm
-1

) and (950-

1200 cm
-1

), respectively. In the first region 420-500 cm
-1

), band arising at 

435 cm
-1

 refers to the bending mode of Si – O – Al vibration and is 

assigned as T – O bending mode (where T = Si or Al). In the second region 

(950-1200 cm
-1

), the observed bands at 1080 cm
-1

 refers to the asymmetric 

stretching mode of Si – O – Si vibration and is assigned as T – O stretching 

mode. The band at 1165 cm
-1

 is due to the vibration of [SO4]
2
 group.  The 

790 cm
-1

 band is assigned to the symmetric stretching vibration mode of    

O – T – O groups (Pilz et al., 1983). Band arising ~ 1600 cm
-1

 is due to the 

usual bending vibrations of water. The broad band in the region of 3400-

3600 cm
-1

 can be defined into two vibrations. The first, the isolation OH 

stretching vibration (~ 3620cm
-1

) which may be attributed to the interaction 

of water hydroxyl group with the entire cations. The second vibration        

(~ 3440cm
-1

) may be attributed to the hydrogen bonding of water molecule 

to the surface oxygen (Perraki and Orfanoudaki, 2004). 

 

4.1.4. Surface area measurements  

The specific surface area (m
2
/g) of starting raw fly ash (FA) powder 

after the thermal treatment for 2 hours at 200ºC was measured and the 

results obtained was 3.17 m
2
/g. 
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4.2. Characterization of synthesized fly ash zeolite cement  

4.2.1. X-ray diffraction technique (XRD)  

          X-ray diffraction is the most technique used for determining the 

crystallinity and phase identification of fly ash zeolite cement (FAZC), 

where  the main crystalline compounds detected by XRD for two steps of 

synthesis process is based on the hydrothermal-calcination-route of the fly 

ash. 

 

 

 

Fig. (5): FT-IR spectra of raw fly ash. 
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 A. Hydrothermal Treatment of Fly Ash: (synthesis of cement  

          precursors) 

      The changes of starting fly ash as a consequence of the hydrothermal 

treatment at 200 °C in 1 M NaOH solution can be seen in Fig.(6). During 

this hydrothermal treatment the fly ash pozzolinc reaction is strongly 

activated leading to hydraulic products: katoite (the cubic crystallographic 

variety of hydrogarnets series C3ASH4) (Ca3 Al2 (SiO4)(OH)8 ) at lower 

value of the 2θ angular zones a shoulder appears in all the C3ASH4 

reflections, aluminum-tobermorite (Ca5 Si5 Al(OH)O17‚5H2O), zeolite (Na6 

[AlSiO4]6 ‚4H2O) type sodalite and calcite (CaCO3) from lime. The 

reflection of calcite showed that the fly ash pozzolanic reaction is not 

completed. It was not possible to discover the presence of CSH gel by XRD 

due to overlapping calcite reflections and because CSH converts to 

tobermorite (Ca5 Si6 H2O18 4H2O), the conversion time depends on alkali 

concentration (Brown and Ma, 1996). Although all the fly ash reflections 

disappeared, the SiO2(α-quartz) and mullite reflections. 

 

 B. Cement Precursors Dehydration:(Influence of Heating 

         Temperature). 

      The precursors phases formed during the hydrothermal fly ash 

activation were heated at temperatures ranging from 700 °C to 900 °C. 

 

   At 700 °°°°C Fig.(7): At this temperature, the hydrated phases disappeared. 

The reflections of the katoite type disappeared and new broad reflections 

began to be detected, which could be attributed to the highly reactive belite 

phases α′ -C2S varieties. An amorphous halo appeared between 32 and 34 

of 2θ angular zone, which could correspond to some of the Ca2SiO4 (C2S) 
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varieties, probably the α′L-C2S, low temperature of α polymorph 

modification of di-calcium silicate. The amorphous halo aforementioned 

diminished, and dehydrated zeolite (Na6 [AlSiO4]6) from sodalite precursors 

is detected (Guerrero et. al., 2004).  

 

   At 800 °°°°C Fig.(8): At this temperature the intensity of  α′L-Ca2SiO4 of 

belite variety is increased and began to appear as lime (CaO) from calcite 

decomposition because calcite is not stable in NaOH. The intensity of the 

α′L-Ca2SiO4 reflection at 32-33 of 2θ angular zone together with calcite 

contents, dehydrated zeolite and traces of mayenite (C12A7) (Ca12Al14O33) 

are also detected. 

 

   At 900 °°°°C Fig.(9): The main change observed at this temperature is the 

formation of gehlenite (C2AS) (Ca2Al2SiO7) together with β-Ca2SiO4; 

traces of mayenite (C12A7) (Ca12Al14O33) were also detected. Calcite 

disappeared, and the intensity of lime reflections increased. 

The optimum new fly ash zeolite cement clinker was allowed when the 

temperature of the hydrothermal treatment of the fly ash was 200 °C and 

when the hydrated precursors were heated at 800 °C. At this temperature 

the main crystalline belite variety was the α′L-Ca2SiO4 . At temperatures 

higher than 800 °C, gehlenite and free lime (CaO) were formed. Both free 

lime and gehlenite are not desirable since gehlenite has a small hydraulic 

activity and lime can produce expansion during hydration. Furthermore, the 

α′L-Ca2SiO4 partially converted in β-Ca2SiO4, and new belite cement traces 

of mayenite (Ca12Al14O33) were formed. 

Consequently, we concluded that the heating temperature of 800°C is the 

optimum for obtaining the optimum fly ash cement clinker. 
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  Fig. (6): XRD pattern for raw fly ash after hydrothermal tratment 

                       Z: zeolite ; T: tobermorite; C: calcite 

  Fig. (7): XRD pattern for cement fly ash precursors heated at 700ºC 

                           Z: zeolite ;  α': α'L –C2S;  C: calcite 



 

 

 

- 100 -  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2θθθθ angle (deg) 

In
te

n
si

ty
 (

K
C

P
S

)
 

  Fig. (9): XRD pattern for cement fly ash precursors heated at 900ºC 

                Z:zeolite; α':α'L –C2S; β:β–C2S; L:lime; G:gehlenite; M:mayenite 

  Fig. (8): XRD pattern for cement fly ash precursors heated at 800ºC 

                      Z: zeolite ;  α': α'L –C2S;  C: calcite;  M: mayenite 
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4.2.2. X-ray fluorescence technique (XRF)  

Quantitative elemental analysis of the prepared fly ash zeolite 

cement were obtained after heating the precursors at 800ºC. This 

temperature was considered optimal, was achieved by total x-ray 

fluorescence instrument.  The contents of major elements are shown in 

Table (11). 

 

        Table (11): Chemical composition of fly ash zeolite cement (FAZC).  

 

Oxide 

 

Wt % 

CaO 49.12 

SiO2 27.8 

Al2O3 12.3 

Fe2O3 3.90 

MgO 1.40 

K2O 0.87 

Na2O 1.60 

SO3 1.20 

L.O.I 1.81 

                        L.O.I.  :  Loss on Ignition 

 

4.2.3. Fourier transformed infrared spectroscopy (FT-IR)  

          The infrared spectroscopic investigation of two step process for 

synthesis fly ash zeolite cement were measured and the spectra are shown 

in the region from 4000 to 200 cm
-1

 are presented in Fig.(10). 

 

     A. Hydrothermal Treatment of Fly Ash. 

          When the hydrothermal treatment at 200°C, two main types of 

compounds can be identified in the samples: silicates and carbonates, as can 

be seen in Fig. (10-a), a strong absorption zone between 800 and 1100 cm
-1 

the main change is produced in the intensity of the [SO4]
2
 band at 1165cm

-1
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of starting fly ash, which is transformed in a shoulder, the intensity strongly 

decreased, whereas of the band at 985 cm
-1

, attributed to the vibration of 

[SiO4]
4-

 and [AlO4]
5
-groups, from tobermorite, zeolite and katoite. 

The strong band located between 3900 and 3200 cm
-1

 stretching region is 

due to the lattice water and OH
-
 group vibration, the latter at 3660 and 3560 

cm 
-1

 (Nakamoto, K., 1986). The bands centred at 870, 680 and 460–470 

cm
-1

 could be related to the AlO2
-
 groups of the katoite series (Nyquist and 

Kagel, 1971).Calcite remained irrespective of the hydrothermal treatment 

conditions.  

 

    B. Anhydrous Fly Ash Zeolite Cements. 

         In every process step, the IR spectra show absorptions in the two main 

silicate zones: 800–1200 cm
-1

 and 450–550 cm
-1

. In the case of the sample 

heated at 900°C Fig. (10-d), the following absorption bands appeared 

below 1200 cm
-1

; a strong band with four maxima at 1000, 910, 860, and 

820 cm
-1

, two medium intensity bands centered at 720 cm
-1

 and 440 cm
-1

, 

and a strong band centered at 530 cm
-1

. Previous studies on the β -C2S 

hydration confirm these absorption maxima (Nanru et. al., 1986). The 

band located between 3900 and 3200 cm
-1

 stretching region is due to OH
-
 

group vibration, the latter at 3690 and 3450 cm 
-1

 

As the heating temperature decreased, an amorphization of the C2S seems 

to take place, which was also detected through XRD. The four maxima of 

the main absorption band between 1200 and 750 cm
-1

 disappeared. 

Where at 800°C Fig. (10-c), the band of [SO4]
2-

 group, which seen as a 

shoulder at 1138 cm
-1

 and in the range of (ν3) vibrations of [CO3]
2-

groups 

from calcite, which is less intense having three maxima at 1500, 1480,and 
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1430 cm
-1

, which correspond to calcite and perhaps to amorphous calcite. 

In contrast, the main band of C2S with two maxima at 930 and 1000 cm
-1

,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Fig. (10): FT-IR pattern for fly ash –zeolite cement calcined at  

                   700, 800, 900ºC 
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are more intense because of the asymmetrical stretching (ν3) and out-of-

plane bending (ν4) vibrations of the silicate group from C2S (Mollah et. al., 

2000). The bands observed in the range of 3200-3600 cm
-1

 at 3680 cm
-1

 and 

3460 corresponds to bands associated with antisymmetric and symmetric 

O-H stretching bond of zeolite  (Pechar and Rykl, 1983). 

           At 700°C Fig. (10-b), the presence of calcite produces the band 

(1500–1400 cm
-1

) with two maxima at 1485–1500 cm
-1

 and 1420 cm
-1

 

whose intensities decreased as the heating temperature increased. The 

absorption bands at 800-1000 cm
-1

 is of α′-C2SH. The characteristic broad 

band at 3470 cm
-1

 is due to the hydrogen bonding of OH group. The 

vibrational band at 1150 cm
-1

 is almost found in zeolites due to the internal 

tetrahedron vibrations. 

 

4.2.4. Surface area measurements  

             The specific surface area (m
2
/g) of powder solid for cement 

precursors dehydration were heated at temperatures ranging from 700 °C to 

900 °C after the thermal treatment for 2 hours at 200ºC were measured and 

the results obtained were listed in Table (12). The tabulated data indicate 

that, the BET-surface area decreased as the temperature of heating 

increased due to the sinterization of particles. 

 

Table (12): The specific surface area of thermally treated powders of the 

                     fly ash zeolite cement at different temperature. 

FAZC Surface area (m
2
/g) 

FAZC-700°C 19.2 

FAZC-800 °C 17.8 

FAZC-900 °C 17.0 
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4.2.5. Thermal analysis  

4.2.5.1. Differential thermal analysis (DTA) 

4.2.5.2. Thermal gravimetric analysis (TGA) 
  A. Hydrothermal Treatment 

        TGA and DTG curves of the sample synthesized after hydrothermal 

treatment are shown in Fig.(11). A weight loss is observed between 300 and 

500°C, which provides a wide DTG peak centered at 460°C. In that 

temperature range, decomposition of Ca(OH)2 take place. The calcite 

CaCO3 decomposition gives rise to a DTG peak centered at 740°C. The 

calcite content was determined from the weight loss produced between 500 

°C and 1000 °C and the combined water content from that produced 

between 25 °C and 500 °C. The content of portlandite is 42% and the 

content of calcite is 19%. 

  B. Cement Precursors Dehydration 

   At 700 °°°°C TGA and DTG curves of this sample Fig. (12) showed an 

unique weight loss from CaCO3 decomposition and its DTG peak centered 

at 730°C. The content of CaCO3 was 4.5%. 

At 800 °°°°C  The TGA and DTG curves are almost flat Fig. (13) showing 

two small weight losses between 370 and 430°C (0.25%) and 550 and 

600°C (0.42%). The first weight loss can be attributed to Ca(OH)2 

decomposition and represents 1.03% of Ca(OH)2. This compound could be 

formed from unreacted CaO present in the sample, calcite content was 

2.3%. (Goni et. al., 2000). 

   At 900 °°°°C  The TGA curve Fig. (14) showed a small weight loss between 

380 and 400°C (0.13%) which represents 0.53% of Ca(OH)2 coming from 

unreacted CaO. The content of free or unreacted CaO is 1.3% . 
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TGA(%) DTG 

Temp. (ºC) 

  Fig. (11): TGA and DTG curves of starting fly ash after  

                   hydrothermal treatment. 

  Fig. (12): TGA and DTG curves of fly ash –zeolite cement  

                   calcined at 700ºC. 
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  Fig. (13): TGA and DTG curves of fly ash –zeolite cement  

                   calcined at 800ºC. 

 

TGA(%) DTG 
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  Fig. (14): TGA and DTG curves of fly ash –zeolite cement  

                   calcined at 900ºC. 
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4.3.   Investigation Studies 

           The objective of solidification is to convert radioactive waste into a 

stable monolithic form, which minimize the probability of radionuclide 

release to the environment during interim storage, transportation and final 

disposal. Therefore, mechanical, thermal and radiolytic stability that its 

integrity can be assured over the time required for the decay of 

radionuclides to an acceptable level. The process cost, as well as the 

volume and weight of the solidified waste forms produced, should be as 

low as practicable. 

         In this section the physical and chemical properties of fly ash zeolite 

cement (FAZC) have to be adequate to meet storage, transport and disposal 

facilities conditions and regularity requirements. 

 

4.3.1.    Effect of water/ cement ratio on compressive strength 

4.3.1.1. Effect of water/fly ash zeolite cement ratio on compressive  

             strength 

             The effect of water/cement (fly ash zeolite cement at  temperature 

of the hydrothermal treatment of the fly ash was 200 °C and when the 

hydrated precursors were heated at 800 °C where is the optimum fly ash 

zeolite cement clinker (FAZC)) ratios in the range from 0.30 to 0.65 on 

compressive strength of cement samples cured up to 28 day are given in 

Table (13) and graphically represented in Fig. (15). Data represented in 

such figure indicated that, the maximum compressive strength (Kg/cm
2
) for 

fly ash zeolite cement samples was obtained when water/cement (FAZC) 

ratio equals 0.50, beyond this ratio, the compressive strength decrease  with 

increasing W/C ratio. 
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This cement demand a great amount of water where the highest W/C was 

necessary due to high finesses of the cement powder. 

Table (13): Effect of water/cement (FAZC) ratio on the compressive 

                  strength (Kg/cm
2
). 

 
 

W/C ratio 

 

Compressive strength 

(Kg/cm
2
) 

 

0.30 41.48 

0.35 49.26 

0.40 55.89 

0.45 61.08 

0.50 64.54 

0.55 57.45 

0.60 50.22 

0.65 42.35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (15): Effect of water/cement (FAZC) ratio on the compressive  

                 strength (Kg/cm
2
) 
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4.3.1.2. Effect of water/ordinary portland cement ratio on  

             compressive strength 

               The effect of water/cement ratios for ordinary portland cement 

(OPC) in the range from 0.25 to 0.45 on compressive strength of cement 

samples cured up to 28 day are given in Table (14) and graphically 

illustrated in Fig.(16). The results indicated that, the maximum compressive 

strength (Kg/cm
2
) for ordinary portland cement samples when 

water/cement ratio equals 0.35, beyond this ratio, the compressive strength 

decrease with increasing W/C ratio (Mikhail et. al., 1974). 

 

4.3.2.   Effect of curing time  

4.3.2.1. Effect of curing time on compressive strength for fly ash-zeolite 

             cements. 

             The effect of the mechanical compressive strength of fly ash-zeolite 

cement (FAZC) mortars which obtained from fly ash as raw material is 

studied after curing time 7, 14, 28, 60, 90 days and the results obtained are 

presented in Table (15) and graphically in Fig. (17). 

The influence of the calcination temperature of a new fly ash-zeolite 

cement on its hydraulic activity and mechanical strength is investigated. 

Three types of FAZC were synthesized at 700, 800, and 900 °C after a 

previous hydrothermal treatment at 200 °C of the fly ash, CaO, and NaOH 

1M solution. 
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Table (14): Effect of water/cement (OPC) ratio on the compressive 

                    strength (Kg/cm
2
). 

 
 

W/C ratio 

 

Compressive strength 

(Kg/cm
2
) 

 

0.25 28.92 

0.30 39.75 

0.35 48.27 

0.40 37.54 

0.45 24.91 

 

 

 

 

 

 

 

 

 

 

 

Fig. (16): Effect of water/cement (OPC) ratio on the compressive  

                 strength (Kg/cm
2
) 
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            From these data it can conclude that, the compressive strength for 

three types of FAZC cement samples increases with increasing the curing 

period. The main difference among the three calcinations temperature 

occurred during the first 28 days, where the strength values for the FAZC-

800°C more higher than others samples. 

  
            The results indicated that for the FAZC calcined at 700 °C had a 

very slow mechanical hydraulicity at early ages but it began to gain 

strength after the initial induction period (about 14 days), the strength 

reached practically similar rate as those of FAZC-900°C. The presence of 

the C3AS3 phase (from the katoite dehydration) in the case of the FABC 

synthesized at 700 °C together with the CaCO3 (from the unreacted CaO) 

could be the reason of its lower hydraulicity at early ages.  

  
            The FAZC-800°C showed the best compressive strength among the 

three calcination temperature studied principally at earlier ages of 

hydration. 

The strength gain rate was the higher and fastest than other samples, These 

calorimetric results corroborate the highest hydraulicity of the FABC 

synthesized at 800 °C, where the absence of the crystalline gehlenite 

(C2AS) (of slow hydraulicity) together with the amorphization of the a α′ 

and β–C2S polymorphs could be among others the reasons that explain the 

higher hydraulicity and contribute to the higher and fastest hydraulicity at 

early ages and consequently, to their higher and fastest strength gain rate. 

When the calcination of the hydrated precursors was 900°C the strength 

was lower than FAZC-800°C this may be to presence the crystalline 



 

 

 

- 113 -  

 

gehlenite (C2AS) which has small hydraulic activity and free lime can 

produced expansion during hydration. (Guerrero et. al., 1999).  

            From these data it can be concluded that, the compressive strength 

for all FAZC cement samples increases with increasing the curing for 60 

days and after that it almost remains constant and the differences decrease 

after 60 days of hydration.  

  

            The strength value for the FAZC-800°C higher than those of the 

other two samples. Consequently, fly ash cement clinker at calcination 

temperature of 800°C is the optimum for obtaining the optimum (FAZC). 

The FAZC calcined at 800ºC showed the best mechanical properties. The 

strength gain rate was the fastest at early ages and strength values remained 

the highest. 
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Table (15): Effect of curing time on the compressive strength of fly ash- 

                   zeolite cement at calcination temperature ranged from  

                   700 to 900ºC. 

 

Compressive strength (Kg/cm
2
) 

 

 

 

Composition  

7 days 

 

14 days 

 

 

28 days 

 

60 days 

 

90 days 

 

FAZC-700 ºC 

 

 

29.93 

 

 

37.52 

 

48.51 

 

54.72 

 

57.56 

 

FAZC-800 ºC 

 

 

40.71 

 

50.72 

 

64.76 

 

73.85 

 

74.10 

 

FAZC-900 ºC 

 

 

32.98 

 

 

41.36 

 

53.60 

 

58.944 

 

59.69 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

Fig. (17): Compressive strength as a function of curing time for fly ash 

                zeolite cement at calcination temperature ranged from 700 to 900ºC. 
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4.3.2.2. Effect of curing time on compressive strength for fly ash-zeolite 

             cements and ordinary portland cement. 

             The results of compressive strength of fly ash-zeolite cement 

(FAZC) (at calcinations temperature 800°C and water/cement ratio 0.5), 

and  ordinary portland cement (OPC) (at water/cement ratio 0.35) after 

curing time 7, 14, 28, 60 and 90 days are given in Table (16) and 

graphically illustrated in Fig. (18). The results showed that the compressive 

strength for both samples increase with increasing the curing time, where 

compressive strength for FAZC calcined at 800°C higher than that of OPC 

and this is may attributed to increase in silicates present in FAZC than in 

OPC, where in case of OPC the C-S-H gel is the only hydrated product 

which contains Si atoms, the microstructure of FAZC cement pastes also 

contain alumino-silicates and zeolite-like products which incorporate Si 

atoms into their structure so present zeolite that in consequence increase the 

rate of hydration and strength  of the solid product (Lerch, 1953). 

       The characteristics of the starting fly ash for fly ash zeolite cement 

strongly influence the kinetics of hydration, and, consequently, the rate of 

mechanical strength development where the alkalinity of the extracted pore 

solution of fly ash zeolite cement is comparable to that of ordinary portland 

cement low alkali content and this is attributable to their lower calcium 

content (C2S vs. C3S) and portlandite (Ca(OH)
2
) is not formed during 

hydration of FAZC, and therefore, the alkalinity is attributable entirely to 

the alkaline ions (sodium and potassium) from the starting fly ash. (Dolado, 

2007).  Table (17) shows the values of the compressive strength for the 

studied  fly ash zeolite cement were compared with that of  several other 

cement matrices reported in the literature, although this direct comparison 
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is difficult; due to the varying experimental conditions used in these 

studies. 

Table (16): Effect of curing time on the compressive strength of fly ash- 

                   zeolite cement calcined at  800ºC and ordinary portland cement  

 

Compressive strength (Kg/cm
2
) 

 

 

 

Composition  

7 days 

 

14 days 

 

 

28 days 

 

60 days 

 

90 days 

 

OPC 

 

 

30.93 

 

 

41.22 

 

50.03 

 

52.20 

 

53.18 

 

FAZC-800 ºC 

 

 

39.71 

 

50.22 

 

64.34 

 

72.10 

 

73.85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (18): Compressive strength as a function of curing time for  

                fly ash zeolite cement at 800ºC and ordinary portland 

                cement. 
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Table (17): Comparison of compressive strength for different cement 

                    Matrices. 

 

 

Cement Matrices 

 

Compressive 

Strength 

(Kg/cm
2
) 

 

References 

Plain ordinary portland 

cement (OPC) 

50.03 Present study 

Fly ash zeolite cement ٦٧,١٢ Present study 

OPC + 4% zeolite 72.73 El-Kamash et al., 2006 

OPC + fly ash 57.4 El-Sayed R. H., 2004 

OPC  + silica fume 70.1 El-Sayed R. H., 2004 

OPC + Homra 67.9 El-Sayed R. H., 2004 

Blast furnace slag cement 

(BFSC) 

78.2 Ismail. M., 2003 

BFSC+25%OPC+5% Homra 
 

92.8 Ismail. M., 2003 

 

4.3.3.  Setting time investigations 

           Setting time refer to a change from a fluid to rigid state of cement. 

the initial and final setting times for fly ash zeolite cement (optimum 

FAZC-calcined at 800ºC) at water/cement ratio 0.5 and ordinary portland 

cement at water/cement ratio 0.35 are given in Table (18). 

            Also, the final setting time can be calculated from the relation 

between final and initial setting times (Neville and Brooks, 1987). 
 

Final setting time (min.) = 90 + 1.2 [initial setting time (min.)] 
 

             Results indicated that the initial and final setting times of plain 

ordinary portland cement pastes were greater than pastes of fly ash zeolite 

cement. This decrease in setting time due to fineness of the fly ash-zeolite 

cement can be explained in this way: When the fineness of the FAZC 
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cement increases hence, the hydration process becomes faster, and that 

reduces setting time. In addition to FAZC cement pastes also contain 

zeolite structure that in consequence increase in silicates content and the 

rate of cement hydration increase i.e. lowering the initial and final setting 

times (h) (Canpolat et. al., 2004). 

 

     Table (18): The initial and final setting times for fly ash zeolite cement  

                         calcined at  800ºC and ordinary portland cement . 

 

 

Final setting time, (h) 

 

 

 

 

Cement Pastes 

 

Initial setting 

time, (h) 

 

Experimental 
 

Experimental 

 

 

Calculated 

 

FAZC-800 ºC  

 

 

1.54 

 

3.36 

 

3.48 

 

OPC  

 

 

2.30 

 

4.02 

 

4.04 
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4.3.4. Bleeding investigations 

           The bleeding capacity (%) and bleeding rate (ml/h) of cement pastes 

fly ash zeolite cement (optimum FAZC-calcined at 800ºC) at water/cement 

ratio 0.5 and ordinary portland cement at water/cement ratio 0.35 were 

calculated using the following equation; 

                                   bleeding liquid   

Bleeding Capacity =   ____________   x 100        

                                      initial liquid 

                                                                                                                                                                                                                                     

            It was found that the bleeding capacity of ordinary portland cement 

(OPC) and fly ash zeolite cement (FAZC) were 2.16% and 2.02%, 

respectively. While, the bleeding rate of (OPC) and (FAZC) were 0.37 ml/h 

and 0.35 ml/h, respectively. It is observed that decrease bleeding capacity 

(%) and bleeding rate value of fly ash -zeolite cement than those obtained 

for plain cement pastes. This may be attributed to its great fineness. 

 

4.3.5. Water immersion 

           The effect of water immersion on the compressive strength (Kg/cm
2
) 

of the hard cement samples, fly ash zeolite cement (FAZC- 800ºC) and 

plain ordinary portland cement (OPC) were examined and the obtained 

results are given in Table (19). The solidified cement samples were 

immersed in different leachants, sea water, tap water and distilled water for 

one month and three months. 

         Data indicated that, fly ash zeolite cement has higher compressive 

strength more than portland cement. The enhancement of mechanical 

behaviour is related to the microstructure changes. These changes could be 

produced by the diffusion sulphate ions into the mortars and caused the 



 

 

 

- 120 -  

 

formation of non-expansive ettringite type (Ca6[Al(OH)6]2(SO4)3·26H2O) 

within pores, this precipitation process decreased the porosity, causing a 

higher mechanical strength of the mortars. Another process, which could 

influence the mechanical behaviour of the fly ash zeolite samples, this 

could be attributed to that the pozzolanic reaction and microstructure of 

FAZC, also contain zeolite products in the structure which contains silica 

and alumina that react during the hydration of cement to form additional 

amount of calcium silicate and accelerate the rate of hydration (El-Kamash 

et. al., 2006). The compressive strength increases as the time period of 

immersion increased from one to three months. 

        It is also quite clear that, the samples immersed in seawater have the 

highest compressive strength values than those immersed in tap water or 

distilled water, which may be attributed to presence of sulphate ions would 

be an activation of the hydraulic activity of zeolite cement and due to the 

lack of portlandite, ettringite is formed from the dissolution of hydrated 

calcium-monosulpho aluminate, which liberated OH
−
 to the pore-solution 

which significantly increases the pH of the simulated pore solution. The 

increase of the pH promoted an alkaline activation of FAZC cement 

hydration and subsequent the porous microstructure became denser, and the 

compressive strength increased (Guerrero et. al., 2009). 

 

          It is concluded that, the immersion medium has a positive effect on 

compressive strength of cement samples after immersion in different types 

of leachant for one and three months. This positive effect may follow the 

following order: 

Sea water > Distilled water > Tap water 
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Table (19): Effect of water immersion on compressive strength of FAZC 

                   at 800ºC and OPC after immersion in three types of water. 

 

Compressive strength 

(Kg/cm
2
) 

 

 

 

 
 

Composition 

Sea 

water 

Distilled 

water 

Tap 

water 

 

FAZC-800ºC 
  

 

110.8 
 

 

98.4 
 

 

87.7 
 

 

 

One month 

 

 

 

OPC 
 

 

83.6 
 

 

76.5 
 

 

71.3 
 

 

FAZC-800ºC 
  

 

134.3 
 

 

121.8 
 

 

113.9 
 

 

 

Three months 

 

  

 

OPC 
 

 

90.1 
 

 

84.7 
 

 

78.4 
 

 

 

4.3.6. Effect of Radiation on Compressive Strength 

            The absorption of radiation from the incorporated radionuclides in 

the waste forms may change the mechanical properties of the waste 

package. Effect of gamma rays on the compressive strength of the hard 

cement samples, fly ash zeolite cement (FAZC- 800ºC) and plain ordinary 

portland cement (OPC) were examined after curng of cement pastes for 28 

days. The effect of gamma radiation dose ranged between 10 KGy and 70 

KGy on compressive strength was investigated and the results obtained are 

given on Table (20) and represented in Fig. (19). 

 

             The data show that resistance  γ-radiation for fly ash-zeolite cement 

is higher than plain portland cement, this is may attributed to FAZC cement  
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contain zeolite structure that in consequence accelerates the formation of 

hydration products which fill up the pores present in the hydrated cement 

paste, this makes the hydrated paste more compact and has low porosity 

which gives good resistance to the doses γ-radiation. 

 

             From the results shown in Fig.(19) it is seen that, the compressive 

strength for all hardened cement samples decreased with increasing the 

radiation doses from 10 KGy to 70 KGy. In general, by increase the dose of 

radiation compressive strength for all pastes decrease gradually up to 50 

KGr, but after 50 KGy decreasing is sharp. The sharp decrease of 

compressive strength may be due to the breakdown of hydration products 

on using radiation up to 50 KGy also, this may  be due to possible increases 

in the total porosity of the hardened cement pastes by irradiation      

(Volick, 1990).  The decrease of compressive strength may be attributed to 

the effect of gamma radiation at high dose rates as a result of heating and 

water loss as well as to the  variation in the dimensional stability of the 

solidified products and atomic displacement resulting from particle 

interactions and chemical effects resulting from radiolysis of loosely bound 

molecules (Ismail, 2003). Where gases generated by the interaction of the 

waste forms pore water with the gamma radiation. Sincethe radiolysis 

products of the pore water are hydrogen and oxygen there is a concern that 

on explosive mixture could form in the package, The pressure in the 

package could become sufficient to breach the waste package prematurely. 
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Table (20): Effect of radiation dose on the compressive strength for the 

                  hard plain cement and  fly ash-zeolite cement. 

 

Composition Plain OPC 

 

FAZC 

Radiation Dose 

(KGy) 

I II I II 

0 

 

50.2 ---- 64.7 ---- 

 

10 

 

49.5 -1.39 64.3 -.61 

 

20 

 

48.6 -3.18 63.5 -1.85 

 

30 

 

47.5 -5.37 

 

62.4 -3.55 

 

40 

 

46.3 -7.76 61.3 -5.25 

 

50 

 

42.5 -15.33 59.9 -7.41 

60 

 

28.2 -43.82 49.4 -23.64 

 

70 

 

11.4 -77.29 34.6 -46.52 

 

 

                I: Compressive Strength (Kg / cm
2
) After Radiation Dosse 

                II: %change of Compressive Strength(Kg / cm
2
) 
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Fig. (19): Effect of gamma-radiation dose on the compressive strength 

                  for the hard plain cement and  fly ash-zeolite cement 
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4.3.7.  Leachability investigations 

           The development of processes for immobilization radioactive liquid 

wastes adsorbed on fly ash zeolite cement and plain ordinary portland 

cement to give a solid product limits the mobility of radioactive nuclides to 

safe and cheap storage of the waste. In order to take full advantage of such 

possibility, it is necessary to determine the characteristics of leaching 

radioactive materials from the solidified waste forms. 

            The leaching test for solidified waste forms of fly ash zeolite cement 

(optimum FAZC-calcined at 800ºC) at water/cement ratio 0.5 and ordinary 

portland cement at water/cement ratio 0.35  using radioactive low level 

liquid waste containing radioactive isotopes, Cs
137

, Co
60

 and Sr
85

 at time 

intervals, ranged between1 day to 95 days were studied, There are five 

parameters were determined for measurement of leachability, pH of 

leaching solutions, cumulative fraction, incremental fraction, diffusion 

coefficient and leachability index. 

 

4.3.7.1 Effect of pH of leaching solutions 

             The pH values of leaching solution (distilled water) during long 

term leaching test were measured, at different time intervals, 

1,2,3,4,5,6,7,14,21,28,35,65 and 95 days for the hardened composite  

samples fly ash-zeolite cement FAZC and plain ordinary portland cement 

OPC containing radioactive isotopes Cs
137

, Co
60

 and Sr
85

 mixing with low 

level liquid waste LLLW. These pH values are given in The Tables (21 - 

23). Where pH of control leaching solution 6.7. 
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          From these tables it can be concluded that pH values of solidified 

composite samples contained Cs
137

, Co
60

 and Sr
85

 for FAZC shows slighty 

lower values of pH than OPC values this can be attributed to the hydration 

of FAZC produces minims amounts of crystalline portlandite (Ca(OH)2) 

and lower pH of pore-solution than that of portland cement. Also, 

attributable to the alkaline ions present in the starting fly ash (Goni and 

Guerrero, 2008). 

 

         The pH values for all samples at the first days of leaching test are 

higher than those at later ages which gradually stabilized. This may be due 

to that the surface release of alkaline constituents of cement matrix       

(Bayomi, T. A., 1990) and addition at first days the rate of hydration of the 

hardened cement pastes is higher than that at later ages. 

 

Table (21): pH of leaching solutions of solidified fly ash- zeolite cement 

                    and ordinary portland cement samples using low level liquid 

                    waste solution with cesium-137 at different times.  
 

Mix Symbol FAZC Plain OPC 

Time, Days pH Values 

1 11.7 12.8 

2 11.4 12.5 

3 10.8 11.9 

4 10.2 11.4 

5 9.7 10.9 

6 9.4 10.7 

7 8.8 9.9 

14 8.4 9.6 

21 8.0 8.7 

28 8.0 8.5 

35 7.9 8.3 

65 7.7 8.1 
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95 7.6 7.9 

 

 

Table (22): pH of leaching solutions of solidified fly ash- zeolite cement 

                   and ordinary portland cement samples using low level liquid 

                   waste solution with cobalt-60 at different times.  
 

Mix Symbol FAZC Plain OPC 

Time, Days pH Values 

1 11.8 12.9 

2 11.4 12.6 

3 10.9 12.1 

4 10.3 11.7 

5 9.9 11.1 

6 9.6 10.6 

7 9.1 10.2 

14 8.8 9.8 

21 8.5 9.0 

28 8.3 8.5 

35 8.0 8.3 

65 7.9 8.2 

95 7.9 8.1 
 

Table (23): pH of leaching solutions of solidified fly ash- zeolite cement 

                   and ordinary portland cement samples using low level liquid 

                   waste solution with strontium-85 at different times.  
 

Mix Symbol FAZC Plain OPC 

Time, Days pH Values 

1 11.7 12.9 

2 11.4 12.7 

3 10.9 12.2 

4 10.6 11.7 

5 10.1 11.0 

6 9.8 10.6 

7 9.4 10.1 

14 9.0 9.5 

21 8.7 8.9 
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28 8.2 8.3 

35 8.1 8.2 

65 8.0 8.2 

95 7.8 8.0 

4.3.7.2.  Cumulative leach fractions 

               The variation of cumulative leach fractions of radioactive isotopes 

cesium-137, cobalt-60 and strontium-85 incorporated in the solidified 

cement samples (fly ash-zeolite cement FAZC and ordinary portland 

cement OPC) are given in Tables (24-26) and depicted in Figs. (20-22), 

respectively. 

             From the listed data obtained, it can be concluded that the solidified 

cement forms of fly ash-zeolite cement have cumulative fraction for 

Cs
137

,Co
60

and Sr
85 lower than plain OPC and this may be attributed to 

FAZC contain zeolite products in its structure which contains more silica 

and alumina that react during the hydration of cement to form additional 

amount of calcium silicate which fill the pores present in the cement since 

the pores decrease then  prevent the movement and diffusion of the 

radionuclides from the immobilized waste (Yogendran, 1987). In the case 

of fly ash zeolite cement matrix radionuclides Cs
137

,Co
60

and Sr
85 

mainly 

trapping by C–S–H gel (interlayer spaces) and by zeolite cavities (Goni et. 

al., 2006) also, the finesse and high surface area of FAZC relative to OPC. 

           The cumulative fractions for all samples increases with increase of 

total time of immersion in distilled water since the rate of hydration 

increase at early ages is higher than in the case of later ages. For all 

investigated radioactive ions, It can observed that cesium has highest values 

than others. In case of OPC leaching rate is more higher than FAZC case 

that is could due to for OPC the main solidification mechanism systems is 

based on the precipitation of the corresponding hydroxides due to the 
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highly alkaline pore solution of hydrated portland cement. Nevertheless, 

this mechanism is not valid in the case of cesium, and, therefore, its degree 

of retention, in the traditional portland cement matrices, is low and, 

consequently, its diffusion towards the biosphere is high (McCulloch et. 

al., 1984), but for FAZC one can deduce that the zeolite structure in 

microstructure of FAZC is clearly a host phase for cesium which is strongly 

immobilized.  

    Co
60

and Sr
85

 has smaller leachability than Cs
137

 this could be attributed 

to the low field strength of Cs
137

 that keeps it substantially soluble in the 

high pH environment (Abdel Rahman and Zaki, 2009). 

 

Table (24): Cumulative leach fraction of cesium-137 from solidified  

                   cement pastes 
 

Cumulative leach fraction, cm 
 

Time, Days  

Plain OPC 
 

FAZC 

1 1.08 E-3 2.77 E-4 

2 2.13 E-3 5.04 E-4 

3 2.84 E-3 7.01 E-4 

4 3.33 E-3 8.17 E-4 

5 3.90 E-3 9.47 E-4 

6 4.44 E-3 1.14 E-3 

7 5.02 E-3 1.28 E-3 

14 6.26 E-3 1.58 E-3 

21 7.14 E-3 1.79 E-3 

28 7.99 E-3 1.99 E-3 

35 8.30 E-3 2.11 E-3 

65 9.62 E-3 2.18 E-3 

95 9.77 E-3 2.25 E-3 
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Table (25): Cumulative leach fraction of cobalt-60 from solidified  

                   cement pastes 

Cumulative leach fraction, cm 
 

Time, Days  

Plain OPC 
 

FAZC 

1 3.07 E-4 5.24 E-5 

2 4.21 E-4 9.84 E-5 

3 5.35 E-4 1.39 E-4 

4 6.53 E-4 1.68 E-4 

5 7.24 E-4 2.02 E-4 

6 7.77 E-4 2.36 E-4 

7 8.90 E-4 2.65 E-4 

14 1.41 E-3 4.01 E-4 

21 1.92 E-3 5.16 E-4 

28 2.37 E-3 5.77 E-4 

35 2.65 E-3 6.52 E-4 

65 2.88 E-3 7.34 E-4 

95 2.92 E-3 8.00 E-4 
 

Table (26): Cumulative leach fraction of strontium-85 from solidified  

                   cement pastes 
 

Cumulative leach fraction, cm  

Time, Days 
 

Plain OPC 
 

FAZC 

1 3.32 E-4 6.13 E-5 

2 4.55 E-4 1.15 E-4 

3 5.77 E-4 1.63 E-4 

4 7.05 E-4 1.96 E-4 

5 7.83 E-4 2.35 E-4 

6 8.40 E-4 2.75 E-4 

7 9.62 E-4 3.09 E-4 

14 1.52 E-3 4.85 E-4 

21 2.07 E-3 6.28 E-4 

28 2.56 E-3 7.01 E-4 
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35 2.86 E-3 7.92 E-4 

65 3.11 E-3 9.25 E-4 

95 3.15 E-3 1.01 E-3 

 

Table (27): Comparison of cumulative leach fraction for Cs
137

,Co
60

and  

                   Sr
85

 for different solidified waste forms.   

 

Metal 

ion 

 

Solidified Waste forms 

 

Cumulative 

Fraction, cm 

 

References 

Plain ordinary portland 

cement (OPC) 

9.77 E-3 Present study 

Fly ash zeolite cement 2.25 E-3 Present study 

OPC + red clay 2.30 E-2 Abdel Rahman., 2006 

OPC + 4% zeolite 7.11 E-3 El-Kamash et al., 2006 

OPC + fly ash 4.20 E-2 El-Sayed R. H., 2004 

OPC + Homra 2.90 E-2 El-Sayed R. H., 2004 

OPC + 5% Bentonite 1.2  E-2 El-Masry E. H., 2004 

OPC + 5% Sandstone 1.3  E-2 El-Masry E. H., 2004 

OPC  + silica fume 5.11 E-2 El-Sayed R. H., 2004 

OPC + 20% Ilmenite 5.9  E-3 El-Dakroury A., 1998 

 

 

 

 

 

 

Cs
137 

 

   

Plain ordinary portland 

cement (OPC) 

2.92 E-3 Present study 

Fly ash zeolite cement 8.00 E-4 Present study 

OPC + PAM-zeolite 9.3 E-6 El-Masry E. H., 2012 

OPC + ashs 8.30 E-3 Abdel Rahman., 2009 

OPC + red clay 1.10 E-2 Abdel Rahman., 2006 

OPC  + silica fume 1.4 E-2 El-Sayed R. H., 2004 

OPC + fly ash 9.7 E-3 El-Sayed R. H., 2004 

OPC + 5% Bentonite 12.0 E-3 El-Masry E. H., 2004 

OPC + 5% Sandstone 13.8 E-3 El-Masry E. H., 2004 

OPC + Homra 6.1 E-3 El-Sayed R. H., 2004 

 

 

 

 

 

 

Co
60

  

 

 

OPC + 20% Ilmenite 5.0 E-3 El-Dakroury A., 1998 

Plain ordinary portland 

cement (OPC) 

3.15 E-3 Present study 

Fly ash zeolite cement 1.01 E-3 Present study 

OPC + PAM-zeolite 9.7 E-6 El-Masry E. H., 2012 

 

 

Sr
85

 

OPC + 4% zeolite 7.4 E-3 El-Kamash et al., 2006 
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Fig. (20):Cumulative leach fraction of cesium-137 from solidified 

                 waste forms of fly ash-zeolite cement and plain portland 

                 cement. 
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Fig. (21): Cumulative leach fraction of cobalt-60 from solidified 

                 waste forms of fly ash-zeolite cement and plain portland 

                 cement. 
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Fig. (22): Cumulative leach fraction of strontium-85 from solidified 

                 waste forms of fly ash-zeolite cement and plain portland 

                 cement. 
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4.3.7.3. Incremental fraction 

              Incremental fractions for plain OPC and fly ash zeolite cement 

FAZC loaded with caesium, cobalt and strontium radionuclides are 

calculated and givin in Tables (28-30) and expressed as cm/day on log scale 

against leach time in days are graphically depicited in Fig.(23-25) 

respectively. The entire leaching period can be broadly divided into three 

regions. Region I from 1 to 7 days, region II from 8 to 50 days and region III 

from 51 to to 90 days. Region I shows the initial leaching within the first 7 

days, i.e. leaching from superficial surfaces of the block. Region II shows 

that after initial leaching within first seven days, there is a drastic reduction in 

release of both radionuclides from the blocks which is maintained over a 

longer period of time (50 days). In region III the leach rates are furtehr 

lowered to less than 10
-4

 cm/day. This trend continues up to 90 days. The 

leach behavior of the blocks can be explained as a combination of the two 

processes: (i) surface wash-off mechanism and (ii) diffusion stage 

mechanism. Region I shows the maximum leaching of the ions because of 

the surface wash-off process. In this process a rapid equilibrium is 

established between ionic species present in the surface pores of the cement 

block and ions in the leachant solution. When each ion has been leached out 

from the surface of the block, it migrates by longer pathways from the bulk 

through diffusion-controlled stage, which determines the long term leaching 

behavior of the block (Shrivastava , 2000).  

            Results showed also that the incremental fractions of FAZC pastes 

were lower than those of plain OPC pastes for all radionuclides. This may be 



 

 

 

- 136 -  

 

attributed to fact that high surface area of  FAZC matrices are due to zeolite 

cavities, one can deduce that the zeolite is clearly a host phase for cesium 

which is strongly immobilized in which cesium is mainly trapped. Therefore, 

the surface area of a matrix could be another valuable tool for evaluating its 

efficiency as immobilization system. It is proposed that cesium is 

incorporated into the alkaline aluminosilicate gel, a precursor for zeolite 

formation (Caijun and Fernandez, 2006). 

 

4.3.6.4. Effective diffusion coefficient 

              The mechanism of this diffusion 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 (Atkinson, and Nickerson, 1988), where 

the quantity of radionuclide leached out from a unit surface area during 

time, tn is given by: 

                                        An A
Dtn= 2 0 π

                                           (8) 

Where; An = activity leached out after time tn, Ci 

            A0 = initial activity in the composite, Ci 

            D = diffusion coefficient, m
2
 s

-1
 

            From the above equation, the cumulative fraction leached out from 

the composite can be expressed as; 

                                    
( )Σ ΣAn

A

S

V

S A D tn

A V0

2 0
0 5

0


















=

.

                  (9) 
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Σ ΣAn

A

S

V

D tn

0
2

0 5

= 










π

.

                             (10) 

Table (28): Incremental leaching fraction of cesium-137 from  

                  solidified  cement pastes 

Incremental leach fraction, cm/day 
 

Time, Days  

Plain OPC 
 

FAZC 

1 1.08 E-3  2.78 E-4 

2 1.06 E-3  2.52 E-4 

3 9.46 E-4  2.33 E-4 

4 8.33 E-4 2.04 E-4 

5 7.80 E-4 1.89 E-4 

6 7.41 E-4 1.90 E-4 

7 7.17 E-4 1.83 E-4 

14 4.47 E-4 1.13 E-4 

21 3.40 E-4 8.52 E-5 

28 2.85 E-4 7.11 E-5 

35 2.37 E-4 6.03 E-5 

65 1.48 E-4 3.35 E-5 

95 1.03 E-4 2.37 E-5 
 

Table (29): Incremental leaching fraction of cobalt-60 from solidified  

                  cement pastes 
 

Incremental leach fraction, cm/day 
 

 

Time, Days 

 

Plain OPC 
 

FAZC 

1 3.07 E-4 5.25 E-5 

2 2.11 E-4 4.92 E-5 

3 1.78 E-4 4.66 E-5 

4 1.63 E-4 4.21 E-5 

5 1.45 E-4 4.04 E-5 

6 1.29 E-4 3.94 E-5 

7 1.27 E-4 3.79 E-5 

14 1.00 E-4 2.86 E-5 

21 9.14 E-5 2.46 E-5 

28 8.46 E-5 2.06 E-5 



 

 

 

- 138 -  

 

35 7.57 E-5 1.86 E-5 

65 4.43 E-5 1.13 E-5 

95 3.67 E-5 8.42 E-6 

 

Table (30): Incremental leaching fraction of strontium-85 from  

                   solidified cement pastes 
 

 

Incremental leach fraction, cm/day 
 

Time, Days  

Plain OPC 
 

FAZC 

1 3.31 E-4 6.13 E-5 

2 2.27 E-4 5.76 E-5 

3 1.92 E-4 5.44 E-5 

4 1.76 E-4 4.92 E-5 

5 1.57 E-4 4.72 E-5 

6 1.40 E-4 4.59 E-5 

7 1.37 E-4 4.42 E-5 

14 1.08 E-4 3.47 E-5 

21 9.86 E-5 2.99 E-5 

28 9.14 E-5 2.50 E-5 

35 8.17 E-5 2.26 E-5 

65 4.78 E-5 1.42 E-5 

95 3.31 E-5 1.06 E-5 
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Fig. (23): Variation of incremental leach fraction of cesium - 137  

                 from solidified waste forms of fly ash-zeolite cement and 

                 plain portland cement as a function of  total leaching time. 

                  

  



 

 

 

- 140 -  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 10 20 30 40 50 60 70 80 90 100

1E-6

1E-5

1E-4

1E-3

0.01

  OPC

  FAZC

In
cr

em
en

ta
l 

F
ra

ct
io

n
, 
cm

/d
a
y

Total Leaching Time, days

Fig. (24): Variation of incremental leach fraction of cobalt - 60  

                 from solidified waste forms of fly ash-zeolite cement and 

                 plain portland cement as a function of  total leaching time. 
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Fig. (25): Variation of incremental leach fraction of strontium - 85  

                 from solidified waste forms of fly ash-zeolite cement and 

                 plain portland cement as a function of  total leaching time. 
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Where;Σ An = cumulative amount of radioactivity leached during 

cumulative time tn 

 

             Thus a plot of  [ΣA An / 0 ] versus tn  should give a straight line 

if D remains constant. The value of D can be calculated from the slope m of 

the line, i.e. 

                                        D
m V

S
=
π 2 2

4 2
                                                (11) 

Figs. (26-28) 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 plots, 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 both 

nuclides, as presented in Table (31) are the main average values of their 

diffusion coefficients. These data indicated that 
137

Cs have largest values of 

diffusion coefficients in both waste matrices compared to 
60

Co and 
85

Sr 

nuclides. 

            The American National Standards Institute (ANSI) defines a 

material parameter of the leachability of diffusing species. This parameter 

is called the leachability index, L, and is defined as (American Nuclear 

Society Standards committee, 1986): 
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 β=
D

logL                                          (12) 

     where, β  is a defined constant (1.0 cm
2
/s) and D is the diffusion 

coefficient of the species (cm
2
/s) assumed to be independent of time during 

the course of leaching. 

            The mean leachability index (L) is used to catalogue the efficiency 

of  matrix material to solidify a waste being the value of 6 the threshold to 

accept a given matrix as adequate for the immobilization of nuclear wastes . 

 

            The corresponding values of the leachability index (L) for all 

studied samples calculated using Eq.(12), as listed in Table (32) exceeded 

the value of 6, which is the minimum value for acceptance as a low level 

waste form, consequently, both matrices, and specially the fly ash zeolite 

cement FAZC  matrix can be catalogued as efficient materials for 

immobilizing cesium, cobalt and strontium from radioactive wastes (El-

Kamash A. et al., 2006).  
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Table (31) :  Diffusion coefficient values of cesium-137, cobalt-60 and  

                      strontium-85 ions leached From solidified cement matrices. 

 

Diffusion Coefficient (D) 

(cm
2
. s

-1
) 

 

Cement Matrix 
 

Cs
137

  
 

 

Co
60

 
 

Sr
85

 

Plain OPC 8.01 E-7 9.79 E-8 1.14 E-7 

 FAZC 4.16 E-8 6.69 E-9 1.11 E-8 

 

 

 

  Table (32) : Leachability Index values of cesium-137, cobalt-60 and  

                       strontium-85 ions leached From solidified cement matrices. 

 

 

Leachability Index  (L) 
 

 

Cement Matrix 
 

Cs
137

  
 

 

Co
60

 
 

Sr
85

 

Plain OPC 6.21 7.01 6.94 

 FAZC 7.40 8.17 7.96 
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Fig. (26): Variation of fraction leached of cesium-137 from solidified  

                 waste forms of fly ash-zeolite cement and plain portland 

                 cement versus squar root of time. 
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Fig. (27): Variation of fraction leached of cobalt -60 from solidified  

                 waste forms of fly ash-zeolite cement and plain portland 

                 cement versus squar root of time. 
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Fig. (28): Variation of fraction leached of strontium-85 from  

                 solidified waste forms of fly ash-zeolite cement and plain 

                 portland cement versus squar root of time. 
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Table (33): Comparison of diffusion coefficient values of  Cs
137

,Co
60

and  

                   Sr
85

 for different solidified waste forms.   

 

Metal 

ion 

 

Solidified Waste forms 
Diffusion 

Coefficient (D) 

(cm
2
. s

-1
) 

 

References 

Plain ordinary portland 

cement (OPC) 

8.01 E-7 Present study 

Fly ash zeolite cement 4.16 E-8 Present study 

OPC + PAM-zeolite 5.81 E-10 El-Masry E. H., 2012 

OPC + PAM-Bentonite 2.58 E-10 El-Masry E. H., 2012 

OPC + red clay 2.60 E-11 Abdel Rahman., 2006 

Fly ash belite cement 2.20 E-7 Goni et al., 2006 

OPC + 4% zeolite 5.70 E-8 El-Kamash et al., 2006 

OPC  + BFS 9.06 E-8 Sami et al., 2006 

OPC  + silica fume 5.70 E-8 El-Kamash et al. 2002 

 

 

 

 

 

Cs
137 

 

OPC +  Ilmenite 1.02 E-7 El-Kamash et al. 2002 

Plain ordinary portland 

cement (OPC) 

9.79 E-8 Present study 

Fly ash zeolite cement 6.69 E-9 Present study 

OPC + PAM-zeolite 3.63 E-10 El-Masry E. H., 2012 

OPC + PAM-Bentonite 2.89 E-10 El-Masry E. H., 2012 

OPC + red clay 1.0  E-11 Abdel Rahman., 2006 

OPC  + BFS 3.56 E-8 Sami et al., 2006 

OPC  + silica fume 3.75 E-8 El-Kamash et al. 2002 

 

 

 

 

Co
60

  

 

 

OPC +  Ilmenite 2.20 E-8 El-Kamash et al. 2002 

Plain ordinary portland 

cement (OPC) 

1.14 E-7 Present study 

Fly ash zeolite cement 1.11 E-8 Present study 

OPC + PAM-zeolite 3.65  E-10 El-Masry E. H., 2012 

OPC + PAM-Bentonite 2.20 E-10 El-Masry E. H., 2012 

 

 

Sr
85

 

OPC + 4% zeolite 3.75 E-8 El-Kamash et al., 2006 
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Table (34): Comparison of leachability Index values of  Cs
137

,Co
60

and  

                   Sr
85

 for different solidified waste forms.   

 

Metal 

ion 

 

Solidified Waste forms 
Leachability 

Index  (L) 

 

References 

Plain ordinary portland 

cement (OPC) 

6.21 Present study 

Fly ash zeolite cement 7.40 Present study 

OPC + PAM-zeolite 9.24 El-Masry E. H., 2012 

OPC + PAM-Bentonite 9.59 El-Masry E. H., 2012 

OPC + ashs 5.32 Abdel Rahman., 2009 

OPC + 4% zeolite 7.25 El-Kamash et al., 2006 

OPC + red clay 11.55 Abdel Rahman., 2006 

 

 

 

 

 

Cs
137 

 

OPC  + BFS 7.04 Sami et al., 2006 

Plain ordinary portland 

cement (OPC) 

7.01 Present study 

Fly ash zeolite cement 8.17 Present study 

OPC + PAM-zeolite 9.44 El-Masry E. H., 2012 

OPC + PAM-Bentonite 9.54 El-Masry E. H., 2012 

OPC + ashs 6.39 Abdel Rahman., 2009 

OPC + red clay 10.98 Abdel Rahman., 2006 

 

 

 

 

Co
60

  

 

 

OPC  + BFS 7.44 Sami et al., 2006 

Plain ordinary portland 

cement (OPC) 

6.94 Present study 

Fly ash zeolite cement 7.96 Present study 

OPC + PAM-zeolite 9.44 El-Masry E. H., 2012 

OPC + PAM-Bentonite 9.66 El-Masry E. H., 2012 

 

 

Sr
85

 

OPC + 4% zeolite 7.42 El-Kamash et al., 2006 
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SUMMARY 
 

      Radioactive waste is generated from the production of nuclear energy 

and from the use of radioactive materials applications. The important of 

safe management of radioactive waste for the protection of human health 

and the environment has long been recognized. Conditioning of radioactive 

waste is the transform of radioactive waste into a suitable form for storage 

and disposal. Common immobilization methods include solidification of 

low and intermediate level liquid radioactive wastes is cementation process. 

         This thesis was classified into four chapters namely;1) Introduction,   

2) Literature review, 3)  Materials and methods, 4) Results and discussion. 

 

 Chapter (1): 

         This chapter is the introduction, it includes some aspects on the 

sources of radioactive waste, classification and characteristics of radioactive 

waste, treatment and conditioning of low and intermediate level liquid 

radioactive wastes by common methods and the material required for 

immobilization process.  

 

 Chapter (2): 

         This chapter is Literature review, It covering the works that were done 

in the past to the present work in fields of Immobilization of radioactive 

waste using cement matrix and cement mixed with some different additives, 

immobilization of radioactive waste using fly ash and zeolite cement paste, 

characteristics of fly ash, zeolite synthesis from fly ash and production and 

characteristic of fly ash – zeolite cement. 
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Chapter (3): 

         This chapter is experimental, it represented 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. 

 

Chapter (4): 

             This chapter included 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 the raw fly ash was achieved by 

total X-ray fluorescence instrument. The contents of major oxides 

showed that, raw FA has an intermediate glass content (69.99%), 

coupled with a high SiO2/Al2O3 ratio (1.89). 

 

2. The X-ray diffraction patterns of original fly ash is mainly 

represents the presence of crystalline quartz (SiO2) and mullite 

(3Al2O3.2 SiO2), as identified as sharp peaks. Beside the presence of 

some crystalline phases, fly ash is composed of amorphous material, 

as identified by the presence of the amorphous halo. 

 

3. The characteristic bands of aluminosilcate phases and α-quartz were 

identified in the FT-IR spectrum of raw FA. Both of bending mode 

of Si –O-Al and asymmetric stretching mode of Si –O- Si were 

detected. 
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4. The specific surface area (m
2
/g) of starting raw fly ash (FA) powder 

obtained was 3.17 m
2
/g. 

 

5. The crystallinity and phase identification of synthesized fly ash 

zeolite cement (FAZC) were determined using X-ray diffraction 

technique for two steps of synthesis process is based on the 

hydrothermal-calcination-route of the fly ash. At the first step, 

hydrothermal treatment of fly ash at 200°C in 1 M NaOH solution: 

(synthesis of cement precursors) all the fly ash reflections 

disappeared, (Katoite C3ASH4, aluminum-tobermorite (Ca5 Si5 

Al(OH)O17‚5H2O), zeolite (Na6 [AlSiO4]6 ‚4H2O) type sodalite and 

calcite (CaCO3) from lime) being formed. For second step, the 

precursors phases formed during the hydrothermal fly ash activation 

were heated at temperatures ranging from 700 °C to 900 °C, and 

concluded that the optimum new fly ash zeolite cement clinker was 

allowed when the temperature of the hydrothermal treatment of the 

fly ash was 200 °C and when the hydrated precursors were heated at 

800 °C. At this temperature the main crystalline belite variety was 

the α′L-Ca2SiO4 . At temperatures higher than 800 °C, gehlenite and 

free lime (CaO) were formed. Both free lime and gehlenite are not 

desirable since gehlenite has a small hydraulic activity and lime can 

produce expansion during hydration. Furthermore, the α′L-Ca2SiO4 

partially converted in β-Ca2SiO4, and new belite cement traces of 

mayenite (Ca12Al14O33) were formed. 
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6. The characteristic bands of aluminosilcate phases of two step 

process for synthesis fly ash zeolite cement were identified in the 

FT-IR spectrum. In every process step, the IR spectra show 

absorptions in the two main silicate zones: 800–1200 cm
-1

 and 450–

550 cm
-1

. 

 

7. The specific surface area (m
2
/g) of powder solid for cement 

precursors dehydration were heated at temperatures ranging from 

700 °C to 900 °C were measured, and  the results obtained indicated 

that the BET-surface are decreased as the temperature of heating 

increased. 

 

8. TGA and DTG curves of fly ash zeolite cement synthesized for 

hydrothermal treatment step, the content of portlandite is 42% and 

the content of calcite is 19%. The portlandite percentage was 

determined from the weight loss in the TG curve between 300°C  

and 500°C , and that of calcite from the weight loss in the TG curve 

between 600°C  and 780°C .But for three types of FAZC were 

synthesized at 700, 800, and 900 °C show that, at 700°C weight loss 

from CaCO3 decomposition and its DTG peak centered at 730°C. 

The content of CaCO3 was 4.5%. At 800°C showing two small 

weight losses between 370 and 430°C and calcite content was 2.3%. 

At 900 °C The content of free or unreacted CaO is 1.3%. 

 

9. Quantitative elemental analysis of the prepared fly ash zeolite 

cement were obtained after heating the precursors at 800ºC. This 
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temperature was considered optimal was achieved by X-ray 

fluorescence pattern . 

 

10.  The maximum compressive strength (Kg/cm
2
) for fly ash zeolite 

cement samples was obtained when W/C ratio equals 0.50, beyond 

this ratio, the compressive strength decrease with increasing W/C 

ratio where the maximum compressive strength for ordinary 

portland cement samples when W/C ratio equals 0.35. 

 

11. The effect of curing time on the mechanical strength of three types 

of FAZC were synthesized at 700, 800, and 900 °C after a previous 

hydrothermal treatment, the compressive strength for three cement 

samples increases with increasing the curing period. The main 

difference among the three calcinations temperature occurred during 

the first 28 days, where the strength values for the FAZC-800°C 

more higher than others samples. 

 

12. The compressive strength for FAZC calcined at 800°C higher than 

that of OPC and this is attributed to increase in silicates present in 

FAZC . 

 

13. For fineness of the fly ash-zeolite cement, the initial and final setting 

times of plain ordinary portland cement pastes were greater than 

pastes of fly ash zeolite cement.  

 

14. The bleeding capacity of ordinary portland cement (OPC) and fly 

ash zeolite cement (FAZC) were 2.16% and 2.02%, respectively. 
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While, the bleeding rate of (OPC) and (FAZC) were 0.37 ml/h and 

0.35 ml/h, respectively. 

 

15. Effect of water immersion for one and three months in different 

leachant; sea water, distilled water and tap water on the compressive 

strength of fly ash zeolite cement and plain ordinary portland 

cement has been studied. The immersion medium has a positive 

effect on compressive strength of cement samples after immersion 

in different types of water for one month to three months. This 

positive effect may following order :   Sea water > Distilled water > 

Tap water   According to this study FAZC showed a better 

durability against corrosion attacks than traditional OPC. 

 

16. Effect of gamma rays on the compressive strength on the samples of 

hard plain cement and fly ash zeolite cement show that, resistance  

γ-radiation for fly ash-zeolite cement is higher than plain portland 

cement, this is attributed to FAZC cement  contain zeolite structure 

that in consequence accelerates the formation of hydration products 

which fill up the pores present in the hydrated cement paste, this 

makes the hydrated paste more compact and has low porosity which 

gives good resistance to the doses γ-radiation and also, the 

compressive strength for all hardened cement samples decreased 

with increasing the radiation doses from 10 KGy to 70 KGy. In 

general, by increase the dose of radiation compressive strength for 

all pastes decrease gradually up to 50 KGy, but after 50 KGy 

decreasing is sharp. The sharp decrease of compressive strength due 

to the breakdown of hydration products. 
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17. The value of pH values of solidified cement samples contained 

Cs
137

, Co
60

 and Sr
85

 for FAZC shows slight higher values of pH than 

OPC values. The value of pH of leaching solution (distilled water) 

during long term leaching test for the hard cement samples at the 

first days of leaching test are higher than those at later ages, this may 

be due to that the surface release of alkaline constituents of cement 

matrix . 

 

18.  The variation of cumulative leach fraction of Cs
137

,Co
60

and Sr
85 

radionuclides incorporated in the solidified cement forms of fly ash-

zeolite cement have lower than plain OPC. In the case of fly ash 

zeolite cement matrix radionuclides Cs
137

,Co
60 

and Sr
85 

mainly 

trapping by C–S–H gel (interlayer spaces) and by zeolite cavities. 

The leaching rate of cesium has highest values than others. In case 

of OPC leaching rate is more higher than FAZC case that is due to 

for OPC the highly alkaline pore solution of hydrated portland 

cement. Nevertheless, this mechanism is not valid in the case of 

cesium, and, therefore, its degree of retention, in the traditional 

portland cement matrices, is low and, consequently, its diffusion 

towards the biosphere is high but for FAZC one can deduce that the 

zeolite structure in microstructure of FAZC is clearly a host phase 

for cesium which is strongly immobilized. 

 

19. The incremental fractions of FAZC pastes were lower than those of 

plain OPC pastes for all radionuclides and The leach behavior of the 

blocks can be explained as a combination of the two processes: (i) 
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surface wash-off mechanism and (ii) diffusion stage mechanism. 

Region I shows the maximum leaching of the ions because of the 

surface wash-off process. 

 

20. The diffusion coefficient for radioactive isotopes Cs
137

,Co
60 

and Sr
85 

from all FAZC samples show lower diffusion coefficient than OPC 

samples. These data indicated that Cs
137

 has the largest values of 

diffusion coefficient in both wastes matrices compared to Co
60

 and 

Sr
85

 nuclide this may be due to that particle size of Cs
137

 smaller 

than Co
60 

and Sr
85

 which facilitate the diffusion of the ion and low 

field strength of Cs
137

 that keeps it substantially soluble in the high 

pH environment. 

 

21. The main values of the leachability indices for radioactive isotopes 

Cs
137

,Co
60 

and Sr
85 

from FAZC samples and OPC are in the range 

from 6.21 to 8.17, which exceeded the value of 6. These value  

indicated that both matrices studied can be classified as good 

solidify systems, and specially the fly ash zeolite cement FAZC  

matrix can be catalogued as efficient materials for immobilizing 

cesium, cobalt and strontium from radioactive wastes. 
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