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“When modern man builds large load-bearing structures, he 

uses dense solids; steel, concrete, glass. 

When nature does the same, she generally uses cellular 

materials; wood, bone, coral. There must be good reasons for 

it.” 

M. F. Ashby 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ACKNOWLEDGEMENT 

My success in this Ph.D. program could not have been achieved without the deep cooperation, 

invaluable assistance, and ongoing support I was fortunate to have from many people. Through 

these few sentences, I would like to express my thanks to them. 

First and foremost, I would like to express my massive appreciation to my previous supervisor 

Prof.  László A. Gömze, for his overwhelming support, advice, encouragement, commitment, 

and supervision right from the start till the midway of my Ph.D. candidature at University of 

Miskolc. Prof.  László A. Gömze passed away in January 2022. He was a very dedicated and 

supportive person with a huge passion for research. My deepest appreciation goes to my current 

supervisor, Dr. Kocserha István, who has always been actively engaged in my Ph.D. project 

by guiding, inspiring, and supporting me; this includes correcting my thesis and giving me 

meaningful advice. There is no way I could have completed this research work without his 

extensive support. 

I would like to thank all the respected professors at the University of Miskolc who taught me 

various subjects over the first two years of the Ph.D. program. 

I also like to express my gratitude to the reviewer, Prof. Dr. Péter Baumli, for his insightful 

comments and suggestions on several aspects of my study; his constant support and positive 

opinions about my work during this whole Ph.D. course helped me to achieve the desired 

outcomes. 

I would also like to extend my thanks to the reviewers, Dr. Katalin Kopecskó and Dr. Péter 

Telek, for their valuable questions, feedback, and comments on my dissertation. I am very 

grateful for their careful review and constructive suggestions, which have helped me to highly 

improve this dissertation. 

I would also like to thank Dr. Emese Kurovics and Mr. Gál Károly for their unlimited support 

in the experimental work. My thanks extend to Dr. Daniel Koncz-Horvath for his assistance in 

conducting the investigation related to scanning electron microscopy and energy dispersive 

spectroscopy. I would also like to warmly thank Dr. Róbert Géber for his assistance in 

conducting the particle size distribution analysis. I owe thanks to Dr. Andrea Simon for her 

assistance in carrying out the thermal conductivity test. Many thanks to Dr. Tamás Szabó and 

Ms. Ildikó Tasnádi for their help with conducting FT-IR analysis. I  would also like to express 

my deepest appreciation to all the staff members in the Antal Kerpely Doctoral School of 

Materials Science and Technology,  University of  Miskolc,  for their advice, technical support, 

continual assistance, and cooperation during the implementation of the experimental work 

throughout the past years. 

I would like to express my sincere gratitude to Ms. Agnes Solczi not only for being our faculty 

coordinator facilitating all the administrative work but also for her encouragement, support, 

and generous invitations to join her hiking trips.  

I also express my thankful feelings to my colleagues. I am thankful to all of them for the many 

hours of useful and enjoyable study, experimentation, and collaboration, as well as for sharing 

their extensive and valuable practical skills and knowledge with me. 



iv 
 

I  would like to acknowledge  Hungarian government for providing me full scholarship during 

the period of my Ph.D. study. I am very much thankful to Ministry of Higher Education, Sudan 

and University of Bahri for their financial support.  

I would like to thank my close colleagues, Ms. Ei Ei Khine and Mr. Mohammed Tihtih, for their 

encouragement, understanding, and support throughout my Ph.D. journey.  

Finally, my love and deep gratitude go to all my family members, who have always provided 

me with their unconditional love, encouragement, and deep support throughout my Ph.D. 

program and my academic career. 

 

Jamal Eldin F. M. Ibrahim 

November 2022 

 

 

 

 

 

 

 

  



v 
 

CONTENTS 

ACKNOWLEDGEMENT ...................................................................................................... iii 

LIST OF FIGURES ................................................................................................................ ix 

LIST OF TABLES ................................................................................................................ xiii 

LIST OF ABBREVIATIONS .............................................................................................. xiv 

1. Introduction .......................................................................................................................... 1 

1.1. Knowledge gap and objectives of the research ............................................................... 4 

2. Literature review and background of the research .......................................................... 6 

2.1. Thermal insulation in buildings....................................................................................... 6 

2.2. Zeolites ............................................................................................................................ 6 

2.2.1. Definition and historical background .......................................................................6 

2.2.2. Structure and classification .......................................................................................7 

2.2.3. Zeolites' physical and chemical characteristics ......................................................10 

2.2.4. Classification of natural zeolites .............................................................................11 

2.2.5. The constituents of zeolite-poor rocks (Tokaj).......................................................12 

2.2.6. Use of zeolitic tuff in the building industry ............................................................14 

2.3. Organic wastes .............................................................................................................. 14 

2.3.1. Sawdust ...................................................................................................................15 

2.3.2. Eggshell ..................................................................................................................15 

2.4. Fired-clay bricks ............................................................................................................ 16 

2.4.1. History and development of brick manufacturing ..................................................16 

2.4.2. Composition of clay................................................................................................17 

2.4.3. Types of bricks .......................................................................................................17 

2.4.4. Manufacturing of fired-clay bricks .........................................................................18 

2.4.5. Production of bricks................................................................................................20 

2.4.6. Additive to clay bricks ............................................................................................20 

2.4.7. Composition of burnt clay bricks ...........................................................................21 

2.4.8. The topographical and microstructural features of burned clay bricks ..................22 

2.4.9. The mechanical characteristics of fired clay bricks ................................................23 

2.4.10. Previous studies on recycling waste materials in fired-clay bricks ......................24 

2.5. Glass-ceramic foams ..................................................................................................... 26 

2.5.1. Historical background of glass-ceramic foams ......................................................26 

2.5.2. Production of glass-ceramic foams .........................................................................26 

2.5.3. Properties and applications of glass-ceramic foams ...............................................27 

2.5.4. The main factors affecting the properties of glass-ceramic foams .........................28 

2.5.5. Thermal conductivity of glass-ceramic foams ........................................................29 

2.5.6. The uses of alternative raw materials for producing glass-ceramic foam ..............29 

2.5.7. Previous studies on the preparation of glass-ceramic foam ...................................30 

3. Materials and Methods ...................................................................................................... 31 

3.1. Raw materials used in the research work ...................................................................... 31 

3.1.1. Main raw material (zeolite-poor rock) ....................................................................31 

3.1.2. Sawdust ...................................................................................................................32 

3.1.3. Hen’s eggshell ........................................................................................................32 

3.1.4. Sodium hydroxide...................................................................................................32 



vi 
 

3.2. Characterization methods of the raw materials ............................................................. 33 

3.2.1. Determination of particle size distribution .............................................................33 

3.2.2. BET Specific surface area analysis ........................................................................33 

3.2.3. XRD investigations of raw materials......................................................................34 

3.2.4. XRF investigations .................................................................................................35 

3.2.5. Thermal analysis of raw materials using thermal analyzer ....................................35 

3.2.6. SEM and EDS investigations of the raw materials .................................................36 

3.2.7. FTIR analysis ..........................................................................................................36 

3.2.8. Heating microscopy analysis ..................................................................................37 

3.3. Development of thermal insulation ceramic specimens (bricks and foams) ................. 38 

3.3.1. Preparation of zeolite-poor rock incorporated sawdust composite bricks ..............38 

3.3.2. Preparation of zeolite-poor rock incorporated eggshell composite bricks .............38 

3.3.3. Preparation of alkali-activated zeolite-poor rock incorporated sawdust ceramic 

foams ......................................................................................................................39 

3.3.4. Preparation of alkali-activated zeolite-poor rock incorporated eggshell ceramic 

foams ......................................................................................................................40 

3.4. Characterization of the prepared thermal insulation ceramic specimens ...................... 41 

3.4.1. Measurement of the physical properties .................................................................41 

3.4.2. Thermal conductivity measurement .......................................................................42 

3.4.3. Compressive strength test .......................................................................................42 

3.4.4. SEM, EDS, and XRD of the sintered samples .......................................................43 

3.4.5. CT scan ...................................................................................................................43 

3.4.6. Determination of porosity using pycnometer .........................................................44 

4. Results and discussion ....................................................................................................... 45 

4.1. Raw materials analysis .................................................................................................. 45 

4.1.1. Particle size distribution of the raw materials ........................................................45 

4.1.2. XRD and XRF examinations of the raw materials .................................................45 

4.1.3. Thermal investigation of raw materials (TG/DTA) ................................................47 

4.1.4. BET specific surface area analysis of raw materials ..............................................50 

4.1.5. SEM and EDS analysis of used raw materials .......................................................50 

4.2. Discussion and conclusions ........................................................................................... 51 

4.3. Results of the new zeolite-poor rock incorporated sawdust composite bricks ............. 52 

4.3.1. Dimensional characteristic of zeolite-poor rock/sawdust bricks after firing ..........52 

4.3.2. XRD investigations of the fired zeolite-poor rock/sawdust bricks .........................52 

4.3.3. SEM examination of the fired zeolite-poor rock/sawdust bricks ...........................53 

4.3.4. Bulk density of the fired zeolite-poor rock/sawdust bricks ....................................55 

4.3.5. Volume shrinkage of the fired zeolite-poor rock/sawdust bricks ...........................56 

4.3.6. Apparent porosity and water absorption of the fired zeolite-poor rock/sawdust 

bricks ......................................................................................................................57 

4.3.7. Thermal conductivity of the fired zeolite-poor rock/sawdust bricks ......................58 

4.3.8. The compressive strength of the fired zeolite-poor rock/sawdust bricks ...............59 

4.3.9. The correlation between density, thermal conductivity, and compressive strength 

of fired zeolite-poor rock/sawdust bricks ..............................................................60 



vii 
 

4.3.10. The correlation between thermal conductivity, apparent porosity, and water 

absorption of fired zeolite-poor rock/eggshell bricks ............................................60 

4.4. Discussion and conclusions ........................................................................................... 61 

4.5. Result of innovative composite bricks based on zeolite-poor rock and hen's eggshell 63 

4.5.1. Dimensional properties of fired zeolite-poor rock/eggshell bricks ........................63 

4.5.2. XRD analysis of fired zeolite-poor rock/eggshell bricks .......................................63 

4.5.3. SEM examination of fired zeolite-poor rock/eggshell bricks .................................64 

4.5.4. Bulk density of fired zeolite-poor rock/eggshell bricks .........................................67 

4.5.5. Volume shrinkage of fired zeolite-poor rock/eggshell bricks ................................68 

4.5.6. Apparent porosity of fired zeolite-poor rock/eggshell bricks .................................69 

4.5.7. Water absorption of fired zeolite-poor rock/eggshell bricks ..................................70 

4.5.8. Efflorescence of fired zeolite-poor rock/eggshell bricks ........................................70 

4.5.9. Thermal conductivity of fired zeolite-poor rock/eggshell bricks ...........................72 

4.5.10. The compressive strength of fired zeolite-poor rock/eggshell bricks ...................73 

4.5.11. The correlation between density, thermal conductivity, and compressive 

strength of fired zeolite-poor rock/eggshell bricks ................................................74 

4.5.12. The correlation between thermal conductivity, apparent porosity, and water 

absorption of fired zeolite-poor rock/eggshell bricks ............................................75 

4.6. Discussion and conclusions ........................................................................................... 75 

4.7. Result of alkali-activated zeolite-poor rock incorporated sawdust glass-ceramic foams

 .............................................................................................................................................. 78 

4.7.1. TG/DTA of the alkali-activated zeolite-poor rock/sawdust mixtures ....................78 

4.7.2. Dimensional properties of the sintered zeolite-poor rock/sawdust foams ..............79 

4.7.3. XRD investigations of the sintered zeolite-poor rock/sawdust foams ...................79 

4.7.4. FT-IR analysis of the alkali-activated and sintered zeolite-poor rock/sawdust 

samples ...................................................................................................................80 

4.7.5. SEM analysis of the alkali-activated zeolite-poor rock/sawdust mixtures .............81 

4.7.6. EDS analysis of the alkali-activated zeolite-poor rock/sawdust powders ..............82 

4.7.7. Heating microscope and the foaming mechanism of the alkali-activated zeolite-

poor rock/sawdust samples ....................................................................................83 

4.7.8. SEM investigation of the produced alkali-activated zeolite-poor rock/sawdust 

foams ......................................................................................................................85 

4.7.9. Micro-CT analysis and properties of the pore structure and morphology of 

zeolite-poor rock/sawdust foams ...........................................................................86 

4.7.10. Bulk density of the produced zeolite-poor rock/sawdust foams...........................90 

4.7.11. Volume expansion of the produced zeolite-poor rock/sawdust foams .................91 

4.7.12. The thermal conductivity of the produced zeolite-poor rock/sawdust foams ......92 

4.7.13. Compressive strength of the produced zeolite-poor rock/sawdust foams ............92 

4.7.14. The relationships between density, compressive strength, and thermal 

conductivity of the produced zeolite-poor rock/sawdust foams ............................94 

4.8. Discussion and conclusions ........................................................................................... 95 

4.9. Result of Innovative glass-ceramic foams based on zeolite-poor rocks incorporated 

eggshell................................................................................................................................. 97 

4.9.1. TG/DTA of the alkali-activated zeolite-poor rock/eggshell mixtures ....................97 



viii 
 

4.9.2. Dimensional properties of the sintered zeolite-poor rock/eggshell foams .............98 

4.9.3. XRD investigations of the sintered zeolite-poor rock/eggshell foams ...................98 

4.9.4. FT-IR analysis of the alkali-activated and sintered zeolite-poor rock/eggshell 

samples ...................................................................................................................99 

4.9.5. SEM analysis of the alkali-activated zeolite-poor rock/eggshell samples ...........100 

4.9.6. EDS analysis of the alkali-activated zeolite-poor rock/eggshell samples ............101 

4.9.7. Heating microscope and the foaming mechanism of the alkali-activated zeolite-

poor rock/eggshell samples ..................................................................................102 

4.9.8. SEM investigation of the produced alkali-activated zeolite-poor rock/eggshell 

foams ....................................................................................................................103 

4.9.9. Micro-CT analysis and properties of the pore structure and morphology of 

zeolite-poor rock/eggshell foams .........................................................................104 

4.9.10. Bulk density of the produced zeolite-poor rock/eggshell foams ........................105 

4.9.11. Volume expansion of the produced zeolite-poor rock/eggshell foams ..............106 

4.9.12. The thermal conductivity of the produced zeolite-poor rock/eggshell foams ....107 

4.9.13. Compressive strength of the produced zeolite-poor rock/eggshell foams ..........108 

4.10. Discussion and conclusions ....................................................................................... 108 

5. Summary ........................................................................................................................... 111 

6. Claims/New scientific results .......................................................................................... 112 

6.1. Claims for the development of porous ceramic bricks ................................................ 112 

Claim 1. Preparation of innovative composite bricks based on zeolite-poor rock and 

solid waste (sawdust and eggshell) ......................................................................112 

Claim 2. The effect of sawdust and eggshell addition on the pores of the produced 

bricks. ...................................................................................................................112 

Claim 3. The effect of eggshell addition on the compressive strength of the produced 

samples .................................................................................................................113 

Claim 4. Formation of mullite whisker in the composite bricks containing sawdust ....113 

6.2. Claims for manufacturing of glass-ceramic foams ..................................................... 114 

Claim 5. Development of new glass-ceramic foams based on zeolite-poor rock and 

solid waste (sawdust and eggshell) ......................................................................114 

Claim 6. The alkali-activation modified the structure of the produced mixtures 

containing sawdust and eggshell ..........................................................................114 

Claim 7. Development of zeolite-poor rock/sawdust foams with the lowest thermal 

conductivity..........................................................................................................115 

Claim 8. The effect of the sawdust and eggshell incorporation on the foamability of the 

alkali-activated mixture. ......................................................................................116 

Claim 9. The effect of the sawdust and eggshell addition on the pore structure and 

compressive strength of the produced foams. ......................................................117 

Publications .......................................................................................................................... 118 

Articles related to the dissertation: ..................................................................................... 119 

Other publications: ............................................................................................................. 120 

Proceeding papers. ............................................................................................................. 122 

Conference presentations ................................................................................................... 122 

References ............................................................................................................................. 124 



ix 
 

LIST OF FIGURES 

Figure 1. Global energy consumption by sector. ...................................................................... 1 

Figure 2. Heat loss and gain through the wall........................................................................... 2 

Figure 3. The expected increase in world population by region ............................................... 3 

Figure 4. Global waste generation in the past and in the future................................................ 3 

Figure 5. Schematic construction of zeolites from SiO4 and AlO4 tetrahedra  .........................7 

Figure 6. Compensation of negative zeolite framework charge by sodium cation ................... 8 

Figure 7. The structure of the zeolite framework consists of tetrahedra with a Si/Al substitution 

linked by corner shard oxygens. ................................................................................8 

Figure 8. Secondary building units (SBU) in zeolites .............................................................. 9 

Figure 9. Structures of the most abundant natural zeolites ..................................................... 10 

Figure 10. The framework of the natural clinoptilolite ........................................................... 12 

Figure 11. Illustrations of various polymorphs of crystalline SiO2 ........................................ 13 

Figure 12. Crystal structure of montmorillonite ..................................................................... 14 

Figure 13. Mud brick from Jericho ......................................................................................... 16 

Figure 14. Types of bricks ...................................................................................................... 18 

Figure 15. Primary steps in brick-making ............................................................................... 19 

Figure 16. Global brick making .............................................................................................. 20 

Figure 17. SEM photograph of clay incorporated treated wastewater sludge. ....................... 21 

Figure 18. XRD diffractogram of fired clay brick .................................................................. 22 

Figure 19. XRD spectra of clay brick burnt at 1000 °C .......................................................... 22 

Figure 20. The morphology of burnt bricks created by extrusion .......................................... 23 

Figure 21. SEM micrograph of the fracture surface of the bricks fired at 1100 °C ................ 23 

Figure 22. Compressive stress-strain curves. .......................................................................... 24 

Figure 23. Location of zeolite-poor rock in Mad (Tokaj region, Hungary) ............................ 31 

Figure 24. Pretreatment of zeolite-poor rock raw material ..................................................... 31 

Figure 25. Sawdust powder before and after sieving .............................................................. 32 

Figure 26. Pretreatment of eggshell ........................................................................................ 32 

Figure 27. Dissolution of sodium hydroxide granules in water .............................................. 32 

Figure 28. Particle size distribution analyzer (CILAS 715) .................................................... 33 

Figure 29. Micromeritics Tristar 3000 instrument .................................................................. 34 

Figure 30. A Rigaku Miniflex II X-ray diffractometer setup in ceramic’s laboratory at the 

University of Miskolc ........................................................................................... 34 

Figure 31. 1750 SETARAM, Setsys evolution thermal analyzer ........................................... 35 

Figure 32. Helios G4 PFIB CXe DualBeam SEM setup in University of Miskolc ................ 36 

Figure 33. FTIR analysis device ............................................................................................. 37 

Figure 34. Camar Elettronica heating microscope .................................................................. 37 

Figure 35. Preparation steps of the zeolite-poor rock/sawdust ceramic bricks ....................... 38 

Figure 36. Processing steps of the zeolite-poor rock/eggshell composite ceramic bricks ...... 39 

Figure 37. Flowchart for the preparation of zeolite-poor rock incorporated sawdust ceramic 

foams .................................................................................................................... 40 

Figure 38. Preparation steps of alkali-activated zeolite-poor rock incorporated eggshell foams

 .............................................................................................................................. 41 

file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004304
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004325
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004326
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004327
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004328
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004329
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004330
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004331
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004332
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004332
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004333
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004334
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004336
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004337
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004338
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004339
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004339
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004340
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004340


x 
 

Figure 39. Thermal conductivity analyzer (TCi C-THERM) ................................................. 42 

Figure 40. Hydraulic universal testing equipment .................................................................. 43 

Figure 41. CT scan equipment ................................................................................................ 43 

Figure 42. Particle-size distribution of the zeolite-poor rock, sawdust and eggshell ............. 45 

Figure 43. XRD patterns of zeolite-poor rock ........................................................................ 46 

Figure 44. XRD diffractogram of sawdust.............................................................................. 46 

Figure 45. XRD patterns of eggshell ...................................................................................... 47 

Figure 46. TG/DTA curves of zeolite-poor rock .................................................................... 48 

Figure 47. TG/DTA curves of sawdust ................................................................................... 49 

Figure 48. TG/DTA curves of eggshell powder ..................................................................... 49 

Figure 49. a) SEM image and (b) EDS spectrum of zeolite-poor rock. (c) SEM image and (d) 

EDS spectrum of sawdust (e) SEM image and (f) EDS spectrum of eggshell 

powder .................................................................................................................. 51 

Figure 50. Laboratory scale zeolite-poor rock/sawdust ceramic bricks sintered at different 

temperatures ......................................................................................................... 52 

Figure 51. XRD results of zeolite-poor rock powder and fired specimens with 6% sawdust 53 

Figure 52. SEM images with different magnifications of the fracture surface of ZS8 sintered 

at 1150 °C ............................................................................................................. 54 

Figure 53. SEM and EDS micrograph of the fracture surface of ZS8 sintered at 1150 °C .... 54 

Figure 54. SEM images of the zeolite-poor rock ceramic bricks with different dosages of 

sawdust  a) 0%, b) 2%, c) 4%, d) 6%, e) 8% and f) 10% sintered at 1150 °C ..... 55 

Figure 55. The bulk density of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures ........................................................................................... 56 

Figure 56. The volume shrinkage of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures ........................................................................................... 56 

Figure 57. The open porosity of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures ........................................................................................... 57 

Figure 58. The water absorption of the zeolite-poor rock/sawdust ceramic bricks sintered at 

different temperatures ........................................................................................... 58 

Figure 59. The thermal conductivity of the zeolite-poor rock/sawdust ceramic bricks sintered 

at variable temperatures ........................................................................................ 58 

Figure 60. Compressive strength of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures ........................................................................................... 59 

Figure 61. The correlation between thermal conductivity, density, and compressive strength of 

zeolite-poor rock/sawdust bricks with different compositions fired at 950 °C .... 60 

Figure 62. The correlation between apparent porosity, thermal conductivity, and water 

absorption of zeolite/sawdust composite bricks with different compositions 

sintered at 950 °C ................................................................................................. 60 

Figure 63. Prototype zeolite-poor rock/eggshell ceramic bricks sintered at variable 

temperatures ......................................................................................................... 63 

Figure 64. XRD analysis of zeolite-poor rock containing 20% eggshell (ZE20) fired at 

different temperatures ........................................................................................... 64 

Figure 65. SEM micrograph of the fracture surface of ZE20 with different magnifications 

sintered at 1050 °C. a-100X; b-500X; c-1000X; d-2500X .................................. 65 

file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004341
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004342
file:///C:/Users/JamalEdin/Desktop/pre-defence/PhD%20dissertation%20(first%20version).docx%23_Toc120004343


xi 
 

Figure 66. SEM micrographs of produced zeolite-poor rock containing eggshell composite 

ceramic bricks with (a) 0% (b) 5% (c) 10% (d) 15% and (e) 20% eggshell. ....... 66 

Figure 67. SEM images of (a) Z (blank) and (b) ZE10 samples sintered at 1050 °C ............. 67 

Figure 68. The effect of eggshell content on the bulk density of composite ceramic bricks 

sintered at different temperatures ......................................................................... 68 

Figure 69. The effect of eggshell content on the volume shrinkage of composite bricks fired at 

different temperatures ........................................................................................... 68 

Figure 70. The effect of eggshell content on the apparent porosity of composite ceramic bricks 

fired at different temperatures .............................................................................. 69 

Figure 71. The effect of eggshell content on the water absorption of composite ceramic bricks 

fired at different temperatures .............................................................................. 70 

Figure 72. Zeolite-poor rock/eggshell ceramic bricks after the efflorescence test ................. 71 

Figure 73. Efflorescence in masonry brick after immersing in water for a week followed by 

room temperature drying ...................................................................................... 71 

Figure 74. The TDS test for water after a week of immersing zeolite-poor rock-based bricks

 .............................................................................................................................. 72 

Figure 75. The effect of eggshell content on the thermal conductivity of composite ceramic 

bricks fired at different temperatures ................................................................... 73 

Figure 76. The effect of eggshell content on the compressive strength of composite ceramic 

bricks fired at different temperatures ................................................................... 74 

Figure 77. The correlation between thermal conductivity, density, and compressive strength of 

composite ceramic bricks with different compositions fired at 950 °C ............... 74 

Figure 78. The correlation between apparent porosity, thermal conductivity, and water 

absorption of zeolite/eggshell composite bricks with different compositions 

sintered at 950 °C ................................................................................................. 75 

Figure 79. TG and DTA curves of alkali-activated (a) ZS and (b) Z6SS samples ................. 78 

Figure 80. The produced foams with different sawdust contents sintered at different 

temperatures ......................................................................................................... 79 

Figure 81. X-ray diffractogram of zeolite-poor rock, alkali-activated (ZS), and (Z6SS) foamed 

specimens fired at variable temperatures. ............................................................ 80 

Figure 82. FTIR spectra of alkali-activated and sintered samples of a) ZS, b) Z6SS............. 81 

Figure 83. SEM images of the alkali-activated mixtures (ZS and Z6SS) at different 

magnifications ...................................................................................................... 82 

Figure 84. EDS investigation of the alkali-activated samples a) ZS, b) Z6SS ....................... 83 

Figure 85. Heating microscope graphs of several alkali-activated zeolite-poor rock/sawdust 

samples heat-treated in the temperature range of 40–1200 °C at 10 °/min .......... 84 

Figure 86. The foaming mechanism in different alkali-activated zeolite-poor rock/sawdust 

samples ................................................................................................................. 85 

Figure 87. SEM images of ZS and Z6SS sintered samples .................................................... 86 

Figure 88. a) CT scan photos of the reference sample (ZS) from different sides and b) the pore 

size distribution of the reference sample (ZS) ...................................................... 88 

Figure 89. a) CT scan photos of the Z6SS sample from different sides and b) the pore size 

distribution of the Z6SS sample ........................................................................... 89 



xii 
 

Figure 90. Bulk density of produced zeolite-poor rock/sawdust specimens of various 

compositions heat-treated at various temperatures .............................................. 90 

Figure 91. Zeolite-poor rock/sawdust ceramic foams after soaking for 7 days in distilled water

 .............................................................................................................................. 91 

Figure 92. Volume expansion of the prepared zeolite-poor rock/sawdust with different 

compositions sintered at different temperatures ................................................... 91 

Figure 93. Thermal conductivity of the prepared zeolite-poor rock/sawdust samples with 

different compositions sintered at different temperatures .................................... 92 

Figure 94. Compressive strength of the produced zeolite-poor rock/sawdust samples with 

varied compositions sintered at various temperatures .......................................... 93 

Figure 95. Compressive stress-strain curves of ZS and Z6SS foamed ceramic samples sintered 

at 850 °C ............................................................................................................... 94 

Figure 96. The relationship between density, thermal conductivity, and compressive strength 

of the prepared zeolite-poor rock/sawdust foams with various compositions burned 

at 900 °C ............................................................................................................... 94 

Figure 97. TG and DTA profiles of (a) ZS and (b) Z4ES ....................................................... 97 

Figure 98. Photos of foamed samples with varied contents of eggshell sintered at different 

temperatures ......................................................................................................... 98 

Figure 99. X-ray diffraction patterns of zeolite-poor rock, alkali-activated (Z4ES), and (Z4ES) 

foamed samples heat-treated at different temperatures. ....................................... 99 

Figure 100. FTIR spectra of alkali-activated and sintered samples of a) ZS, b) Z4ES ........ 100 

Figure 101. SEM photographs of the alkali-activated samples (ZS and Z4ES) at various 

magnifications .................................................................................................... 101 

Figure 102. EDS examination of the alkali-activated samples a) ZS, b) Z4ES .................... 102 

Figure 103. Heating microscope curves of different zeolite-poor rock/eggshell samples 

sintered in a temperature interval of (40-1200 °C) at 10 °/min .......................... 103 

Figure 104. SEM images of the fracture surface of ZS and Z4ES samples sintered at different 

temperatures ....................................................................................................... 104 

Figure 105. CT scan analysis of zeolite-poor rock/eggshell foams, a) 3D image of ZS, b) pore 

sizes distribution of ZS, c) 3D image of Z4ES, and d) pore sizes distribution of 

Z4ES ................................................................................................................... 105 

Figure 106. Bulk density of the different zeolite-poor rock/eggshell foams heat-treated at 

various temperatures ........................................................................................... 106 

Figure 107. Zeolite-poor rock/eggshell ceramic foams after immersing for a week in distilled 

water ................................................................................................................... 106 

Figure 108. Volume expansion of the different zeolite-poor rock/eggshell foams heat-treated 

at various temperatures ....................................................................................... 107 

Figure 109. Thermal conductivity of the various zeolite-poor rock/eggshell foams heat-treated 

at various temperatures ....................................................................................... 107 

Figure 110. Compressive strength of the various zeolite-poor rock/eggshell foams heat-treated 

at various temperatures ....................................................................................... 108 



xiii 
 

LIST OF TABLES 

Table 1. The structural features of typical natural zeolite types ............................................... 9 

Table 2. Types of zeolite ......................................................................................................... 11 

Table 3. Previous studies on bricks incorporated waste materials .......................................... 25 

Table 4. Properties of common glass-ceramic foams ............................................................. 27 

Table 5. Previous studies on the preparation of glass-ceramic foam ...................................... 30 

Table 6. Mixture proportions of the raw materials (%)........................................................... 38 

Table 7. The composite ceramic bricks mixture ratios (wt%) ................................................ 39 

Table 8. Mix proportion in wt (%) of zeolite-poor rock-sawdust foams ................................ 40 

Table 9. Mix proportion in wt (%) of zeolite-poor rock-eggshell foams ................................ 41 

Table 10. Chemical composition and mineralogical percentages of the zeolite-poor rock 

(Tokaj, Hungary) as determined by XRD and XRF ................................................ 46 

Table 11. Chemical composition of eggshell as determined by XRF. .................................... 47 

Table 12. BET surface area and moisture of prepared powders ............................................. 50 

Table 13. Closed porosity of the samples sintered at 1050 °C as determined by ImageJ ....... 70 

Table 14. TDS test of water obtained from the immersion of different samples. ................... 72 

Table 15. TDS test of water obtained from the immersion of commercial bricks. ................. 72 

Table 16. Statistical parameters of the pore size distribution data of ZS and Z6SS ............... 90 

 

  



xiv 
 

LIST OF ABBREVIATIONS 

ZR Zeolite-poor rocks 

SD Sawdust 

ESP Eggshell powder 

XRD X-Ray Diffraction 

XRF X-Ray Fluorescence 

SEM Scanning Electron Microscope 

EDS Energy Dispersive Spectroscopy 

CT X-ray micro-computed tomography 

BET Brunauer, Emmett and Teller 

TGA Thermal Gravimetric Analysis  

DTA Differential Thermal Analysis 

PBU Primary building units 

SBU Secondary building units 

BC Before Christ 

SSA Specific Surface Areas 

P Pressure 

Po Saturation Pressure 

2θ Diffraction Angles 

λ Wavelength 

PDF Powder Diffraction File 

ICDD International Center for Diffraction Data 

PDF Powder Diffraction File 

rpm revolutions per minute 

ASTM American Society for Testing and Materials 

MTPS Modified Transient Plane Source 

LOI loss on ignition 

FWHM Full Width at the Half Maximum 

 

  



1 
 

1. Introduction  

Energy consumption recently became a global concern due to its environmental and economic 

impact [1-4]. It has been reported that an expected 50% increase in overall energy consumption 

will take place worldwide until the year 2050. The most energy demand (80%) of this increase 

is likely to be in developing countries [5], while the buildings sector is anticipated to dissipate 

40% of the total global energy consumption (Fig. 1) [6-8]. Therefore, energy efficiency is 

becoming a top priority for eco-friendly construction since the building sector is the biggest 

energy consumer. In the hot climate area and especially during the summer, a considerable 

amount of energy is used for cooling the building, while in the cold climate area, almost the 

same amount is used to worm the building to achieve internal comfort [9] (Fig. 2). 

Future high-energy-saving buildings can play a crucial role in facing sustainable energy 

challenges by reducing the contribution of building to climate change, reducing global 

greenhouse gas emissions, and enhancing energy security and sovereignty [10]. Therefore 

minimizing energy usage in buildings by using passive techniques such as thermal insulation 

is of increasing popularity [11]. The use of ceramic specimens with enhanced thermal 

insulation aids in the mitigation of heat losses. The walls are the main areas via which 

significant quantities of heat interchange between the building and the surrounding 

environment. It is worth mentioning that a large amount of energy consumption in the building 

is due to heat loss and gain throughout the wall [12,13]. The U-value, also known as thermal 

transmittance, is the rate of transfer of heat through a structure (which can be a single material 

or a composite) divided by the difference in temperature across that structure. The wall's 

optimal U-value based on the European standard EN832 is considered to be in the range of 

0.4–0.7 W/m2K [14]; the lower the U-value, the better the performance. To achieve this 

objective, a big effort has been dedicated lately to preparing ceramic specimens (porous bricks 

and glass-ceramic foams) with superior properties such as lightweight, good mechanical 

properties, and lower thermal conductivity [15-18]. Producing ceramic bricks and foams from 

relatively cheap raw materials (waste and natural materials) while enhancing the properties to 

achieve the optimum cost-benefit relationship is of great interest.  

 

Figure 1. Global energy consumption by sector [19]. 

(Taken from: D. Simone, et al. (2018): Occupant Behavior: A “New” Factor in Energy Performance of 

Buildings - Methods for Its Detection in Houses and in Offices) 
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The fast population growth (Fig. 3), urbanization, industrialization, and various other human 

activities lead to a huge release of waste and a great demand for construction materials [20]. It 

has been noted that the global amount of solid waste produced will increase 3 times by the year 

2100,  rising from 4 million tons to 12 million tons per day (Fig. 4) [21]. The dramatic growth 

in waste materials has resulted in serious environmental issues in all communities [22]. 

Therefore, waste management has become a worldwide concern. Several countries have 

implemented strong environmental protection laws and developed waste management 

technologies to reduce pollution and damage to the environment [23,24]. Another problem is 

the fast depletion of natural resources, resulting in scarcity and concerns about the availability 

of raw materials [25,26]. Sintered ceramic materials such as bricks and glass-ceramic foams 

have emerged as a highly promising technical option for recycling solid wastes lately [27], 

[28]. Waste reuse is attainable if it is technologically, environmentally, and economically 

feasible [29-31]. In this sense, waste recycling is considered an ecologically excellent approach 

to more eco-efficient buildings [32,33]. This alternative not only reduces the cost of waste 

disposal but also conserves natural resources by reducing the use of nonrenewable raw 

materials in manufacturing ceramic bricks and glass-ceramic foams, decreasing the harmful 

environmental impact, for instance, pollution and top-soil loss [34,35]. Although recycling 

waste materials is an old and common practice, new waste is continuously used to avoid the 

depletion of natural resources and promote public health [36]. This approach appears to be 

promising in terms of drastically lowering energy usage in the hopes of fulfilling the concept 

of a future nearly zero-energy building [37,38]. As a result, lowering heat energy requirements 

is a vital contribution to eco-friendly buildings.  

 

Figure 2. Heat loss and gain through the wall 
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Figure 3. The expected increase in world population by region [39]. 

(Taken from: Roser Max (2013): “Future population growth”) 

 

Figure 4. Global waste generation in the past and in the future [21]. The prediction if the 

global population is a) 7 billion, 90% are urbanized and environmentally conscious (grey 

line), b) 9.5 billion and 80% are urbanized and environmentally unconscious (blue line), c) 

13.5 billion and 70% are urbanized and environmentally unconscious (red line). 

(Taken from: D. Hoornweg, et al. (2013): Environment: Waste production must peak this century) 
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The growing demand for building materials prompted an urgent search for sustainable 

alternatives, including natural and waste materials that can be used to synthesize construction 

materials with superior thermal insulation characteristics.  

Among natural materials, zeolite-poor rocks and solid waste could be excellent candidates for 

synthesizing construction materials with better thermal insulation [40]. Zeolite-poor rocks are 

naturally occurring tuffs. They usually contain a low percentage of zeolite, besides other 

minerals [41]. Their low amount of zeolite restricted their advanced applications. But due to 

their superior mechanical characteristic, porous structure, and lightweight, zeolite-poor rocks 

are excellent building materials that can be used to manufacture porous structural materials 

with enhanced thermal insulation properties [42]. Various scientific studies have been 

performed on using zeolite-poor rocks in construction as an additive to cement or masonry 

blocks [43,44]. Despite many studies on this topic, no research has been conducted to evaluate 

zeolite-poor rocks together with sawdust and eggshell as primary raw materials for bricks and 

glass-ceramic foams production. 

The development of novel composite bricks and glass-ceramic foams utilizing easily 

obtainable, low-price raw materials at an economical cost is particularly appealing. This may 

significantly decrease production costs, increase competitiveness, and minimize environmental 

concerns by conserving energy, decreasing pollution, and lowering waste disposal expenses. 

1.1. Knowledge gap and objectives of the research  

To the best of our knowledge, no research has been conducted to investigate zeolite-poor rock 

incorporated solid waste usage as primary raw materials for preparing porous bricks and glass-

ceramic foams. Based on the literature, The possibility of using solid waste (sawdust and 

eggshell) as pore-forming agents in zeolite-poor rock samples needs to be examined. 

Furthermore, mechanical milling and the optimal condition for the compaction process of 

zeolite-poor rocks containing sawdust and eggshell need to be investigated. In addition, the 

effect of alkali activation, composition and sintering temperature on the technical properties of 

the produced new porous bricks and glass-ceramic foams are worth studying. 

The main objective of this study is to examine the potential usage of zeolite-poor rock as an 

alternative and eco-friendly construction material for preparing ceramic bricks and glass-

ceramic foams with outstanding thermal insulation properties. Furthermore, to assess the use 

of sawdust and eggshell as pore-forming agents and their function in improving the thermal 

insulation and technical aspects of the composite ceramic specimens (porous bricks and glass-

ceramic foams). 

Sawdust (SD) and eggshell powder (ESP) were used to partially substitute zeolite-poor rock. 

This study's goals were achieved by doing comprehensive research at various stages and major 

testing on the produced new ceramic bricks and foams samples. The major goal was realized 

by the following objectives: 
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• Objectives for the development of new ceramic bricks  

1. To systematically investigate the raw materials (zeolite-poor rock from Tokaj 

region), sawdust and eggshell based on their mineralogical composition, phase 

identification, microstructural feature, chemical constituents, thermal analysis, 

particle size distribution, and specific surface area. 

2. To evaluate different types of local solid wastes, including sawdust and eggshell, 

for integration into the ceramic specimens. Furthermore, to estimate the proper 

mixing proportions, then to prepare various mixtures of zeolite-poor rock and 

wastes through mechanical activation using a ball mill operating at optimal 

conditions. 

3. To experimentally prepare green ceramic specimens using uniaxial dry pressing 

and investigate their characteristics.  

4. To suggest appropriate, cost-effective sintering conditions (heating rate, 

sintering temperature, and residence time) for the preparation of zeolite-poor 

rock-incorporated sawdust and eggshell ceramic samples. 

5. To assess the influence of sawdust and eggshell inclusion on the technical 

characteristics of the produced ceramic bricks and foams, such as bulk density, 

shrinkage, apparent porosity, water absorption, thermal conductivity, and 

compressive strength based on international standards. 

6. To compare the results of the technical properties of the prepared specimens to 

that of the current literature in the field of burned ceramic bricks.  

• Objectives for the development of innovative glass-ceramic foams 

1. To investigate the effect of alkali activation on the prepared ceramic powders 

based on zeolite-poor rock and solid waste (sawdust and eggshell). 

2. To evaluate the effect of the sawdust and eggshell incorporation on the 

foamability of the alkali-activated mixture. 

3. To evaluate the impact of sawdust and eggshell incorporation on the technical 

properties of the developed glass-ceramic foams, such as bulk density, shrinkage, 

apparent porosity, water absorption, thermal conductivity, and compressive 

strength. 

4. To compare the results of the technical properties of the produced samples to that 

of the current literature in the field of glass-ceramic foams. 

Finding answers to these objectives was the aim of the research. The answers to the 

objectives can be found in the „Discussion” sub-chapters (4.2, 4.4, 4.6, 4.8., 4.10). 
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2. Literature review and background of the research 

Theoretical background and literature are addressed based on the lightweight fired clay bricks 

and glass-ceramic foams utilized for the building’s thermal insulation. This chapter also 

discusses the prospective use of zeolite-poor rock as promising building materials, as well as 

the inclusion of various waste materials as pore-forming agents and their influence on the 

technical qualities of the generated ceramic specimens. 

2.1. Thermal insulation in buildings  

Insulation standards for new construction have grown over time in response to rising concerns 

about indoor air quality, human comfort, and environmental impact. For this reason, there is a 

great potential for energy savings and for policies to impose energy-efficiency improvements 

for both new and existing buildings. HVAC (heating, ventilation, and air conditioning) often 

uses the most energy in residential and non-residential buildings. It is widely accepted that 

increasing a building's thermal insulation is a great way to cut down on HVAC costs [45]. 

Insulation materials are low-thermal-conductivity materials used in building components to 

limit heat transfer between the indoor and outdoor spaces, lower the building U-value, and keep 

the inside of the building at a constant temperature regardless of changes in the surrounding 

environment. For that reason, it diminishes the demand for fossil fuels used in power plants to 

create electricity by decreasing the need for heating and cooling [46]. There are various types 

of materials that are used for insulation nowadays. These materials can be categorized into four 

groups: organic materials, inorganic materials, combined materials, and new technology 

materials [47]. Among the building materials that offer thermal insulation, porous bricks and 

glass-ceramic foams are reliable sustainable materials. Lowering the thermal conductivity of 

building materials is a crucial step in improving thermal insulation in buildings. One way to do 

this is by incorporating appropriate additives into the raw materials and/or using new materials. 

Huge interest has been devoted lately to the development of new thermal insulation materials 

[48,49]. Zeolite-poor rock is a potential candidate for the synthesis of porous bricks and glass-

ceramic foams with outstanding properties. 

2.2. Zeolites  

2.2.1. Definition and historical background 

Zeolites are a large group of naturally occurring minerals, normally consisting of crystalline 

hydrated aluminosilicates of group I or II elements (sodium, potassium, calcium, and 

barium) formed from largely extending three-dimensional frameworks of [SiO4]
4- and [AlO4]

5- 

tetrahedra bonded from their corners with shared oxygen atoms (Fig 5) [50]. Zeolite is 

characterized by its uniform porous structures with large interconnected cavities which 

accommodate cations such as Na+, K+, Ca2+ and Mg2+ that neutralize the negatively charged 

framework [51,52]. They have a large interior surface area of up to 800–1000 m2/g [53].  

Natural zeolites were first discovered in 1756 by a Swedish mineralogist, Cronsted. The name 

zeolites come from a combination of two Greek words. (“zeo”, to boil) and (“lithos”, stone) 

meaning “boiling stone”, as these minerals seem to boil when heated over a certain temperature 
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because of the boiling water inside their structures [54]. Their useful microporous properties 

and their applications in the adsorption and ion exchange process were not recognized until the 

19th century; then, in the 1940s, synthetic zeolites with low Si/Al ratios were successfully 

produced. The successful preparation of synthetic zeolites opens a wide gate for fast research 

growth in zeolite development and applications in the different fields of industry in the 20th 

and 21st centuries [55]. Various structures (more than 200) are introduced for zeolites, of which 

20% are considered natural minerals and the remainder are synthetic materials. Zeolite, which 

can be prepared in a high amount at relatively moderate temperatures, is popular for large-scale 

applications. Therefore, the most highly used are high-alumina zeolites with large pore 

systems, such as zeolites Linde type A and zeolites Linde type X [50].  

 

Figure 5. Schematic construction of zeolites from SiO4 and AlO4 tetrahedra and simplified 

polyhedra representation of a zeolite structure [50]. 

(Taken from: Inamuddin and M. Luqman (2012): Ion exchange technology I: Theory and materials) 

2.2.2. Structure and classification 

2.2.2.1. Primary building units 

As previously mentioned, zeolites are crystalline hydrated aluminosilicates consisting of 

corner-sharing of  TO4 (T=Si or Al) tetrahedra that form a three-dimensional four-connected 

framework with uniformly sized pores of molecular dimensions [56]. These [SiO4] or [AlO4] 

tetrahedra are the primary structural building units (PBU) of a zeolite framework. Extra cations 

compensate for the overall negative charge in the framework (Fig. 6). Moreover, a large amount 

of combined water exists in the zeolite cages [57]. The chemical formula of zeolite can be 

expressed as: 

Mx+
n/x[Sin-1AlnO2].nH2O 

Where M is the replaceable cation of valence x. M is normally a cation of Group I or II, n is the 

number of Al [58].  
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Figure 6. Compensation of negative zeolite framework charge by sodium cation [50]. 

(Taken from: Inamuddin and M. Luqman (2012): Ion exchange technology I: Theory and materials) 

As seen in Fig. 7, the tetrahedra's centre atom, T (Al or Si), is joined in the corner with four 

oxygen atoms. To represent the tetrahedron, the phrase TO4 is commonly used. In contrast to 

the flexible T-O-T connection, the O-T-O angle for a structurally ideal tetrahedron is rigid and 

usually has a value of about 109.28' and rarely changes. The flexibility of the T-O-T angle, 

which is the degree of freedom that allows acceptable thermodynamic creation of diverse 

frameworks, is critical for producing many distinct zeolite frameworks. The bond length of 

[AlO4] tetrahedra d(Al-O) and [SiO4] tetrahedra d(Si-O) are  ~ 1.73 Å and  ~ 1.59–1.64 Å, 

respectively [58]. 

 

Figure 7. The structure of the zeolite framework consists of tetrahedrals with a Si/Al 

substitution linked by corner shard oxygens [59]. 

(Taken from: Sudarsanam, Putla, et al. (2019): Advances in porous and nanoscale catalysts for viable biomass 

conversion) 

2.2.2.2. Secondary building units 

The polyhedral loops that are produced by sharing O atoms and joined in a variety of ways are 

called secondary building units (SBU). These SBUs are connected to form various zeolite 

skeletal structures through further connections. Fig. 8 depicts a number of common SBUs. 

Loops constructed from 6, 8, 10, 12, and 14 oxygen atoms are joined to produce cavities and 

pores with diameters ranging from 3 to 10 Å in the zeolite structure [60]. The extra-framework 

cations' location, size, and coordination influence the size of the channels. The structural 

features of natural zeolites are summarized in Table 1, and the structures of commonly utilized 

kinds of natural zeolites are depicted in Fig. 9. 
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Figure 8. Secondary building units (SBU) in zeolites (the balls indicate T atoms of TO4 

tetrahedra; the oxygen atoms have been hidden for clarity; the numbers in parenthesis show 

the frequency of occurrence) [61]. 

(Taken from: Ren, Xiaoyu, et al. (2020): Synthesis of zeolites from coal fly ash for the removal of harmful 

gaseous pollutants: A review) 

Table 1. The structural features of typical natural zeolite types [62]. 

Types of 

natural zeolite  

Chemical formula SBU Channels (Å) Si/Al 

ratio 

Clinoptilolite  (Na,K,Ca)6(Si,Al)36O72·20H2O 4-4-1 3.6×4.6 

3.1×7.5 

6 

Heulandite (Ca,Na)2-3 Al3(Al,Si)2Si13O 36·12H2O 4-4=1 2.6 x 4.7  6.4 

Mordenite (Ca,Na2,K2)Al2Si10O24·7H2O 5-1 6.5×7 

2.6×5.7 

5.5 

Chabazite CaAl2Si4O12·6H2O 6-6 or 

6 

or 4-2 

or 4 

3.8×3.8 1.0-4 
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Clinoptololite 

 
Heulandite 

 

Mordenite 
 

chabazite 

Figure 9. Structures of the most abundant natural zeolites [62]. 

(Taken from: Tran, Yen Thi, et al. (2019): Natural zeolite and its application in concrete composite production) 

The existence of pores, cages, and cavities within a molecular dimension is a unique structural 

property of zeolite; hence it is critical to define these concepts. The quantity of T-atoms per 

1000 Å3 is known as framework density, and zeolites have the highest framework density of 

19–21 (T-atoms per 10003) [63]. Cages are formed when the SBU apertures are less than six 

rings and are connected by pore openings; cages are small to pass molecules bigger than H2O. 

Cavities are polyhedra with at least one side greater than a six-ring. When pores are bigger than 

six rings, channels are created, which are expanded and wide enough to allow access to the 

guest molecules [64].  

2.2.3. Zeolites' physical and chemical characteristics 

The Si/Al ratio is an important characteristic of zeolites. The charge imbalance due to the 

presence of aluminium in the zeolite framework determines the ion-exchange characteristics 

of zeolites and is expected to induce potential acidic sites. The cation concentration is inversely 

related to the Si/Al ratio, while thermal stability is directly proportional. When the ratio rises, 

the surface selectivity shifts from hydrophilic to hydrophobic. Silicalite molecular sieves 

possess a neutral structure with hydrophobic nature and lack ion-exchange or catalytic 

characteristics [65]. The hydrophobic characteristic of high silica zeolites is caused by the 

existence of  ≡Si−O−Si≡ linkages, which lower the zeolitic surface's attraction to water. 

Based on Si to Al atoms' ratio, zeolites can be categorized into four different types, as shown 

in Table 2. [65]. Many kinds of zeolites have various heat stability; strongly siliceous zeolites 

possess excellent thermal stability and are resistant to decomposition at temperatures of 



11 
 

approximately 1300 °C, whereas low Si/Al ratio zeolites melt at temperatures around 700 °C. 

High Si/Al zeolites have good stability in heated acidic solutions but poor stability in alkaline 

solutions, whereas low Si/Al zeolites have poor stability in low pH solutions. Due to the fact 

that aluminium is leached from tetrahedral frameworks, zeolite structures disintegrate at low 

pH [66].  

Table 2. Types of zeolite [64]. 

Composition Example 

"Low" Si/Al zeolites (1-1.5) Zeolites A and X. 

"Intermediate" Si/Al zeolites (~2-5) 

 

A) Natural zeolites: Mordenite, Clinoptilolite, 

Erionite. 

B) Synthetic zeolites: L, Y, Omega, large pore 

Mordenite. 

"High" Si/Al (~10-100) A) By thermochemical framework modification. 

B) By direct synthesis: beta. 

Silica molecular sieves (=100) Silicalite. 

Zeolites are among the most powerful cation exchangers, with a cation interchange capability 

of two to three times that of other soil minerals. Because of their microporous structures' 

capacity to adsorb molecules at low pressure, zeolites are promising adsorbents [67]. Because 

of the different nature of diverse zeolite cage architectures, inherent structural flaws, bound 

ions, and their related minerals, zeolites have a broad range of cation-exchange capabilities. In 

summary, due to fixed pore widths and active sites in the crystalline structure, zeolites are 

natural materials that may exchange ions, capture gases and vapours, operate as 

molecular sieves, and catalyze processes [65].  

2.2.4. Classification of natural zeolites 

Natural zeolites are well-known microporous materials of volcanic origin. They form under 

variable geochemical conditions by the alternation of volcanic glass. They can be found in 

crystalline states in igneous and metamorphic rocks and sedimentary rock grains of lower 

dimensions [68]. The annual global production of natural zeolite is estimated to be around 3 

million metric tons, and the reserves are anticipated to be significant [69]. Natural zeolite can 

be classified into two categories: (2.2.4.1 and 2.2.4.2.). 

2.2.4.1. Zeolite-rich rocks 

In nature, porous pyroclastic rocks with high amounts of volcanic glass frequently convert into 

zeolite-rich rocks. The type and amount of the zeolite-rich rocks produced depend upon many 

factors, including pH,  temperature, pressure cation concentrations, hydrological system, and 

geological environment [70]. Zeolite-rich rocks normally contain a large percentage of zeolite 

together with quartz and feldspar. They have many exciting properties like high ion exchange 

capacity, large specific surface area, and porous structure. These make them popular candidates 

for different applications such as ion exchangers, sorbents, and catalysts [71-73]. Tuffs rich in 

heulandite/clinoptilolite are economically appealing due to their low prices and wide range of 

applications in agriculture, commerce, and the environment [74].  
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2.2.4.2. Zeolite-poor rocks 

Zeolite-poor rocks are naturally-occurring rocks. They generally have a low zeolite content 

(less than 10%), besides other minerals like calcite, cristobalite, quartz, montmorillonite, and 

sometimes feldspar [75]. Their low amount of zeolite limited their advanced capabilities. 

However, zeolite-poor rocks are good construction materials because of their good mechanical 

behaviour, excellent porosity, and lightweight. They could be utilized to make porous structural 

materials with improved thermal insulation characteristics [76,77].  

2.2.5. The constituents of zeolite-poor rocks (Tokaj) 

Zeolite-poor rocks (Tokaj) contain many minerals, including clinoptilolite, silica and 

montmorillonite. 

2.2.5.1. Clinoptilolite  

Clinoptilolite minerals are considered the most abundant zeolites in nature. They have been 

found in many areas worldwide, for example, Hungary, Italy, Romania, Slovakia, Slovenia, 

Turkey, and many other countries around the world; clinoptilolite is a silica-rich mineral that 

belongs to the heulandite zeolite family. The empirical formula of clinoptilolite is 

(K,Na)6[(AlO2)6(SiO2)30].24H2O.  Clinoptilolite structure contains eight-membered rings 

channels and ten-membered rings channels pore system. They have four cation positions in 

their hydrated structure; two are found in the main channels (Fig. 10). Clinoptilolite unit cells 

are monoclinic and have pore diameters varied between 4.5 and 6 Å. The Si/Al ratio of 

clinoptilolite may vary from 4.0 to 5.3. The characteristic of clinoptilolites differs according to 

the environment and the place of the deposits.  

Clinoptilolite offers a unique structure and fascinating properties. These outstanding 

characteristics make clinoptilolite a potential candidate for many applications, such as water 

purification, cleaning of radioactive wastes, biomedical applications, catalysis for many 

reactions, and building materials.  

 

Figure 10. The framework of the natural clinoptilolite [78]. 

(Taken from: Raja, VK Bupesh, et al. (2021): Geopolymer green technology) 
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2.2.5.2. Silica  

Crystalline silica is a tectosilicate mineral with a highly ordered framework pattern; the 

crystalline structure of silicon dioxide is formed by the arrangement of oxygen and silicon 

atoms in a pattern that is repeated infinitely in three dimensions. The most abundant polymorph 

of silica found in nature is quartz. There are two types of quartz: alpha (low temperature) and 

beta (high temperature). The most common type of quartz is alpha quartz, which may be found 

in numerous rocks and soils worldwide. The fact that quartz is one of the most abundant 

minerals in soils reflects its chemical stability and weathering resilience. Tridymite and 

cristobalite are two further crystalline silica types commonly associated with high-

temperature rocks, such as volcanic rocks (Fig. 11) [79]. Upon heating, silica undergoes several 

phase transformations accompanied by volume change, as shown below [80].  

 

 

 

Figure 11. Illustrations of various polymorphs of crystalline SiO2 (cristobalite, tridymite, and 

quartz) [81]. 

(Taken from: Moura, Hipassia M., and Miriam M. Unterlass: (2020): Biogenic Metal Oxides) 

2.2.5.3. Montmorillonite 

The structure of montmorillonite particles is composed of sheets and layers (Fig. 12). There 

are two types kinds of sheets in every layer: octahedral and tetrahedral. The sheet is made up 

of silicon-oxygen tetrahedra that are joined together by three shared corners, forming a 

hexagonal network. Each tetrahedron's remaining fourth corner connects to a neighbouring 

octahedral sheet. Aluminium or magnesium, in 6-fold coordination with oxygen from the 

tetrahedral layer and with hydroxyl, make up the octahedral sheet. Together, the two sheets 

create a layer. Interlayer cations, electrostatic force, hydrogen bonding, and Van der Waals 

force can all be used to link layers in a clay crystallite [82]. Montmorillonite has the chemical 

formula of (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O. 

α-quartz                         β-quartz                         β-tridymite                        β-cristobalite liquid 
573 °C 1470 °C 870 °C 1710 °C 
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Figure 12. Crystal structure of montmorillonite 

(Taken from: Sachs-Barrable, K., Darlington, J. W., & Wasan, K. M. (2014). The effect of two novel 

cholesterol-lowering agents) 

2.2.6. Use of zeolitic tuff in the building industry 

Despite several research investigations on zeolite-poor rocks, very little research has been done 

to assess zeolite-poor rocks as raw materials for construction applications. Samardzioska et al. 

studied the stability of natural zeolite bricks under different laboratory conditions. Kazantseva 

et al. [42] investigated the usage of zeolite-poor rocks as primary raw materials to prepare 

porous ceramics. Tanijaya et al. [83]  also examined the potential application of natural zeolite 

as an additive for concrete production.  It's worth noting that zeolite-poor rocks are very cheap 

and are widely distributed. It can also be a waste product from the separation during screening 

procedures for manufacturing granulated zeolite-rich rock in quarries. Zeolite-poor rocks can 

be used together with organic wastes to produce new porous ceramic materials. 

2.3. Organic wastes 

Waste materials are widely used as additives in bricks and glass-ceramic foam manufacturers 

to generate a product with adequate physicomechanical characteristics. The additives are 

chosen based on the required properties. It is preferable to use lightweight ceramics specimens 

with acceptable compressive strength and minimal water absorption. Incorporating organic or 

inorganic pore-forming agents into these materials is one technique to boost capacity [84-86]. 

Organic pore-forming agents are often less expensive than inorganic ones. 

Moreover, they also provide a heat contribution to the sintering and reduce the amount of fuel 

required for firing. Therefore, they are more favourable than inorganic pore formers. A broad 

range of waste materials has been investigated for use in the preparation of both clay bricks 

and foams, including fly ash, rice husk waste, agricultural wastes, eggshell, and sawdust [40], 
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etc. In this research work, sawdust and eggshell are used as pore-forming agents in the 

development of new porous bricks and foams based on zeolite-poor rocks. 

2.3.1. Sawdust 

Sawdust is one of the common organic wastes consisting of tiny pieces of discontinuous chips 

of wood. It is produced when the wood is chopped, sawed, ground, drilled, sanded, or otherwise 

pulverized. Noting how many trees are cut down annually (in European Union alone, more 

than 400 million m3 since 2000), which are used for sawn wood, fuel, veneers, pulp, and paper, 

it's easy to imagine the enormous amounts of sawdust produced during cutting. Based on the 

species of wood being cut, the grain size, colour, and texture of the sawdust might vary widely 

[87].  

Sawdust usually consists of cellulose (48%), hemicel1ulose (19%), lignin (24%), extractive 

(7.5%), ash (1.6%) and moisture (33%). The amount of these constituents vary from one plant 

species to another [88]. The cellulose consists of straight-chain macromolecules; it is 

crystalline and normally incorporated in a  matrix of hemicellulose and lignin [89]. Cellulose 

is the major constituent of biomass.  In contrast, hemicellulose has an amorphous structure with 

a low degree of polymerization.  Lignin is a   phenolic compound consisting of a randomly 

connected amorphous structure that has high molecular weight. Therefore, the firing of these 

constituents takes place through a series of complex processes [90]. This process can be 

observed in the thermogravimetry of biomass.  

Sawdust can contaminate both soil and water. It generally keeps a high moisture content 

enabling the growth of several kinds of fungus, which subsequently spread to neighbouring 

plants causing them to decompose [91]. Therefore, recycling sawdust could be the best 

alternative to avoid this environmental problem. Only a limited proportion of sawdust is reused 

in the fabrication of the cleaning of wet floors, chipboard panels, and, lately, in the creation of 

fuel pellets. The usage of sawdust as a pore-forming agent is a promising and cost-effective 

alternative for sustainable development while saving energy and reducing pollution and 

deterioration of the environment. 

2.3.2. Eggshell 

Many eggshells are dumped as waste from the food industries, causing environmental issues 

that lead to health risks, pollution, and environmental harm due to incorrect disposal. On 

average, a chicken eggshell weighs 5–6 g and involves 85–95% calcium carbonate (CaCO3), 

which makes up the majority of eggshells together with 1.4% magnesium, carbon, and other 

elements in trace amounts [92]. Eggshell wastes are composed of two basic components: 

calcified eggshell and protein-rich shell membrane [93]. Calcite (CaCO3) which is the main 

component in eggshells, can be employed in a variety of applications, including 

pharmaceuticals, paints, plastics, fertilizers, and construction applications [94,95]. However, 

the inappropriate disposal of eggshell wastes has become a source of worry for food industries 

[96]. Despite the promising application of eggshell in building materials, very few studies have 

been reported on the use of eggshell in ceramic bricks and foams making [97]. Incorporating 

eggshell into the fired-brick and ceramic foams-making process will help conserve clay 

resources while also ensuring the proper disposal of these wastes. 
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2.4. Fired-clay bricks 

2.4.1. History and development of brick manufacturing 

For thousands of years, man has utilized brick for construction. Fired bricks are one of the 

earliest known building materials; they are one of the most durable and long-lasting 

construction materials [98]. The oldest bricks discovered date back to about 7000 BC. They 

were discovered near the ancient city of Jericho (Fig. 13), in the southern part of present Turkey 

[99]. Mud bricks hardened by sun-drying in the open air were the earliest bricks created by 

mankind.  

Archaeological excavations in the Middle East and the Persian Gulf have found bricks dating 

back to 7000 and 3500 BC. In Pakistan and other parts of South Asia,  homes made from air-

dried adobe bricks have also been discovered [100]. 

Clay and straw were used to make ancient Egyptian bricks, making them the first known 

example of lightweight brick. Today, the remains of Harappa Buhen and Mohenjo-daro bear 

witness to this. Egyptians are seen mixing, firing, and hauling clay for the sun-dried bricks in 

paintings on the tomb walls of Thebes [101].  

 

Figure 13. Mud brick from Jericho [102]. 

(Taken from: Ripepi, Gaia, (2020): Mudbricks and Modular Architecture at Tell es-Sultan from the Neolithic to 

the Bronze Age." Digging Up Jericho: Past, Present and Future) 

The creation of burned brick around 3,500 B.C. was the most significant breakthrough. Bricks 

could now be manufactured without the use of sunlight, and they quickly became popular in 

colder climes. Bricks were exclusively made out of red clay. Thanks to the development of 

mobile kilns, the Romans were able to expand brick manufacture across the nation and later 

throughout the empire [103]. Roman bricks were more typically circular, rectangular, 

triangular, and oblong in shape and size than other previous bricks. The Romans were 

responsible for many of Europe's earliest brick structures, including the Herculaneum gate at 

Pompeii and Caracalla's baths in Rome [104,105]. The Romans extended the skill production of 

brick across the Roman Empire, and it was completely favoured during the medieval and 

Renaissance periods. Brick manufacture declined along with the Roman Empire. It mostly 

returned to Italy and the Byzantine empire and then moved from these areas to France in the 

11th century. Bricks were imported to northern Germany from northern parts of Italy in the 12th 
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century. The brick Gothic style arose in Germany and various Scandinavian and Baltic regions, 

with structures made primarily of burned red clay bricks.  

Until around 1885, bricks were produced manually. The introduction of brickmaking machines 

coincided with the beginning of the Industrial Era. As a result, the number of clays that might 

be used to make bricks grew dramatically, affecting manufacturing capacity [106]. By 1925, 

brick-making machines could produce up to 12,000 bricks a day, compared to 36,000 bricks 

per week by hand. Apart from wood, bricks currently appear to be the most often utilized 

construction material. As a result, brick and terracotta architecture dominates its sector, with 

the brick industry growing rapidly. Moreover, the development of energy-saving kilns greatly 

contributes to brick production advancement [107]. 

Although the 19th century saw significant advancements in the manufacturing of bricks, there 

was still a big production problem that lasted for a long time and hindered even more 

productivity. This question was about how to speed up the drying process of bricks so that they 

could be made and fired at the same rate. Pre-firing operations had previously depended on the 

bricks being dried outside, which was susceptible to the changeable weather of the brickyards. 

Later, many dryer types were invented and introduced to overcome this problem [108].  

2.4.2. Composition of clay 

Clay is the most common raw material used for brick making. Long-term chemical weathering 

of silicate-rich rocks is the most predominant process for the formation of clays [109]. Clays 

are chemically stable materials because of the long-term effects of erosion, rock 

decomposition, and alluvial deposition. Clays are made up of aluminosilicate, free silica, and 

a low fraction of the initial rock that has been decomposed. These rock particles make the clay 

burn into bricks of different colours and looks. The most significant features of clays are that 

they become plastic when combined with water and harden when heat-treated, which removes 

the water. This makes them ideal for making bricks [110]. Clays normally consist of silica as 

a major constituent together with alumina and some other oxide as minor components, such as 

iron oxide, magnesium oxide, calcium oxide, etc. Common clays are made up of different clay 

minerals (kaolinite, montmorillonite, illite, and chlorite).  

2.4.3. Types of bricks 

In addition to construction, bricks may be used for a variety of applications, such as facing, 

floors and pavement. Depending on their appearance and qualities, bricks may be categorized 

into different grades, as shown in Fig. 14 [111].  

• Common bricks 

• Facing bricks 

• Engineering bricks 

The name "common bricks" comes from the fact that they are manufactured all over the globe. 

Common bricks were simply composed of clay and were not created to a precise level; many 

of those from the same furnace may have a variety of colours and textures. Burning certain 

clays results in a reddish colour, while others burn to a variety of colours and shades, making 

brick matching a bit more challenging. However, now ordinary bricks are manufactured to 
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fulfil precise size, compressive strength, thermal conductivity, and cold weather resistance 

criteria. But, since the 1970s, the rising need and popularity of lightweight bricks have had an 

impact on the market for conventional bricks [112].  

Facing bricks are meant to be seen from the outside, carefully designed to give a beautiful look 

without the need for plaster or other surface treatments on the wall. The bricks are often utilized 

for their aesthetic value, as well as their strength and resistance to environmental conditions. In 

addition, they must also be weather-resistant since they are typically utilized on the building's 

outside walls. The sand facing and/or pigments used in the burning process give this kind of 

brick a smooth surface that is free of surface fractures. 

Engineering bricks can survive harsher environments, like being wet or frozen all the time. 

Engineering bricks are often designated as Class A or Class B based on the required strength 

and water absorption of the brick. They have a smooth finish and holes that go from the top to 

the bottom. These holes can be used to pour in a mortar or to add more steel bars for extra 

strength. Engineering bricks got their name because they were used in different engineering 

projects like building bridges, tunnels, and accessways.  

 
Common brick 

 
Facing bricks 

 
Engineering bricks 

Figure 14. Types of bricks 

2.4.4. Manufacturing of fired-clay bricks 

It's worth looking at the stages that bricks go through before they become a final product (Fig. 

15). The production of building bricks normally requires appropriate control of the processing 

steps, which include firstly, preparation of the raw materials; in this process, extraction of clay 

is the initial step, followed by crushing, mixing, and proportioning.  Usually, there are many 

storages from different clay sources. The clays can be mixed together to produce more 

homogeneous mixtures. This can help in controlling colour, texture, and other technical 

properties. 

Secondly: shaping begins with the preparation of uniform plastic material that is capable of 

moulding. Plastic clay is formed by adding water and chemicals at this stage in a chamber that 

has one or more rotating shafts with blades. Based on the shaping procedure, moulded green 

brick may include anywhere from 5–30% moisture. Several fabrication methods could be 

utilized to produce ceramics materials, for example, mechanical compaction (dry and semi-dry 

pressing), extrusion, injection moulding, and various other forming processes [113]. Clay is 

extruded by being forced through a mould. Once the column has passed through the automatic 

cutter, the formed brick is ready to be assembled. The distance between cutter wires and the 

size of the moulds must be precisely calculated to account for shrinkage during the wet stages 
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of drying and firing. The dry pressing process is especially adaptable for clays with extremely 

low plasticity. Among these forming techniques, extrusion is a highly used method. However, 

powder compaction could be a cost-effective method due to its higher production output of 

ceramic specimens in a relatively short time [114].  

The next step is drying, which is done prior to sintering; it provides the required strength for 

the brick to be handled and stacked for firing without distortion. Drying takes place in chambers 

using hot flue gas from a neighbouring kiln. The fast dryers can dry a formed brick in only 

three hours. Based on the dryer's configuration and the kind of brick to be dried, chamber dryers 

may take about 18 to 45 hours to dry. As the brick is extruded, the moisture content reduces to 

a value between 1–5%. Using furnace cars, modern factories place the dried bricks back into a 

fire set before transferring them to the kiln for firing. If furnaces are utilized on a regular basis, 

the drying unit may need a manual transfer [108].  Heat treatment and cooling are important 

processes in making bricks. At the end of drying, the sintering process starts. The firing process 

involves three steps, around 100 °C, free water could evaporate, then at 400 °C, the crystalline 

water and organic materials are burned out; then sintering, accompanied by volume shrinkage 

of the samples, occurs in the last step of burning, between 900 °C and 1200 °C [115]. 

Throughout the last stage of sintering, many phase transformations and physicochemical 

reactions will take place, which to a large extent, govern the final properties of the produced 

samples by forming new compounds that will affect the stability of the final ceramic products 

due to the volume change. The durability and strength of the products are highly connected to 

the microstructure and composition. Tite and Maniatis [116] have demonstrated that 

vitrification of ceramic specimens during high-temperature sintering plays a crucial role in the 

quality and the final characteristics of the produced ceramic products, for instance, porosity, 

density, shrinkage, strength, and thermal conductivity. 

Finally, all of the bricks are sorted and classified at the completion of the firing step, unloaded, 

packed, and sent to storage for further processing before being shipped out to customers. The 

removal of bricks from the furnace is normally done by hand, although packing is mostly done 

by machines. 

 

Figure 15. Primary steps in brick making 
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2.4.5. Production of bricks 

Bricks are a key building material that is widely utilized all over the world. With anticipated 

annual manufacturing of 1500 billion bricks across the world, Asia alone produces over 87%; 

China ranked the first in global brick making with more than two-thirds of world brick 

manufacturing. With over 144,000 brick kilns running in the country, India is the world's 

second-largest brick manufacturer (Fig. 16), with an expected annual production of 250 billion 

bricks [117]. The demand for building bricks is expected to increase highly due to the expected 

increase in population and urbanization; therefore, the production of innovative building bricks 

from new materials (basic raw materials and additives) has drawn a huge interest lately, 

focusing on issues of sustainability. 

 
Figure 16. Global brick making [118]. 

 (Taken from: Jain SA. (2016): Development of unfired bricks using industrial waste) 

2.4.6. Additive to clay bricks 

Additives are highly used by researchers or engineers in brick manufacture to generate a 

product with desired properties and can be classified into two 

 2.4.6.1. Inert materials 

Upon mixing with water, clay normally has high plasticity, which presents several industrial 

challenges, including a slow drying rate and higher volume shrinkage after drying. To 

overcome these problems, an inert (non-plastic) material could be used. Inert materials could 

also prevent the occurrence of the 'black heart' phenomenon inside the burnt clay bricks since 

they remain inert even at high temperatures. Normally sand and chamotte are used as inert 

materials [119]. 

2.4.6.2. Pore-forming agents 

Pore-forming compounds can be added to clay bricks in order to increase their capability. 

Moreover, they help to speed up the sintering process and save on the quantity of fuel used in 

the furnace. Micropores are formed during the sintering process, while residues from the pore-

forming compounds are mixed with the glassy phase. The formation of micropores could 

reduce thermal conductivity and enhance thermal insulation of the produced bricks. Recycling 
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waste is strongly recommended to save resources and minimize emissions in light of 

environmental concerns and the need for environmental sustainability [120]. The utilization of 

a wide variety of waste materials in the production of clay bricks is a well-known process. 

2.4.7. Composition of burnt clay bricks 

Upon the firing of the clay green bodies, many complex processes occur, such as fusion 

accompanied by vitrification which normally occurs above 900 °C and leads to the formation 

of an amorphous glassy phase. The creation of the glassy phase is crucial for the technical 

characteristics of the produced bricks; moreover, some chemical reactions could take place and 

lead to the formation of new aluminosilicate phases, and some unfired components (silica, other 

residues) may also exist depending on the firing temperature. Fig 17 is an SEM picture of the 

solid phase of burnt clay bricks, which clearly shows the glassy nature of fired clay [99].   

 

Figure 17. SEM photograph of clay-incorporated treated wastewater sludge [99]. 

(Taken from: Mohajerani, Abbas, et al. (2019): A proposal for recycling the world’s unused stockpiles of treated 

wastewater sludge (biosolids) in fired-clay bricks) 

The mineralogical composition of the burned clay brick done using XRD is shown in Fig. 18. 

The XRD diffractogram of the fired clay incorporated glass waste composite brick is depicted 

in Fig. 19. According to both figures, fired clay brick is mostly made up of quartz feldspar, a 

considerable amount of amorphous glassy phase, and a small number of other minerals, despite 

that their source components are derived from many types of clay minerals. This amorphous 

glassy phase makes up the bulk of the fired bricks. At an elevated firing temperature, the 

amount of the amorphous phase can rise.  Even after the incorporation of the different additives, 

the basic constituents of the hybrid clay bricks are still quartz with some other phases (hematite, 

anorthite). 
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Figure 18. XRD diffractogram of fired clay brick [121]. 

(Taken from: Yaras, Ali, et al. (2021): Recycling and immobilization of zinc extraction residue in clay-based 

brick manufacturing) 

 

Figure 19. XRD spectra of clay brick burnt at 1000 °C (a) 0% waste glass, (b) 5% waste 

glass, and (c) 10% waste glass (Q = Quartz, A= Anorthite, H = Hematite) [122]. 

(Taken from: Phonphuak, Nonthaphong, et al., (2016): Utilization of waste glass to enhance physico–

mechanical properties of fired clay brick) 

2.4.8. The topographical and microstructural features of burned clay bricks 

The structure of the clay bricks normally consists of different grains of glassy phase, some 

crystalline phases, and micropores; the pore size and distribution could highly depend on the 

types of raw materials and additives, forming technique, and sintering temperature.  Krakowiak 

et al. [123] studied the microstructure configuration of the clay bricks produced by extrusion, 

the microstructural properties of the samples are shown in Fig. 20. In this image, the 

micropores are clearly oriented in the same direction as the extrusion. They are roughly 

ellipsoid in shape, and the principal axis of the pores is aligned with the extruded path. 
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Figure 20. The morphology of burnt bricks created by extrusion [123]. 

(Taken from: Krakowiak, Konrad J., et al. (2011): Multitechnique investigation of extruded clay brick 

microstructure) 

Yaras [124] studied the influence of paper mill sludge addition to the clay brick on the 

microstructural feature of the produced bricks; the SEM results (Fig.21) revealed the formation 

of an amorphous phase with many micropores distributed all along with the structure. The most 

important notice is that the addition of paper mill sludge resulted in the formation of a larger 

number of micropores since it burned out during the sintering. The formation of these pores 

could have a crucial effect on the produced bricks' technical properties. 

 

Figure 21. SEM micrograph of the fracture surface of the bricks fired at 1100 °C; a) 

reference brick, b) clay + 15% paper mill sludge brick [124]. 

(Taken from: Yaras, Ali (2020): Combined effects of paper mill sludge and carbonation sludge on 

characteristics of fired clay bricks) 

2.4.9. The mechanical characteristics of fired clay bricks 

Clay bricks' uniaxial compressive characteristic serves as the basis for understanding the bricks' 

strength, deformation and fracture. A ceramic's mechanical behaviour may be described using 

the notions of stress and strain (such as maximum strength and terminal deformation). Usually, 

ceramic microstructures aren't uniform, and the total mechanical behaviour is the product of 
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atomic-scale processes. When a solid is under stress, it will bend and if the stress exceeds its 

strength, it will fail [125]. 

Chen, et al. [126] conducted uniaxial compressive tests on burnt bricks and obtained the load-

unload charts depicted in Fig. 22. The fired clay bricks are clearly brittle. The maximum peaks 

represent the fracture strength beyond which the failure takes place. Using the stress-strain 

curve, the mechanical characteristics such as deformation and fracture strength could be 

determined. 

 

Figure 22. Compressive stress-strain curves [126]. 

(Taken from: Chen, Zhouyi, et al. (2021): Experimental study on the compressive behaviors of brick masonry 

strengthened with modified oyster shell ash mortar) 

2.4.10. Previous studies on recycling waste materials in fired-clay bricks 

Waste management is becoming an issue in many countries since untreated waste materials 

create critical environmental problems. Thus, the inclusion of waste materials in the brick 

preparation will reduce the massive use of clay resources and contribute to these wastes’ safe 

disposal. Several research works have been reported regarding the inclusion of many waste 

materials into the clay to produce eco-friendly building bricks (Table. 3). A detailed review of 

the literature on the utilization of waste materials in the manufacturing of fired-clay bricks 

compared to this research work will be reported in this section. When comparing the findings 

of this study to those in Table.  3, it is worth noting that zeolite-poor rock incorporated sawdust 

and eggshell are promising materials for brick making, as their produced bricks have higher 

compressive strengths and better insulation properties than many of the studies listed in the 

literature. 
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Table 3. Previous studies on bricks incorporated waste materials 

Main 

 raw 

materials 

Added waste Replacement 

ratio (%) 
Shaping 

method 

Sintering 
temperature 

(°C) 

Main technical properties Ref. 

Density 

(g/cm3) 

 

Apparent 

porosity 

(%) 

Water 

absorption 

(%) 

Compressive 

strength 

(MPa) 

Thermal 

conductivity 

(W/mK) 

 

Zeolite-

poor rock 

Sawdust 0, 2, 6,           

4, 8, 10 

Dry-

pressing 

950–1250 1.4–1.88 15.7–39.6 9.02–27.2 4.1–36.63 0.13–0.7 This 

work 

Zeolite-

poor rock 

Eggshell 0, 5, 10,        

15, 20 

Dry-

pressing 

950–1150 1.45–1.76 26.7–42.0 13.12–28.8 10.3–25.3 0.2–0.68 This 

work 

Clay Sawdust 0, 2.5, 5, 10 Extrusion 900 1.56–1.8 30–33.4 16.65–21.4 13.60–15.5 – [120] 

Clay Sawdust 0, 4, 8 Hand 

Molding 

700, 850 1.4–2.1 – 7–23 5–11 – [127] 

Clay Eggshell 0, 5, 10,       

15, 20 

Extrusion 800, 900, 

1000, 1100 

1.63–1.8 – 14.36–16.7 7.05–8.28 – [97] 

Clay Eggshell 0, 5, 10, 15 Hand 

Molding 

800, 900, 

1000 

1.5–2.1 14–22.5 11–16 1.2–4.8 – [128] 

Iron       

ore 

tailings, 

coal 

gangue, 

shale 

Sewage 

sludge 

0, 3, 6, 9, 12 Plastic 

Molding 

 

950–1150 1.62–1.74 – 17.1–19.8 8.2–19.8 – [84] 

Earth 

material 

Construction 

and 

demolition 

waste 

0, 30, 50,     

70, 100 

Extrusion 800 and 

1000 

1.4–1.7 – – 4.4–16.8 – [129] 

Reservoir 

sediments 

Glass waste 0, 10, 20, 30 Semi-dry 

pressing 

900–1050 2.21–2.24 – 12.9–14.5 35.2–48.2 – [130] 

Soil 

(laterite 

and 

alluvial) 

Paper mill 

sludge 

0, 5, 10,        

15, 20 

Hand 

Molding 

850–900 – – 13–31 1.5–33 – [131] 

Diatomite Sugar filter 

mud 

0, 10, 20, 30 Semi-dry 

pressing 

700–900 1.02–1.37 45–50.4 48.82–58.7 10.05 – [132] 

Waste 

diatomite 

Water 

purification 

sludge 

0, 5, 10,       

15, 20 

Dry 

pressing 

1000–1270 0.74–0.97 50–67 51–91 3–18 – [133] 

Diatomace

ous earth 

Nutshell ash 10, 20, 30 Dry 

pressing 

– 0.85–1.85 5–61 – 3–23 0.22–0.75 [134] 

Yellow 

river silt 

Red mud 0, 10, 20, 30, 

40, 50, 60,   

70, 80, 90 

Semi-dry 

pressing 

1000–1100 – – 15.1–28 36.7–41.4 – [135] 

Iron 

tailings 

Fly ash 0, 5, 10,      

15, 20 

Dry 

pressing 

900–1000 1.85–2.07 28–32.5 15.2–17.5 16–26 – [136] 

Clay Municipal 

sewage 

sludge 

35, 40,        

45, 50 

Semi-dry 

pressing 

1050 0.22–0.29 – 6–13.8 8.5–12.5 0.25–0.23 [137] 

Clay Ferrochromi

um slag, 

Zeolite 

0, 10, 20, 30 Semi-dry 

pressing 

900 0.88–1.13 32.1–41.2 13.12–28.8 14.9–35.1 1.25–0.7 [23] 

Clay waste glass 0, 5, 10 Hand 

Molding 

900, 950, 

1000 

1.65–1.76 29.7–35.1 16.1–25.9 – – [122] 

Clay Red mud  0, 10, 20, 30, 

40, 50 

Extrusion 860 1.81–2.04 14.2–22.5 – 0.5–22 – [138] 

Clay Waste 

marble 

sludge 

0, 10, 20,     

30, 40 

Hand 

Molding 

1000, 1100 1.28–1.55 13–31.5 19–43 23.8–42.1 0.4–0.56 [139] 

Soil Water 

hyacinth 

0, 5, 10,      

15, 20 

Hand 

Molding 

850, 900 1.07–1.56 13–28 12.1–21.9 12.1–30 – [140] 

Clay Bentonite 0, 5, 10,        

15, 20 

Semi-dry 

pressing 

800, 1000 0.92–1.5 – 13.1–29.9 3.2–33 0.38–0.51 [141] 

Clay Paper pulp 

residues 

0, 5, 10,       

15, 20 

Extrusion 900 1.22–1.72 27–34 18.1–24.9 4.65–10.4 0.65–0.78 [24] 

Clay Rice husk 

ash  

0, 5, 10, 15 Semi-dry 

pressing 

1050, 1075, 

1100 

1.21–1.52 36–44 20–39 2.7–7.6 0.18–0.247 [142] 
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2.5. Glass-ceramic foams  

Compared to the other construction materials that provide thermal insulation, glass-ceramic 

foams are considered the most dependable eco-friendly materials. They compose of a 

widespread array of pores and is made up of vitreous (amorphous) phase together 

with crystalline phases [143]. Glass-ceramic foam is a heterogeneous system containing a 

mixture of gaseous and solid constituents; the solid phase is a glassy phase with micrometre-

thick single-cell walls, while the gaseous phase fills the cells [144]. 

2.5.1. Historical background of glass-ceramic foams 

Glass-ceramic foams manufacturing began in the 1930s when considerable research was 

performed worldwide. Due to the large number of patents issued within the same time period, 

it is unclear who pioneered the invention of glass foams. Kern [145] reported the development 

of glass-ceramic foam from the combination of finely powdered amorphous silica with a 

gasifier  (wood and coal) through the chemical activation using NaOH solution or hydrochloric 

acid and firing at 1500 °C. In 1932, Kitaigorodski started mass-producing glass-ceramic foam 

using the technology developed at Mendeleev Institute of technology, in which glass powder 

and CaCO3 as a foaming agent were heated in steel moulds to about 850 °C [146]. Saint-Gobain 

in France, Pittsburgh Plate Glass, and Corning Glass Works in the United States were among 

the first to do extensive studies on direct gas injection into molten glass. Using a combination 

of silica, borax, and zinc oxide, Long proved in 1934 that a cellular-like glass could be made 

by producing a glass containing a significant quantity of dissolved gases from the blend [147].  

Glass foam was first documented in 1940 by Lytle [148], who detailed the process of making 

it in a column kiln by introducing carbon dioxide, steam, or air, either slowly or rapidly, into 

the glass melts. The foamed glass was put into moulds while still molten and transported by 

belt. In the years that followed, other patents were awarded for variations on the same basic 

idea [149], [150].   A study by Peyches [151] found that the heating of glass on the electrodes 

of Joule-heated glass melters led to the generation of gases, which could be further accelerated 

by the injection of gas straight through that surface. Because it was widely employed as flame 

retardant thermal insulation in the interior walls and roofs of ships and submarines during 

World War II, the creation, research, and manufacture of glass foam in the United States were 

highly accelerated [146].  

Ford [152] describes the use of carbon black as a blowing agent for borosilicate glass; in the 

same patent, special attention was paid to the existence of oxygen-emitting agents like SO3 in 

the glass composition or Fe2O3 and Sb2O3 as additives to the combination of glass powders and 

foaming agents. 

2.5.2. Production of glass-ceramic foams 

Glass-ceramic foams are normally produced by sintering a mixture of fine ceramic powder and 

gas-forming compounds in a temperature range of 800–1000 °C [153], after which the 

generated porous structure is cooled and annealed [154,155]. To obtain a sufficiently expanded 

material, three requirements must be met. Firstly, the raw materials must include compounds 

that decompose at high temperatures and generate gas. Secondly, the heat-treated raw materials 
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must create gas and a very viscous liquid phase capable of entrapping the gases. The emission 

of the gas increases the internal pressure, causing viscoelastic materials to foam [156]. Finally, 

upon cooling, the samples must form an outer glassy layer that is impermeable to water, 

resulting in a porous structure with excellent thermo-physical properties. The gas emission 

generated from the additives should be properly coordinated with viscous flow sintering and 

crystallization [157].  

2.5.3. Properties and applications of glass-ceramic foams 

In comparison to organic insulation materials like polymer foams which have short lives and 

are flammable, glass-ceramic foams have unique features, including lightweight, high thermal 

stability, excellent thermal and electrical insulation, fireproof, good corrosion resistance sound, 

and shock wave absorption [158,159]. Bioactivity and microbial resistivity are also features of 

certain glass-ceramic foams [160]. All these properties make them a material of choice for 

thermal and sound insulation of buildings (Table. 4). Catalytic supports, filters, and structural 

materials are among the other potential applications [161]. Porosity in these materials is 

generally greater than 60%, including open and closed pores. The pores morphology, pores 

size and pores distribution play a crucial role in determining the properties of the produced 

foam, such as thermal conductivity, density, water permeability, and compressive strength 

[162]. It is possible to manipulate the pore size and morphology by varying the heat treatment 

process (namely, the sintering temperature and residence time) and the amount of foaming 

agent used [163]. Open-pore structures and big pores have been found to reduce mechanical 

characteristics while increasing thermal conductivity owing to the convective heat transfer  

[156]. It's worth noting that foamed glass ceramic's thermal and mechanical characteristics are 

highly dependent on its density. The coefficient of thermal conductivity of the glass-ceramic 

foams varies from 0.06–0.2 W/mK. 

Table 4. Properties of common glass-ceramic foams [166]. 

Density 0.1–0.3 g cm–3 

Porosity 85–95%  

Crushing strength 0.4–6 MPa 

Flexural strength 0.3–1 MPa 

Flexural modulus of elasticity 0.6–1.5 GPa 

Coefficient of thermal expansion 8.9 x 10–6 K–1 

Thermal conductivity 0.04–0.08 W m–1 K–1 

Specific heat 0.84 kJ kg–1 K–1 

Thermal diffusivity at 0 °C (3.5–4.9) x 10–7 m2 s–1      

Sound transmission loss at normal frequency 28 dB/100 mm 
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2.5.4. The main factors affecting the properties of glass-ceramic foams 

2.5.4.1. The particle size of the ceramic material-foaming agent mixture  

The particle size of the ceramic powder plays a crucial role in the pore size and distribution of 

the produced glass-ceramic foams. Normally, the fine powder results in glass-ceramic foam 

with smaller pores and homogeneous pore distribution. Generally speaking, the bigger pore 

sizes lead to lower thermal conductivity (better thermal insulation). On the other side, smaller 

pore sizes lead to a greater compressive strength of the glass-ceramic foam [164].  

2.5.4.2. Heating parameters (heating rate, sintering temperature, and residence time) 

Accurate control of the heating rate is essential for enhancing the quality of the glass-ceramic 

foam. Normally, large samples require a slow heating rate to ensure a consistent temperature 

distribution throughout the sample. In the case of fast heating, normally, large cracks can be 

obtained in the produced glass-ceramic foam. In most cases, heating rates of 5–10 °C min–1 are 

not a concern. A very weak heating rate, on the other hand, might result in unfavorable early 

gas formation before the sintering of the ceramic powder.  

When it comes to the foaming process, the optimal sintering temperature is a critical factor. 

The mixture viscosity is a temperature-dependent factor; therefore, selecting the heating 

temperature must be based on the stability of foam, which is governed by viscosity, and the 

internal pores structure, which is defined by the consistent form and size of the cells as well as 

the smallest possible thickness of the dividing walls [165]. At high foaming temperatures, the 

molten powder's viscosity decreases. Therefore, the bubbles migrate to the top of the samples, 

making it harder to regulate the structure since the bubble dispersion is not homogeneous. In 

contrast, using a low heating temperature results in a high viscosity of the powder melt. This 

process hinders the gas expansion and leads to small volume growth; in this scenario, 

incomplete development of the dividing walls will take place, leading to high open porosity 

[166].  

The residence time in the maximum heating temperature is crucial for the preparation of good 

quality glass-ceramic foam. At the optimal temperature and throughout the gas emission, the 

density gradually drops to a minimum. After this period, the foam gradually breaks and 

collapses due to pore agglomeration. The driving force for this process is to reduce the surface 

energy by reducing the specific surface area of the cell walls. Hence the density increase [167]. 

2.5.4.3. Foaming agent 

During the foaming process, the foaming agents break down or react and generate gaseous 

products at temperatures above the glass softening temperature. There are two kinds of foaming 

agents: redox and neutralization agents. Carbon-containing materials are often used as redox 

foaming agents, such as sawdust, coffee waste, and silicon carbide. The oxidation reaction of 

the foaming component by gases dissolved in the glass melt causes a gas release in these 

materials. The second group often comprises alkali-carbonates, which break down when 

heated, releasing CO2 gas [168]. The rapid gas emission during the pore formation breaches 

the walls of individual pores forming a maze-like structure of voids. This foam possesses 

superior sound-proof characteristics [169]. If the gas emission takes place at a temperature 
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below the glass softening temperature. The produced gases cannot be maintained by the mass 

since the glass particles are not yet sintered. On the other hand, if the gas creation occurs when 

the glass melt is overheated, in this case, the glass viscosity decreases, and the gas discharged 

from the melt leads to the collapse of the foams. 

The viscosity and the optimal foaming temperature are very closely linked. When the chemical 

composition of the raw materials, notably the kind and quantity of foaming agent, is changed, 

the viscosity and foaming temperature are directly affected. In addition, the finely scattered ash 

left by the breakdown of many foaming agents might affect the glass's viscosity and 

crystallization propensity. The size of the final pores is greatly influenced by the foaming 

agent's fineness and amount [170]; as a result, care must be taken while selecting the foaming 

agent's kind, size, and optimal concentration.  

2.5.5. Thermal conductivity of glass-ceramic foams 

The thermal conductivity of glass-ceramic foams is critical for insulating applications. For 

porous materials, the thermal conductivity decreases linearly with decreasing density (and 

hence increasing porosity). The thermal conductivity value is a summation of the radiation, 

convection and the solid phase. The contribution of the heat transfer by radiation in the glass-

ceramic foam is rather complex since it depends on many factors such as the composition of 

solid and gas phases, porosity, pores shape, and thickness of cell walls [171]. The light 

normally consists of IR, visible, and UV radiation. When it is directed to a sample, it is either 

absorbed, reflected, or transmitted. Due to its low values, solids and liquids transmittance is 

usually ignored. The total porosity of the glass-ceramic foam is significant for heat radiation 

since it decreases with decreasing porosity. Glass-ceramic foams often have a radiation 

contribution to the thermal conductivity of 5–20% [172]. The contribution of convection in the 

foams is shown to be insignificant and can be neglected, especially for the foams with small 

pores [173]. On the contrary, the solid phase has the highest contribution to thermal 

conductivity.  Crystalline materials normally have better heat conductivity than amorphous 

materials [174]. Therefore, the amorphous nature of the glass-ceramic foam minimizes thermal 

conductivity. Moreover, the formation of the crystalline phase in the solid matrix could lead to 

phonon scattering when heat is transported through a material. This process reduces the total 

thermal conductivity [175].  

2.5.6. The uses of alternative raw materials for producing glass-ceramic foam 

Glass is highly used for the production of foams. However, the production of glass-ceramic 

foam is an energy-consuming process if they made from mixes based on prepared powdered 

glass or cullet obtained straight from the manufacturing process due to a twofold heating 

process: initially, the manufacture of raw glass requires a firing temperature between 1450–

1500 °C, secondly, sintering the raw glass mixture at 800–900 °C [76].  Therefore, the topic of 

employing less expensive raw materials in foams manufacturing has long been raised. Using 

natural materials and recycling waste glass that is both highly efficient and cost-effective is one 

of the techniques for resolving this challenge. When natural raw materials are used, 

the production comprises three processing stages, including milling of the raw materials, 

combining with fluxes (KOH or NaOH) and heat treatment.  Recently, various solid wastes, 
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including fly ash [176], tailings wastes [177], incineration ashes [178],  red mud, and coal 

bottom ash waste [179], have been studied as potential materials for the production of glass-

ceramic foam. Nevertheless, very limited attention has been given to the utilization of zeolite-

poor rock to manufacture glass-ceramic foams. 

2.5.7. Previous studies on the preparation of glass-ceramic foam 

Table 5 summarizes the results of multiple research published on using various materials to 

create glass-ceramic foams. When comparing the results of this study to the results in the 

literature, it is important to note that zeolite-poor rock containing solid waste (sawdust and 

eggshell) are appealing materials for glass-ceramic foams manufacturing since they have low 

production cost and excellent properties. 

Table 5. Previous studies on the preparation of glass-ceramic foam 

Main raw 

materials 

Foaming 

agent 

Replacement 

Ratio (%) 

Sintering 

Temperature 

(°C) 

Heating 

rate 

(°C/min) 

Holding 

time 

(min) 

Main technical properties Ref. 

Density 

(g/cm3) 

 

Compressive 

strength 

(MPa) 

Thermal 

conductivity 

(W/mK) 

Zeolite-

poor rock 

Sawdust 0, 2, 6, 4,      

8, 10, 20 

850, 900, 950 10 10 0.3–0.7 0.3–4.5 0.04–0.17 This 

work 

Zeolite-

poor rock 

Eggshell 0, 2, 6, 4,      

8, 10, 20 

850, 900, 950 10 10 0.54–1.07 1.01–6.7 0.06–0.3 This 

work 

Ceramic 

tile 

polishing 

waste 

SiC 0, 0.5, 1,     

1.5, 2 

1100, 1150, 

1200, 1250, 

1300 

10 120 0.3–2.35 – – [180] 

Glass 

powder 

Oyster 

shells 

0, 3 800, 850,    

900, 950 

10 30–120 – 1.00–2.33 0.057–0.077 [181] 

Coal 

bottom ash 

MgO 0, 2, 4, 6, 8 1180, 1200, 

1220 

5 60 0.15–0.99 0.3–5.25 – [179] 

CRT panel 

glass 

MnO2 0, 1.8, 3.6, 

5.4, 7.2, 9 

800, 820, 840 10 5–60 0.14–0.32 – 0.038–0.056 [182] 

Fly ash Na2SiO3 0, 10, 20, 30 1000, 1050, 

1100, 1150, 

1200 

5 60 0.55–1.6 

 

3.2–5.35 – [183] 

Sand 

sludge 

Carbon 

black 

0, 0.4 825, 850,   

875, 900 

– 60 0.17–0.39 0.29–3.46 – [184] 

Porcelain 

waste 

Carbon 

ash waste 

0, 1, 2, 3, 4 1030–1080 10 10–50 0.29– 0.37 1.32–2.88 – [185] 

Coal fly 

ash + waste 

glass 

CaCO3 0.5 600, 650, 700, 

750, 800,   

850, 900 

20 45 0.46–0.72 4.2–10.5 0.36-1.3 [186] 

Glass 

waste + 

titanium 

tailing 

Na2CO3 2 760, 770,   

780, 790 

5 10–40 0.30–0.61 1.0–5.1 0.060-0.150 [187] 

CRT glass 

+ 

germanium 

tailings 

SiC 0.5, 1, 1.5, 2 880 – 30 0.22–0.47 3.32 0.68-1.53 [188] 

Glass 

waste + 

mineral 

wool waste 

CaCO3 1 700, 800, 

1000 

20 20 0.45–2.2 – – [189] 

Waste 

glass 

Eggshell 1, 3, 6, 9 800 10  60 0.32–1.22 0.04–0.81 – [190] 
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3. Materials and Methods 

This chapter addresses the raw materials used in this research work as well as the techniques 

used to characterize them. It also describes the method used to prepare ceramic specimens. The 

primary purpose of employing natural and waste materials is to generate cost-effective ceramic 

materials with enhanced properties. 

3.1. Raw materials used in the research work 

3.1.1. Main raw material (zeolite-poor rock) 

Zeolite-poor rock was utilized as the primary raw material in this investigation. It was obtained 

from mining in Mád (Tokaj region) which is placed on the coordinates (48.1907° N, 21.2802° 

E) in Northeastern Hungary, as shown in Fig 23. Tokaj area is famous for its large deposition 

of natural zeolite, which is widely spread in the region. Zeolite-poor rock was collected as 

granules after quarrying and pre-crushing. The material under consideration was oven-dried at 

110 °C and ball-milled to a powder using a planetary ball mill (Retsch PM-100) (Fig 24). 

 

 

 

Figure 23. Location of zeolite-poor rock in Mad (Tokaj region, Hungary) 

 

 

Figure 24. Pretreatment of zeolite-poor rock raw material 
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3.1.2. Sawdust 

Sawdust was collected as waste material from local areas, oven-dried at 110 °C and sieved to 

pass a 200 µm gyratory sieve (Fig 25), then blended and packed in plastic bags for future 

analysis and use.  

 

3.1.3. Hen’s eggshell 

Hen's eggshell was obtained as waste, washed with tap water, and dried in the air at room 

temperature. Using the ball-milling, the cleaned hen's eggshell was then ground to powder (Fig. 

26). 

 

3.1.4. Sodium hydroxide 

Sodium hydroxide was purchased from Donauchem GmbH (Hungary) in the form of a granule. 

The granules were dissolved in water and then added to the powder mixtures (Fig 27). Based 

on the supplier's data sheet, the purity is 85%. 

 

 

Figure 25. Sawdust powder before and after sieving 

 

 

Figure 26. Pretreatment of eggshell 

 

 

Figure 27. Dissolution of sodium hydroxide granules in water 
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3.2. Characterization methods of the raw materials 

3.2.1. Determination of particle size distribution 

It is essential to determine the particle size distribution and specific surface area of the ceramic 

raw materials since these factors affect the compaction and product qualities. The particle-size 

distributions of the raw materials powders were performed on a laser particle size analyzer 

(QUANTACHROME, model CILAS715) (Fig 28). Distilled water was utilized as the 

dispersion medium for all samples. A few grams of the powder to be measured are injected 

into the liquid medium to create a suspension that is continually cycled throughout the system. 

A laser is used to measure the size distribution based on the diameter of the solid particles. The 

particle size is estimated when the suspension is passed through two parallel glass plates. The 

measurement in each case was repeated three times, and the average values for the particle 

sizes were obtained. 

   

3.2.2. BET Specific surface area analysis 

The sample’s specific surface areas (SSA) were determined based on the Brunauer-Emmett-

Teller technique [191] using a Micromeritics Tristar 3000 instrument (Fig 29). A sample's 

surface area and porosity are determined using physical adsorption and capillary condensation 

techniques. After being cooled to extremely low temperatures, a sample is placed in a vacuum 

sample tube and subjected to a series of carefully regulated pressures with the analytical gas 

(nitrogen). The quantity of gas molecules absorbed on the surface rises with increasing 

pressure. To determine the relative pressure ratio (P/Po), the equilibrated pressure (P) is 

compared to the saturation pressure (Po), and the amount of gas adsorbed by the material at 

each equilibrated pressure is measured. At liquid nitrogen temperatures and relative pressures 

(P/Po) ranging from 0.01 to 1.0, data were collected using nitrogen adsorption-desorption 

isotherms. 

 

Figure 28. Particle size distribution analyzer (CILAS 715) 
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3.2.3. XRD investigations of raw materials 

The identification of mineral phases of the raw materials in dried powder form was conducted 

via the XRD technique. The used X-ray equipment was Miniflex II, Rigaku X-ray 

diffractometer equipped with a monochromator and operated in Bragg-Brentano geometry as 

shown in Fig 30. The samples were scanned in a broad range of diffraction angles (2θ) intervals 

(5-90 °) using CuKα radiation with a wavelength (λ = 1.54184 Å) at operating voltage and 

current of 40 kV and 25 mA, respectively. The scan rate was maintained at 1°/min with a step 

size of 0.0101 °. The existence of different phases in the tested samples was determined by 

comparing their XRD patterns to the PDF (Powder Diffraction File) Database of the 

International Center for Diffraction Data (ICDD) using X'Pert HighScore Plus software. 

 

 

Figure 29. Micromeritics Tristar 3000 instrument 

 

 

Figure 30. A Rigaku Miniflex II X-ray diffractometer setup in ceramic’s laboratory at the 

University of Miskolc 
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3.2.4. XRF investigations 

The oxide compositions of the starting raw materials were investigated using an X-ray 

fluorescence spectrometer. The samples under investigation are bombarded with high-intensity 

x-rays; every element existing in a sample creates a unique set of unique fluorescence x-rays, 

which is why XRF spectroscopy is very effective for elemental investigation. In the spectrum, 

XRF peaks of varying intensities are formed and shown. The peak energy identifies the 

element, while the peak intensity indicates its concentration 

3.2.5. Thermal analysis of raw materials using thermal analyzer 

The thermal characteristics, including simultaneous differential and thermogravimetric 

analysis, were evaluated using 1750 SETARAM, Setsys evolution thermal analyzer (Fig 31) at 

a heating rate of 10 °C min-1 in a static oxygen atmosphere in a temperature interval of 40-1200 

°C. In this test, the sample and the reference holders are located on a common rod in a small-

size tube furnace. This rod is connected to a four-decimal precision micro-balance. 15 mg of 

the samples were loaded in platinum crucibles. The data collection mechanism of the test 

identifies temperature and mass changes in the sample compared to annealed alumina 

(reference material). 

 

 

Figure 31. 1750 SETARAM, Setsys evolution thermal analyzer 
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3.2.6. SEM and EDS investigations of the raw materials 

The microstructural features and the morphology of the raw materials were examined via Carl 

Zeiss EVO MA10 scanning electron microscopy and Helios G4 PFIB CXe DualBeam SEM 

(Fig 32) equipped with Bruker microprobe, run at an operating voltage of 20 kV. The samples 

were coated with layers of gold using a sputter coater to create better conduction prior to SEM 

imaging. Secondary electron mode was used to capture the photos at various magnifications. 

Qualitative analysis of the elemental composition of the raw materials was obtained using an 

energy-dispersive X-ray spectrometer (EDAX Genesis). The combination of these analytical 

procedures supplies rapid and accurate interpretations for qualitative and quantitative 

investigation of the samples. 

 

Figure 32. Helios G4 PFIB CXe DualBeam SEM setup in University of Miskolc 

3.2.7. FTIR analysis 

The samples’ infrared (IR) spectra were captured via Bruker Tensor 27 FTIR (Fourier 

transform infrared spectroscopy) equipment (Fig. 33). An average resolution of 4 cm-1 was 

used to capture 400–4000 cm-1 spectra. Prior to IR inspection, the sample powders were mixed 

with a small amount of KBr powder and ground to produce a homogenous mixture. The 

functional group’s analysis was performed on all samples using the transmittance technique. 
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Figure 33. FTIR analysis device 

3.2.8. Heating microscopy analysis 

The geometrical deformation process of ceramics during sintering could be investigated using 

heating microscopy. The measurements were performed using a Camar Elettronica heating 

microscope (Fig 34). The tube furnace's temperature could be customized at a maximum value 

of 1600 ° C. The instrument employs a light source and a camera to produce binary pictures. 

The produced images could be used to track changes in the sample's height while it is heated 

in the tube furnace. The melting point and wetting characteristics of materials may be 

determined through heating microscopical measurements. There are five distinct states that 

may be seen as the material is heated: sintering, softening, sphere, half-sphere and melting. In 

this work, the purposes were to estimate the size change associated with the sintering 

temperature of the mixes for the brick-making and the maximum expansion (foamability) of 

the sample mixtures used for the foams making.  

 

Figure 34. Camar Elettronica heating microscope 
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3.3. Development of thermal insulation ceramic specimens (bricks and foams) 

3.3.1. Preparation of zeolite-poor rock incorporated sawdust composite bricks 

The ceramic specimens were prepared based on zeolite-poor rock and sawdust as starting raw 

materials, as shown in Fig 35. Zeolite-poor rock powder was homogeneously milled and mixed 

with 2%, 4%, 6%, 8%, and 10% sawdust in Retsch PM 400 planetary ball mill for 15 minutes 

at 150 rpm using silica balls. The prepared mixtures (Table 6) were used to produce ceramic 

disc specimens with a thickness of about 10 mm and a diameter of 25 mm using hydraulic 

uniaxial compacting machines performed under 40 MPa. The produced green ceramic samples 

were then sintered at variable temperatures (950 °C, 1050 °C, 1150 °C, and 1250 °C) for 3 h 

using a programmable laboratory chamber furnace with a heating rate of 60 °C/h. 

 
Table 6. Mixture proportions of the raw materials (%) 

Mix code Zeolite-poor rock (wt%) Sawdust (wt%) 

Z (Control brick) 100 0 

ZS2 98 2 

ZS4 96 4 

ZS6 94 6 

ZS8 92 8 

ZS10 90 10 

3.3.2. Preparation of zeolite-poor rock incorporated eggshell composite bricks 

Fig 36 shows a manufacturing diagram with the essential steps involved in making burnt 

zeolite-poor rock incorporated eggshell composite bricks. Several proportions of eggshell (0%, 

5%, 10%, 15%, and 20) have been selected and uniformly blended and milled with zeolite-

poor rock using PM 400 Retsch planetary ball mill for 15 minutes run at 200 rpm to produce 

homogenous mixtures. Table 7 shows the proportions of the mixtures. The produced dry 

mixtures were then uniaxially compacted to form cylindrical composite bricks with a thickness 

of roughly 10 mm and a diameter of 25 mm using a pressure of 45 MPa. The compacted 

 

Figure 35. Preparation steps of the zeolite-poor rock/sawdust ceramic bricks 
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samples were then sintered in a laboratory-scale electrical kiln at various temperature ranges 

(950, 1050, and 1150 °C) for 2 h at a rate of 60 °C/h to acquire the desired strength. 

 

Table 7. The composite ceramic bricks mixture ratios (wt%) 

Mix code Zeolite-poor rock (wt%) Eggshell (wt%) 

Z (Control brick) 100 0 

ZE5 95 5 

ZE10 90 10 

ZE15 85 15 

ZE20 80 20 

3.3.3. Preparation of alkali-activated zeolite-poor rock incorporated sawdust ceramic 

foams 

Sawdust incorporated zeolite-poor rock foams were fabricated using alkali activation and 

reactive sintering techniques (Fig. 37). Zeolite-poor rock powder (Tokaj, Hungary), sawdust, 

and sodium hydroxide were used as starting raw materials. Stoichiometric amounts of these 

powders were precisely weighed (Table. 8), mixed with 2M NaOH (produced by dissolving 15 

wt% of NaOH granules in distilled) then dried in the oven at 200 °C for 2 days. The dried 

powders were ground in a planetary ball mill (Retsch PM 400) containing silica balls for 15 

minutes at 150 rpm. Using uniaxial pressing machines at a pressure of 18 MPa, the milled 

powders were then compacted to form cylindrical pellets with a diameter of around 20 mm and 

a thickness of 10 mm. The green ceramic bodies were heat-treated at varied temperatures (850, 

900, and 950 °C) in a high-temperature customizable kiln for 5 minutes of residence time, with 

5 °C/min heating rate. Overall, 150 foam samples were produced after firing in a laboratory 

electric furnace.  

 

Figure 36. Processing steps of the zeolite-poor rock/eggshell composite ceramic bricks 
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Table 8. Mix proportion in wt (%) of zeolite-poor rock-sawdust foams 

S. No Designation of 

the mixtures 

Prepared mixture composition 

Zeolite-poor rock  

(wt%) 

Sawdust  

(wt%) 

Sodium hydroxide 

 (wt%) 

1 ZS (Control) 100 0 15 

2 Z2SS 98 2 15 

3 Z4SS 96 4 15 

4 Z6SS 94 6 15 

5 Z8SS 92 8 15 

6 Z10SS 90 10 15 

7 Z20SS 80 20 15 

3.3.4. Preparation of alkali-activated zeolite-poor rock incorporated eggshell ceramic 

foams 

Zeolite-poor rock combined with eggshell foams were synthesized using the alkali activation 

and reactive sintering technique (Fig. 38). Crushed zeolite-poor rock powders were mixed with 

different proportions of eggshell (Table 9), 15 wt% of NaOH granules were dissolved in 

distilled water and added to the previously prepared zeolite poor rock with eggshell mixtures, 

an exothermic reaction took place associated with evolving of heat and bubbles. The mixtures 

were then dried in the oven for two days at 200 °C. The alkali-activated mixtures were ground 

in a planetary ball mill (Retsch) at 150 rpm for 15 minutes. Then, the produced powders were 

uniaxially compacted into pellets at 18 MPa with a height of 10 mm and a diameter of 20 mm. 

The green specimens were then sintered at 850-950 °C for 10 min using a laboratory electric 

kiln.   

 

Figure 37. Flowchart for the preparation of zeolite-poor rock/sawdust ceramic foams 
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Table 9. Mix proportion in wt (%) of zeolite-poor rock-eggshell foams 

S. No Designation 

of the 

mixtures 

Prepared mixture composition 

Zeolite-poor rock  

(wt%) 

Eggshell  

(wt%) 

Sodium hydroxide  

(wt%) 

1 ZS  100 0 15 

2 Z2ES 98 2 15 

3 Z4ES 96 4 15 

4 Z6ES 94 6 15 

5 Z8ES 92 8 15 

6 Z10ES 90 10 15 

7 Z20ES 80 20 15 

3.4. Characterization of the prepared thermal insulation ceramic specimens 

3.4.1. Measurement of the physical properties   

Various technical parameters of the fired ceramic bricks and foams, including apparent 

porosity, bulk density, and water absorption, were measured using the Archimedes approach 

according to ASTM C20 [192]. In this method, the fired composite bricks and foams were 

soaked for 2 hours in boiling water, and then the suspended and saturated weights of the 

specimens were recorded. The following equations were used to compute the bulk density, 

water absorption, and apparent porosity of the samples: 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3) =
𝑊𝑑

𝑊𝑠−𝑊𝑠𝑢
× 100                                            (1) 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑊𝑠 − 𝑊𝑑

𝑊𝑠 − 𝑊𝑠𝑢
× 100                                 (2) 

𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =
𝑊𝑠 − 𝑊𝑑

𝑊𝑑
× 100                                    (3) 

 

Figure 38. Preparation steps of alkali-activated zeolite-poor rock incorporated              

eggshell foams 
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Where Wd, Ws, and Wsu are dry weight, saturated weight, and suspended weight, respectively 

The linear shrinkage was measured based on ASTM C326 by determining the volume of the 

samples before and after firing using a Vanier calliper, and the percentage of the linear 

shrinkage was calculated based on the following equation (ASTM C326, 1997): 

𝐿𝑖𝑛𝑒𝑎𝑟 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%) =
𝑙0 − 𝑙1

𝑙0
× 100                                          (4) 

Where l0 and l1 are the pre-sintered and post-sintering lengths of the sample 

3.4.2. Thermal conductivity measurement 

The default C-Therm TCi Thermal Conductivity Analyzer (Fig 39) employs the modified 

transient plane source (MTPS) technique used in characterizing the thermal conductivity and 

effusivity of materials. It employs a one-sided, interfacial heat reflectance sensor that applies a 

momentary constant heat source to the sample. Thermal conductivity and effusivity are 

measured directly at room temperature, providing a detailed overview of the heat transfer 

properties of the samples.  

 

3.4.3. Compressive strength test  

The compressive strength was determined based on ASTM C67 using hydraulic universal 

testing equipment, as shown in Fig 40. The compressive strength test is performed on 

cylindrical samples. 5 compressive strength measurements are used to determine the average 

value of the compressive strength.   

 

Figure 39. Thermal conductivity analyzer (TCi C-THERM) 
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3.4.4. SEM, EDS, and XRD of the sintered samples  

SEM, EDS, and XRD of the produced samples were used to investigate the microstructural 

features and phase identification. 

3.4.5. CT scan  

The detailed information about the pore size, structure, and distribution of the produced glass-

ceramic foams was studied using YXLON FF35 Multi-application, high-resolution computed 

tomography (CT) inspection system (Geminy) (Fig. 41). The machine is equipped with water-

cooled nano-focus transmission X-ray tubes providing detailed visibility of 150 nm with a 

stable focus part. Using reconstruction software algorithms, the machine achieves high-quality 

3D CT images. 

 

 

Figure 40. Hydraulic universal testing equipment 

 

 

Figure 41. CT scan equipment 
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3.4.6. Determination of porosity using pycnometer 

Firstly, the weight of the empty pycnometer and the weight of the pycnometer with the loaded 

material must be determined. The liquid is then introduced, and the solid weight is calculated 

as a portion of the overall determined weight. The volume of water added may then be 

calculated. The volume of the determined solid particle is the difference between the entire 

volume and the volume of water that occupies the empty pycnometer. The density of the 

powder is then calculated. 

PD =
ms

Vs
                                                                                        (5) 

Where: PD= Powder density, mS= mass of the solid, VS= volume of the solid  

The porosity can be calculated from the powder density and solid density using the equation 

bellow 

𝑃 = 1 −
BD

PD
                                                                                  (6) 

Where: P= Porosity, BD= Bulk density  
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4. Results and discussion 

4.1. Raw materials analysis 

4.1.1. Particle size distribution of the raw materials 

The particle size distribution curves of zeolite-poor rock, sawdust, and eggshell are illustrated 

in Fig. 42. The analysis was carried out using distilled water as suspension fluid in a tri-laser 

QUANTACHROME analyzer, model CILAS715. The curves exhibit a broad range of particle 

sizes, most of which are less than 100 µm. The sawdust and eggshell contain some particles 

larger than 100 µm, as shown in Fig. 42. The particle size distribution curves demonstrate that 

zeolite-poor rock has a larger percentage of smaller particles, whereas sawdust has a high 

percentage of a coarser fraction. The average sizes for zeolite-poor rock, sawdust and eggshell 

(D50) were 16.61 µm, 71.2 µm, and 25.49 µm, respectively. Combining zeolite-poor rock with 

sawdust or eggshell might result in a tightly compact packing during the dry pressing process 

since the finer particles fill the pores and gaps between coarser particles. This process can result 

in a better reaction between the raw materials during the sintering due to good contact.  

 

Figure 42. Particle-size distribution of the zeolite-poor rock, sawdust and eggshell 

4.1.2. XRD and XRF examinations of the raw materials 

Zeolite-poor rock from Tokaj region (Hungary) contains clinoptilolite together with other 

identified mineral phases, including montmorillonite, quartz, cristobalite, and calcite, as 

confirmed by XRD measurement (Fig. 43). The amount of zeolite (clinoptilolite) is 10%, while 

the major minerals phases are cristobalite 50% and montmorillonite 30%. The result of oxides 

composition, mineralogical constituents, and the loss on ignition (LOI) of the zeolite-poor rock 

obtained from XRD and XRF analysis are shown in Table 10; silica is the predominant oxide 

with a percentage of about 83%, followed by alumina, MgO and Na2O as minor constituents. 

The loss on ignition obtained after sintering to 1000 °C was measured as 5.5%.  
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Figure 43. XRD patterns of zeolite-poor rock 

Table 10. Chemical composition and mineralogical percentages of the zeolite-poor rock 

(Tokaj, Hungary) as determined by XRD and XRF 

 wt% CaO SiO2 Al2O3 MgO Na2O CO2 H2O Loss on ignition 

Quartz 8 – 8.00 – – – – – 0.00 

Cristobalite 50 – 50.00 – – – – – 0.00 

Montmorillonite 30 – 19.13 4.06 3.21 0.74 – 2.87 2.87 

Calcite 2 1.12 – – – – 0. 88 – 0.88 

Clinoptilolite 10 – 5.79 1.89 – 0.57 – 1.6 1.75 

Total 100 1.12 82.92 5.95 3.21 1.31 0. 88 4.47 5.50 

Fig 44 depicts the XRD diffractogram of sawdust. The result shows two diffraction peaks at 

corresponding 2θ values of 15.6 ° and 22.4 °, which are designated to the crystallographic 

planes of (101) and (002) of cellulose I [194,195]. Another small peak is detected at 2θ= 34.7 

°, which is attributed to (400) lattice plane of crystalline cellulose I [196]. The sawdust is 

expected to have lignin and hemicellulose, which are amorphous, besides crystalline cellulose. 

 

Figure 44. XRD diffractogram of sawdust 
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The XRD analysis of the eggshell is shown in Fig. 45. The occurrence of calcite with 

rhombohedral structure was confirmed as the fundamental component of the eggshell. This 

result is in line with prior research findings [197]. At high temperatures, high quantities of 

carbonates break down to generate CO2. The release of CO2 creates pores in the ceramic bricks 

and foams, which reduces density and improves thermal insulation. 

 

Figure 45. XRD patterns of eggshell 

Table 11 shows the chemical compositions of the eggshell as determined by XRF. The obtained 

results confirm the existence of the CaO as the main component (51.4%) and a small amount 

of other oxides. These results are consistent with the XRD findings (Fig. 45).  

Table 11. Chemical composition of eggshell as determined by XRF. 

Component (wt%) Hen eggshell 

SiO2 0.08 

Al2O3 0.03 

MgO 0.13 

Na2O 0.11 

CaO 51.4 

P2O5 0.28 

Loss on ignition (%) 47.77 

4.1.3. Thermal investigation of raw materials (TG/DTA) 

TG/ DTA curves of zeolite-poor rock are illustrated in Fig. 46.  An overall weight loss of 9.02% 

was obtained. Three step-like mass losses are distinguished in the TG graph. The initial weight 

loss (∆w = 2.95%) is due to the single-step evaporation of physically adsorbed water in 

microspores, surface and zeolite cavities. It correlates to the intense endothermic peak at 

111.08 °C as observed on the DTA curve. The hydration energy of the additional framework 

cations has a big role in the overall quantity of water and the dehydration of zeolite. Zeolites 

with large-hydration-energy cations, such as Ca2+ hold much more water and keep it at a higher 

temperature compared to those with low-hydration-energy cations, such as K+ [198]. The 

second weight loss is (∆w = 4.097%), which could be attributed to removing combined water 
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and the combustion of volatile organic materials. It correlates to the wide exothermic peak at 

the temperature range of 179–524 °C on the DTA curve. The final weight loss (∆w = 1.97%) 

could be assigned to the continuous burning of the organic matter and coincides with the broad 

exothermic peak at temperatures ranging from 524 to 693 °C on the DTA graph. 

 

Figure 46. TG/DTA curves of zeolite-poor rock 

TG/DTA curves of the sawdust are illustrated in Fig 47. TG curve indicates an overall weight 

loss of approximately 86.238%, divided into three stages of decomposition. Firstly, 4.7% 

weight loss is observed at a temperature range of 40–116 °C relating to the endothermic phase; 

this could be attributed to the evaporation of free water. Secondly, the highest weight loss 

(56.27%) was obtained at a temperature between 221 to 342 °C; the weight loss, in this case, 

may be attributed to the evaporation of the volatile organic content. The last weight loss was 

obtained between 342 °C and 646 °C, assigned to the continuous burning of organic matter. In 

the DTA curve, very broad exothermic peaks are obtained in the temperature range of 233– 

656.7 °C; these peaks could be ascribed to the decomposition of hemicellulose, cellulose, and 

lignin, respectively.  Hemicellulose has a linear structure with a small chain; therefore, its 

decomposition normally takes place at lower temperatures to give a lower molecular weight 

compound, while cellulose and lignin decompose at relatively higher temperatures due to their 

complex structures to yield carbon dioxide, water, and ash [199]. These results confirm that, 

upon heating the green ceramic samples, the sawdust will gradually burn as the sintering 

temperature increases; this will reduce the possibility of crack formation in the produced 

ceramic materials and leads to the formation of the different pores in the samples.   
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Figure 47. TG/DTA curves of sawdust 

The thermal decomposition induced by the increased temperature of the eggshell powder, 

which is mostly comprised of CaCO3, is shown in a typical TG/ DTA profile (Fig. 48). The 

quantity of CaO in the eggshell was found to be around 47% (w/w%). A very little weight loss 

in the range of ≈ 1% was observed in the TG curve, accompanied by small endothermic peaks 

in the DTA curve when the temperature was raised from room temperature to 200.9 °C, which 

can be attributed to the loss of volatile components and free water. The second breakdown stage 

in the TG curve, which results in a weight loss of 5.8%, occurs between 200 and 599 °C and is 

associated with an intense exothermic peak in the DTA curve at 352.7 °C and is caused by the 

degradation of organic content that makes up the outer eggshell membrane. The most 

substantial weight loss is detected between 680 and 930 °C, with a characteristic weight loss 

of 47%, accompanied by a large endothermic peak at 892.1 °C in the DTA pattern, which 

correlates to the complete breakdown of CaCO3 to CaO and CO2. The outcomes of the thermal 

investigations of eggshell powder are consistent with the previous literature on eggshell [200]. 

The emission of CO2 resulted in the formation of many pores in the produced ceramic samples 

(bricks and foams). 

 

Figure 48. TG/DTA curves of eggshell powder 
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4.1.4. BET specific surface area analysis of raw materials  

Table 12 displays various physical parameters of zeolite-poor rock, sawdust, and eggshell, 

depending on BET surface area and moisture percentages. The specific surface area of zeolite-

poor rock is greater than sawdust and eggshell. This property may be explained by the fact that 

zeolite-poor rock contains a significant number of open pores. Furthermore, the quantity of 

moisture in zeolite-poor rock and sawdust is larger than that of the eggshell, as moisture can 

readily be sucked into the zeolite and sawdust micropores. 

Table 12. BET surface area and moisture of prepared powders 

Properties Zeolite-poor rock Sawdust Eggshell 

BET surface area (m2/g)  16.8759 1.0899 4.06 

Moisture (mass%) 5.32 6.51 1.20 

4.1.5. SEM and EDS analysis of used raw materials  

The morphology and the chemical composition of the raw materials powders were shown in 

the SEM and EDS images (Fig. 49). All the powders exhibit a wide range of irregular angular 

particles with different sizes, reflecting the particle size distribution depicted in Fig. 42. In 

zeolite-poor rock powder, SiO2 is the predominant constituent beside other oxides (Al2O3, 

MgO, and CaO) that exist in minor quantities, as confirmed by EDS point investigation (Fig. 

49.b). This result is consistent with the XRD result (Fig. 43). The SEM image and the EDS 

graph of the sawdust are exhibited in Fig. 49.c and d, which show irregular and plate-like 

particle shapes with relatively larger sizes and mainly consist of C and O. The SEM images 

and EDS spectra of the eggshell powder are depicted in Fig. (49e and f), which mainly confirms 

the existence of CaCO3. This result is in very good agreement with the XRD result of eggshell 

(Fig.  45).  
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Figure 49. a) SEM image and (b) EDS spectrum of zeolite-poor rock. (c) SEM image and (d) 

EDS spectrum of sawdust (e) SEM image and (f) EDS spectrum of eggshell powder 

4.2. Discussion and conclusions 

Objective listed in Chapter 1.1 and the answers: 

• To systematically investigate the raw materials (zeolite-poor rock from Tokaj 

region) based on their mineralogical composition, phase identification, 

microstructural feature, chemical constituents, thermal analysis, particle size 

distribution, and specific surface area. 

A comprehensive analysis has been conducted for the detailed characterization of raw materials 

(zeolite-poor rock, sawdust and eggshell). These starting raw materials were investigated based 

on their particle size distribution, chemical constituents, BET (Brunauer, Emmett and Teller), 

X-ray diffraction (XRD), X-ray fluorescence (XRF), energy-dispersive X-ray spectroscopy 

(EDS), thermogravimetric (TG), differential thermal analysis (DTA) and scanning electron 

microscopy (SEM). 

The particle size analysis confirms that the raw materials have a wide range of particle sizes 

which is good for better compaction during the forming process. The BET specific surface area 

analysis of the raw materials shows that zeolite-poor rock has a higher specific surface area. 

This feature is attributed to the large number of open pores in the zeolite-poor rock. Also, the 

amount of moisture in zeolite-poor rock is quite higher compared to sawdust and eggshell since 

moisture can easily be absorbed into the zeolite-poor rock micropores. The moisture in the 

mixture can also improve the compaction during the uniaxial dry-pressing process. 

XRD investigation confirms that zeolite-poor rock includes clinoptilolite (10%) along with 

cristobalite (50%), montmorillonite (30%), quartz (8%), and calcite (2%), while XRF confirms 

the existence of high content of silica in zeolite-poor rock which is good for the preparation of 

porous bricks and glass-ceramic foams.  

TG/DTA investigations reveal that the decomposition of zeolite-poor rock takes place around 

900 °C suggesting the ideal sintering temperature. Furthermore. The TG/DTA analysis of 

sawdust and eggshell reveals the decomposition of these materials and formation of CO2 gas, 

which is important for the creation of the porous structure, making them suitable pore-forming 

agents.  
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Conclusions 

I have experimentally demonstrated that zeolite-poor rock is a very soft rock with complex 

composition, easy to crush and has high silica content. On the other hand, sawdust and eggshell 

could be suitable pore-forming agents. The good compatibility of these raw materials makes 

them a potential candidate for the preparation of new porous bricks and glass-ceramic foams. 

4.3. Results of the new zeolite-poor rock incorporated sawdust composite bricks 

4.3.1. Dimensional characteristic of zeolite-poor rock/sawdust bricks after firing 

Cylindrical zeolite-poor rock bricks incorporated with different percentages of sawdust are 

manufactured using variable sintering temperatures (Fig. 50). It is worth mentioning that 

changing the bricks from cuboid to cylindrical shape could affect some properties of the 

samples, such as compressive strength [40]. The produced samples are fired into interesting 

white-like colours with noticeable volume shrinkage. 

 

950 °C 

 

1150 °C 

 

1250 °C 

Figure 50. Laboratory-scale zeolite-poor rock/sawdust ceramic bricks sintered at different 

temperatures 

4.3.2. XRD investigations of the fired zeolite-poor rock/sawdust bricks  

X-ray diffraction measurements, which demonstrate the crystallinity and phase composition of 

the sintered samples, are shown in Fig. 51. The XRD analysis confirms the presence of silica 

(cristobalite) as the major phase and other minor phases. Above 900 °C, decomposition of 

montmorillonite, clinoptilolite, and calcite has taken place and the formation of a small portion 

of anorthite. Upon increasing the temperature, the peak intensities increase, which indicates the 

increase in the crystallinity of the different phases. At 1050 °C, mullite, a new phase is formed. 

No carbon phase is detected, which confirms the burnout of all sawdust during the sintering 

process.  
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Figure 51. XRD results of zeolite-poor rock powder and fired specimens with 6% sawdust 

4.3.3. SEM examination of the fired zeolite-poor rock/sawdust bricks 

The morphological features and the microstructural characteristics of the fractured surface of 

the different ceramic bricks fired at a temperature of (950–1250 °C) have been studied via 

scanning electron micrographs.  Fig. 52 shows different magnifications of the fracture surface 

of ceramic bricks containing 8% sawdust sintered at 1150 °C. The SEM images show different 

types of pores (open, closed, and capillaries) of different sizes. At high magnification, a 

whisker-like structure can be seen; EDS analysis of this sample (Fig. 53) reveals that the 

whisker-like structure (point 1) contains silicon, oxygen and a larger amount of aluminium 

compared to point 2. This could indicate the formation of whisker-like mullite, which can 

enhance the compressive strength through the crack deflection. Fig. 54 exhibits SEM images 

of ceramic bricks with different sawdust concentrations. It can be seen that increasing the 

sawdust concentration increases the pore size and porosity. 
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Figure 52. SEM images with different magnifications of the fracture surface of ZS8 sintered 

at 1150 °C 

 

  
(1) 

 
(2) 

Figure 53. SEM and EDS micrograph of the fracture surface of ZS8 sintered at 1150 °C 
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Figure 54. SEM images of the zeolite-poor rock ceramic bricks with different dosages of 

sawdust a) 0%, b) 2%, c) 4%, d) 6%, e) 8% and f) 10% sintered at 1150 °C 

4.3.4. Bulk density of the fired zeolite-poor rock/sawdust bricks 

The bulk densities of the zeolite-poor rock ceramic bricks with sawdust are illustrated in Fig. 

55. The calculated densities values of the bricks are in the range of 1.4 to 1.88 g/cm3. The blank 

samples have relatively higher bulk densities compared to the other samples. The bulk density 

tends to decrease with the increasing percentage of sawdust. This could be attributed to the 

burning of the sawdust during the sintering, forming several pores in the sample.  
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Figure 55. The bulk density of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures 

4.3.5. Volume shrinkage of the fired zeolite-poor rock/sawdust bricks 

The volume shrinkage of the sintered bricks is presented in Fig. 56; increasing the sintering 

temperature increases the brick's volume shrinkage. Similar findings were also obtained in 

other research works [15]. Upon raising the firing temperature, alkali oxides increase the 

amount of liquid-phase formation. This can increase vitrification, leading to a larger volume 

shrinkage. With increasing the sawdust content, the volume shrinkage is only slightly 

decreased in all sintering temperatures. This could be due to the lower melting amount from a 

relatively lower percentage of zeolite-poor rock used. The overall volume shrinkage of the 

sintered bricks lies in the range of 8–20%. 

 

Figure 56. The volume shrinkage of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures 
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4.3.6. Apparent porosity and water absorption of the fired zeolite-poor rock/sawdust 

bricks 

The average values of the ceramic bricks' apparent porosity and water absorption as a function 

of the amount of sawdust added and sintering temperature are determined according to ASTM 

C20 [201] (Figs 57 and 58). The apparent porosity tends to decrease with increasing the 

sintering temperature. This occurs due to the effect of sintering, shrinkage, and vitrification 

[84], which either fully or partially fill the pores through partial melting and atomic diffusion 

of the zeolite-poor rock materials into the pores. The existence of some fluxes (MgO, CaO, and 

Na2O) in the zeolite-poor rock led to a low-temperature fusion followed by low-temperature 

vitrification. This can convert some of the open pores into closed pores. This phenomenon 

reduces water absorption as well (Fig 58).   

The increase in the sawdust amount leads to an increase in the apparent porosity, therefore 

reducing the density [202]. During the bricks' firing, the sawdust components (hemicellulose, 

cellulose, and lignin) tend to gradually decompose and produce CO2 gas and water vapour; 

these gases will move out, producing capillaries in the ceramic bricks. With increasing the 

sawdust, a viewer amount of zeolite-poor rock will be used; therefore, a relatively low amount 

of liquid phase will be produced during the fusion. Hence a relatively larger number of open 

pores will remain. This can explain the increase in porosity and water absorption. These results 

are in good agreement with the SEM micrograph of the bricks (Fig. 54) and are similar to some 

previous studies on clay bricks [203]. 

Water absorption is an essential factor that describes the durability of the bricks; lower water 

absorption bricks last long with a low tendency toward environmental damage [5]. The water 

absorption indicates the densification and its connection to the porosity in the materials [204].  

In this work, the water absorption shows a minimum value for the blank bricks in all firing 

temperatures and a maximum value for the specimens containing 10% sawdust. Increasing the 

sawdust content increases the water absorption; this is coherent with the SEM investigation 

and porosity measurement. Despite the high differences in the samples' water absorption 

values, the result is still within the range of 10–30%. Previous studies in wastes incorporated 

clay bricks showed a water absorption of a similar value [5,205]. 

 
Figure 57. The open porosity of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures 
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Figure 58. The water absorption of the zeolite-poor rock/sawdust ceramic bricks sintered at 

different temperatures 

4.3.7. Thermal conductivity of the fired zeolite-poor rock/sawdust bricks 

The thermal conductivity values of the different brick-containing sawdust samples as a function 

of firing temperatures are plotted in Fig. 59. The thermal conductivity of the ceramic samples 

increases with increasing the sintering temperature. The largest value of the thermal 

conductivity was 0.7 W/mK achieved when the reference sample was fired at 1250 °C, while 

the lowest value was 0.13 W/mK obtained from the samples containing 10% sawdust sintered 

at 950 °C. The thermal conductivity of the bricks containing sawdust is reduced by 

approximately 65% compared to that of the blank bricks. Thermal conductivity is well known 

to be connected to porosity since the open pores are usually filled with air, acting as an insulator 

and reducing thermal conductivity [206]. Increasing the sintering temperature produces a dense 

brick with lower porosity. This explains the increase in thermal conductivity. While 

incorporating sawdust creates a larger number of pores, which leads to a decrease in thermal 

conductivity.    

 
Figure 59. The thermal conductivity of the zeolite-poor rock/sawdust ceramic bricks sintered 

at variable temperatures 
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4.3.8. The compressive strength of the fired zeolite-poor rock/sawdust bricks 

Compressive strength is a crucial factor that determines the quality and durability of the bricks. 

Fig. 60 illustrates the relationship between the average value of the compressive strength of the 

different zeolite-poor rock/sawdust samples and the sintering temperatures. The blank samples 

show higher strength compared to the hybrid bricks. The maximum compressive strength was 

37 MPa obtained from the reference samples sintered at 1250 °C. The inclusion of sawdust in 

the zeolite-poor rock reduces the compressive strength in all sintering temperatures. The lowest 

strength value was obtained when the bricks containing 10% sawdust (ZS10) were sintered at 

950 °C. Upon increasing the firing temperature, some minerals in zeolite-poor rock 

(montmorillonite, clinoptilolite, and calcite) decompose, followed by physicochemical reaction 

(formation of mullite and anorthite) as confirmed by the XRD test (Fig. 51). At high 

temperatures, zeolite starts to melt, and the liquid-phase sintering process densifies the samples 

and reduces the porosity. The increases in density can highly improve compressive strength. 

Another factor is the formation of the mullite whiskers, which start at a temperature above 1050 

°C, as revealed in the XRD test (Fig. 51) and EDS analysis (Fig. 53). The mullite whiskers 

form an interlocked structure (Fig. 53) which may enhance the mechanical strength by crack 

deflection and whiskers pull out associated with energy absorbance [207-210].  In contrast, the 

addition of sawdust increases the porosity and reduces the density since the sawdust fired out, 

forming a large number of pores that can reduce the compressive strength. Based on the 

standard [211], the required compressive strength of the bricks is 5 MPa. The building bricks 

can be classified as first-class or second-class if their crushing strength is above 5 MPa and 7 

MPa, respectively [212]. In this work, all the produced bricks show compressive strength above 

7 MPa, except the samples that contain 10% sawdust fired at 950 °C, which offers a 

compressive strength of 4 MPa. Therefore, these bricks are suitable for construction 

applications. 

 
Figure 60. Compressive strength of the zeolite-poor rock/sawdust ceramic bricks sintered at 

variable temperatures 
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4.3.9. The correlation between density, thermal conductivity, and compressive strength 

of fired zeolite-poor rock/sawdust bricks 

Fig. 61 depicts the connection between the developed specimens' density, thermal conductivity, 

and compressive strength. Densification causes a noticeable rise in both thermal conductivity 

and compressive strength because the densified structure has higher bonding and fewer pores. 

 

Figure 61. The correlation between thermal conductivity, density, and compressive strength 

of zeolite-poor rock/sawdust bricks with different compositions fired at 950 °C 

4.3.10. The correlation between thermal conductivity, apparent porosity, and water 

absorption of fired zeolite-poor rock/eggshell bricks 

Fig. 62 depicts the relationship between apparent porosity, thermal conductivity, and water 

absorption of produced bricks. Thermal conductivities tend to decrease as porosity increases. 

Normally, open holes are filled with air, which serves as an insulator and reduces heat 

conductivity, while porosity increases water absorption. This is due to the fact that normally 

open pores reflect water absorption capability since water can be easily leaked into the open 

pores. 

 

Figure 62. The correlation between apparent porosity, thermal conductivity, and water 

absorption of zeolite/sawdust composite bricks with different compositions sintered at 950 °C 
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4.4. Discussion and conclusions 

Objective listed in Chapter 1.1 and the answers: 

• To evaluate different types of local solid wastes, including sawdust, for integration 

into ceramic specimens. Furthermore, to estimate the proper mixing proportions, 

then to prepare various mixtures of zeolite-poor rock and sawdust through 

mechanical activation using a ball mill operating at optimal conditions. 

Sawdust has been evaluated as a potential candidate for the preparation of porous bricks and 

glass-ceramic foams because it is an available waste material. Moreover, sawdust can cause 

some environmental problems by contaminating both soil and water. It generally keeps a high 

moisture content enabling the growth of several kinds of fungus, which subsequently spread to 

neighbouring plants causing them to decompose. Therefore, recycling sawdust could be the 

best alternative to avoid this environmental problem. During the heat treatment process, large 

amounts of sawdust decompose and produce gases that are responsible for the formation of the 

pores in the zeolite-poor rock bricks. In this work, sawdust was added as a partial replacement 

for zeolite-poor rock in the specimens. The replacement percentages were 0%, 2%, 4%, 6%, 

8% and 10% by mass of zeolite-poor rock. The restrictions for the inclusion of the sawdust 

arise from the increase of water absorption value and the decrease of mechanical strength. Up 

to 10% sawdust was found to be suitable for inclusion into zeolite-poor rock. Milling at 200 

rpm for 10 min was found to be a suitable condition for producing fine mixtures above which 

coarse particles have been produced.  

• To experimentally prepare green ceramic specimens using uniaxial dry pressing and 

investigate their characteristics 

Zeolite-poor rock and sawdust possess large numbers of open pores, which normally fill with 

moisture that helps in compaction during the dry forming process. Based on the experimental 

work, the uniaxial pressing at 40 MPa was found to be suitable for producing compacted green 

ceramic samples that can be easily handled and sintered to produce bricks with good 

compressive strength.    

• To suggest an appropriate, cost-effective sintering curve (sintering temperature and 

residence time) for the preparation of zeolite-poor rock incorporated sawdust 

ceramic samples.  

Sintering is considered one of the important processes in the production of bricks. In the mass 

production of bricks, reducing the sintering temperature and residence time are crucial for the 

preparation of a cost-effective product. TG/DTA and XRD investigations of the samples 

suggest that the suitable sintering temperature could be around 1000 °C, where the 

decomposition of raw materials and physicochemical reactions are taking place, resulting in 

bricks with good mechanical strength.  The incorporation of sawdust can also contribute to the 

heating, reducing the sintering temperature and residence time. Furthermore, it induces the 

formation of a whiskers-like mullite structure. The experimental finding suggests that the 

optimal sintering temperature is in the range of 950-1000 °C and the suitable residence time is 

3-4 hours.   
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• To assess the influence of solid waste inclusion on the technical characteristics of the 

produced ceramic bricks and foams, such as bulk density, shrinkage, apparent 

porosity, water absorption, thermal conductivity, and compressive strength based 

on international standards 

The result of this research reveals that sawdust can effectively be used as a pore-forming agent 

in zeolite-poor rock bricks. The bulk density of the prepared samples decreased with the 

inclusion of sawdust from approximately 1.88 g/cm3 of control bricks to about 1.4 g/cm3 of the 

bricks with 10% sawdust. This can lead to the production of lightweight bricks due to the 

increased number of pores produced by the combustion of the organic content in sawdust, as 

shown in TG–DTA analysis. The heat generated during the combustion of sawdust can 

contribute to the heat requirements during the manufacturing process. 

The inclusion of sawdust in the zeolite-poor rock body raised the number of open pores from 

26% for the blank samples to about 36% for the bricks containing 10% sawdust, making a total 

increase of 38%, as confirmed by the SEM analysis and water absorption measurements, and 

therefore, decreases the compressive strength of the bricks while enhancing their thermal 

insulation characteristics. Most of the samples showed a compressive strength of more than 7 

MPa, making them first-class bricks for construction applications. Zeolite-poor rock and 

sawdust are available materials that could prepare lightweight bricks with excellent thermal 

insulation properties, contributing to better sustainability and safe disposal of sawdust. 

• To compare the results of the technical properties of the prepared zeolite-poor 

rock/sawdust specimens to that of the current literature in the field of burned 

ceramic bricks. 

The quality and durability of the brick are determined by a number of factors, including the 

raw material composition, shaping techniques and sintering method. These variables can 

influence the brick’s technical properties, such as density, compressive strength, thermal 

properties, and so on. The influence of various waste materials as an additive for fired brick 

production has been investigated by a number of researchers. Table 3 summarizes the findings 

of several experiments on the use of various waste materials to produce fired bricks that have 

been reported in the literature. In most of the studies, the inclusion of waste materials increases 

water absorption, porosity and decreases compressive strength. When comparing the findings 

of this study to those in Table 3, it is worth noting that zeolite-poor rock incorporated sawdust 

is a promising material for brick-making, as it has higher compressive strengths and better 

insulation properties than many of the studies listed in Table 3. 

Conclusions 

• It was proved that it is possible to produce innovative building bricks with low 

density (1.4–1.88 g/cm3) and low thermal conductivity (0.13–0.7 W/mk) based on 

zeolite-poor rock (D <100 µm) together with sawdust (D90<100 µm). Sawdust was 

added as a partial replacement for zeolite-poor rock in the specimens. The 

replacement percentages of sawdust were 0–10 wt% by mass of zeolite-poor rock. 

The mixed powders were milled for 15 min at 150 rpm to produce homogenous 

mixtures. The prepared mixtures were pressed at 40 MPa. The produced green 
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ceramic samples were then sintered at variable temperatures (950, 1050, 1150, and 

1250 °C) for 3 h holding time and a heating rate of 60 °C/h.  

• I established that the inclusion of 8 wt% sawdust (D90 <100 µm) into zeolite-poor 

rock powder (D <100 µm) followed by ball milling for 15 min at 150 rpm, dry 

pressing at 40 MPa and sintering at a temperature range of 950-1250 °C with a 

residence time of 3 h and a heating rate of 60 °C/h resulted in bricks with an 

irregular porous structure having large numbers of open pores (Fig. 52).  

• I established that the inclusion of 8% sawdust into zeolite-poor rock (D <100 µm), 

followed by the ball milling for 15 min at 150 rpm, dry pressing at 45 MPa and 

sintering at a temperature range of 950-1250 °C with a residence time of 3 h 

contributes to the firing raising the temperature. As a result, a mullite phase in a 

whisker-like structure has been formed at a relatively lower temperature (1150 

°C), as confirmed by SEM and EDS (Fig. 53).   

4.5. Result of innovative composite bricks based on zeolite-poor rock and hen's 

eggshell 

4.5.1. Dimensional properties of fired zeolite-poor rock/eggshell bricks  

The zeolite-poor rock bodies could sustain the addition of eggshell powder in different 

percentages, as can be seen in the produced composite bricks heat-treated at variable 

temperatures (Fig. 63). With increasing the firing temperature, variations in the colours of the 

sintered bricks were noticed. The key alterations that the samples underwent throughout the 

heat treatment process were decomposition and phase transformation accompanied by volume 

shrinkage. The produced zeolite-based composite bricks have excellent surface finishing, 

which can be used as facing bricks. 

 
950 °C 

 
1050 °C 

 
1150 °C 

Figure 63. Prototype zeolite-poor rock/eggshell ceramic bricks sintered at variable 

temperatures 

4.5.2. XRD analysis of fired zeolite-poor rock/eggshell bricks 

Fig. 64 shows the X-ray diffractogram that indicates the crystallinity and phase 

identification of the composite brick containing different amounts of eggshell fired at 1050 °C. 
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Upon increasing the firing temperature, the clay minerals (montmorillonite), zeolite 

(clinoptilolite), and silica (quartz, cristobalite) exist in zeolite-poor rock, react with calcite and 

other constituents in eggshell. This reaction led to the formation of new crystalline vitreous 

phases that influenced the physical and mechanical properties of the produced brick. It can be 

seen that all CaO, which results from the decomposition of calcite, exists in the eggshell react 

with the minerals in the zeolite-poor rock and form anorthite, bytownite, and wollastonite in 

the composite bricks structure. This could be the reason beyond the good compressive strength 

of the samples.   

 

Figure 64. XRD analysis of zeolite-poor rock containing 20% eggshell (ZE20) fired at 

different temperatures, M= montmorillonite, C= clinoptilolite, CR= cristobalite, Q= quartz, 

CA= calcite, A= anorthite, W= wollastonite, B= bytownite 

4.5.3. SEM examination of fired zeolite-poor rock/eggshell bricks 

The fracture surface morphology of the produced composite (ZE20) with different 

magnifications (100X-2500X) is illustrated in Fig. 65. At 1000 magnification (Fig. 65.c), a 

large number of closed pores can be seen together with the open pores. This could be created 

due to the decomposition of the calcite in the eggshell associated with the emission of the CO2, 

which could be trapped in the zeolite-poor rock body forming close pores. These pores can 

play a crucial role in enhancing thermal insulation of composite ceramic bricks. SEM images 

of the composite bricks with various eggshell concentrations are shown in Fig. 66. The porosity 

of the produced ceramic bricks increases as the concentration of eggshell rises. 

Fig. 67 demonstrates the liquid-phase formation, which occurs at higher temperatures due to 

the existence of some fluxes (MgO, Na2O, and CaO) that lead to lower-temperature 

vitrification. It is worth mentioning that the addition of eggshell induces the formation of a 

larger amount of liquid phase, as can be seen in Fig. 67. 
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Figure 65. SEM micrograph of the fracture surface of ZE20 with different magnifications 

sintered at 1050 °C. a-100X; b-500X; c-1000X; d-2500X 
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Figure 66. SEM micrographs of produced zeolite-poor rock containing eggshell composite 

ceramic bricks with (a) 0% (b) 5% (c) 10% (d) 15% and (e) 20% eggshell. 
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Figure 67. SEM images of (a) Z (blank) and (b) ZE10 samples sintered at 1050 °C 

4.5.4. Bulk density of fired zeolite-poor rock/eggshell bricks 

The bulk density of produced zeolite-poor rock/eggshell composite bricks as a function of 

eggshell fraction and sintering temperature is shown in Fig. 68. In general, the bulk density of 

the samples from all groups indicated a gradual decrease with increasing eggshell. This could 

be due to the fact that at 900 °C, vitrification will take place associated with CO2 emission 

resulting from the decomposition of calcite contained in raw materials (zeolite-poor rock and 

eggshell), part of the gas will be released, making open pores and capillaries in the brick body 

while the viscous phase holds part of the gas inside making closed pores, the higher amount of 

eggshell release a larger amount of CO2 which resulted in higher porosity and low density of 

the samples. The bulk density of the produced zeolite-poor rock/eggshell composite bricks 

dropped from 1.76 g/cm3 for reference ceramic bricks to 1.45 g/cm3 for ceramic bricks with 

20% eggshell, making a decrease of 17.61% in density. The samples in all the batches showed 

an increasing value of density with increasing the firing temperature. This could be attributed 

to the improved sintering and densification induced by increasing the firing temperature. A 

similar fashion was observed in the previous works in clay bricks.  

The bulk density indicates the degree of densification. Based on ASTM C90, the densities of 

burnt ceramic bricks are categorized as lightweight (less than 1.68 g/cm3), medium weight 

(1.68–2 g/cm3), and standard weight (greater than 2.00 g/cm3). All the blank samples fired at 

variable temperatures are categorized as medium weight. In contrast, all the samples containing 

eggshell sintered at various temperatures possess lightweight. 
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Figure 68. The effect of eggshell content on the bulk density of composite ceramic bricks 

sintered at different temperatures 

4.5.5. Volume shrinkage of fired zeolite-poor rock/eggshell bricks 

The volume shrinkage of the zeolite-poor rock/eggshell composite bricks fired at a temperature 

range of 950–1150 °C is depicted in Fig. 69.  With a rise in sintering temperature, the volume 

shrinkage of the sample showed an increasing tendency. This could be attributed to the liquid-

phase sintering induced by the increasing temperature. Furthermore, all the samples reveal an 

increase in volume shrinkage as the eggshell content increases. The highest volume shrinkage 

was 12.6%, obtained from ZE20 fired at 1150 °C, while the lowest linear shrinkage was around 

3.01%, achieved from ZE0 sintered at 950 °C.  

 

Figure 69. The effect of eggshell content on the volume shrinkage of composite bricks fired 

at different temperatures 
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4.5.6. Apparent porosity of fired zeolite-poor rock/eggshell bricks  

The average values of the apparent porosity of zeolite-poor rock/eggshell composite bricks 

based on eggshell content and firing temperature are demonstrated in Fig. 70. The apparent 

porosity is gradually increased with increasing the eggshell content. This could be due to the 

fact that, upon sintering, the calcite in eggshell tends to progressively disintegrate and create 

CO2 gas; the emission of CO2 gas results in the formation of several types of pores (open, close, 

and capillaries), which increased the apparent porosity. All the samples showed decreasing 

trends in apparent porosity as the sintering temperature increased. This could be due to 

vitrification, which normally begins at around 900 °C. The existence of alkaline oxides (fluxing 

agents), primarily MgO, Na2O, and CaO, cause lower temperature melting, which promotes 

the quantity of liquid phase generated. This process can lead to lower temperature vitrification, 

accompanied by the tendency of the particles to reduce their surface area during sintering. This 

can aid in inter-particle adhesion and densification of the ceramic framework. The most 

intensive decomposition of the calcite in the eggshell takes place around 892 °C, as revealed 

in TG/ DTA curve Fig. 48. The release of CO2 gas in the liquid phase matrix leads to the 

creation of a large number of pores that grow rounder and narrower as sintering proceeds. Some 

pores are then totally separated from the surface and subsequently closed.  Above 950 °C, 

sintering is intensified, forming a liquid phase. This phase enters the pores, seals them closed, 

and subsequently isolates them from neighbouring pores, hence reducing the pore's size. This 

explains the decrease in porosity with increasing temperature.  This behaviour is in agreement 

with previous literature. 

Table. 13 shows the closed porosity of the sample sintered at 1050 °C evaluated using ImageJ. 

It can be clearly seen that increasing the eggshell content promotes the formation of closed 

pores. This could be due to the larger amount of gas emission associated with an increasing 

amount of eggshell. 

 

Figure 70. The effect of eggshell content on the apparent porosity of composite ceramic 

bricks fired at different temperatures 
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Table 13. Closed porosity of the samples sintered at 1050 °C as determined by ImageJ 

Sample Z ZE5 ZE10 ZE15 ZE20 

Closed porosity (%) 4.2 6.906 9.650 17.40 28.102 

4.5.7. Water absorption of fired zeolite-poor rock/eggshell bricks 

One of the most important behaviours of building materials is durability which is thought to be 

directly linked to the level of water absorption and compressive strength. Water absorption is 

a critical factor in determining its environmental resilience. The resistance to weathering of 

ceramic bricks increases as the water absorption of the ceramic bricks decreases. 

The fundamental deteriorating mechanisms that originate the destruction of building bricks 

due to high water absorption are freezing-thawing, wetting-drying, and soluble salt 

crystallization, which can initiate stress that forms microcracks followed by crack propagation. 

Water absorption is well known to be highly linked to porosity, especially the open pores, 

which are interconnected to the specimen's surface since the water normally goes to the pores 

of the specimens. Therefore, they both show similar trends. They rose approximately linearly 

with an increase in eggshell concentration. This connection is confirmed in previous research 

works. The highest value of water absorption was found to be 28.8%, obtained from the sample 

containing 20% eggshell. In contrast, the blank samples yielded the lowest water absorption 

value of 13.1% (Fig. 71). 

 

Figure 71. The effect of eggshell content on the water absorption of composite ceramic 

bricks fired at different temperatures 

4.5.8. Efflorescence of fired zeolite-poor rock/eggshell bricks 

The recrystallization of soluble salts that migrate from the bulk of the specimens to or near the 

surface is known as efflorescence which can be found in a variety of forms like calcium 

carbonates, calcium sulphates, alkaline sulphates, etc. This visual problem shows as a thin layer 

of white salt normally appears on the building ceramic bricks with porous structures. The 

0 5 10 15 20

0

10

20

30

W
at

er
 a

b
so

rp
ti

on
 (

%
)

Eggshell content (%)

 950 °C    1050 °C    1150 °C



71 
 

efflorescence test was carried out on the samples with different compositions. All the samples 

were half immersed in the distilled water for 7 days, followed by room temperature drying; 

then, the immersed areas of the samples were examined for the formation of white or grey 

layers and compared to the no-soaked areas. All the samples show no formation of any salts on 

the surfaces, indicating a "Nil" efflorescence (Fig. 72). The "Nil" efflorescence could be 

attributed to the complete reaction of CaO resulting from the decomposition of eggshell with 

other minerals that exist in the zeolite-poor rock during the sintering process and formation of 

new phases. This result is in good agreement with the XRD result (Fig. 64).  The existence of 

free CaO in the brick is crucial because when exposed to moisture, CaO reacts quickly and 

transforms into portlandite (Ca(OH)2). This is an exothermic process that results in a significant 

increase in volume. Furthermore, the portlandite interacts with CO2 to create CaCO3, causing 

a further increase in volume and greater fracture tendency. The efflorescence test was also 

carried out on commercial masonry bricks, which showed a considerable amount of white salt 

on the surface Fig 73. 

 
0% 

 
5% 

 
10% 

 
15% 

 
20% 

Figure 72. Zeolite-poor rock/eggshell ceramic bricks after the efflorescence test 

 

Figure 73. Efflorescence in masonry brick after immersing in water for a week followed by 

room temperature drying 

After the efflorescence test, the remaining water was tested for the TDS (Fig. 74). The value 

of the TDS obtained from the remaining water of the zeolite-poor rock-based bricks was very 

low, between 13–27.5 ppm (TDS for drinking water is 50–150 ppm), confirming the "Nil" 

efflorescence in the bricks (Table. 14). While that of commercial bricks was in the range of 

315–1740 ppm, indicating the possibility of efflorescence formation (Table. 15).  
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Figure 74. The TDS test for water after a week of immersing zeolite-poor rock-based bricks 

Table 14. TDS test of water obtained from the immersion of different samples. 

Samples Deionized 

Water  

Z bricks 

(blank) 

Z+4% 

sawdust 

brick 

Z+8% 

sawdust 

brick 

Z+10% 

eggshell 

brick 

Z+20% 

eggshell 

brick 

TDS (ppm) 4.8 13.4 14.7 15.4 21.1 27.5 

Z= Zeolite-poor rock, TDS= total dissolved solids 

Table 15. TDS test of water obtained from the immersion of commercial bricks. 

Samples Red clay bricks Red clay bricks Masonry bricks 

TDS (ppm) 1740 474 315 

4.5.9. Thermal conductivity of fired zeolite-poor rock/eggshell bricks 

Fig. 75 depicts the results of the thermal conductivity of the reference samples as well as the 

eggshell-containing ceramic bricks sintered at different temperatures. It can be observed that 

increasing the eggshell content reduces thermal conductivity due to the decomposition of 

calcite in the eggshell associated with pores formation. This is in line with earlier research on 

clay bricks that include waste marble sludge (carbonate) [213]. The pore-generating technique 

is a straightforward approach to reducing thermal conductivity, thanks to the combustion of the 

organic materials that occur during the sintering process, resulting in the formation of micro-

pores in the brick body. As a consequence, lightweight ceramic bricks with improved thermal 

insulation are produced. Aside from the impact of the eggshell addition, firing temperature 

considerably impacts thermal conductivity. Increasing the firing temperatures promotes the 

creation of the liquid phase and densification of the samples, decreasing the pore volume and 

porosity and increasing the thermal conductivity. The ceramic bricks containing 20% eggshell 

sintered at 950 °C had the highest reduction in thermal conductivity, with a 40% drop. These 

findings are linked to the absorption and porosity investigation since mixes with a greater 

eggshell’ concentration were shown to be more permeable and porous. Lower thermal 

conductivity is advantageous since it reduces the amount of energy required for heating and 

cooling buildings.  
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Figure 75. The effect of eggshell content on the thermal conductivity of composite ceramic 

bricks fired at different temperatures 

4.5.10. The compressive strength of fired zeolite-poor rock/eggshell bricks 

The compressive strength test is carried out in a cylindrical sample. Normally the cubic samples 

show higher compressive strength than the cylindrical ones. This could be due to the fact that 

normally lateral tensions in the cubic specimens are caused by frictional reactions between the 

specimen and machine platens. As a result, multiaxial specimens are produced. In a cone-

shaped or pyramid-shaped area, lateral stresses impact the specimen stress state; therefore, 

cubes are predicted to have larger strength than cylinders. Normally the cube strength is 

approximately 1.15 times that of the cylinder.  

The compressive strength of the examined ceramic bricks decreases with increasing eggshell 

content (Fig. 76). The inclusion of eggshell reduces the compressive strength due to the 

formation of a porous structure. On the other hand, increasing the sintering temperature 

improves the compressive strength due to the formation of a dense structure. Similar findings 

have been obtained with the inclusion of carbonate in clay bricks. The produced zeolite-poor 

rock/eggshell composite bricks have compressive strengths ranging from 10.3 to 25.3 MPa. 

The greatest compressive strengths were obtained in the blank samples sintered at 1150 °C, 

whereas the minimum compressive values were measured in 20% eggshell bricks sintered at 

950 °C. 

The minimum range of compressive strength of load-bearing building bricks required by the 

standards is 6–12 MPa. All the samples showed compressive strength values greater than the 

standard's minimal requirement for load-bearing building ceramic bricks. 
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Figure 76. The effect of eggshell content on the compressive strength of composite ceramic 

bricks fired at different temperatures 

4.5.11. The correlation between density, thermal conductivity, and compressive strength 

of fired zeolite-poor rock/eggshell bricks 

Fig. 77 illustrates the relationship between density, thermal conductivity, and compressive 

strength of the produced specimens. Increasing the density leads to a linear-like increase in 

thermal conductivity and compressive strength because the densified structure normally has 

better adhesion and low pores. 

 

Figure 77. The correlation between thermal conductivity, density, and compressive strength 

of composite ceramic bricks with different compositions fired at 950 °C 
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4.5.12. The correlation between thermal conductivity, apparent porosity, and water 

absorption of fired zeolite-poor rock/eggshell bricks 

The apparent porosity has generally been considered to be linked to thermal conductivity and 

water absorption. Nonetheless, even for ceramic materials with the same value of apparent 

porosity, thermal conductivity can vary significantly. The chemical composition, as well as the 

characteristics of the pore size and structure, may be accountable for these differences. The 

water absorption increases with increasing apparent porosity, as shown in Fig. 78. This could 

be due to the fact that normally open pores reflect the water absorption capacity. In contrast, 

the thermal conductivity decreases with increasing the apparent porosity. Normally the open 

pores are filled with air which acts as an insulator reducing thermal conductivity. M. J. Munir 

et al. reported similar findings when waste marble sludge was added to clay bricks [26]. 

 

Figure 78. The correlation between apparent porosity, thermal conductivity, and water 

absorption of zeolite/eggshell composite bricks with different compositions sintered at 950 

°C 

4.6. Discussion and conclusions 

Objective listed in Chapter 1.1 and the answers: 

• To evaluate different types of local solid wastes, including eggshell, for integration 

into ceramic specimens. Furthermore, to estimate the proper mixing proportions, 

then to prepare various mixtures of zeolite-poor rock and eggshell through 

mechanical activation using a ball mill operating at optimal conditions. 

Eggshell has been evaluated as a potential candidate for the preparation of porous bricks and 

glass-ceramic foams. High compatibility between zeolite-poor rock and eggshell has been 

achieved. Eggshell powder (ESP) was used to partially substitute zeolite-poor rock. The 

substitution percentages were 0%, 5%, 10%, 15% and 20% by wt% of zeolite-poor rock. The 

optimal milling conditions were (150-200 rpm for 15 min) in which fine homogenous powder 
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mixtures were produced. Increasing the milling time and rotation speed resulted in lager 

particle sizes. 

• To experimentally prepare green ceramic specimens using uniaxial dry pressing and 

investigate their characteristics 

The produced homogenous mixtures resulting from the ball milling of zeolite-poor rock and 

eggshell were compacted using uniaxial compaction machines. A series of compaction 

experiments have been done and the results show that dense ceramic samples can be produced 

using a pressure of 45 MPa. The compacted samples show good strength for handling and good 

compressive strength after sintering.     

• To suggest an appropriate, cost-effective sintering curve (sintering temperature, 

and residence time) for the preparation of zeolite-poor rock incorporated eggshell 

ceramic samples.  

TG/DTA and XRD analyses of the samples reveal that the optimal sintering temperature could 

be approximately 1000 °C, where the disintegration of raw materials and physicochemical 

reaction are taking place, resulting in bricks with high mechanical strength. The decomposition 

of the eggshell creates CaO, which acts as flux, decreasing the sintering temperature of the 

mixes. Therefore, the inclusion of eggshell has benefits in creating gases which are responsible 

for the development of the porous structure as well as decreasing the sintering temperature and 

residence time owing to the production of the fluxing agent (CaO). The ideal residence time 

was found to be 3-4 hours.   

• To assess the influence of solid waste inclusion on the technical characteristics of the 

produced ceramic bricks and foams, such as bulk density, shrinkage, apparent 

porosity, water absorption, thermal conductivity, and compressive strength based 

on international standards 

The experimental findings confirm that integrating up to 20 wt% eggshell into the composite 

bricks minimizes the sintered samples' bulk density, leading to lightweight ceramic bricks. This 

can lower the expenses associated with their handling and transportation. Moreover, in 

earthquake-susceptible locations, lightweight constructions are highly preferable. With 

eggshell dosage increased, the hybrid bricks demonstrated greater water absorption and 

apparent porosity. Brick specimens with 20% eggshell, on the other hand, met the absorption 

criteria for mild weathering. The fluxing behaviour and pore-forming capabilities of eggshell 

could enhance the compressive strength and thermal insulation characteristics of sintered 

ceramic bricks. The composite ceramic bricks have a mechanical strength higher than that 

required by standards. The lowest compressive strength was obtained for ZE20 samples burned 

at 950 °C. With the inclusion of eggshell, the compressive strength was decreased due to the 

formation of cellular structure. The thermal conductivity of burnt composite ceramic bricks 

was shown to decrease as the eggshell concentration was increased. Thermal conductivity in 

control brick specimens was 0.68 W/mK, which decreased to 0.25 W/mK after a 20 wt% 

addition of eggshell in brick samples. This indicates the superior thermal insulation of 

composite ceramic bricks.  

The efflorescence test was performed on the samples with different compositions. All the 

samples exhibit no production of any salts on the surfaces, suggesting a “Nil” efflorescence 
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(Fig. 16). This reveals the complete reaction of CaO generated by the decomposition of 

eggshell with other minerals present in the zeolite-poor rock during the heat treatment process  

• To compare the results of the technical properties of the prepared zeolite-poor 

rock/eggshell specimens to that of the current literature in the field of burned 

ceramic bricks 

Table 5 outlines the findings of numerous studies on the usage of different wastes to make 

burnt ceramic bricks that have been published in the literature. When comparing the findings 

of this study to the results shown in Table 3, it’s worth noting that zeolite-poor rock and 

eggshell are attractive materials for brick manufacturing since they have greater compressive 

strengths and better thermal insulation than most of the studies mentioned in Table 3. 

Conclusions 

• It was proved that it is possible to produce innovative building bricks with low 

density (1.45–1.76 g/cm3) and low thermal conductivity (0.2–0.68 W/mk) based on 

zeolite-poor rock (D <100 µm) together with eggshell powder (D90<100 µm). 

Eggshell was added as a partial replacement for zeolite-poor rock in the 

specimens. The replacement percentages of eggshell were 0–20 wt% by mass of 

zeolite-poor rock. The mixed powders were milled for 15 min at 150 rpm to 

produce homogenous mixtures. The prepared mixtures were pressed at 45 MPa. 

The produced green ceramic samples were then sintered at variable temperatures 

(950, 1050 and 1150 °C) for 3 h holding time and a heating rate of 60 °C/h. Bricks 

produced by this technique using these raw materials show no efflorescence (no 

salt formation on the surfaces). 

• I established that the inclusion of 20 wt% eggshell (D90 <100 µm) into zeolite-poor 

rock powder (D <100 µm) followed by ball milling for 15 min at 150 rpm, dry 

pressing at 45 MPa and sintering at a temperature range of 950-1250 °C with a 

residence time of 3 h and a heating rate of 60 °C/h led to the formation of a cellular 

structure with a relatively larger number of round-like closed pores (Fig. 65).  

• I established that with the addition of 10 wt% eggshell powder (D90<100 µm) into 

zeolite-poor rock powder (D<100 µm), followed by the ball milling, dry pressing 

at 45 MPa and sintering at a temperature range of 950-1250 °C with a residence 

time of 3 h and a heating rate of 60 °C/h, bricks with higher compressive strength 

can be obtained. This could be explained by the fact that during the sintering, the 

eggshell decomposes and produce CaO, which acts as a flux that induces the liquid 

phase formation causing verification that binds the particles together and results 

in higher compressive strength of the produced eggshell containing bricks (Fig. 

67) 
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4.7. Result of alkali-activated zeolite-poor rock incorporated sawdust glass-

ceramic foams 

4.7.1. TG/DTA of the alkali-activated zeolite-poor rock/sawdust mixtures 

Fig. 79.a depicts the TG/DTA profiles of the alkali-activated ZS sample. At 1200 °C, a total 

mass loss of around 15.2% was obtained. The TG curve indicates three significant mass losses. 

In the first stage, a mass loss of about 6.98% was achieved in a temperature range of 40–190.8 

°C, correlating to the endothermic peak at 121.5 °C in the DTA graph. This is due to the 

removal of free water. The second mass loss was 5.12% between 190 and 383 °C, which might 

be attributed to the evaporation of combined water and the combustion of organic materials. In 

the last step, about 2.78% mass loss was observed between 383 and 802 °C. This might be 

linked to the continued firing of organic materials and decomposition of the alkali-activated 

zeolite-poor rock. In the DTA graph, a board exothermic peak is shown between 785–1154 °C, 

indicating the disintegration of alkali-activated material.  

Fig. 79.b demonstrates the TG/DTA analysis of the alkali-activated Z6SS sample. The TG 

graph shows a total mass loss of 27.1%, separated into three parts. To begin, 9.3% mass loss is 

seen at temperatures ranging from 40 to 199 °C, corresponding to the endothermic peak at 

117.3 °C in the DTA graph; this is due to evaporation of the moisture. In the second stage, a 

mass loss of 7.52% was recorded at temperatures ranging from 200 to 329.2 °C and related to 

the exothermic peak appearing at 268.6 °C in the DTA curve. This mass loss could be ascribed 

to the crystalline water's evaporation and the organic matter's burnout, including sawdust. 

Finally, a maximum mass loss of 8.91% was achieved between 330 °C and 802.2 °C, 

correspondence to exothermic peaks obtained at 437.9 °C in the DTA graph, indicating the 

continuous firing of the sawdust. A wide peak is shown at the temperature range of 803–1169 

°C in the DTA curve. This could be assigned to the decomposition of the sodium 

aluminosilicate materials and the physicochemical reaction of the alkali-activated component.  

The total mass loss in Z6SS is higher than in ZS; this is due to the addition of sawdust which 

burns out during the analysis. The addition of sawdust is useful in producing gases during heat 

treatment that will enhance foamability. 

 
(a) 

 
(b) 

Figure 79. TG and DTA curves of alkali-activated (a) ZS and (b) Z6SS samples 
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4.7.2. Dimensional properties of the sintered zeolite-poor rock/sawdust foams 

Fig. 80 depicts the produced glass-ceramic foams' macrostructures and morphology. It is worth 

mentioning that increasing the sawdust content and sintering temperature increases pore size, 

porosity, and overall volume expansion. Due to the fact that adding more sawdust produces 

more gas and raising the temperature produces viscous material coupled with greater internal 

gas pressure, the pores rapidly expanded owing to the coalescence of tiny pores. Moreover, the 

pores' shape is altered from a circular to an irregular maze-like structure. The most important 

point to emphasize is that a portion of the sawdust gets converted through the reduction 

sintering to carbon and deposited on the foam’s inside surface, resulting in black colouration. 

When the alkali-activated mixture decomposes at elevated temperature, vitreous-like materials 

form on the bulk, trapping the sawdust. Therefore, the surface-located sawdust reacts with 

atmospheric oxygen and turns into CO2, whereas bulk-located sawdust turns into carbon; this 

explains why the surface appears white and the bulk turns black. The formation of C is useful 

for thermal insulation since the carbon layer can reflect heat. The technique of adding carbon 

to the produced foams to reduce thermal conductivity is commonly used in industry, such as in 

the manufacturing of expanded polystyrene (EPS) foams. Samples with sawdust sintered at 

950 °C appear shinier (have smooth and glazed surfaces) than the other samples, indicating 

more glassy phase formation. This is consistent with the XRD results (Fig. 81).  

 

Figure 80. The produced foams with different sawdust contents sintered at different 

temperatures 

4.7.3. XRD investigations of the sintered zeolite-poor rock/sawdust foams  

Fig. 81 exhibits the XRD spectra of zeolite-poor rock powder, alkali-activated Z6SS mixture, 

and Z6SS glass-ceramic foams heat-treated under different sintering temperatures. The XRD 

of the alkali-activated sample confirms the chemical reaction of cristobalite, quartz, 

montmorillonite, clinoptilolite, and calcite with sodium hydroxide and the formation of 
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heulandite (Na1.52Al1.21Si36 O97.84, PDF# 96-900-2185). The porous structure of clinoptilolite 

allows NaOH penetration and higher reactivity. The alkali-activation process is associated with 

a reduction in the crystallization tendency. Therefore, the peaks of the alkali-activated samples 

appear with very small intensities in the XRD graph. Upon the sintering and at 850 °C, the 

decomposition of heulandite has taken place, and formation of anorthite 

(Na1.92Ca2.08Si10Al6O32, PDF# 96-100-8758) and amorphous phase. At a higher temperature of 

950 °C, anorthite decomposes to form a completely amorphous glassy phase. 

 

Figure 81. X-ray diffractogram of zeolite-poor rock, alkali-activated (ZS), and (Z6SS) 

foamed specimens fired at variable temperatures. M= montmorillonite, CL= clinoptilolite, C= 

cristobalite, Q= quartz, CA= calcite, H= heulandite, A= anorthite 

4.7.4. FT-IR analysis of the alkali-activated and sintered zeolite-poor rock/sawdust 

samples 

The infrared absorption spectra of alkali-activated samples (ZS and Z6SS) and their sintered 

products at various temperatures are determined and shown in Fig. 82. The bands of the low-

frequency range regions between 1200 and 400 cm-1 are related to the material's aluminosilicate 

structure and generated by the Si–O–Si(Al) linkage' vibrations. The band at 453 cm-1 was for 

Si-O-Si bending vibrations, while the vibrations of the Al-O bond for aluminium in the 

octahedral configuration are responsible for the band at 748 cm-1. A significant wide-stretching 

vibration signal at mid-region 1013 cm-1 is produced as a consequence of the production of 

asymmetric Si-O-T (T = tetrahedral Si or Al) absorption bands. Alkali-activated zeolite-poor 

rocks samples and their sintered foams have quite similar locations for the major band. This 

suggests the formation of the aluminosilicate phase after sintering. At roughly 1400-1600 cm-

1, a distinct band can be seen in alkali-activated samples, which is attributed to the C-O bond 

in carbonate ions and the O-H bond in water molecules. For alkali-activated samples (before 
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sintering), the OH stretching vibration of structural hydroxyl groups and water has a single 

band at about 3600 cm-1. After heat treatment, the materials' spectra are noticeably modified. 

The dihydroxylation and decomposition processes eliminate the bands formed from water, OH 

groups, and C-O bond in carbonate ions. Furthermore, the full width at the half maximum 

(FWHM) of the sintered samples generated by vibrations of Si-O and Al-O bonds have 

widened compared to the FWHM of the initial materials, which indicated a lower degree of 

crystallization (the formation of amorphous phase) [214]. This finding agrees well with the 

XRD analysis (Fig.78). The addition of sawdust results in only a slight change in the main 

peak. 

 
(a) 

 
(b) 

Figure 82. FTIR spectra of alkali-activated and sintered samples of a) ZS, b) Z6SS 

4.7.5. SEM analysis of the alkali-activated zeolite-poor rock/sawdust mixtures 

The microscopic analyses of cured alkali-activated granules (blank and with sawdust) using 

SEM at different magnifications reveal the formation of wickers-like aluminosilicate structure 

intergrowing through the thick matrix at sub-micron and nanoscale sizes (Fig. 83). The alkali-

activation process modified the sawdust's initial surface characteristics (surface roughness). 

The inclusion of sawdust leads to the creation of longer and thinner whiskers since the alkali 

activation reduces the sawdust diameter giving a place for the wickers to grow [215]. 
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 ZS (Control) Z6SS 

 

  

 

  

 

  

Figure 83. SEM images of the alkali-activated mixtures (ZS and Z6SS) at different 

magnifications 

4.7.6. EDS analysis of the alkali-activated zeolite-poor rock/sawdust powders  

The findings of the EDS investigation of the alkali-activated samples (ZS and Z6SS) are given 

in Fig. 84. According to the EDS patterns, the main components of the samples were oxygen, 

silicon, sodium, aluminium, and carbon, confirming the formation of aluminosilicate structure. 

The high amount of sodium has resulted from the alkali-activation process. The carbon content 

of the Z6SS sample was higher than the blank sample. This carbon has resulted from the 

incorporation of sawdust. Several processes occur during the chemical activation of the 

samples, including chemical decomposition and chemical reaction, which is critical for the 

sample's foaming characteristics. 
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(a) 

 
(b) 

Figure 84. EDS investigation of the alkali-activated samples a) ZS, b) Z6SS 

4.7.7. Heating microscope and the foaming mechanism of the alkali-activated zeolite-poor 

rock/sawdust samples 

The heating microscope analysis was used to assess the sinterability and foaming tendencies 

of the alkali-activated powders within a tube furnace. The values of the height change and 

silhouettes taken at various stages throughout the process are determined, and the findings are 

displayed in Fig. 85. Moreover, the foaming mechanism is explained in Fig. 86. In the 

temperature range of 40–1200 °C, three distinguish foaming stages followed by shrinkage were 

noticed (Fig. 85). In the first stage (40–280 °C), the specimen was non-reactive, and it kept 

compact; a slight height shrinkage was observed due to the evaporation of the free water. The 

foaming process starts in the second stage at a temperature range between 300–580 °C with a 

maximum expansion of ≈10%; this behaviour could be ascribed to the partial decomposition 

of the alkali-activated zeolite-poor rock accompanied by the evaporation of crystalline water 

and emission of some gases resulted from the firing of the organic content in an oxygen 

atmosphere. The third stage starts between 580–740 °C with the highest expansion of ≈24%. 

The partial softening of the mixture and the increased release of CO2 gas resulting from the 

sawdust decomposition in the oxygen atmosphere are responsible for this growth. Although 

the mixture started to soften, its viscosity remained quite high. As a consequence, the pressure 

of the produced gas was insufficient to produce a fully formed foam. The most intensive height 

expansion was 56% recorded in the third stage in the temperature range of 740–850 °C. This 

could be assigned to the formation of viscous materials with relatively low surface tension 

associated with the increased internal pressure of the gas that increases the tendency of the 

foaming (pores growth). Eq. 1. describes the state in which pores size enlarges [143]: 

Pg > Po + 2𝜎/𝑟                                                       (1) 

where Pg is the pore internal gas pressure, Po is the external barrier to pore expansion, r is the 

radius of the pore, and σ is the surface tension. 

Upon increasing the sintering temperature (950–1200 °C), the pores enlarge rapidly and move 

toward the surface and eventually escape from the heat-treated sample leading to the "collapse" 
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of the cells and hence decreasing the expansion. This occurs due to low viscosity and high 

vapour pressure. The speed of the pore growth can be described by Stokes law (eq. 2) [143]. 

𝑣 =
2(ρ1 − ρ2 )𝑔𝑟2

9𝜂
                                                      (2) 

where v denotes the velocity of the pore growth, ρ1 and ρ2 denote the densities of liquid and gas 

respectively at high temperature, g represents gravity, r is the radius of the pore, and η is the 

effective viscosity. 

It is apparent that raising the sawdust percentage causes the height expansion to grow due to 

the larger amount of gas produced from the thermal disintegration of sawdust. These 

investigations reveal that the optimal sintering temperatures should be in the range of 850–950 

°C with 10 °C/min heating rate since it enables the production of relatively homogenous and 

uniformly distributed glass-ceramic foam samples. Below the optimal temperature, the 

foaming is quite slow, while at higher temperatures, the fast collapse of the foams was seen (in 

only a few minutes). 

 

Figure 85. Heating microscope graphs of several alkali-activated zeolite-poor rock/sawdust 

samples heat-treated in the temperature range of 40–1200 °C at 10 °/min 
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Figure 86. The foaming mechanism in different alkali-activated zeolite-poor rock/sawdust 

samples 

4.7.8. SEM investigation of the produced alkali-activated zeolite-poor rock/sawdust 

foams 

SEM micrographs of glass-ceramic foams made from alkali-activated zeolite-poor rocks with 

sawdust are shown in Fig. 87. The sample's micrograph reveals the existence of small dark 

holes on the cell surface, which constitute the "windows" between the linked cells. Cells were 

found to be linked to their neighbours in an interconnected system. Between the bigger cells 

lie several smaller cells which may be dissolved in bigger pores (pore coarsening) that are more 

likely to be favoured by a drop in the surface energy of the system, this phenomenon is observed 

in the preparation of the other type of foams as well (metallic foams and polymeric foams) 

[216]. Pore diameters grow when the firing temperature and sawdust fraction are increased due 

to the increase in the amount of gases produced that would increase the internal pressure. 

Moreover, the inclusion of sawdust changes the pore structure from a round-like to an 

elongated structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 
 

 

 ZS (Control) Z6SS 

 

  

 

  

 

  

Figure 87. SEM images of ZS and Z6SS sintered samples 

4.7.9. Micro-CT analysis and properties of the pore structure and morphology of zeolite-

poor rock/sawdust foams 

Fig. 88 shows CT microstructures of two samples (ZS and Z6SS) sintered at 850 °C. Three-

dimensional CT images of each sample together with two-dimensional images of the top and 

two sides views are shown in Fig. 88.a. A combination of binarization and watershed 

segmentation is used to display the specimens' 3D photos. Due to the fact that materials of 

various densities absorb X-rays differently, the bright spots in Fig. 88.a indicated the solid 

matrix, whereas the gas in the pores was shown in various colours (blue, green, and yellow) 

based on the pore size and depth. In terms of mechanical aspects, pore size and wall thickness 

play a significant impact; particularly, smaller pore sizes and wider pore walls are preferred for 

increased mechanical strength, which is commonly aimed for construction materials. As seen 
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in Fig. 89.a, ZS had both big and tiny pores with spherical-like structures. The inclusion of 6% 

sawdust powder in the Z6SS sample increases the pore sizes and leads to irregular pore shape 

formation (maze-like structure). The porosities of the prepared glass-ceramic foams were 

obtained from the CT data. Porosity was found to be 66.2% for ZS and 74% for Z6SS. The 

porosity tests are further validated with the pycnometer test and the results showed comparable 

values of 67% and 75.9% for ZS and Z6SS, respectively. Following the image analysis and 

data processing on CT findings of two-dimensional photos, the pore size distribution of the 

foam samples was determined (Fig. 88.b and Fig. 89.b). Table 16 lists the statistical findings; 

ZS had the highest mean and median pore size distribution compared to ZS samples. As the 

sawdust amount increased, the pore diameter increased as well, suggesting that pore diameter 

and sawdust content were directly correlated. ZS samples had the narrowest range and the least 

standard deviation, whereas Z6SS samples had the widest. Therefore, ZS seemed to have a 

more homogeneous pore size distribution. It may be linked to the fact that only one type of gas 

was responsible for the pore formation. The Z6SS samples, on the other hand, had a very 

variable and uneven pore size distribution; this is in line with the distribution curve shown in 

Fig 89.b and the CT scan photos shown in Fig 89.a. This might be explained by the fact that 

the pores came from various sources involving pores formed by evaporation of water (free and 

crystalline), volatilization of organics matter in alkali-activated zeolite-poor rock, and pores 

produced by the use of blowing agent.   

According to the above examination of glass-ceramic foams' microstructure. The relatively 

homogenous pore size distribution and lower porosity of the ZS sample led to strong 

compressive strength, high bulk density, and greater heat conductivity. However, the relatively 

non-homogenous pores distribution and high porosity could be responsible for ZS6S's 

lightweight and good thermal insulation efficiency, but it may also contribute to its low 

mechanical strength. The pore size distribution had a significant impact on the different 

characteristics of the produced glass-ceramic foams especially mechanical properties [217]. 
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Figure 88. a) CT scan photos of the reference sample (ZS) from different sides and b) the 

pore size distribution of the reference sample (ZS) 
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Figure 89. a) CT scan photos of the Z6SS sample from different sides and b) the pore size 

distribution of the Z6SS sample 
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Table 16. Statistical parameters of the pore size distribution data of ZS and Z6SS 

Samples Median 

(mm) 

Mean 

(mm) 

Minimum 

(mm) 

Maximum 

(mm) 

Standard deviation 

ZS 0.490 0.599 0.192 3.172 0.338 

Z6SS 0.304 0.397 0.015 4.661 0.345 

4.7.10. Bulk density of the produced zeolite-poor rock/sawdust foams 

The influence of sawdust content and sintering temperature on the bulk density of the prepared 

zeolite-poor rock/sawdust foams is shown in Fig. 90. All samples followed a similar pattern; 

their densities tend to noticeably decrease with increasing the sawdust content and the sintering 

temperature. The reason beyond that is upon increasing the sintering temperature, the alkali-

activated samples transformed from solid to semi-liquid with relatively low viscosity, while 

the sawdust incorporated in the sample decomposed simultaneously, creating carbon dioxide. 

The rapid formation of the gas increased the internal pressure in the viscous mixture, causing 

it to expand; therefore, the density decreased. The burning of the sawdust contributes to the 

sintering; thus, at high sawdust content (20%), the increased temperature reduces the viscosity 

of the molten phase. At the same time, a large pressure is developed that causes the gas to 

escape and the foam framework to collapse due to gravity and hence increasing the density. 

All samples floated in water after soaking for 7 days (Fig. 91), confirming a large amount of 

closed porosity and low density of the samples (below 1 g/cm3).  

 

Figure 90. Bulk density of produced zeolite-poor rock/sawdust specimens of various 

compositions heat-treated at various temperatures 
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Samples without sawdust 

 
Samples with sawdust 

Figure 91. Zeolite-poor rock/sawdust ceramic foams after soaking for 7 days in distilled 

water 

4.7.11. Volume expansion of the produced zeolite-poor rock/sawdust foams 

After heating, all samples demonstrated foaming capabilities with different technical 

properties, pore size, and morphology. The influence of sawdust content and sintering 

temperature on the volume expansion is shown in Fig. 92. With the sawdust increasing, the 

volume expansion increased, and the maximum expansion was about 300%. The discharge of 

gases produced by the breakdown of sawdust is the cause of this growth. However, at high 

sawdust content (20%), the samples start to shrink; this is due to the fact that the high amount 

of the gas produced increases the internal pressure until it reaches a point where the viscous 

material can't hold the gas. Therefore, the gas moves out, resulting in the collapse of the foams. 

Increasing the heat treatment temperature, on the other hand, led to an increase in the volume 

expansion due to the reduction in viscosity. This finding agrees perfectly with the heating 

microscope result. 

 

Figure 92. Volume expansion of the prepared zeolite-poor rock/sawdust with different 

compositions sintered at different temperatures 
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4.7.12. The thermal conductivity of the produced zeolite-poor rock/sawdust foams 

Fig. 93 depicts the thermal conductivity of foamed ceramics as a function of sawdust 

concentration. It can be observed that sawdust content greatly lowers the foam density, 

therefore increasing the porosity and decreasing thermal conductivity. Increasing the sintering 

temperature lowers the thermal conductivity as well. This is due to the enhanced formability 

induced by the reduction in the viscosity and increase in the internal gas pressure. Moreover, 

the formation of amorphous carbon in the inner layer of the pores could be useful in reducing 

thermal conductivity by reflecting heat. Even though the high porous materials are useful for 

making lightweight and good thermal insulation materials, other mechanical characteristics of 

the foamed ceramic should be considered.  

 

Figure 93. Thermal conductivity of the prepared zeolite-poor rock/sawdust samples with 

different compositions sintered at different temperatures 

4.7.13. Compressive strength of the produced zeolite-poor rock/sawdust foams 

The effect of sawdust dosages and sintering temperature on the compressive strength of the 

produced glass-ceramic foam samples is shown in Fig. 94. Generally speaking, the pore's 

morphology and structure, especially wall thickness and pore size, significantly impact the 

strength of the glass-ceramic foams generated [218]. The compressive strength decreases as 

the sawdust content increases. This could be assigned to the increase in porosity and reduction 

in wall thickness. Likewise, the increase in sintering temperature reduces the compressive 

strength since the higher temperature leads to the generation of larger pore sizes due to pores 

coarsening. Moreover, the increase in temperature converts the crystalline phases in the 

produced foams to an amorphous glassy phase, as confirmed by XRD (Fig. 76). However, all 

the samples showed compressive strength comparable to that of commercially available glass 

foams. 
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Figure 94. Compressive strength of the produced zeolite-poor rock/sawdust samples with 

varied compositions sintered at various temperatures 

Fig. 95 shows the compressive stress-strain curves of produced glass-ceramic foams samples 

with different compositions (ZS and Z6SS). The examined samples showed standard stress-

strain characteristics of brittle, porous materials. As the samples were subjected to the external 

compressive load, it revealed an elastic deformation represented by a linear relationship till it 

reached the maximum point (yield strength), then a rapid reduction in tension occurred, 

indicating the failure of upper cells, the stress was then passed to the next cells. It continued to 

increase until the foam was fully destroyed. The maximum stress changes between 1.5 and 4.5 

MPa based on the density of the specimens. The fracture stress of the fabricated glass-ceramic 

foams could be described by the Gibson–Ashby equation (equation 3) [219]. 

σf = σbend [𝐶(𝜙ρrel) 
3

2 + (1 − 𝜙)ρrel ]                                 3 

Where σbend denotes the bending strength of the glassy phase, C is a constant, ϕ signifies the 

volume percentage of solids placed on the cell boundaries ρrel represents the relative density of 

the glass-ceramic foam. The value of the bending strength of the glassy phase and the constant 

(C) are consecutively provided as 0.2 and 70 MPa [220].  
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Figure 95. Compressive stress-strain curves of ZS and Z6SS foamed ceramic samples 

sintered at 850 °C 

4.7.14. The relationships between density, compressive strength, and thermal 

conductivity of the produced zeolite-poor rock/sawdust foams 

The correlation between the densities, the correspondence thermal conductivities, and the 

compressive strengths of the prepared foams are illustrated in Fig. 96. Both thermal 

conductivities and compressive strength exhibited a quite similar trend. In the observed region, 

the thermal conductivity rises continuously with the rise in density. The minimum value for 

the thermal conductivity was 0.04 W/mK achieved when the density was 0.32 g/cm3. Likewise, 

the increase in density leads to an increase in compressive strength.  

 

Figure 96. The relationship between density, thermal conductivity, and compressive strength 

of the prepared zeolite-poor rock/sawdust foams with various compositions burned at 900 °C 
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4.8. Discussion and conclusions 

Objective listed in Chapter 1.1 and the answers: 

• To investigate the effect of chemical activation on the prepared ceramic powders. 

The effect of alkali-activation on the prepared mixtures has been systematically investigated. 

The SEM analysis of the alkali-activated mixtures confirms the intergrowths of whisker-like 

sodium aluminosilicate structure at sub-micron and nanoscale sizes (Fig. 83). This might be 

owing to zeolite-poor rock's porous structure, which enables better NaOH penetration, resulting 

in a higher reactivity. 

• To evaluate the effect of the sawdust incorporation on the foamability of the alkali-

activated mixture. 

The varied mixes' alkali activation results in a notable decrease in the softening and foaming 

temperatures as well as an increase in the amorphous content of the generated samples. The 

XRD analysis carried out on alkali-activated and heat-treated samples showed that a 

physicochemical reaction had taken place, resulting in the creation of the two primary 

crystalline phases heulandite and anorthite (Fig. 81). Using a heating microscope, experimental 

evidence has shown that the quantity of foaming agent employed, and the sintering temperature 

have a substantial influence on the height expansion and foaming process. Furthermore, it was 

found that the optimal heat treatment conditions are 850–900 °C and 5–10 °C/min residence 

time (Fig. 85). 

• To evaluate the impact of sawdust incorporation on the technical properties of the 

developed glass-ceramic foams, such as bulk density, shrinkage, apparent porosity, 

water absorption, thermal conductivity, and compressive strength. 

The porosity of the foamed ceramic samples increased from 66.2% for the blank sample (ZS) 

to 74% for the samples containing 6% of sawdust, as confirmed in CT-scan analysis. The 

increase in porosity is crucial in enhancing thermal insulation. Using sawdust as a foaming 

agent has some extra advantages since it produces carbon in the closed pores' inner surface, 

contributing to better thermal insulation. Taking into account parameters like compressive 

strength and thermal conductivity, the ideal temperature for heat treatment was 900 °C. The 

achieved value of low density (0.3–0.7 g/cm3), together with the sample's good compressive 

strength (0.3–4.5 MPa) and low thermal conductivity (0.04–0.17 W/mK), may be considered 

highly satisfying findings which can enable these materials to be a potential candidate for 

thermal and/or sound insulation buildings materials. 

• To compare the technical findings of the created zeolite-poor rock/sawdust 

samples to the results of the most recent research on glass-ceramic foams. 

According to research reported in the literature, a variety of raw materials may be used to 

manufacture glass-ceramic foams (Table 5). It’s worth mentioning that zeolite-poor rock and 

sawdust are promising foam-making components, as the produced specimens showed technical 

properties comparable to the commercial glass-ceramic foam having compressive strength and 

density of 0.6 MPa and 115 kg/m3, respectively. 
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Conclusion 

• It was proved that it is possible to produce new glass-ceramic foams with low density 

(0.3–0.7 g/cm3), low thermal conductivity (0.04–0.17 W/mk) and good compressive 

strength (0.3–4.5 MPa) based on zeolite-poor rock (D <100 µm) and sawdust 

(D90<100 µm) using alkali activation and reactive sintering techniques. Sawdust 

partially substitutes zeolite-poor rock. The substitution percentages were 0–20% by 

wt% of zeolite-poor rock. The prepared powder mixtures were treated with 2M 

NaOH solutions for alkali activation, well-mixed for 5 min and then dried in the 

oven at 200 °C for 2 days. The alkali-activated dried powders were ground in a 

planetary ball mill for 15 min at 150 rpm. Using uniaxial pressing machines at a 

pressure of 18 MPa, the milled powders were then compacted to form cylindrical 

pellets. The green ceramic bodies were heat-treated at varied temperatures (850, 

900, and 950 °C) for 5 min holding time, with 5 °C/min heating rate. 

• I established that the microstructure of the alkali-activated samples could be 

modified by the addition of sawdust (D90<100 µm). The alkali activation of milled 

zeolite-poor rock + 6% sawdust using 2M of NaOH followed by drying at 200 °C for 

2 days led to the formation of wickers-like aluminosilicate structure intergrowing 

through the thick matrix at sub-micron and nanoscale sizes (SEM images, Fig. 83).  

• I demonstrated that the application of 8 wt% of sawdust to zeolite-poor rock 

(D90<100 µm) followed by the alkali activation with 2M NaOH solutions, drying at 

200 C for 2 days and sintering at temperatures of 850 °C for 5 min holding time, 

with 5 °C/min heating rate, leads to the development of foams with the lowest 

thermal conductivity (0.04 W/mk) compared to the samples without sawdust (Fig. 

93).  

• I established that softening and foamability of the alkali-activated zeolite-poor rock 

(2M NaOH, 200 °C, 2 days) can be modified by using different foaming agents. In 

the case of alkali-activated zeolite-poor rock (D90<100 µm) containing sawdust (2-

20 wt%) (D90<100 µm) sintered in the temperature range of 40-1200 °C, the 

foaming occurs in 3 steps reaching a maximum height of 216%, followed by a 

collapse of the foams (Fig. 85).  

• I established that by the addition of the sawdust to zeolite-poor rock followed by 

alkali activation (2M NaOH, 200 °C, 2 days) and sintered at 900 °C with a heating 

rate of 5 °C/min and residence time of 10 min, the pore’s structure can be modified, 

which influenced the compressive strength of the produced samples. The sample 

incorporated 6 wt% sawdust produced foams with irregular pore size and structure 

(Fig. 89) and exhibited the least compressive strength (2 MPa). The irregular pore 

shape and non-homogenous pore distribution are connected to the relatively high 

compressive strength in samples 
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4.9. Result of Innovative glass-ceramic foams based on zeolite-poor rocks 

incorporated eggshell 

4.9.1. TG/DTA of the alkali-activated zeolite-poor rock/eggshell mixtures 

The TG/DTA thermal analysis of alkali-activated samples (ZS and Z4ES) at examined 

temperature range (40–1200 °C) is illustrated in Fig. 97.a and Fig. 97.b. Normally at a lower 

temperature, zeolite release the moisture adsorbed to its micropores without disrupting the 

aluminosilicate framework structure. The weight loss in the temperature interval of 40–177.7 

°C was 6.98%, corresponding to the endothermic peak at 122.17 °C in the DTA curve. This 

weight loss is assigned to the removal of the free water from montmorillonite and adsorbed 

water from the zeolite. A second weight loss of 3.729 is observed at a temperature zone of 190–

311.13 °C, which can be ascribed to the evaporation of the crystalline water in the alkali-

activated sample. Finally, a weight loss of 4.19% is obtained at the temperature range of 311–

810 °C and can be attributed to the burn-out of the organic content and decomposition of the 

aluminosilicate structure.  

Fig. 97.b displays the TG/DTA measurement of the alkali-activated Z4ES sample. The TG 

graph indicates an overall weight loss of 21.2%, split into three segments. Initially, 11.9% 

weight loss is visible at temperatures varying from 40 to 148.4 °C, coinciding with the 

endothermic peak at 93.5 °C in the DTA graph; this is due to moisture removal. Secondly, a 

weight loss of 6.6% was measured at temperatures extending from 147.8 to 305.2 °C. This 

weight loss may be ascribed to the removal of crystalline water and the firing of organic matter. 

Eventually, a weight loss of 4.805% was attained between 305 °C and 725 °C, showing the 

continuing firing of organic content. A broad exothermic peak is visible in the temperature 

range of 804–1200 °C in the DTA curve. This might be ascribed to the breakdown of the 

sodium aluminosilicate components followed by a physicochemical reaction. It is important to 

note that the addition of eggshell to the alkali-activated mixture resulted in higher weight loss 

due to the decomposition of calcite forming CO2 and CaO. The emission of gas resulting from 

eggshell disintegration is important for the foaming of the samples. 

 
(a) 

 
(b) 

Figure 97. TG and DTA profiles of (a) ZS and (b) Z4ES 
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4.9.2. Dimensional properties of the sintered zeolite-poor rock/eggshell foams 

Fig. 98 depicts the dimensional changes of the different zeolite-poor rock/eggshell foams 

burned at varying temperatures, acquired by images on a normal scale. It is worth highlighting 

that raising the amount of eggshell content first leads to a rise in pore size and total volume 

expansion, followed by shrinkage and reduced pore size. On the other hand, increasing the 

sintering temperature increases the pore size. This indicates the strong correlation between the 

pore size, amount of the foaming agent, and sintering temperature. The CaO acts as a flux 

reducing the melting temperature; therefore, a sparkling glassy phase is formed at high eggshell 

content and high sintering temperature. This is compatible with the XRD findings (Fig. 99). 

The reference samples (ZS) heat-treated at a temperature range of 850 °C show cracks in the 

surface due to insufficient molten-phase formation. 

 

Figure 98. Photos of foamed samples with varied contents of eggshell sintered at different 

temperatures 

4.9.3. XRD investigations of the sintered zeolite-poor rock/eggshell foams 

XRD patterns of different zeolite-poor rock/eggshell foams fired at various temperatures are 

shown in Fig. 99. NaOH may penetrate the clinoptilolite pores more easily during the alkali-

activation because of its porous nature and catalytic behaviour. This leads to the chemical 

interaction of cristobalite, quartz, montmorillonite, clinoptilolite, and calcite with sodium 

hydroxide and the formation of heulandite (Si36Al1.21Na1.52O97.84), PDF# 96-900-2185) as 

confirmed by XRD analysis. Moreover, the analysis reveals the occurrence of the amorphous 

phase and anorthite (Na1.92Ca2.08Si10Al6O32, PDF# 96-100-8758) at an elevated temperature of 

850 °C. Anorthite decomposes to generate a totally amorphous glassy phase at a higher 

temperature of 950 °C. 
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Figure 99. X-ray diffraction patterns of zeolite-poor rock, alkali-activated (Z4ES), and 

(Z4ES) foamed samples heat-treated at different temperatures. M= montmorillonite, CL= 

clinoptilolite, C= cristobalite, Q= quartz, CA= calcite, H= heulandite, A= anorthite 

4.9.4. FT-IR analysis of the alkali-activated and sintered zeolite-poor rock/eggshell 

samples 

Fig. 100 displays the FTIR spectra of alkali-activated and sintered samples (ZS and Z4ES) in 

infrared of a middle range (400–4000 cm-1). All the samples have a significant wide 

asymmetric stretching vibration of the T-O-T group (T = Si, Al) that occurred at 800–1300 cm-

1 and centred at approximately 1016 cm-1 in their spectra. This band is created by tetrahedral 

units [SiO4] and [AlO4]
- and is considered the primary band of aluminosilicate materials [77]. 

The absorption bands in regions around 453 cm-1 and 748 cm-1 are responsible for Si-O-Si 

bending vibrations and Al-O vibrations bond for aluminium in the octahedral configuration, 

respectively. Their appearance in the IR spectrum is owing to the aluminosilicate nature of the 

structure. A unique band is detected in alkali-activated materials at about 1400–1600 cm-1, 

which is ascribed to the C-O link in carbonate ions and the O-H bond in water molecules. In 

the spectra of the alkali-activated samples, a soft peak at roughly 3600 cm-1 can be observed 

and indicate the OH stretching vibration of structural hydroxyl groups and water. The FTIR 

spectra did not change much after the heat treatment indicating the formation of aluminosilicate 

compound. In addition, the major bands at 1016 cm-1 got slightly rounder and wider in shape, 

which suggested a reduced degree of crystallization [214]. This outcome correlates well with 

the XRD data Fig. 99.  
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(a) 

 
(b) 

Figure 100. FTIR spectra of alkali-activated and sintered samples of a) ZS, b) Z4ES 

4.9.5. SEM analysis of the alkali-activated zeolite-poor rock/eggshell samples 

SEM micrographs of alkali-activated specimens (ZS and Z4ES) are displayed in Fig. 101. After 

the NaOH treatment of ZS samples, the constituents of zeolite-poor first decomposed, followed 

by a chemical reaction, resulting in the formation of heulandite in a submicron wickers-like 

structure. Moreover, an amorphous structure is formed, as confirmed by XRD analysis. The 

addition of eggshell in Z4ES sample modified the heulandite structure and led to the creation 

of nanofibers intergrowing from a thick matrix. 
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 ZS (Control) Z4ES 

 

  

 

  

 

  

Figure 101. SEM photographs of the alkali-activated samples (ZS and Z4ES) at various 

magnifications 

4.9.6. EDS analysis of the alkali-activated zeolite-poor rock/eggshell samples 

Fig. 102 shows the EDS of the alkali-activated samples ZS and Z4ES. Based on the EDS 

spectra, the basic constituents of the samples were oxygen, silicon, sodium, aluminium, and 

carbon, indicating the creation of sodium aluminosilicate configuration. The large level of 

sodium has occurred from the alkali-activation step.  
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Figure 102. EDS examination of the alkali-activated samples a) ZS, b) Z4ES 

4.9.7. Heating microscope and the foaming mechanism of the alkali-activated zeolite-poor 

rock/eggshell samples 

Heating microscope studies were used to examine the heat treatment and foamability of alkali-

activated zeolite-poor rock/eggshell powders in the temperature range of 40–1200 °C; the 

findings are presented in Fig. 103. As can be seen in Fig. 103, the foaming process is divided 

into four consecutive steps, which are designated from stage 1 to stage 4. In the first step, all 

samples showed a slight shrinkage, which increased with temperature till it reached its highest 

value (≈5%) at around 200 °C. This is the consequence of free water evaporation. A slight 

expansion appears between 220 °C and 550 °C in stage 2 for low eggshell-containing samples 

(ZS–Z6ES). This could be assigned to the partial decomposition of alkali-activated samples 

associated with the evaporation of crystalline water. In the third stage, intensive foaming has 

been observed in the temperature interval of 550–850 °C; this phenomenon occurs because 

when the mixture is heated above the softening temperature, a sealed pores structure forms, 

prohibiting the produced gaseous from escaping and resulting in the formation of tiny and 

spherical cells. As the temperature increases, the gas's internal pressure also increases, 

accompanied by a reduction in viscosity. As a result, the viscoelastic material expands, 

reaching the maximum expansion at around 850 °C. ZS exhibits a decreased "foaming" 

potential, which can be attributed to a lack of foaming agents. In contrast, Z4ES showed the 

highest foaming capability due to the optimal amount of gas produced from the foaming agent. 

With increasing the eggshell content above 4%, the expansion decreased because the CaO 

produced from the decomposition of the eggshell affects the viscosity and the gas pressure. At 

the end of stage 3 (above 850 °C), the big pores grow and combine with the small pores 

surrounding them, reducing the system's surface energy. 

Finally, at stage 4, the samples begin to "collapse," which indicates that the constructed cell 

walls progressively melt above 1000 °C due to the increased gas pressure and reduced 

viscosity. The greater the eggshell content, the quicker the melting of the foams as CaO of the 

eggshell acts as a flux, minimizing the melting temperature. 
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Figure 103. Heating microscope curves of different zeolite-poor rock/eggshell samples 

sintered in a temperature interval of (40-1200 °C) at 10 °/min 

4.9.8. SEM investigation of the produced alkali-activated zeolite-poor rock/eggshell foams 

Fig. 104 illustrates the microstructures of glass-ceramic foams (ZS and Z4ES) sintering at 

variable temperatures with a 5 °/min heating rate and 10 min residence time. As observed in 

these SEM micrographs, all the samples exhibit a considerable amount of porosity with non-

homogeneous pore size and distribution. Demonstrated pores are approximately spherical.  The 

wide particle size distribution of the raw powders and interconnected pores are assumed to be 

causative of the uneven distribution of the pores. It can be noticed that the pore morphology 

and size were impacted by the quantity of eggshell correspondingly. Samples without eggshell 

(blank) exhibit smaller and more evenly sized cells with relatively increased cellular structure 

uniformity. On the contrary, samples containing a high amount of eggshell demonstrate 

irregular microstructures with comparatively uneven and greater pore size and thicker struts. 

With increasing sintering temperature, the viscosity dropped. Furthermore, the amount of gas 

and the internal gas pressure rose during the heat treatment and led to larger pores due to the 

pore's coalescence. This phenomenon can be seen clearly in the samples sintered at 950 °C, 

where big pores are surrounded by wide cell walls with tiny, closed pores on them. The SEM 

findings suggest that the majority of the pores are closed pores.  
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Figure 104. SEM images of the fracture surface of ZS and Z4ES samples sintered at different 

temperatures 

4.9.9. Micro-CT analysis and properties of the pore structure and morphology of zeolite-

poor rock/eggshell foams 

The microstructure of the produced foams is one of the essential parameters determining the 

various technical properties. To evaluate the pore structure and distribution, the samples were 

further analyzed using CT, which allowed the creation of 3D photos (Fig. 105). As items with 

varied densities have variable capability in X-ray absorption, the lighter regions in Fig. 105.a 

and 105.c indicate the ceramic body, while other colours (blue, green, yellow, and red) depict 

the pores based on their width and depth. The overall porosity grew from 66.2 to 71.9% as the 

quantity of eggshell increased to 4%. Pore diameter ranged from 0 and 2.1 mm for ZS, but a 

larger pore size distribution (0–2.6 mm) was seen in samples containing 4% eggshell (Z4ES). 
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The porosity tests were further validated with the pycnometer test and the results showed 

comparable values of 67% and 72.03% for ZS and Z4ES, respectively. The increase in pore 

size and porosity could lead to a reduction in thermal conductivity, leading to better thermal 

insulation. But on the other hand, it may reduce compressive strength.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 105. CT scan analysis of zeolite-poor rock/eggshell foams, a) 3D image of ZS, b) 

pore sizes distribution of ZS, c) 3D image of Z4ES, and d) pore sizes distribution of Z4ES 

4.9.10. Bulk density of the produced zeolite-poor rock/eggshell foams 

Fig. 106 depicts the influence of the pore-forming agent (eggshell) and sintering temperature 

on the bulk density of the foamed samples. As the eggshell content increases, the density of the 

specimens reduces until it reaches the minimum value (0.54 g/cm3) when 4% of eggshell is 

added and sintered at 900 °C, then it starts to increase gradually with increasing the amount of 

eggshell till achieving the highest value of 1.07 g/cm3 when 20% of eggshell is embedded to 

the mixture and heat-treated at 950 °C. The reason for this process is that upon sintering, 

eggshell decomposes and produces CaO and CO2. At lower eggshell content, the gas is 

entrapped in the high viscous phase leading to high blowing capability. However, at high 

eggshell content and sintering temperature, the produced CaO affects the viscosity of the 

molten glass phase and hinders the foaming behaviour resulting in lower foamability. 

Therefore, higher densification of the samples takes place. All the foamed samples except 

Z20ES floated in distilled water after immersion for one week (Fig. 107), demonstrating a 

substantial proportion of closed porosity and density below 1 g/cm3. 



106 
 

 

Figure 106. Bulk density of the different zeolite-poor rock/eggshell foams heat-treated at 

various temperatures 

 
Samples without eggshell 

 
Samples with eggshell 

Figure 107. Zeolite-poor rock/eggshell ceramic foams after immersing for a week in distilled 

water 

4.9.11. Volume expansion of the produced zeolite-poor rock/eggshell foams 

The effect of foaming agent content and sintering temperature on the volume expansion of the 

foamed samples is shown in Fig 108. As the quantity of foaming agent increases, the volume 

expansion starts to increase and reaches the maximum value with 4% addition of eggshell and 

sintering at 900 °C, followed by a gradual decrease with increasing the amount of the foaming 

agent and sintering temperature due to the limited capacity of the low viscosity liquid phase to 

swell under the pressure of the emitted gases. This finding agrees quite well with the heating 

microscope and CT scan results in Fig. 103 and Fig. 105, respectively. 
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Figure 108. Volume expansion of the different zeolite-poor rock/eggshell foams heat-treated 

at various temperatures 

4.9.12. The thermal conductivity of the produced zeolite-poor rock/eggshell foams 

Fig. 109 shows the connection between the composition, thermal conductivity, and sintering 

temperatures of the various foamed samples. The value of thermal conductivity first decreased 

with increasing eggshell content and showed the minimum value (0.06 W/mK) with the 

addition of 8% eggshell sintered at 850 °C. Then with a further increase in eggshell content, 

the thermal conductivity tends to increase. The maximum measurement of the thermal 

conductivity was 0.3 W/mK attained from the specimen with 20% eggshell fired at 800 °C. 

Thermal conductivity is generally recognized to be associated with porosity as the pores are 

frequently occupied with gases, functioning as a barrier and lowering thermal conductivity. 

 

Figure 109. Thermal conductivity of the various zeolite-poor rock/eggshell foams heat-

treated at various temperatures 
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4.9.13. Compressive strength of the produced zeolite-poor rock/eggshell foams 

Fig. 110 shows the compressive strength of various samples fired at various temperatures. The 

compressive strength values of the produced glass-ceramic foams diminish with the rising 

quantity of foaming agents but then increase at the higher eggshell content. With raising the 

heat treatment temperature, the compressive strength tends to decrease. This could be due to 

the reduction in the degree of crystallization of the samples prepared at high temperature, as 

confirmed with XRD analysis Fig. 96. The standard deviation of the foamed samples was 

determined to be around 10% compared to the average compressive strength values, 

demonstrating uniform mechanical strengths for the different compositions of the prepared 

samples.  

 

Figure 110. Compressive strength of the various zeolite-poor rock/eggshell foams heat-

treated at various temperatures 

4.10. Discussion and conclusions 

Objective listed in Chapter 1.1 and the answers: 

• To investigate the effect of chemical activation on the prepared zeolite-poor 

rock/eggshell powders. 

The alkali-activation process is carried out using 2M NaOH solution; NaOH is well mixed with 

the previously prepared mixtures and dried for 2 days at 200 °C. The SEM analysis of the 

alkali-activated mixtures confirms the intergrowths of wicker-like sodium aluminosilicate 

structure at sub-micron and nanoscale sizes. This might be owing to zeolite-poor rock's porous 

structure, which enables better NaOH penetration, resulting in a higher reactivity. The alkali-

activated samples possess a low-temperature melting that allows the materials to foam upon 

the emission of the gases. The XRD suggested the formation of heulandite and amorphous 

structure in the alkali-activated materials.  
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• To evaluate the effect of the eggshell incorporation on the foamability of the alkali-

activated mixture. 

The alkali activation in the different mixtures contributes to a remarkable lowering of both the 

softening and foaming temperatures and a reduction in the crystallinity of the produced 

samples. XRD results revealed the occurrence of physicochemical reaction with the formation 

of two main crystalline phases: heulandite and anorthite, after the alkali activation and thermal 

treatment of the mixtures. The systematic investigations using a heating microscope indicate 

that the amount of foaming agent used and sintering temperature significantly impact the 

foaming mechanism and the height expansion. Moreover, the ideal sintering temperature was 

determined to be in the range of 850–900 °C, while the appropriate heating rate was 10 °C/min. 

• To evaluate the impact of eggshell incorporation on the technical properties of the 

developed glass-ceramic foams, such as bulk density, shrinkage, apparent porosity, 

water absorption, thermal conductivity, and compressive strength. 

The developed samples showed density varying from 0.54 to 1.07 g/cm3, thermal conductivity 

extending from 0.06 to 0.3 W/mk, and compressive strength ranging from 1.01 to 6.7 MPa, 

demonstrating considerable versatility of glass-ceramic foams. Glass-ceramic foams produced 

from zeolite-poor rock and eggshell could be an excellent energy-saving alternative to 

conventional glass foams in construction applications. 

• To compare the technical findings of the created zeolite-poor rock/eggshell 

samples to the results of the most recent research on glass-ceramic foams. 

As per the studies mentioned in the literature (Table 5), a range of raw materials could be 

utilized for the preparation of glass-ceramics foams, including waste glass, fly ash, coal bottom 

ash, red mud etc. It’s worth highlighting that zeolite-poor rock (main raw material) and eggshell 

(foaming agent) are potential feedstock to produce glass ceramic foams since the created 

samples demonstrated technological features comparable to the findings in the literature with 

the extra benefit of cost-effectiveness. 

Conclusion 

• It was proved that it is possible to produce new glass-ceramic foams with low density 

(0.54–1.07 g/cm3), low thermal conductivity (0.06–0.3 W/mk) and good compressive 

strength (1.01–6.7 MPa) based on zeolite-poor rock (D <100 µm) and eggshell 

(D90<100 µm) using alkali activation and reactive sintering techniques. Eggshell 

partially substitute zeolite-poor rock. The substitution percentages were 0–20% by 

wt% of zeolite-poor rock. The prepared powder mixtures were treated with 2M 

NaOH solutions for alkali activation, well-mixed for 5 min and then dried in the 

oven at 200 °C for 2 days. The alkali-activated dried powders were ground in a 

planetary ball mill for 15 min at 150 rpm. Using uniaxial pressing machines at a 

pressure of 18 MPa, the milled powders were then compacted to form cylindrical 

pellets. The green ceramic bodies were heat-treated at varied temperatures (850, 

900, and 950 °C) for 5 min holding time, with 5 °C/min heating rate. 

• I established that the microstructure of the alkali-activated samples could be 

modified by the addition of eggshell (D90<100 µm). The alkali activation of milled 

zeolite-poor rock containing 4% eggshell using 2M of NaOH followed by drying at 
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200 °C for 2 days leads to the decomposition of zeolite-poor rock, followed by a 

chemical reaction, resulting in the formation of needle-like nanofibers intergrowing 

from a matrix (Fig. 101). The modification of these different nanostructures (large 

surface area) makes it possible to produce glass-ceramic foams at a lower 

temperature (850–950 °C) with different properties.  

• I established that softening and foamability of the alkali-activated zeolite-poor rock 

(2M NaOH, 200 °C, 2 days) can be modified by using different foaming agents. In 

the case of alkali-activated zeolite-poor rock (D90<100 µm) containing eggshell (2-

20 wt%) (D90<100 µm) sintered in the temperature range of 40-1200 °C, the 

foaming process takes place in two stages showing a maximum expansion in the 

height of 188% (Fig. 103).  

• I established that by the addition of the eggshell to zeolite-poor rock followed by 

alkali activation (2M NaOH, 200 °C, 2 days) and sintered at 900 °C with a heating 

rate of 5 °C/min and residence time of 10 min, the pore’s structure can be modified, 

which influenced the compressive strength of the produced samples. The samples 

containing 4 wt% eggshell have spherical and large pores (Fig. 105) with a 

moderated compressive strength (1.4 MPa) 
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5. Summary 

The current study is the first work to investigate the usage of zeolite-poor rock and solid waste 

(sawdust and eggshell) in the manufacturing of innovative ceramic bricks and glass-ceramic 

foams with enhanced thermal insulation properties in an attempt to address the sustainability-

connected challenges. Based on the experimental findings, the following conclusions can be 

obtained.  

• Porous bricks and glass-ceramic foams based on zeolite-poor rock and solid waste 

(sawdust and eggshell) have been successfully prepared and characterized. Sintering 

the mixtures at a temperature range of 950-1250 °C led to the formation of porous 

bricks, while the heat treatment of the alkali-activated mixtures in the temperature range 

of 850-950 °C resulted in the development of glass-ceramic foams. 

• The produced samples (porous bricks and glass-ceramic foams) possess lightweight, 

good compressive strength and superior thermal insulation compared to the result of 

other works in the literature. 

• The proper milling, compaction and sintering conditions have been determined. 

Zeolite-poor rock is a soft rock and easy to crush. It forms fine and homogenous 

powders when mixed with sawdust and eggshell. Upon uniaxial pressing, zeolite-poor 

rock mixture produces a compacted green ceramic that can be easily handled.     

• The alkali activation of the samples using 2M NaOH results in the formation of 

whiskers-like sodium aluminum silicate in submicron and nanosize; the alkali-activated 

samples possess a lower softening behaviour leading to a low-temperature melting. The 

viscous material resulting from the heat treatment tends to expand due to the emission 

of the gases making the foams. 

• In both cases (production of bricks and foams), the heat treatment process leads to the 

decomposition of the mineral phases in raw materials and the occurrence of 

physicochemical reaction that leads to the formation of new phases.  

• Zeolite-poor rock is an easily mined and processed material, while sawdust and eggshell 

are available waste. They both can contribute to a safer and cleaner environment in 

several ways, for instance, by minimizing energy consumption and the cost related to 

waste management. Preparation of insulating building materials using available and 

relatively inexpensive raw materials could lead to economically cost-effect and 

environmentally-friendly building materials with superior properties.  
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6. Claims/New scientific results 

Based on the integrated experimental research studies of porous bricks and glass-ceramic 

foams production from zeolite-poor rocks and solid waste (sawdust and eggshell), the 

following new scientific findings were derived: 

6.1. Claims for the development of porous ceramic bricks 

Claim 1. Preparation of innovative composite bricks based on zeolite-poor rock and solid 

waste (sawdust and eggshell) 

It was proved that it is possible to produce innovative building bricks with low density (1.4–

1.88 g/cm3) and low thermal conductivity (0.13–0.7 W/mk) based on zeolite-poor rock (Tokaj) 

(D <100 µm) together with solid waste (sawdust and eggshell powder) (D90<100 µm). 

Sawdust and eggshell were added as a partial replacement for zeolite-poor rock in the 

specimens. The replacement percentages of sawdust and eggshell were 0–10 wt% and 0–20 

wt%, respectively, by mass of zeolite-poor rock. The mixed powders were milled for 15 min 

at 150 rpm to produce homogenous mixtures. The prepared mixtures were pressed at 40-45 

MPa. The produced green ceramic samples were then sintered at variable temperatures (950, 

1050, 1150, and 1250 °C) for 3 h holding time and a heating rate of 60 °C/h. Bricks produced 

by this technique using these raw materials show no efflorescence (no salt formation on the 

surfaces). 

Claim 2. The effect of sawdust and eggshell addition on the pores of the produced bricks. 

I established that the inclusion of 8 wt% sawdust (D90 <100 µm) into zeolite-poor rock powder 

(D <100 µm) followed by ball milling for 15 min at 150 rpm, dry pressing at 45 MPa and 

sintering at a temperature range of 950-1250 °C with a residence time of 3 h and a heating rate 

of 60 °C/h resulted in bricks with an irregular porous structure having large numbers of open 

pores (Fig. A1). While the incorporation of 20 wt% eggshell powder (D90 <100 µm) into the 

zeolite-poor rock powder, followed by the same production process with the same conditions, 

led to the formation of a cellular structure with a relatively larger number of round-like closed 

pores (Fig. A2). 

 
(1) 

 
(2) 

Fig. A. SEM images of the fracture surface of a) zeolite-poor rock and b) zeolite-poor 

rock+20% eggshell sintered at 1050 °C 
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Claim 3. The effect of eggshell addition on the compressive strength of the produced 

samples 

I established that with the addition of 10 wt% eggshell powder (D90<100 µm) into zeolite-

poor rock powder (D<100 µm), followed by the ball milling, dry pressing at 45 MPa and 

sintering at a temperature range of 950-1250 °C with a residence time of 3 h and a heating rate 

of 60 °C/h, bricks with higher compressive strength can be obtained compared to the bricks 

containing the same amount of sawdust (D90 <100 µm). This could be explained by the fact 

that during the sintering, the eggshell decomposes and produce CaO, which acts as a flux that 

induces the liquid phase formation causing verification that binds the particles together and 

results in higher compressive strength of the produced eggshell containing bricks (Fig. B2). 

 
(1) 

 
(2) 

Fig. B. SEM images of (a) zeolite-poor rock + 6% sawdust (b) zeolite-poor rock + 10% 

eggshell samples sintered at 1050 °C showing the formation of the vitreous phase 

Claim 4. Formation of mullite whisker in the composite bricks containing sawdust  

I established that the inclusion of 8 wt% sawdust into zeolite-poor rock (D <100 µm), followed 

by the ball milling for 15 min at 150 rpm, dry pressing at 45 MPa and sintering at a temperature 

range of 950-1250 °C with a residence time of 3 h, contributes to the firing raising the 

temperature. As a result, a mullite phase in a whisker-like structure has been formed at a 

relatively lower temperature (1150 °C), as confirmed by SEM, EDS (Fig. C) and XRD (Fig. 

D).   

 

 

 
Fig. C. SEM and EDS micrograph of the fracture surface of zeolite + 8% sawdust sintered at 

1150 °C 
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Fig. D. XRD results of zeolite-poor rock powder and fired specimens with 6% sawdust 

6.2. Claims for manufacturing of glass-ceramic foams 

Claim 5. Development of new glass-ceramic foams based on zeolite-poor rock and solid 

waste (sawdust and eggshell) 

It was proved that it is possible to produce new glass-ceramic foams with low density (0.3–

1.07 g/cm3), low thermal conductivity (0.04–0.3 W/mk) and good compressive strength (0.3–

6.7 MPa) based on zeolite-poor rock (D <100 µm) and (sawdust and eggshell powder) 

(D90<100 µm) using alkali activation and reactive sintering techniques. Sawdust and eggshell 

partially substitute zeolite-poor rock. The substitution percentages were 0–20% by wt% of 

zeolite-poor rock. The prepared powder mixtures were treated with 2M NaOH solutions for 

alkali activation, well-mixed for 5 min and then dried in the oven at 200 °C for 2 days. The 

alkali-activated dried powders were ground in a planetary ball mill for 15 min at 150 rpm. 

Using uniaxial pressing machines at a pressure of 18 MPa, the milled powders were then 

compacted to form cylindrical pellets. The green ceramic bodies were heat-treated at varied 

temperatures (850, 900, and 950 °C) for 5 min holding time, with 5 °C/min heating rate. 

Claim 6. The alkali-activation modified the structure of the produced mixtures containing 

sawdust and eggshell  

I established that the microstructure of the alkali-activated samples could be modified by the 

addition of sawdust and eggshell (D90<100 µm). The alkali activation of milled zeolite-poor 

rock containing 6% sawdust using 2M of NaOH followed by drying at 200 °C for 2 days led 

to the formation of wickers-like aluminosilicate structure intergrowing through the thick matrix 

at sub-micron and nanoscale sizes (SEM images, Fig. E1). While in the case of the sample 

containing milled zeolite-poor rock containing 4% eggshell, the alkali-activation in the same 

condition leads to the decomposition of zeolite-poor rock, followed by a chemical reaction, 

resulting in the formation of needle-like nanofibers intergrowing from a matrix (Fig. E2). The 

modification of these different nanostructures (large surface area) makes it possible to produce 

glass-ceramic foams at lower temperature (850–950 °C) with different properties. 
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(1) 

 
(2) 

Fig. E. SEM images of the alkali-activated mixtures (zeolite-poor rock + 4% sawdust and 

zeolite-poor rock + 4 % eggshell) at different magnifications 

Claim 7. Development of zeolite-poor rock/sawdust foams with the lowest thermal 

conductivity. 

I demonstrated that the application of 8 wt% of sawdust to zeolite-poor rock (D90<100 µm) 

followed by the alkali activation with 2M NaOH solutions, drying at 200 C for 2 days and 

sintering at temperatures of 850 °C for 5 min holding time, with 5 °C/min heating rate, leads 

to the development of foams with the lowest thermal conductivity (0.04 W/mk) compared to 

the samples without sawdust (Fig. F) and (Fig. G).  

 

Fig. F. The produced foams with different sawdust content sintered at different temperature 
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Fig. G. The correlation between thermal conductivity, and sawdust content of the samples 

sintered at different temperatures  

Claim 8. The effect of the sawdust and eggshell incorporation on the foamability of the 

alkali-activated mixture. 

I established that softening and foamability of the alkali-activated zeolite-poor rock (2M 

NaOH, 200 °C, 2 days) can be modified by using different foaming agents. In the case of alkali-

activated zeolite-poor rock (D90<100 µm) containing sawdust (2-20 wt%) (D90<100 µm) 

sintered in the temperature range of 40-1200 °C, the foaming occurs in 3 steps reaching a 

maximum height of 216%, followed by a collapse of the foams (Fig. H). While in the case of 

alkali-activated zeolite-poor rock containing eggshell (2-20 wt%) (D90<100 µm) sintered in 

the temperature range of 40-1200 °C, the foaming process takes place in two stages showing a 

maximum expansion in the height of 188% (Fig. I). This change is due to the different 

behaviour of the decomposition of the foaming agents. During the sintering, the sawdust 

decomposition takes place in a temperature interval of 230–650 °C, while the eggshell 

decomposition occurs in the temperature range of 620–927 °C, producing gas that contributes 

to the foaming of the samples. 

  
Fig. H. Heating microscope graphs of zeolite-containing sawdust samples heat-treated in the 

temperature range (40–1200 °C) at 10 °/min. 
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Fig. I. Heating microscope curves of different zeolite-poor rock/eggshell samples sintered in 

a temperature interval of (40-1200 °C) at 10°/min 

Claim 9. The effect of the sawdust and eggshell addition on the pore structure and 

compressive strength of the produced foams.  

I established that by the addition of the sawdust and eggshell to alkali-activated zeolite-poor 

rock (2M NaOH, 200 °C, 2 days) sintered at 900 °C, the pore’s structure can be modified, 

which influenced the compressive strength of the produced samples. The produced alkali-

activated zeolite-poor rock foams sintered at 900 °C with a heating rate of 5 °C/min and 

residence time of 10 min possess spherical and small pore sizes with higher compressive 

strength (6.7 MPa) (Fig. J1), while the alkali-activated samples containing 4 wt% eggshell 

sintered at 900 °C with a heating rate of 5 °C/min and residence time of 10 min produce foams 

having spherical and large pores (Fig. J2) with a moderated compressive strength (1.4 MPa) 

However, the alkali-activated sample incorporated 6 wt% sawdust sintered at 900 °C with a 

heating rate of 5 °C/min and residence time of 10 min produced foams with irregular pore size 

and structure (Fig. J3) and exhibit the least compressive strength (2 MPa). The spherical shape 

of the pores and relatively better distribution are connected to the relatively high compressive 

strength in samples (reference and sample containing 4 wt% eggshell). 

 
(1) 

 
(2) 

 
(3) 

Fig. J. 3D image of 1) ZS, 2) Z4ES and 3) Z6SS 
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