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ABSTRACT 

 

M. Sc. Thesis 

 

INVESTIGATION OF THE EFFECT OF BLAST FURNACE SLAG, GLASS 

POWDER AND METAKAOLIN ADDITIONS ON THE ALKALINE 

ACTIVATION OF KAOLINITE 

 

Zaid Mohammed Ali Kareem KAREEM 

 

Karabuk University 

Institute of Graduate Programs 

Department of Metallurgy and Materials Engineering 

 

Thesis Advisor: 

Dr. Süleyman YAŞIN 

May 2021, 86 pages 

 

Kaolin based (hydrosodalite based) geopolymers are promising to produce greener 

building materials. In this thesis, kaolin based geopolymers with different amount of 

GGBFS, metakaolin and glass powder additions up to 40wt.% was produced and 

investigated to overcome the problems related to low reactivity of kaolin such as low 

strength.  The samples produced by alkaline activation with NaOH solution and heat 

curing at 150 °C for 2h. Compressive strength, water-resistant, water absorption, 

FTIR, XRD, DTA-TG and SEM analyses were performed on the samples. 

 

The sample with 30wt.% metakaolin exhibited a highest compressive strength (14 

MPa). GGBFS addition were also enhanced the compressive strength. Sample with 

20wt.% GGBFS showed 11.2 MPa, whereas the reference sample showed 3.1 MPa.  
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Glass powder additives didn’t lead to a significant enhancement in the compressive 

strength. The water-resistant test showed good result for all samples, but the best 

values obtained with GGBFS addition. The results of the analytic tests such as XRD 

and FTIR proved the formation of the hydrosodalite phase as well as the presence of 

un-reacted kaolinite. DTA-TG analysis revealed that the thermal behavior of the 

samples was affected by the additives. SEM investigation showed the formation of 

hydrosodalite, remained kaolinite and microcracks. Results showed that the 

metakaolin and GGBFS are useful promoter for kaolin (hydrosodalite) based 

geopolymers produced by heat curing. 

 

Key Words    : Kaolinite, Geopolymer, Alkaline Activation, Hydrosodalite 

Science Code : 9151 
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ÖZET 

 

Yüksek Lisans Tezi 

 

KAOLİNİN ALKALİ AKTİVASYONUNA YÜKSEK FIRIN CÜRUFU, CAM 

TOZU VE METAKAOLİN KATKISININ ETKİSİNİN ARAŞTIRILMASI 

 

Zaid Mohammed Ali Kareem KAREEM 

 

Karabük Üniversitesi 

Lisansüstü Eğitim Enstitüsü 

Metalurji ve Malzeme Mühendisliği Anabilim Dalı 

 

Tez Danışmanı: 

Dr.Öğr.Üyesi. Süleyman YAŞIN 

Mayıs 2021, 86 sayfa 

 

Kaolin bazlı (hidrosodalit bazlı) jeopolimerler, daha çevreci yapı malzemelerinin 

üretilebilmesi için umut vericidir. Bu tezde düşük mukavemet gibi kaolinin düşük 

reaktivitesiyle ilgili sorunların üstesinden gelmek için ağırlıkça % 40'a varan farklı 

miktarlarda GGBFS, metakaolin ve cam tozu ilaveleri içeren kaolin bazlı 

jeopolimerler üretilmiş ve incelenmiştir. Numuneler NaOH solüsyonu ile alkali 

aktivasyon ve 2 saat 150 ° C sıcaklıkta kür işlemi ile üretilmiştir. Numuneler üzerinde 

basma dayanımı, suya dayanıklılık, su emme, FTIR, XRD, DTA-TG ve SEM analizleri 

yapılmıştır. 

 

Ağırlıkça %30 metakaolin içeren numune en yüksek basma dayanımı (14 MPa) 

sergilemiştir. GGBFS ilavesi de basma dayanımını artırmıştır. Referans numune 3,1 

MPa basma dayanımı gösterirken ağırlıkça % 20 GGBFS içeren numune 11,2 MPa



 

vii 

basma dayanımı göstermiştir.  Cam tozu ilavesi numunelerin basma dayanımında 

önemli bir artışa neden olmamıştır. Suya dayanıklılık testi tüm numuneler için iyi 

sonuç göstermiştir, ancak en iyi değerler GGBFS ilavesi ile sağlanmıştır. XRD ve 

FTIR gibi analitik testlerin sonuçları, hidrosodalit fazının oluşumunu ve reaksiyona 

girmeden kalan kaolinitin varlığını kanıtlamıştır. DTA-TG analizleri numunelerin ısıl 

davranışının katkılardan etkilendiğini ortaya çıkartmıştır. SEM incelemeleri 

hidrosodalit oluşumunu, reaksiyona girmeden kalan kaolinitleri ve mikro çatlakları 

göstermiştir. Sonuçlar GGBFS ve metakaolinin yüksek performanslı 

kaolin(hidrosodalit) bazlı jeopolimerler elde etmek için kullanışlı bir geliştirici katkı 

olduklarını göstermiştir 

 

Anahtar Kelimeler : Kaolinit, Jeopolimer, Alkali Aktivasyon, Hidrosodalit 

Bilim Kodu              : 91514 
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PART 1 

 

INTRODUCTION 

 

The term “Geopolymer” was first assigned to synthetic inorganic aluminosilicate 

polymers that come from the chemical reaction known as Geopolymerization [1]. This 

type of polymeric material has a potential use in a number of applications, particularly 

as an alternative for ordinary cement and green building materials such as bricks [2,3]. 

In general, geopolymers are made up of a network of sialates composed of SiO4 and 

AlO4 tetrahedral, linked alternately with oxygen atoms [4]. The positive charged ions, 

such as Na +, K +, or Ca2+, are essential to balance the negative charge of Al3+, and they 

are located in the cavities of the structure [5]. There are numerous variables that affect 

the geopolymer manufacturing process such as type and composition of the starting 

materials, nature and concentration of the alkaline activator, temperature and curing 

time, etc. [2]. Although alkali activation was discovered earlier, the first time that the 

terms “geopolymers” or “geopolymerization” used was in 1979 by Davidovits [6]. 

Alkali activated materials had already been discovered by the Soviet Union in 1950 

with the name of “Soil Cements “by the scientists Glukhovsky and Krivenko [6,7]. 

Those scientists are considered the first, who were wondering why the structures and 

buildings of antiquity, especially pyramids, lasted so long. This question stimulates 

their curiosity and accordingly, they were analyzed ancient buildings and found that 

their performance is, perhaps, due to the presence of free alkalis in ceramic matrices, 

and that might be the answer [6,7]. 

 

Generally, geopolymers have cementitious properties in relation to ordinary Portland 

cement (OPC). Also, as a distinctive feature, the emission of CO2 is low during their 

production and this makes them as promising alternatives for ordinary Portland cement 

[8]. Comparing to the conventional cement, geopolymer production emission is less 

by about 80% [9].     
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Additionally, the studies have shown that such material have a considerable durability 

[10] and a list of others good properties such as good fire resistance [11], good 

resistance to freeze-thaw cycles, sulphate and corrosion resistance, low shrinkage [12] 

and easy adhesion to concrete, steel, glass and ceramics [13]. This technology has a 

great potential of produce environmentally friendly disposal waste material with high 

compressive strength and excellent durability [14]. 

 

It is useful to note here that geopolymers not only have good engineering properties, 

but their production costs are relatively low as well [15]. Rangan et al. have verified 

that there are economic improvements provided using geopolymeric concretes from 

fly ash [15]. They found such economic improvements are between 10% and 20% with 

respect to ordinary Portland cement [15].  

 

Alkali activated binders are formed as a result of a series of reactions between the 

aluminosilicate rich raw material and the alkali activator. These reactions made Si-O-

Al-O bonds that form alumina and silicate monomers [16]. The monomers then, by a 

polymerization process are turned into oligomers and then silicate polymers [17]. The 

reaction between aluminosilicate and alkali (Na2O) usually forms alumina silicate 

hydrated (NASH) gel. This gel contains SiO4 and AlO4 tetrahedral units that are 

connected by sharing oxygen atoms. The negative charge of the matrix is balanced by 

adding cation such as Na+, K+ and Ca2+ [18]. The binders that contain calcium ions, 

typically, have more complex reaction mechanisms. These systems produce CSH and 

CASH gels different than the usual amorphous NASH gel [19]. 

 

Geopolymers are obtained by alkaline activation of aluminosilicate raw material in a 

mild temperature within a specific formulation [20]. Although the setting and 

hardening mechanism of materials it’s thought to depend on the type of raw material 

and activator. Different mechanisms have been proposed to understand the formation 

process of geopolymers.  According to Davidovits [5], the geopolymer synthesis 

occurs in three steps [7,21]; 

 

• Dissolution: In this step, the dissolution of Si and Al atoms from the raw material 

happens under the influence of hydroxide ions and, thus ions are created. 
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• Transportation or orientation: Here, Concentration of raw material ions is converted 

into monomers. 

• Polycondensation: this is a type of polymerization of monomers based on the 

functional groups of the reacted monomers and in which a polymeric structure is 

obtained.  

 

In 1991, Davidovits stated that there are three different amorphous-semi-crystalline 

three-dimensional aluminosilicate structures geopolymer [18]. These are: poly 

(sialate), poly (sialate-siloxo) and poly (sialate-disiloxo). 

 

Different reaction mechanisms have been proposed according to the ratio of silica and 

alumina in the raw material. When the ratio of silica and alumina is 1:1, the reaction 

with alkali forms ortho-sialate. This product also reacts with alkali to form a poly-

sialate structure. However, when the content of silica and alumina in the raw material 

is in the ratio of 2:1, the reaction with alkali forms ortho-sialate-siloxo. It also reacts 

with alkali to form the poly-sialate-siloxo structure. When the content of silica and 

alumina in the raw material is in the ratio of 3:1, ortho-sialate and di-siloxonate are 

initially formed due to the alkali effect on the aluminum silicate material. These then 

undergo polycondensation and form poly-sialate di-siloxo. If silica: alumina ratio 

exceeds three, sialate link and poly (sialate-multi siloxo) are formed [22].  

 

Kaolin is a mineral which conventionally utilized in industrial application such as 

production of porcelain [23]. Kaolin is soft, sedimentary rock [24]. Kaolinite occurred 

by rock weathering [24]. It is occured generally by disintegration of K-feldspars, 

granite, and aluminum silicates [24]. Kaolin stands out for its early utilize, they 

constitute a majority clay in the first ten meters of the earth's crust [23]. Kaolinite is 

the main precursor employed in geopolymerization process [25]. Kaolinites frequently 

used in geopolymer formations but with its highly reactive phase as in calcined form 

[26]. 

 

The reaction of kaolinite minerals in alkali activation or geopolymerization is deeply 

related to the composition, as well as to particle size, surface area, porosity and crystal 

morphology [27]. Kaolin has low reactivity [28]. However, a sufficient thermal, 
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mechanical, or chemical treatment can be used to raise reactivity of clay particles [28]. 

Heating kaolin above 550 °C converts it into metakaolin due to the loss of structural 

OH- groups. This process tends to be the most successful approach among past studies 

[28]. However, mechanical treatment can cause imperfection in kaolinite structure 

[28]. These changes can modify the porosity, morphology and surface area [29].  

 

In general, calcinations process enhances the reactivity of the aluminosilicate 

precursor in geopolymerization reaction, and consequently, improving characteristics 

of geopolymer products especially compressive strength at early curing stages [30]. 

Calcination’s process is responsible for the changes in the composition and structure 

of the material and cause a transformation from a crystalline structure to an amorphous 

more reactive structure [31]. However, the calcinations process of kaolin emits a large 

amount of CO2 due to the need for achieving high temperatures and prolongs the 

duration of the manufacturing process as well as [32]. According to Davidovits et al. 

the calcinations process of metakaolin are function of time, temperature, and furnace 

technology [33]. 

 

All these constraints accompanied with calcinations process pushes researchers to find 

out new methods to avoid calcinations process and using starting materials sorted as 

natural precursor and without applying any pretreatment [34-36]. Geopolymers 

produced with un-calcined kaolin called as kaolin based geopolymers or hydrosodalite 

based geopolymers refer to final crystal structure [37]. Due to the low reactivity and 

slow reaction kinetics of kaolin, kaolin based geopolymers suffer lower strength by 

similar low-cost curing techniques generally applied for metakaolin based 

geopolymers [37].  

 

In this study, it is aimed that the preparation of kaolin based (hydrosodalite based) 

geopolymer product with higher productivity (by rapid production) and higher 

performance than reported before. For this purpose, rarely used heat cure technique 

was used for sample to ensure rapid production. Samples cured at 150°C for two hours 

without pre or after drying process. In addition, kaolin blends with the more reactive 

solid precursors in various ratios for obtaining higher performance at final products. 

Influences of metakaolin, GGBFS (ground granulated blast furnace slag) and waste 
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glass powder additions on the mechanical properties and structure of the samples was 

investigated systematically. This study investigated the effects of the rapid heat curing 

technique and blending of different geopolymeric raw materials in kaolin based 

(hydrosodalite based) geopolymer synthesis together. 
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PART 2 

 

ALKALI ACTIVATION 

 

Alkaline activation can be defined as a chemical process in which aluminosilicate is 

mixed with an alkaline activator to produce a pasty product [38]. The properties of the 

resulting product (i.e., strength, fire resistance shrinkage and acid resistance) rely, 

mainly, on the activation process variables and, of course, the nature of aluminosilicate 

used [19]. This chapter introduces a theoretical background about alkali-activated 

materials. The first part of the chapter gives a brief review about the historical 

background of alkali-activated binders. This is followed by describing the reaction 

mechanism and the chemical structure of alkali-activated binders. The types of alkali-

activators and the effect of each group are also described. At the end of the chapter, 

some essential applications of alkali-activators binders are given.  

 

2.1. A HISTORICAL OVERVIEW 

 

Alkali activated binders were first emerged in Europe, particularly in the western 

countries. In 1908, for the first time, Kühl [39] (who is a German chemist and an 

engineer) carried out studies on new generation of binders based on the reaction of 

materials containing alumina and silica with an alkali solution source. The binder 

prepared by Kühl can be considered as the first alternative to the ordinary portland 

cement (OPC) binders. The binder was producing by mixing blast furnace slag with 

alkali sulphate and carbonate and was finding that it has an effect similar to that of 

OPC binders [39]. 

 

Different from Kühl work, Purdon [40] in 1940s performed the most comprehensive 

study about this type of binders. The author activated thirty different blast furnace slag 

with a mixture of calcium hydroxide and different sodium salts and sodium hydroxide 

solutions. 
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Purdon found that the new binders give a similar development of compressive strength 

to that of OPC and have many advantages over Portland cementitious structures in 

terms of the emission heat, flexural strength and solubility [7,40,41]. However, in the 

1959s, Glukhovsky [42] was the first who had explored the binders used in Egyptian 

constructions and ancient Roman. He concluded that the binders consist of 

aluminosilicate, similar to those of OPC. In addition, he concluded that the binders 

have crystalline regions of analcite (a type of rock that may interpret the durability of 

those binders). Depending on this investigation, Glukhovsky [42] developed a new 

type of binders (known as “soil–cement”). The word soil refers to the binder 

appearance which is like a ground rock and the word cement is used because of its 

cementitious capacity. This new binder was prepared using aluminosilicate from 

ground mixed with industrial wastes that are rich in alkalis [7].  

 

Similar to Glukhovsky’s work, Malinowsky [43] had examined ancient structures 

repaired with ordinary cement. He observed that the repairing material was 

decomposed only after ten years, proving the low durability of OPC binders. It is 

helpful to emphasis here that many other authors have noticed the existence of 

analcime zeolites (about 40%) in the chemical composition of mortars used in Tel-

Ramad (located in Syria) and ancient Jericho (the Jordan river valley) [7,44-46].  

 

In 1981, Davidovits [47,48] proved that the acceleration of alkali activation 

development occurs after kaolinite-limestone-dolomite mixture calcinations and the 

product is alkali-activated binder. In 1983, Langton et al. characterized different 

historical building materials and found traces of alkali activation in some ancient 

building materials [49]. This has interpreted the high durability behaviors of ancient 

structural building materials [49].  In 1985, US army published a report dealt with 

importance and uses of binder’s materials produced by alkali activation technology. 

Such materials used as repair materials for runways defects [50]. In that same year, 

Davidovits and Sawyer [51] produced poly-sialatesiloxo materials with a high strength 

at early stages of curing. These materials are prepared by mixing GGBFS with 

abundance of Al+3cation with strong alkali solution (such as NaOH and KOH with 

water and a sodium and/or potassium polysilicate solution). In 1986, Krivenko studied 

the R2O- RO-SiO2-H2O bonds on alkali activation in his Ph.D. thesis [52,53]. 



 

8 

In 1987, Davidovits [46] has an attempt to investigate the reasons behind the 

exceptional durability of some ancient structural and building materials, comparing to 

those used in modern structures. He found that some of ancient materials (concrete and 

cement) have geopolymeric structure. In 1988, Kaushal et al. investigate by 

characterizing adiabatic temperature rises, hydration temperature and hydration 

products of fly ash and slag mixtures [54]. In 1989, a good amount of research has 

been performing about alkali-activated materials; Deja and Malolepsy demonstrated 

the chemical resistance of alkali-activated concretes to chloride ions [55]. Roy and 

Langton studied the usability of historic concrete as a repository material in tuff inside 

cemented structures [56]. Majundar et al. studied a hydration of C12A7 slag activation 

mixture to produce high strength and fast setting cement [57].  Finally, Talling and 

Brandstetr studied alkali activated slag clinker-free concretes, taking into account their 

practical applications and development [58]. 

 

In 1990, Roy et al. tried to shorten the setting time of concrete by developing 

formulations applied in alkali activation-based cement [59]. In that same year, Wu et 

al. studied early activation slag and a mixture of slag and cements [60]. They noticed 

that the present of activated blast furnace slag improve the mixture considerably in 

relation to ordinary Portland cement. In 1992, Roy and Silsbee examined, also, the role 

of alkali-activated based by-product materials [61], while Palomo and Glasser studied 

the parameters and properties of alkali-activated based metakaolin [62]. In the latter 

study, a higher strength at high curing temperature was observed [62]. In 1994, 

Glukhovsky, investigated the role of binder materials used in ancient Roman and 

Egyptian structural and building materials [63]. The author found that there were some 

indications about the possibility of using binders prepared from clays of 

aluminosilicates with low or free-calcium [63]. In 1995, Wang and Scivener 

investigated the microstructures of hydration alkali activated slag and concretes [64]. 

In the year after, Shi worked on the pores, permeability, and strength of alkali activated 

slag binders [65]. In 1997, Fernández-Jiménez and Puertas investigated the kinetics of 

alkali-activated slag cements at different temperature [66]. In 1998, Katz explored the 

microstructure of alkali-activated fly ash in normal environment to improve fly ash 

reactivity [67]. In 1999, Palomo et at el. showed in a publication that alkali-activated 

fly ash would be one of the promising ingredients in the cement of the future [68].  
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In 2000, Gong and Yang studied the influence of phosphate on alkali-activated red 

mud and slag mixtures [69]. In 2002, Krivenko and Kovalchuk studied the formation 

of zeolites and hydroxysodalite phases from fly ash alkaline activated at high molar 

ratios, SiO2/Al2O3 (4.5-5) [70]. To date, the research work on activated-alkali binders 

is ongoing and most of the studies focus on developing a new mixture of this binder 

and still there are many research questions need to be answered.  

 

2.2. PREPARATION AND REACTION MECHANISM OF ALKALI   

ACTIVATED BINDER 

 

Alkali activated binder (AAB) may be prepared via two approaches. First is a one-part 

mixture. In this case, AAB forms only due to the combination of powder and water. 

Second approach is called ‘two-part mixture’. As a main difference of the one-part 

method, here a combination of powder and alkali activator solution forms AAB [71]. 

Currently, the two-part mixture method is widely used and is considered the main and 

the most effective method. Accordingly, the most factories, especially those for precast 

production line, depend, essentially, on this method.  However, while two-parts 

method have many advantages, it is important here to mention that the one-part 

mixture method can be viewed as a promising approach if the problem related to slow 

strength development is solved [7, 72].  

 

So far, an explicit reaction mechanism that shows the formation of alkali-activated 

binders is not fully understood. Glukhovsky et al. proposed that the mechanism of 

AAB consists of destruction and condensation reactions [73]. The destruction occurs 

to the prime materials and converts them to low stable structural units. These structures 

interact with coagulation structures, forming the condensation structures. Generally, 

the first steps start by breaking Si-O-Si and Al-O-Si bonds. The breaking process 

occurs when the pH of the alkaline solution increases. So, Si-O-Si and Al-O-Si groups 

are transferred in a colloid phase. After that, the products are accumulated and interact 

with each other to make a coagulated structure, leading to generating a condensed 

structure.  
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Other authors are also in agreement with the mechanism proposed by Glukhovsky et 

al. [73] which is based on dissolution of silica, followed by the changing of phases and 

polycondensation [74,75]. Unfortunately, those phases generate almost at the same 

time, make their analysis individually difficult [71]. Fernández investigated the 

activation process of metakaolin [76]. Interestingly, the author reported different 

reactions when the sodium hydroxide is used as an activator. In the first case, 

Fernández noticed that there is an induction period following the dissolution of silica 

(when the accumulation of the destroyed products begins) [76]. In the second case, 

there is fast polycondensation reaction directly following the fast dissolution of silica 

phase.  

 

For Criado et al., fly ashes activation process is drastically different than that of OPC 

hydration [77]. The product consists of the tetrahedral silica and aluminum in long 

polymeric chains. During the reaction between alkali and the alumina-silicate material, 

a nucleation happens where aluminosilicate solute is dissolved. When the formed 

nuclei get bigger, they begin to crystallize. However, this crystallization process is 

very slow and it takes a long time to be completed [77].   

 

Many other authors explored the metakaolin activation process and agreed that the 

initial phase formed during the polymerization is later changed to a more ordered phase 

(second phase). They observed, however, that increasing SiO2/Al2O3 ratio affects 

adversely the initial rate of reaction [78,79].  

 

2.3. CHEMISTRY AND STRUCTURE OF ALKALI-ACTIVATED BINDERS 

 

The family of alkali-activated materials is extremely broad in structure and chemistry. 

Therefore, to simplify the discussion of these materials in terms of the structure and 

chemistry, they are classified here in two groups according to calcium content [80].  

This appears to be reasonable since calcium content is the main factor that determines 

whether the binder has a network structure or linear structure in terms of silicate 

structures.  
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2.3.1. Low-Calcium Content 

 

Binders in this group are materials that have low calcium content. A good example of 

this group is F-type fly ashes [81]. The activated components of low calcium binders 

are primarily aluminum and silicon oxides.  In low calcium systems, usually (Na or 

K)2O. Al2O3. SiO2. H2O bonds are formed. In practice, both the high alkaline 

environment and high curing temperatures are needed to trigger the reactions in the 

activation process of low-calcium materials. Three-dimensional inorganic alkali 

polymer materials (i.e., network polymer) are formed in the activation of low-calcium 

materials.  

 

According to Glukhovsky [73], there are three stages of reaction mechanism 

describing the alkali activation process of low-Ca materials. The first stage of this 

mechanism is fragmentation and coagulation. The second is coagulation and 

condensation, and the third stage is condensation and crystallization.  

 

In this type of alkali-activation systems, zeolite types such as hydroxysodalite, zeolite 

P, Na-cabasite, zeolite Y and fojasite are formed as the secondary hydration product. 

Alkali-activated low calcium bearing materials are disordered [82]. As the curing time 

increases, hydration products rich in silica are formed and the mechanical properties 

are directly affected [77, 83,84]. 

 

2.3.2. High-Calcium Content 

 

High-calcium binders are rich in calcium and silicon oxides (SiO2+CaO>70%). These 

types of materials can be activated with alkalis under moderately alkaline conditions 

[85,86]. In high-calcium content systems, (Na or K)2O-CaO-Al2O3-SiO2-H2O bonds 

are formed. The reactions products are mainly calcium silicate hydrate gel (C-A-S-H). 

This gel structure is similar to the gels obtained from Portland cement hydration [87]. 

 

Glukhovsky [88] and Krivenko [89] have proposed a model that explains the alkali 

activation of calcium and silicon-rich materials (blast furnace slag and calcareous fly 

ashes).  In the model, the alkaline cation (R+) works only as a catalyst. This is because 
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the cation exchange capacity of Ca+2 ions is high at the beginning of hydration 

reactions.  As the reaction continues, alkaline cations are within the structure of the 

hydration products [88,89].  

 

Fernandez-Jimenez et al. reported that the anion structure in solution is effective on 

the initial reactions of activation and setting time [90]. C-S-H gel (or calcium silicate 

hydrated) is the main hydration product formed. In addition to the C-S-H gel, 

secondary hydration products such as portlandite and calcium sulfoaluminate are also 

formed [91]. Comparing to OPC, the main hydration product of the binders formed 

from blast furnace slag is a structure similar to the main hydration product (i.e., C-S-

H gel) of OPC.  However, Ca/Si ratio ranges from 0.9 to 1.2 of the C-S-H gels and this 

ratio is lower than that formed by Portland cement hydration. In addition, as a result 

of the activation, the aluminum existing is presence in the structure of the C-S-H gel 

and forms the C-A-S-H structure. On the other hand, the secondary hydration products 

formed from the alkali-activation process of blast furnace slag depending on the 

chemical composition of the binder used and the type and concentration of the alkali 

activator. Further, the curing process varies depending on the conditions and pH value 

[92-94]. 

 

2.4. ALKALI ACTIVATORS 

 

Caustic alkalis or alkaline salts are common compounds that are used in production of 

alkali-activated materials [86]. Glukhovsky et al, classify alkali activator according to 

their chemical compositions into six groups including hydroxides, carbonates, sulfates 

and silicates [73].  

 

The most common available and economic activators are those with sodium compound 

(NaOH, Na2CO3, Na2O.nSiO2 and Na2SO4). Of course, potassium exhibits similar 

properties of sodium compound [86]. However, using of potassium compounds is 

limited due to their unavailability and highly cost.  

 

Since each group has a role in the preparation of alkali-activated materials, it is helpful 

to discuss their role in detail as shown in the following subsequent sections.  
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2.4.1. Effect of Hydroxide Ions (OH-) 

 

One of the most used chemicals as a source of hydroxide is caustic soda. Commercial 

caustic soda is produced by the electrolysis of brine or sea salt. Except liquid phase, 

caustic soda is available commercially in two solid shapes: flake sand beads. The 

presence of water dilutes NaOH concentration. The dissolution of NaOH accompanied 

with heat emission especially at a low concentration. Caustic soda can be used as an 

accelerator in OPC hydration. However, it causes a decrease in strength after 7 and 14 

days of hydration. The use of caustic soda is usually applied by dissolving the 

anhydrous solid form in water [86].  

 

The hydroxide ions in the alkali activation mechanism serves as a catalyst agent during 

the hydrolysis of Si-O-Si and Si-O-Al bonds, along with many other components in 

the dissolution of Si4+ and Al3+ cations. Further, hydroxide ions help to provide the 

conditions for initial dissolution and condensation reactions by increasing the pH of 

the medium [86-88]. 

 

2.4.2. Effect of Soluble Silicates 

 

Sodium silicate is one of the most commonly used activators in the alkali activation of 

slag, fly ash and metakaolin [95-97]. The soluble property of silica in the activator 

influences the workability (consistency) of the mixture, setting time and strength 

development [30,96-99]. Sodium silicate can be diluted with water or diluted with 

sodium hydroxide to control the modulus value. It is important to mention here that 

the solution begins to gel when the pH drops below 10 [88]. The acidity of the solution 

(pH), in general, depends on the SiO2/Na2O ratio of the structure.  

 

2.4.3. Carbonates 

 

The components containing carbonate usually have a lower environmental impact than 

hydroxide or silicates due to the production processes. In addition, as distinctive 

feature, compounds containing carbonate have a lower pH value. Accordingly, it is 

considered less dangerous in terms of occupational health and safety. However, on the 
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downside, the reaction rate of the activators containing carbonate is slower than that 

of the sodium hydroxide and sodium silicate activators [100]. That might interpret why 

a little amount of research has been focused on the carbonate-based activators [100]. 

 

2.4.4. Sodium Sulphate 

 

Sodium sulphate (Na2SO4) and calcium sulphate hemihydrates (CaSO4.1/2H2O) can 

be used as an activator in alkali activation. Since the saturated sodium sulphate has a 

moderate pH value (about 7) than other hydroxide or silicate containing activators, the 

reaction rate is quite slow. When used as a gypsum activator, high amounts of 

hydroxide ions are required to increase the activation rate [73, 88]. 

 

2.5. APPLICATIONS OF ALKALI-ACTIVATED BINDER 

 

Alkali-activated binders have been used for numerous purposes in various building 

and construction applications. These applications of alkaline-activated binders 

included: structural concretes, production of block elements, concrete roads, 

pavements, telephone and electricity poles, concrete pipe, refractory concrete, oil well 

cement, stabilization and solidification of harmful and radioactive wastes [71]. 
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PART 3 

 

ALKALINEACTIVATION OF UN-CALCINED PRECURSORS 

 

Alkali activated products obtained by using un-calcined precursors have lower cost 

and lower CO2 emission than product including calcined ones. The mentioned 

properties make these materials more feasible for mass production such as building 

materials. These starting materials are numerous. However, some of them have high 

availability with high reactivity such as fly ash, slag, waste glass powder and kaolin. 

This chapter reviews critically the relevant literature about these precursors 

respectively. 

 

3.1. ALKALINE ACTIVATION OF FLY ASH 

 

Fly ash is a fine powder. It is the main by-product of combustion process of pulverized 

coal which typically occurs in thermal power stations, petrochemical industry and 

electric power plants [101]. Chemically, fly ash is a pozzolanic material. This means 

that it produces cementitious phases when reacts with water and calcium [101]. The 

products of reaction share the same characteristics of portland cement. This main 

feature makes fly ash as an excellent choice for a wide range of applications in 

construction materials. Additionally, fly ash is one of the main ingredients of mosaic 

tiles, brick and hollow blocks [101]. Further, it is used in concrete and grout 

preparation to improve strength and to minimize segregation and makes it easier to 

pump. Also, it is used in cement production and added to soils as a stabilizer material 

[101].  According to this wide usage of fly ash, it is considered one of the most salable 

by-product materials [101]. 

 

The composition of fly ash is not constant; it changes according to the composition of 

unfired coal used and the amounts of impurities inside it [102]. The method of 

incineration, also, has a role in determining the composition of fly ash. For example, 
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fly ash produced via the combustion process of sub-bituminous coal is usually rich in 

calcium and contains less amount of iron in relation to that produced from bituminous 

coal [102]. In terms of chemical composition, fly ash contains, mainly, SiO2, Al2O3, 

Fe2O3, and CaO [102]. According to ASTM C618, fly ash may be classified into two 

types: C and F Class, the difference between them were calcium content, C class fly 

ash contain approximately more than 10 percent of calcium oxide while F class fly ash 

contain the less [103] For that reason, it is commonly known as high calcium fly ash. 

Class F, on other hand, is obtained from combustion of bituminous and anthracite coals 

and, accordingly, is termed as "low calcium fly ash"[104]. Aluminosilicate is the main 

component of Class F with a little amount Calcium Oxide (approximately less than 10 

percent). This variation in chemical composition of fly ash makes its color varying 

from tan to dark grey [104].  

 

Fly ash contains crystalline and amorphous (glassy) phases [105]. The crystalline 

phases are, generally, mullite, quartz and magnetite [105]. In the polymerization 

process, these phases are inactive during the early stage of dissolution and reaction 

[105]. However, the amorphous phases are reacted very fast and dissolved in alkali 

solution. Thus, it can infer that the glassy phase fly ash gives a good opportunity to 

investigate reaction mechanism (dissolution and polymerization) [105]. 

 

It is helpful to mention here that there are other distinctive features of fly ash such as 

fineness and uniformity [101]. Both are very important and are a direct result of a 

parameter called ‘the loss on ignition (LOI)’ [101]. This parameter determines the 

amount of un-burnt carbon remaining in the ash [101]. Fineness of fly ash mostly relies 

on the conditions of coal processing, especially the crushing and grinding process 

[101]. Finer gradation, typically, leads to a more reactive ash, containing a less amount 

of un-burnt carbon [101]. 

 

Alkali hydroxide or silicate solutions are usually used to activate fly ash. The 

activation of low-calcium fly ash forms a gel binder with highly cross-linked structures 

(e.g., tetrahedral N-A-S-(H)-type gel structures) (N-A-S-H abbreviation of sodium 

aluminate silicate hydrated). This structure is approximately similar to that noticed as 

intermediates throughout the synthesis process of zeolites [106]. 
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In 1999, Fan et al. reported that the reason of low activity of fly ash is due to two 

factors. First is the glassy surface layer that covers fly ash particles that protect the 

inside constituent of fly ash particle. Second, fly ash's silica-alumina is a glassy chain 

with a composition of high Si, Al and low Ca that works as a firm material. 

Accordingly, this chain of Al-Si must be broken up to show the active core of fly ash 

particles [107]. Fan et al. in their study used water-glass for its trait of rapid hydrolysis 

when is added to the mixture of fly ash-Ca(OH)2. The hydrolysis process released 

NaOH which increased basicity of the mixture. After hydrolysis process acidity value 

(pH) reaches about 13.10 meanwhile before water-glass addition PH value was 12.63 

for Ca(OH)2 saturated liquid. The change in pH value toward more basicity plays main 

role in silica-alumina chain corrosion. In normal cement paste, pH of solution is low, 

so the speed of disintegration is also low [107].  

 

Different that Fan et al. [107], Palomo et al. investigated, in the same year, the alkali 

activation of class C fly ash using four different activator solutions. These are NaOH 

(12M), KOH (18M), NaOH and sodium silicate and KOH and potassium silicate. The 

ratio of SiO2/Na2O in NaOH and sodium silicate solution is 1.23. The ratio of 

SiO2/K2O in KOH and potassium silicate is 0.63. Fly ash is mixed with immediately 

prepared activator for 2 min then the mixture is poured into a mold. The liquid-solid 

ratio is between 0.25 and 0.3. Samples are heated in close and high humidity system 

for 2, 5 and 24 hours at temperature of 65°C and 85°C. They reported that the 

increasing temperature accelerates fly ash activation, while the liquid-solid ratio does 

not have an appreciable effect [108].  

 

Palomo et al. also reported that mechanical strength is affected by temperature and 

type of activator used. The results showed that samples activated by (NaOH+sodium) 

silicate gives a higher compressive strength, namely 68.7 MPa when is cured at 85ºC 

for 24 hr., but its decreases when was cured at 65ºC for the same period. Furthermore, 

samples activated by the other types of activator solutions showed a drastically change 

in compressive strength obtained under similar conditions in relation to the first one 

used [108]. 
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Puertas et al.in 2000, studied the effects of different parameters on strength behavior 

and hydration product. The parameters explored in the study were fly ash/slag ratio 

activation concentration and curing temperature [109].  The results reported by Puertas 

et al. showed that the compressive strength increases when slag relative ratio increases. 

However, the authors did not find an essential effect that is related to the compressive 

strength through increasing curing temperature. It is necessary to mention here that the 

compressive strength obtained from 50% of both fly ash and slag activated by 10 M of 

NaOH and cured at 25ºC exhibit a high compressive strength (nearly 50 MPa at 28 

days aging). This value slightly increases by 5 MPa at 90 days aging [109]. 

 

Fernández et al. produced concrete using alkali activated fly ash instead of Portland 

cement, although they produce samples of portland cement concrete for comparison. 

Two types of alkaline activator were used: 8M of sodium hydroxide or a mixture of 

85% (12.5M) NaOH and 15% of Na2SiO3. The samples prepared by mixing 

ingredients under certain weight ratios. The results derived from compressive strength 

test showed superiority to fly ash concrete over Portland concrete. Compressive 

strength growing begins at a high rate of development for the first 24 hours then 

exhibits normal increment with time. This high rate of strength development attributed 

to the rapid reaction between fly ash and activator solution.  The result showed 

significant change in compressive strength development for sample activated by a 

mixture of NaOH and Na2SiO3. This is attributed to the role of sodium silicates. Fly 

ash concrete showed lower value for modulus of elasticity when is compared to 

concrete of Portland cement. The pull-out test showed advancement of fly ash concrete 

over Portland cement concrete [110]. 

 

Komljenović et al. evaluated the influence of many various alkaline activators as well 

as the nature of fly ash on the properties of alkali activated fly ash. Alkaline activators 

used were Ca(OH)2, NaOH, NaOH+Na2CO3, KOH and Na2SiO3at various 

concentrations. The important parameters studied in alkali activator were the nature 

and concentration of activator solution, whilst fineness was taken as a parameter for 

fly ash. The result of compressive strength showed that the samples activated by 

Na2SiO3 have higher compressive strength. This is attributed to the presence of Si+ 

which has a higher rate of reactivity, and hence a higher compressive strength 
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obtained. The results, also, showed that amorphous phases are formed in all activators 

type with small amounts of crystalline phases [111]. 

 

De Vargas et al. investigated the influence of Na2O/SiO2 (N/S) molar ratio, curing 

temperature and ageing time on mechanical properties and microstructure of alkali-

activated fly ash, it is observed that there is an important role for both temperature and 

ageing time. Samples showed a higher compressive strength as curing temperature and 

ageing time increase. Also, it was observed that an increment in curing time helps in 

the formation of new geopolymeric phases and improve compressive strength by the 

way [112].  

 

3.2. ALKALINE ACTIVATION OF SLAG 

 

Ferrous and nonferrous metallurgy originated slag are co-products or by-products of 

metallurgical processes that involve melting of metals at high temperatures following 

by a cooling process until solidified (through different cooling paths and methods). 

Slag can be exploited in a wide range of applications [113]. Many kinds of slag (such 

as blast furnace slag) exhibit both pozzolanic and latent hydraulic activities which 

make them attractive material for this field [113]. The chemical composition of slag is 

varying [113]. These variations may affect the major constituents such as lime, silica, 

alumina, and magnesia. Also, they affect the minor constituents [113]. 

 

Slag is classified according to two criteria which are the type of metals melt and 

cooling approaches used. First criterion is based on the type of melted metal. Second 

criterion is depending on the cooling approach [114]. 

 

Crystalline slag or air-cooled slag is a crystalline phase of slag obtained as a side-

product of casting a molten metal into the trench. During the solidification process, 

water is sprayed over the surface of the slag to accelerate the solidification and causing 

deep cracks that ease crushing processes.  The surface of this type of slag contains a 

cellular or vesicular structure formed by gas bubbles evaporation [114]. 

 



 

20 

Granulated slag is glassy phase of slag and is obtained by rapidly quenching of molten 

metal in water or air. This type may contain a very small amount of crystalline phase. 

After the granulated slag is formed, water inside slag should be removed, then is dried 

and grounded before it is used as a cementitious material. After grinding, residual 

metallic particles should be removed by applying a magnetic field [114]. 

 

Expanded or foamed slag is obtained by controlling the quantities of water, air, or foam 

which is applied as a coolant in cooling process. The variations in the amount of 

coolant and the cooling rate cause changes in the properties of the formed slag. This 

product is more cellular and vesicular in structure than air-cooled slag, consequently 

it is lighter in weight [114]. 

 

Pelletized blast furnace slag is formed by a cooling method that involves using a 

limited amount of water to cool the molten mass slag. Then, the slag droplets are 

thrown through the air using a drum with fines rotating at high speed and hence pellets 

rather than solid mass are produced. The produced crystalline pellets can be controlled 

by a cooling process, and these pellets are preferred to use as aggregate. In the same 

manner, more vitrified pellets can be produced and these are more favored in 

cementitious applications, in term of chemical composition. 

 

Yildirim et al. studied the chemical composition of steel slag and reported that both 

basic oxygen (BOF) and electric arc furnace slag (EAF). The major constituent for 

both BOF and EAF are calcium and iron oxides. Also, they reported that the ladle slag, 

which is prepared during the steel refining processes, has different chemical 

composition from BOF and EAF. The difference is initiated from the addition of 

different alloys to the ladle furnace in order to obtain different grades of steel [115]. 

Further, Yildirim et al. mentioned that the iron oxides content of BOF may be higher 

than 38%, relying on the furnace performance. The variation in oxides content is 

related to the specific amount of iron oxides in molten conditions which cannot be 

transformed to steel and remain in iron oxide phases. The BOF slag contains silica 

(SiO2) from 7 to 18% (by mass) and 0.5 and 4%from Al2O3 and MgO, respectively. 

The highest content of free lime is about 12%. High of amount of lime or dolomitic 

lime are used in the operation of iron transformation to steel and, consequently, the 



 

21 

BOF slag content of BOF slag increases to be more than 35% [21]. Further, the same 

authors reported that the chemical composition of EAF slag is relying on the chemical 

composition of recycled steel because the electric arc furnace steel-making process 

used a steel scrap recycling to produce steel of different grades. They summarized the 

typical content of chemical constituents of EAF slag as follow: FeO ranges between 

10-40%, CaO between 22-60%, SiO2 between 6-34%, Al2O3 between 3-14%, and 

MgO between 3-13%. EAF slag contains also different oxides as impurity such as 

MgO, SO3 and MnO which existed in small amounts [115].  

 

The alkali activated slag cements show several technical features in relation to OPC 

(ordinary Portland cement). The characterized alkaline activation of Slag (AAS) has a 

fast and high mechanical strength development, low heat of hydration, good chemical 

resistance, high bond strength at aggregate/matrix interface, and finally, a good 

resistance to freeze/thaw cycles [116].  

 

Collins et al. reported that the slag activated by powder sodium silicate and lime slurry 

showed a better workability with time in comparison to other mixtures. At 30 min, the 

sample activated by powder sodium silicate and lime slurry shows a better slump than 

the previous time. This is a reasonable development in terms of workability because it 

refers to further dissolution and reaction between powdered sodium silicate and the 

water, at 120 min, the sample slump is lowered but remains higher than other mixture. 

Further, in that same study, the compressive strength was investigated, the sample 

activated by powder sodium silicate and lime slurry gives the highest value of 

compressive strength, exceeding OPC and samples activated by other materials [117]. 

Further, Collins et al. investigated the compressive strength development as a function 

of different curing conditions. It was noticed that there is a difference in strength 

between samples cured by exposed curing method and those by sealed and bath 

methods. Both of them make a specific change on the sample activated by powder 

sodium silicate and lime slurry.  However, the bath and sealed curing methods give the 

best strength development in relation to exposed method [117]. 

 

Fernández-Jimenez et al. investigated the influence of a series of factors that control 

the mechanical strength development of alkali-activated slag cement mortar. They 
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noticed that unfamiliar results related to the selected factors. For the specific surface 

factor, slag of 450 m2/kg surface area show average values of strength greater than 

those of slag with 900 m2/kg.  Also, the results show that, for samples with 4% 

activator concentration, the values of mechanical strengths (flexural and compressive) 

are larger at curing temperature of 25ºC. In terms of the type of activators used, the 

Na2SiO3.nH2O+NaOH activator gives the highest strength values in all condition used 

in the experiments, while, Na2CO3solution and NaOH activator gives the lowest 

strength values [118]. Interestingly, the results reported in Fernández-Jimenez et al. 

proved that the mechanical strength increased with reaction time [118]. The study also 

shows that the nature of alkaline activator has a higher effect in relation to another 

factor. This factor statistically has more significant effect on mechanical strength 

development. Activator concentration comes after, showing a moderate effect and then 

curing temperature and specific surface has the lowest effect. Hence, the chemical 

nature of alkaline activator can be considered as the most effective factor [118].  

 

Different than the previous studies, Aydın and Baradan studied the effect of two 

different methods of curing (autoclaves and steam) on the alkali-activated slag mortars 

[119]. Regarding the curing methods, the results of Aydın and Baradan showed a 

higher compressive and flexural strength for OPC mortar samples cured by steam than 

those cured by autoclave. The reason of this behavior is that the hydration chemistry 

is changed considerably as the temperature and pressure increase [119]. The formed 

structure (C-S-H) transformed to a crystalline structure (α-calcium silicate hydrate), 

resulting in a high percent of porosity and a dropping in strength. Aydın and Baradan 

studied the effectiveness of curing methods used on compressive and flexural 

strengths. The result showed that at low modulus of silica ratio (0 and 0.4), the 

autoclave curing method gives excellence values comparing to steam curing method. 

But, for high modulus of silica ratios, both methods gave approximately similar 

compressive and flexural strength [119].  

 

Panagiotopoulou et al. investigated the influences of both Si/Al ratio and kind of 

alkaline activator used on dissolution of precursor ions and compressive strength 

development of slag based geopolymer. The result derived from leaching process 

showed that the slag has considerable dissolution ability in alkaline medium, especially 
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in NaOH. The results proved that the compressive strength is highly affected by the 

presence of Si in alkaline activator solution and, also, Si/Al ratio and type of alkaline 

ions. The optimum value of Si/Al ratio was 3.5 at this ratio compressive strength was 

112 MPa. Samples activated by 100% NaOH have a higher compressive strength than 

these activated by 50%NaOH and 50%KOH [120].   

 

Shi investigated alkali-activated slag mortars. Alkaline activator used was a mixture 

of NaOH, Na2CO3 and Na2SiO3.9H2O [121]. Shi results showed that the optimum type 

of alkaline activator used was Na2SiO3. Results of pore structure show that the pore 

structure depended on the type of alkaline activator used. Samples of sodium silicates 

solution give a lower and finer porosity, whereas NaOH gives a higher and coarser 

porosity [121]. 

 

3.3. ALKALI ACTIVATION OF GLASS POWDER 

 

Glass is an amorphous solid generally obtained by melting silica with oxides, it is made 

by cooling a molten viscous material of a particular composition to below glass 

transition temperature, without leaving time to form regular crystal structure 

[122,123]. Due to its high content of silica, many researchers were interested in 

employing glass in alkali activation technique [124,125]. Below selective researches 

that dealing with glass as a main source of precursor or additive. 

 

Chen explored the influence of curing temperature and duration over the performance 

of compressive strength for alkali activated glass inorganic binder. The result of 

compressive strength presents a primarily affect for curing temperature, duration and 

alkali content in activator. The result showed the optimal curing period to obtain best 

compressive strength was reduced whenever curing temperature increased. The 

optimum conditions recorded were 4% alkali content, 60°C of curing temperature and 

72 hours of curing duration where the compressive strength obtained at 28 day was 

124.65 MPa [126]. 

 

Si et al. tried to use waste glass powder as a replacement precursor material in 

metakaolin based geopolymer to improve sustainability of geopolymer. 4 amount ratio 
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of waste glass were replaced with metakaolin, these amounts were 0%, 5%, 10%, and 

20% by the total mass of precursor used. The results showed that the addition of waste 

glass powder increases the workability of paste, this is due to the smooth surface and 

tiny size of glass particles, so that the water amount required for reaching desired 

workability would be reduced. Another important finding was observed related to the 

reduction in time required for initial and final setting; this finding was attributed to the 

low reactive aspect of waste glass. The higher compressive strength was recorded for 

samples of 5% of waste glass replacement, any further replacement doesn’t showed 

improvement in compressive strength, on contrary the strength was tending to drop 

down at 10% and 20% of waste glass replacement, this was attributed to increasing 

amount of un-reacted glass and reducing interface contact between glass and gel phase 

[127]. 

 

Dipten et al. tried to produce geopolymeric concrete that are suitable for pre-casting 

production. Author used waste glass as a precursor and sodium hydroxide and water 

glass were used as alkaline activator. Concentration of alkali activator were 6M and 

8M, the samples were prepared by curing at 65 °C and at ambient for 72 hours to study 

the difference between both curing temperature. Sand was used as a filler, its added in 

ratio to binder of 1:2.75 (binder: sand). Fly ash based geopolymeric concrete was 

prepared under similar condition for comparison. The compressive strength was 

conduct at 3rd, 7th and 28th days. The results showed the samples of high curing 

temperature gaining early strength development that was suitable for pre-cast 

production. Also, the result presents the molarities effect of 8M was better that 6M, so 

that the compressive strength obtained at 8M was 64.6MPa for samples of waste glass 

based geopolymer [128]. 

 

Bilondi et al. investigate the possibility of using a glass powder based geopolymer to 

enhance the mechanical properties of clay soils. The results showed all samples of 

recycled glass had improvement in comparison with reference samples. The optimum 

ratio of recycled glass was recorded at 15% and any excessive increment of recycled 

glass more than 15% was behaved as un-reacted material or filled [129].  
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Si et al. investigate replacement effect of 0, 5, 10 and 20 % of glass powder in 

metakaolin based geopolymer. Activator solution used was a mixture of sodium 

silicate and sodium hydroxide. The result of mechanical properties showed small 

amount of glass power below 10% present slightly increases in mechanical properties. 

Thus, the high content glass decreased the mechanical properties due to the raising 

quantity of un-reacted glass powder. The waste glass powder replacement showed a 

formation of denser gel in comparison with samples doesn’t involve waste glass 

powder [130].  

 

4.4. ALKALI ACTIVATION OF KAOLINITE 

 

Kaolinite is a layered mineral of silicate clay formed by the natural chemical reaction 

of feldspar or other minerals of aluminum silicate [131]. Typically, it is white, with 

often a red impurity attributable to iron oxide, or blue or brown impurity owing to 

another mineral [131]. Kaolinite investigated in field of alkali activation technique [36] 

and geopolymer production [132]. The main determination of using un calcined 

kaolinite as a main precursor is its aspect of low reactivity. Many researchers worked 

on increasing the reactivity of kaolinite to be exploited in modern industrial 

application.  

 

Heah et al. studied the effects of certain ratios of NaOH on kaolin-based geopolymer 

properties. It’s observed that the samples durability affected by S/L, NaOH Molar and 

Na2SiO3/NaOH ratio. The results of compressive strength behavior indicate that the 

compressive strength increase with the ageing time [133]. They caused that to the low 

reactivity of kaolin which leads to longer time consumed to complete 

geopolymerization reaction. Samples of 0.24 Na2SiO3/NaOH ratio and 1.20 S/L ratios 

give the highest compressive strength but less workability, while samples of 0.24 

Na2SiO3/NaOH ratio and 0.60 S/L ratios give the lowest compressive strength and 

highly workability [133].  

 

Slaty et al. attempted to produce low-cost construction materials kaolinite with a 

sodium hydroxide solution as a chemical activator. They studied the influence of the 

most affected parameters of synthesis and treatment on the progression of compressive 
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strength. Silica sand was used as a filler material and a NaOH is used for alkali solution 

preparation by diluted with distilled water [134]. Slaty et al. found that the 

compressive strength is improved and increases depending on NaOH contents. The 

greatest compressive strength gained was 33 MPa for the samples containing 16% 

mass ratio of NaOH. The result showed that, the more NaOH content, the compressive 

strength decreases. They found also that the addition of silica sand powder to the 

mixture can play an important role in improving compressive strength and workability. 

The result reveals that both curing temperature and time have impact on the 

compressive strength result [134].  

 

Again, Slaty et al. studied the behavior of alkali activated cement produced from 

kaolinitic clay. In the study, the authors used two series of sample, one with silica sand 

as filler and the other without [135]. They prepared samples in similar ways mentioned 

previously in the work of the same authors (i.e., Slaty et al. [134]). The result showed 

that shrinkage behavior shows clearly evidence about the importance effect of sand 

filler to reduce shrinkage [135]. Another durability test was performed under two 

different environmental conditions. The first is at ambient conditions and the second 

one is at wet conditions. The results showed that, at ambient conditions, the samples 

with silica sand have a higher compressive strength values than the samples without 

silica sand. [135]. 

 

Heah et al. inspected the impact of curing process on kaolin-based geopolymer. A 

mixture of NaOH and Na2SiO3was used as activator. The compressive strength results 

revealed that at room temperature, kaolinite exhibits very low dissolution, and the 

hardening becomes tangible after 7 days of ageing accompanied with slightly increase 

in compressive strength. The samples cured at 80ºCfor 3 days showed a decrease in 

the strength when they are ageing for 28 days. But, when the samples are cured for 2 

days, there is no significant change observed in the compressive strength between 7 

and 28 days. This information gives a clear explanation about unfeasibility of long 

curing. A similar result was observed for the samples cured at 100°C for 2 and 3 days 

[136].  
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Mat Daud et al. try to study the influence of mixing kaolin-based geopolymers with 

epoxy-layered silicate nano-composites on the mixture compressive strength. The 

results of the compressive strength showed that the samples of nano-composites 

without kaolin based geopolymeric filler give a lower compressive strength (up to 

24.26Mpa) in comparison to samples with geopolymeric contents which give 

36.65MPa. The strength modulus of samples with kaolin based geopolymeric filler 

showed an enhancement over the others [137].  

 

Different than the reviewed studies, Heah et al. tried to improve the ability of kaolin 

to react with alkaline activator solution using mechanical activating process. The 

kaolin powders are treated mechanically to be activated by applying milling process 

for varied periods of time (from 1 to 5 hr.) [138]. The result of compressive strength 

indicated that the mechanical activation process stimulates the kaolin to react faster 

and the dissolution and solidification process to be achieved rapidly. The results 

showed that the longer the mechanically-activating time the better compressive 

strength obtained [138]. Hounsi et al. also investigated both mechanical activation and 

curing process. The compressive strength results showed superiority for milled 

samples over un-milled samples under all the studied conditions [139]. Heah et al. 

investigated the influenced of mechanically-activated kaolin over compressive 

strength and morphological properties [28]. The results showed a significant 

superiority of mechanically activated kaolin over non-mechanically activated, also 

earlier setting has reached and faster strength growing [28]. SEM image of kaolin raw 

materials showed the presence of needle-like and plate-like particle but after milling 

the result showed distortion in morphologic properties and some particles seems to be 

rounded [28]. The main result was most of particle showed decreasing in size [28]. 

This agreed with results obtained from compressive strength tests [28]. 

 

Boutterin and Davidovits developed a new technique called low temperature 

geopolymeric setting (L.T.G.S.). They mixed the soils that include kaolinite mineral 

with NaOH based activator and compressed batches inside a mold of desired shape, 

often the result was satisfied after curing. Particularly, mechanical strength obtained 

was enough to use as block of bricks [140]. They found that the properties influence 
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by amount of precursor in the mixture, amount of NaOH in mixture, resting time before 

curing, curing temperature and curing period [28]. 

 

Marsh et al. investigate the feasibility of new route to produce hydrosodalites suitable 

for extrusion process. The kaolinite used in this experiment was un-calcined and 

activated by using NaOH solution and taken into account the workability which should 

be enough for extrusion. The kaolin was subjected to drying at 105ºC before mixing 

with alkaline solution for activation. Alkaline solution was added to each 25g of 

kaolin. The concentration of NaOH increases according to the increment in Na: Al to 

obtain a workability suitable for extrusion process. The mixture of kaolinite and alkali 

activation was blended for3 min to get a consistent mix for extrusion, then was poured 

into a mold and cured at 80ºC for 24 hours. However, the results obtained from XRD 

showed a formation of hydrosodalite. The study of Marsh et al. showed that there was 

an inverse relationship between consumed kaolinite and formation of hydrosodalite as 

and Na:Al ratio increases [35].  

 

Marsh et al. investigated the alkali activation of kaolinite, montmorillonite and illite 

individually. The purpose of this experiments was to inspect and analyse the difference 

in phases formed from samples of mixing clay minerals and individual clay minerals. 

Clay minerals were activated using NaOH solution. The activated kaolin showed a 

formation of hydrosodalite as a major phase while the kaolinite was consumed 

gradually.The results are conifimed by SEM which shows the formation of 0.5-1 μm 

crystals. However, activated montmorillonite showed geopolymeric phases as a major 

and portion of montmorillonite were consumed and  the remain stay un-reacted. XRD 

of Illite precursors showed illite as a major phase and quartz, microcline and kaolinite 

were as a minor, but activated illite does not show geopolymeric phases. The results 

obtained from XRD of activated mixture of kaolinite/montmorillonite/illite showed 

that the main phase produced was 8:2:2 hydrosodalite. All phases of clay minerals 

were not completely consumed [141].  

 

Shaqour et al. investigate the alkali activation of kaolinitic clay using alkaline mixture 

of hydrated lime Ca(OH)2 and sodium carbonate Na2CO3. The research involves using 

natural clay for comparison with kaolinitic clay. Certain amount of granite added as a 
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filler. The result obtained from XRD and SEM of showed that the alkali activation of 

natural clay produces hydroxysodalite and this proves the interaction between NaOH 

and kaolinite instead of CaCO3 and there is not any impact for the formation of 

pirssonite.  The samples activated using a mixture of Ca(OH)2/Na2CO3 exhibits a 

compressive strength of 21 MPa and this value was 35% less than compressive 

strength obtained from samples activated by NaOH. Durability test was performed and 

the results showed a decrease in the strength of the samples soaked in water for 24 

hours (from 34 to 22 MPa for those activated by NaOH, and from 21 to 11 MPa for 

samples activated by a mixture of Ca(OH)2/Na2CO3) [142]. 

 

Esaifan et al. studied the development of un-treated kaolinite alkali activation by 

NaOH solution. They used kaolinitic clay as well as standard kaolinite as a reference 

for comparison also silica sand was used as a filler to evaluate the difference stability 

and strength [36]. XRD patterns results for both standard kaolinite and kaolinitic clay 

alkali activation showed a complete transformation of kaolinite into hydroxysodalite. 

The results proved that the standard kaolinitic clay of 98% kaolinite required 41% of 

NaOH ratio to achieve this complete transformation of kaolinite. However, only 28% 

of NaOH ratio is needed for natural kaolinitic clay (which contains 68% of kaolinite) 

to achieved complete transformation of kaolinite into hydroxysodalite [36]. Results 

obtained from compressive strength showed that the compressive strength increases 

with water ratio and a complete transformation of kaolinite into hydroxysodalite occur 

at 28% NaOH ratio. The optimum value of NaOH is 14%which giving a higher dry 

compressive strength (up to 48MPa) [36]. 

 

Ramasamy et al. studied the effect of kaolin (S) to the alkaline (L) ratio on the behavior 

of kaolin-based-geopolymer. Hardness and flexural strength were inspected under 

varied S/L ratio from 0.7 to 1.1. Geopolymer paste was coated over painted wood 

substrate and placed in the stream of hot air for 72 hours. Results of vickers hardness 

test showed a higher value for samples mixed at 0.7 ratio. This is attributed to the good 

workability that allows aluminosilicate to dissolve, forming hydrosodalite. The results 

indicate that when the ratio increases, the hardness recorded decreases and cracks starts 

appearing for samples mixed below 0.6 at under the specified curing condition. The 
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flexural strength results showed similar behavior and hence support previous analysis 

[143].  

 

Jaya et al. investigated the role of sintering temperature on mechanical properties and 

of the geopolymeric ceramic produced. They used kaolin as a precursor and 

NaOH/Na2SiO3 as an activator. The geopolymeric sample were subjected to a milling 

and sieving before were compacted at 4.5 tons for 2 minutes. Finally, sintering process 

is carried out at temperature between 900-1200ºC for 3 hours of soaking and cooling. 

The results proved that the samples sintered at high temperature give a lower density 

and vice versa. This inverse relationship is attributed to the closed pores creation at 

high sintering temperature and losses density while at low sintering temperature open 

pores were created, so the density is higher. The results showed that flexural strength 

increases with sintering temperature. At 900ºC, flexural strength obtained is 37.11 

MPa but at 1200ºC the flexural strength obtained is 88.47 MPa [144].  

 

Recently, in 2019, Tiffo et al. investigated the physical and mechanical properties of 

kaolin-based-geopolymer produced using amorphous aluminum hydroxide Al(OH)3 

and aluminum oxy hydroxide γ-AlO(OH). Kaolin and aluminum oxy hydroxide were 

milled together and sieved to 90 μm. Alkaline activator synthesized by dissolving 

NaOH pellets with H2O and Na2SiO3.The results obtained from compressive strength 

test showed that the samples cured at 60ºC and without aluminum exhibit good 

compressive strength in comparison with sample contain aluminum and cured at same 

temperature. But, at high heating temperature more than 1100ºC, compressive strength 

and volume stability of samples contained aluminum were enhanced [145].  

 

In 2019, Shamala et al. explored the effect of NaOH morality on compressive strength 

and bonding force of kaolin-based geopolymer that coated over lumber wood. The 

flexural strength results showed that NaOH molarities plays a significant role in the 

mechanical strength behavior. The optimum concentration obtained for NaOH was 

8M, the samples at this molarities recorded higher strength. The results derived from 

adhesive bonding test showed the best adhesive strength was at 8M. It was observed 

that the adhesive bonding force for samples activated by 8M NaOH molarities have 

grew with ageing time; this was not noticeable for other investigated samples [146]. 
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Heah et al. investigated the effect of alkaline activator concentration on mechanical 

properties of kaolin based geopolymer. Alkaline activator used is composed of NaOH 

and Na2SiO3. NaOH solution was prepared in different concentrations varied from 4to 

16M [147]. Interestingly, the results derived from compressive strength agreed with 

those of Shamala et al. [146]. Both studies show that the compressive strength is 

affected significantly by alkali activator concentrations.  The values obtained before 7 

days ageing was too poor although a bit increments observed for samples of 6M and 

ageing more than 7 days. This is attributed to the initial reaction as well as the slowly 

dissolution of kaolin. Another observation was recorded at 8M that the values of 

compressive strength obtained showed uniformed and considered increases with 

ageing time due the abundance of OH- which increases the dissolution of Al+3and Si+4 

from kaolinite structure. Higher compressive strength obtained at optimum value of 

8M and 180 days ageing was 3.98 MPa [147]. 

 

Okoye et al. studied the feasibility of producing green concrete from fly ash/kaolin 

based geopolymer. Also, they investigated the influences of silica fumed presence in 

fly ash/kaolin based geopolymer in term of mechanical properties. Compressive 

strength results for flyash/kaolin based-geopolymer concrete samples showed higher 

values when fumed silica are used, the results proved there was a deep influence of 

compressive strength with time to superpasticizer amount uses and the higher 

compressive strength obtained when naphthalene super plasticizer was used. Finally, 

the compressive strength recorded decreases after at high amount of superplasticizer 

addition [148]. 
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PART 4 

 

EXPERIMENTAL STUDIES 

 

4.1. MATERIALS 

 

Kaolin was used as a main solid alumina silicate precursor and GGBFS, waste glass 

powder and metakaolin used as additives.  

 

High purity fine kaolinite powders with 93% by volume below 2 µm particle sizes 

were used as a source of alumina and silicate. The chemical composition of kaolin 

present in table 4.1. The XRD pattern of the kaolin used is given in Figure 4.1. In the 

XRD pattern of kaolin, only peaks of the kaolinite mineral were detected.  

 

Table 4.1. Chemical composition of the kaolin. 
 

Chemical Composition (wt.%) 

Al2O3 SiO2 P2O5 SO3 K2O CaO TiO Fe2O3 Others L.O.I 

36.9 46.1 0.5 0.5 1.07 0.03 0.5 1.6 0.05 12.75 
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Figure 4.1. XRD pattern of the kaolin. 

 

Origin of the GGBFS is Iron and Steel industry in Karabuk-TURKEY. D(0.5) value of 

the GGBFS is 13,5 µm. The chemical composition and XRD pattern of GGBFS is 

present in table 4.2 and Figure 4.2, respectively. 

 

Table 4.2. Chemical composition of the GGBFS. 
 

Chemical Composition (wt.%) 

MgO Al2O3 SiO2 SO3 K2O CaO TiO MnO BaO Fe2O3 Others 

4.9 11.1 37.1 1.6 1.4 38.9 0.4 2.3 1.05 0.7 0.1 

 

 
 

Figure 4.2. XRD pattern of GGBFS. 
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Waste glass powder used in these experiments is delivered from recycled window flat 

glass that obtained by ball milling waste flat soda-lime-silica glass to 30 to 70 µm.  

The chemical composition and XRD pattern of the waste glass is present in table 4.3 

and Figure 4.3, respectively. 

 

Table 4.3. Chemical composition of the waste glass powder. 
 

Chemical Composition (wt.%) 

Na2O MgO Al2O3 SiO2 SO3 K2O CaO Fe2O3 Others 

13.9 3.4 1.2 70.2 0.2 0.6 10.02 0.1 0.02 

 

 
 

Figure 4.3. XRD pattern of the waste glass. 

 

To produce metakaolin the kaolinite powders placed in the oven where heated to 

750°C at a rate of 5°/min. and kept at this temperature for 6 hours. After 6 hours, the 

powders were naturally cooled to the room temperature in the oven. The chemical 

composition and XRD pattern of the produced metakaolin powders are given in Table 

4.4 and Figure 4.4, respectively. 
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Table 4.4. Chemical composition of metakaolin. 
 

Chemical Composition (wt.%) 

MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO Fe2O3 Others 

0.3 44.4 51.2 0.4 0.2 1.06 0.04 0.50 1.6 0.05 

 

 
 

Figure 4.4. XRD pattern of metakaolin. 

 

For preparing alkali activator solution sodium hydroxide pellet of Merck brand with 

99wt.% purity and distilled water was used. 

 

4.2. SAMPLE PREPARATION 

 

Three types of samples according to its composition were produced, these were 

GGBFS, waste glass powder and metakaolin added samples. Each one of these 

samples branched into four sub-samples according to the amounts of additives added 

as well as reference samples which doesn’t contain any additives with kaolinite (Table 

4.5).  
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Table 4.5. Sample’s series. 
 

No. Additive Additive ratio (wt.%) 
1 Reference (without additive) 0 

2 GGBFS 10 

3 GGBFS 20 

4 GGBFS 30 

5 GGBFS 40 

6 Metakaolin 10 

7 Metakaolin 20 

8 Metakaolin 30 

9 Metakaolin 40 

10 Waste Glass Powder 10 

11 Waste Glass Powder 20 

12 Waste Glass Powder 30 

13 Waste Glass Powder 40 

 

The production procedure involves mixing pure kaolinite powder with additives in 

certain amount. Each additives material was mixed with kaolin in four different 

percentages by weight, namely: 10%, 20%, 30% and 40%. Solid precursor and 

additives mixed by electrical mixer for five minutes to obtain homogeneity. NaOH 

solution was prepared by dissolving sufficient amount of NaOH solid granules with 

distilled water in a closed bottle in order to avoid evaporation initiated from 

exothermic reaction. The amount of water in the samples was fixed 70wt.% by weight 

of kaolin to obtain sufficient workability suitable for plastic forming process. Sodium 

hydroxide was fixed at 24wt.% of the kaolin to obtain fixed molarities or fixed 

Na2O/Al2O3 molar ratio at the samples to compare the role of additives. 

 

Prepared solid mixtures and liquid phases were mixed together in a plastic container. 

The mixing step continues for 5 minutes then plastic consistency obtained which 

should be suitable for forming process, the plastic mixtures placed in steel molds 

(Figure 4.5) to obtain 10mm diameter and 20mm length cylindrically shaped samples 

(Figure 4.6). Formed wet samples directly dried in ventilated oven for 2 hours at 150ºC 

without pre-drying process. After that, the samples removed from the oven and leaved 

to cool before conducting mechanical and analytical tests. (Production process of the 

samples is given in Figure 4.7). 
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Figure 4.5. Steel mold. 

 

 
 

Figure 4.6. Sample before curing. 

 

 
 

Figure 4.7. Experimental plan. 
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4.3. CHARACTERIZATIONS 

 

Compressive strength, water absorption, weight loss in water, DTA-TG, XRD, SEM 

and FTIR analysis applied in this work. 

 

4.3.1. Determination of Compressive Strength 

 

The compressive strength test was carried out with a Zwick / Roell 600 kN capacity 

test device at a constant speed of 1.00 mm/min. The highest strength achieved until the 

samples were damaged was recorded. The experiments were carried out with three 

samples and the average values were taken. 

 

4.3.2. Determination of Water Absorption and Weight Loss in Water 

 

In this test, the samples weigh after drying process recorded values which are denoted 

by (Wi), then soaking samples in water (completely immersion) for 1 day then samples 

removed and weigh it again, the recorded weights denoted by (Ws). The percentage of 

water absorption is calculated by the equation below.  

 

% Water absorption = ((Ws - Wi) / Wi )* 100                                                        (4.1) 

 

To calculate weight loss percentage in water medium, dried wight measure and 

denoted by (Wi), then samples immersed in water for up to 7 days, after that samples 

removed from water and heated in oven at 150ºC for 2 hours, finally samples will be 

weighing again and the values will be denoted by (Wf). The percentages of weight loss 

by water exposure or leaching were calculated from equation below. 

 

% Weight loss = ((Wi - Wf) / Wi)* 100               (4.2) 

 

4.3.3. DTA-TG Analysis 

 

DTA-TG test were performed by DTA HITACHI-STA 7300 device up to 600oC 

temperature with the heating rate of 7o/Min. 
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4.3.4. XRD Analysis 

 

Rigaku ultra iv XRD device was used for X-Ray Diffraction analyses. An analysis 

ranges were 5 to 70 degree and analyze rate is 5o/minute. 

 

4.3.5. SEM Analysis 

 

SEM analyses were performed with Carl Zeiss Ultra Plus Gemini FESEM device. 

Samples were coated with gold to obtain conductivity before tests. 

 

4.3.6. FTIR Analysis 

 

Fourier Transform Infrared Spectroscopy (FTIR) analyses performed with Bruker 

Alpha device at transmittance mode between 400-4000 cm-1.
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PART 5 

 

RESULTS AND DISCUSSION 

 

5.1. APPEARANCE OF THE SAMPLES 

 

All samples have a sufficient strength to handle, and sample preparation such as 

sanding the surface before strength tests were applied. The samples showed gradually 

change in color from the color of reference samples depending on the amounts of 

additives and type of additives (Figure 5.1). The samples of GGBFS additives showed 

changing in color toward green, while the samples of metakaolin additives showed 

brown color but the samples of waste glass additives showed changing toward white 

color, meanwhile the color of reference samples was yellowish. The change in color 

considered evidence that ensuring the occurrence of alkali activation reactions and 

impurities. The color change after drying process related to alkali activation process 

(in reference samples), but the change in color between series seems more related to 

type of the additives. 
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Figure 5.1. Appearance of the samples produced with different additives; M; 

Metakaolin, G; Waste glass powder and GGBFS; Ground granulated 

blast furnace slag. 

 

5.2. COMPRESSIVE STRENGTH RESULTS 

 

The compressive strength values of the samples are given in Figure 5.2. The 

compressive strength results present superior values in comparison with previous 

research [28,133,136,138,147] using un calcined kaolinite as a main source of 

aluminosilicate. 

 

The series of GGBFS additives samples showed the highest compressive strength in 

addition ratio of 20wt.% GGBFS, it’s reached 11.20 MPa, after which the strength was 

gradually decreased with increment in GGBFS additive. The lowest compressive 

strength obtained from 10wt.%GGBFS, namely 3.4 MPa, this value is somewhat close 

to the strength of the reference samples which haven’t any additive. This closeness in 

compressive strength values between 10wt.%GGBFS and reference samples may be 

interpreted as; the 10wt.% of GGBFS is insufficient to supplement the reaction with 

sufficient reactive materials to improve alkali activation process, meanwhile the 

samples of 30 and 40wt.%GGBFS showed reduction in compressive strength from the 

values recorded at 20wt.%GGBFS. The reduction in values of 30 and 40wt.%GGBFS 

may be attributed to the presence of excessive amount of un reacted precursor which 

are formed when cation of activator solution consumed completely in the reaction by 

more reactive GGBFS. 
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The series of metakaolin additive samples exhibited gradually increases in 

compressive strength; the higher strength obtained among all samples was recorded 

for 30wt.%M samples in value of 14.00 MPa. The lower strength noticed in metakaolin 

additive samples was for 40wt.% and the value was 6.85 MPa, this value is 

approximately two times higher than value obtained from reference samples of 3.1 

MPa, this is assuring the considerable effect of more reactive metakaolin that support 

the reactions, consequently, improving compressive strength. The dropping in 

compressive strength after the optimum value of 30wt.%, may attributed to the 

exhausted alkali cation in the reaction so the ratio of weak un-reacted phase will 

increases axiomatically originated from hydrated kaolin that is soft and have plastic 

nature. 

 

Many researchers [149-155] admits that the molar ratio of SiO2/Al2O3.have a great 

influence on the compressive strength. The optimal ratio of SiO2/Al2O3 precursor 

different from materials to other depending reactivity of silica and alumina in each 

material [156-158]. Davidovits who study the effect of Si/Al ratio on alkali activated 

metakaolin, proposed the optimal SiO2/Al2O3 ratio is between 3.5 to 4.5 [150]; 

meanwhile, Fletcher et al. reported the optimal ratio of SiO2/Al2O3 ratio for metakaolin 

activated by NaOH is 16 [151]. For GGBFS additive samples, Panagiotopoulou et al. 

optimize SiO2/Al2O3 ratio of GGBFS based alkali activation; they found the optimum 

ratio of SiO2/Al2O3.is 3.5.[120]. Bakharev et al. report that the activation of GGBFS 

with water glass gave higher compressive strength [159], this result was confirmed by 

Shi who reports GGBFS activated by NaOH exhibited lower compressive strength 

than using water glass or sodium carbonates [65]. Consequently, the probability of 

getting better results from GGBFS additives still needs further investigation. 

Regarding to metakaolin, Pinto report that the activator mixture of NaOH and water 

glass produce higher compressive strength than using NaOH alone with metakaolin 

[160]. The different point of the samples produced in this study was that the samples 

formulation not including sodium silicate solution to support the hydrosodalite 

crystallization or supporting amorphous polysialate geopolymer by feeding the system 

with high viscosity sodium silicate. By this way a negative effect of low Si/Al molar 

ratio in compressive strength will going on, but it is turn into advantage in production; 

thus, the lack of sodium silicate solution in precursor was allow to bring into action of 
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rapid heat curing approach. Wang et al. report metakaolin gave high compressive 

strength with high concentrated activator [161]. Regarding to kaolinite, Slaty et al. 

optimizing the effect of NaOH % by kaolinite clay weight in presence of sand, they 

found the optimum ratio of NaOH was gain at 16% by weight of kaolinite clay in fixed 

water percentage of 22% by kaolinite clay weight [134]. The NaOH concentration of 

activator solution used in these experiments is somehow lower than activator used by 

Slaty et al. [134]. 

 

The series of glass additives samples, although it’s showed slightly development in 

compressive strength along with waste glass additives addition but it’s not possible to 

say that waste glass powder improving compressive strength significantly. In 

comparison with metakaolin and GGBFS additives samples, the lower compressive 

strength recorded for glass additive samples may attributed to the low reactivity of 

both kaolinite [28,147] and waste glass [162,163], so that, the fast production method 

will hinder the reaction between precursors and activator, and this opinion agree with 

Cheng who said the compressive strength of alkali activated glass would be improved 

if aging process were applied [164]. Furthermore, many researchers attributed the 

reduction in compressive strength of samples based waste glass additive to the high 

concentration of activator [165, 166], its believed high concentration activator may 

cause alkali ions agglomeration around waste glass particles and hindering reaction 

due to the restriction of ions movement in the structure [167],in the same context, there 

is another opinion attributed that to the raising of NaOH activator viscosity and 

destroying structure thus hindering geopolymerization reaction[168,169]. Likewise, 

according to Cercel et al. the low content of alumina in waste glass powder may have 

a negative role in reaction progression [162]. It’s important to say, these compressive 

strength results are two times high than the result obtained by Bilondi et al. who studied 

the improvement of mechanical properties of clay soils by using rang of recycled glass 

powder (from 0% to 25%) under long curing periods (7, 28, 91 days) and temperature 

of 25°C and 70°C with NaOH activator solution varied from 1M to 8M [129]. Redden 

et al. got similar result to these we obtained when they try ternary mixture of 50% glass 

powder, 25% metakaolin and 25% GGBFS, this mixture activated by 4M of NaOH 

solution. They found using glass alone gave better compressive strength than using in 

a mixture at short curing periods [170]. As a summary, glass powder was not having 
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effective reactivity to behave like a precursor promoter but it seems waste glass 

powder behave like an ordinary inert filler due to its low reactivity in terms of 

compressive strength values (Figure 5.2). 

 

 
 

Figure 5.2. Compressive strength of the samples. 

 

5.3. WATER RESISTANCE AND WATER ABSORPTION OF THE SAMPLES 

 

In general, all samples did not show any cracks or disintegration even in water, and 

this result coming compatible with results of Heah et al. [132]. 

 

5.3.1. GGBFS Added Samples 

 

The samples of GGBFS additives showed good result for weight loss percentage 

throughout 7 days of immersion. The percentages of weight loss were start increasing 

in a regular manner with time passed (from 1 day up to 7 days). The lower weight loss 

percentage was recorded for 20wt.%GGBFS samples after 1 day of soaking in water, 

the value was 2.27wt.%, and this good result appear agreed with compressive strength 

result of same samples, that’s may have attributed to the high amounts of reacted 
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materials. The higher weight loss percentages were 4.95wt.%, its recorded for 

10wt.%GGBFS samples after 7 days of soaking, whereas reference samples shown 

7.05wt.% of weight loss after 7 days. The difference in weight loss percentage between 

reference samples and GGBFS additive samples are clearly proved the deeply 

influence of GGBFS additives on alkali activated kaolinite (Figure 5.3). The samples 

of GGBFS additives were the best between others two series in term of weight loss 

percentage in water, Yip et al. who studying the durability of kaolinite and GGBFS 

mixture, proposed that the presence of amorphous zeolitic phase and geopolymeric gel 

are responsible to the good durability and also they attributed the durability of ancient 

heritage to the presence of zeolitic materials [171], also, Campell et al. report: the good 

durability of ancient binder attributed to zeolitic structure formed [172]. 

 

 
 

Figure 5.3. Weight loss (wt.%) of GGBFS added samples. 

 

The samples of GGBFS additives showed a uniform influence to GGBFS addition in 

term of water absorption. Figure 5.4 showed inverse relationship between GGBFS 

addition and water absorption; consequently, water absorption percentages are 

gradually dropped from reference samples to 40wt.%GGBFS sample, that’s leading to 

find the open porosity of samples decreasing with increasing GGBFS addition.  
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Figure 5.4. Water absorption (wt.%) of GGBFS added samples. 

 

5.3.2. Metakaolin Added Samples 

 

The samples of metakaolin additives have result near to those of GGBFS additive 

sample. In term of weight loss, Figure 5.5 showed that all samples’ losses its weight 

in increasing manner with time, the lower weight loss percentage found after 1 day of 

soaking with 30wt.%M samples, the weight loss percentage was 2.78wt.%, these 

results are also supported by the result obtained from compressive strength test, 

whereas 30wt.%M samples present the higher compressive strength among all other 

metakaolin additive samples. The higher weight loss percentage was recorded at 7 days 

for samples of 10wt.%M in amount of 6.67wt.% which is lower than reference samples 

value of 7 days soaking which record 7.05wt.%.  Although, the difference between 

maximum weight losses recorded at 10wt.%M and reference samples weight loss 

recorded at 7 days but the values are near to each other, that leading to believe the 

metakaolin additive effect may disappearing of over long periods, even for 30wt.%M 

samples. 
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Figure 5.5. Weight loss (wt.%) of metakaolin added samples. 

 

From Figure 5.6, The water absorption percentage of metakaolin additives samples 

present decreasing with metakaolin additive increasing. The higher water absorption 

recorded in 10M% samples, it was 34.60wt.%, but the lower value obtained from 

40wt.%M samples in value of 25.00 (this was the best result among two other series), 

which is explaining the significant role of metakaolin in closing or reducing the open 

porosity of samples.  

 

 
 

Figure 5.6. Water absorption (wt.%) of metakaolin added samples. 
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5.3.3. Waste Glass Powder Added Samples 

 

The weight loss percentage of waste glass additives samples showed increasing in 

weight loss with time, but the relationship between weight loss and waste glass 

addition was clearly noticed (especially at 1 and 2 days of soaking in water), so, when 

waste glass additive increases the sample weight loss decreases (Figure 5.7). Although 

the samples of waste glass additive don’t show good compressive strength result in 

comparison with reference samples but these samples exhibited good performance in 

term of water resistance. Similar to results previously obtained from GGBFS and 

metakaolin based additive samples, waste glass additives samples present decreasing 

in water adsorption ratios with increasing waste glass powder addition (Figure 5.8). 

 

 
 

Figure 5.7. Weight loss (wt.%) of waste glass added samples. 
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Figure 5.8. Water absorption (wt.%) of waste glass added samples. 

 

5.4. XRD RESULTS 

 

XRD analyses showed developing of new peaks after alkali activation process (Figure 

5.9), these new peaks corresponded for hydrosodalite phases. The growing of these 

new peaks synchronized with degradation in intensities of kaolinite peaks, this was 

attributed to the dissolution of kaolinite as much as hydrosodalite formed and this 

observation agrees with certain scientific papers [35,173]. The low peaks intensities of 

hydrosodalite might be corresponded to the low reactivity of kaolinite which retain on 

its appearance even in further stages, and that may be interpreted as partial dissolution 

of kaolinite and consequently partials contribution in reaction, this justification was 

adopted by many publications [174,175-177]. 

 

The XRD peaks of samples with additives showed changing in the crystal structure 

into more amorphous structure in comparison with reference samples; this was 

observed by the widening of the peaks and the weakening of the intensity. Many 

researches confirmed the formation of NASH phases from metakaolin alkali activation 

[7,151,178-181] and CSH phase from GGBFS alkali activation [155,182-187], also, 

other researchers [170,188,189] confirmed the formation of sodium silicate gel when 

waste glass activated alone using NaOH but when activated with presence of Al-rich 

materials such as metakaolin a Na-Al-Si-zeolitic phase are formed. In spite of that, in 

these experiments, the additives materials did not show a formation of any other zeolite 

phase (when incorporated with kaolinite) differ from phases observed in reference 
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samples, that may interpret as; the additives materials were dissolve in NaOH solution 

leading to SiO2, Al2O3 and CaO abundant in the mixture related to their chemistry. 

These solutions may be transforming to the amorphous geopolymeric structures with 

different chemical composition. 

 

 
 

Figure 5.9. XRD pattern of the samples, K; kaolinite, HS; Hydrosodalite. 
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5.5. FTIR RESULTS 

 

FT-IR spectrum of the precursors and samples are given in Figure 5.10. In accordance 

to Van Jaarsveld et al. the changes in absorption frequencies between kaolinite and 

geopolymer samples refer to the transformation of precursors through 

geopolymerization reaction [190]. Kaolinite FTIR graph shown certain absorbance 

bands at 3962 and 3620 cm-1, which may be belonged to OH- and H-O-H stretching 

vibration [133,136,191,192], and 1652 cm-1band assigned for bending vibration of 

H2O [139,191,193]. The absorption band at peak of 1116 cm-1 is assigned to 

symmetrical stretching of Si-O bond in tetrahedral of SiO2 molecules in kaolinite 

crystal structure [192,194-198]. Many published papers attributed the peaks of 1028 

cm-1 to stretching vibration of Si-O-Si [145,194,198,199], but others attributed this 

absorption peak to Si-O vibration [192,197]. There are three classifications related to 

998 cm-1peak; the first corresponded it Si-O-Si bond in plane vibration [145,198], the 

second assigned it as Si-O bond [145,199], the third sorted this peak to Si-O/Al-O 

bond alternatively [133]. The peaks of 907 cm-1 and 936 cm-1 were related to Al-OH 

bending vibration [139,145,192,197,198,200]. The peak of 791 cm-1 indicated to Al-

OH [192,198] or to Si-O bonds [191,194]. The peak of 753 cm-1 referred to Si-O-Si 

bond stretching vibration [192] or Si-O-Al [197,201] or Al-OH [198]. The peak of 538 

cm-1 recognized as Al-O-Si bond [190,192,201]. The peaks of 469 and 430 cm-1 

attributed to Si-O bond [192,201]. 

 

After alkali activation process, 3620 and 3692 cm-1 peaks were disappeared that 

indicated to the evaporation of structural water in the samples. The peaks of 907 cm-1 

noticed shifted over wave number position to 915 cm-1 in activated samples, which 

attributed to the alkalization process [133]. The main peaks around 950 to 998 it 

categorized to Si-O-T bond (symbol “T” refer to Al or Si) which indicates to the 

formation of 3D network of polysialate gel [27,191,193,202,203]. The emergence of 

new peaks with low absorption percentage located at 663, 706 and 734 cm-1 

corresponded to Si-O-T which refer to the formation hydrosodalite [35,202,203]. The 

peaks of 530, 469 and 430 cm-1 continued appear in all activated samples, that was 

linked to the un reacted precursors which didn’t contribute in alkali activation reaction 

[136,191,204]. 
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FTIR graphs of waste glass added samples showed considerable peaks with glass 

additives in comparison with reference samples, Si-O-T peaks of 10%G appear more 

severe than those of reference samples, besides that, the peaks of 20, 30 and 40wt.%G 

seemed weaken than 10wt.%G. 

 

Different from glass, FTIR graphs of GGBFS-additives sample showed clear and 

distinguishes role for GGBFS, so that, the GGBFS act as second active resource of Si 

atoms in the mixture what increasing the formation of Si-O-T bonds. The peaks related 

to Si-O-T showed dropped back in 10wt.% GGBFS-additives samples but 20, 30 and 

40wt.% GGBFS-additive samples showed elongation in Si-O-T peaks, this may 

attribute to high compressive strength results obtained from samples of 20wt.% 

GGBFS. 

 

For metakaolin-additives samples, the role of Al2O3 was very clear especially in the 

widening of the main peak (Si-O-T bonds) which interpreted to the formation of Si-O-

Al due to the abundant of active Al2O3 in metakaolin composition, the wider and 

higher peaks was observed at 10, 20 and 30wt.% metakaolin-additive samples and this 

what supported by the compressive strength results. The peaks of 3620 and 3692 cm-1 

were still present in weak intensity at 10 and 20wt.%M spectrum. Generally, all 

samples showed retained bands corresponded to peaks appeared in precursor FTIR, 

especially at 469 and 430 cm-1, these two peaks appeared in kaolinite so its refer to 

presence of the un reacted kaolinite. 
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Figure 5.10. FTIR spectrum of the samples. 

 

5.6. DTA-TG RESULTS 

 

The DTA curves of the waste glass, metakaolin and GGBFS added samples are given 

in Figure 5.11, Figure 5.12 and Figure 5.13, respectively. The endothermic peaks 

present in kaolinite DTA curve at temperature around 500ºC refer to dehydroxylation 

of kaolinite, at this stage the kaolinite’s crystal structure were broken and forming 

amorphous metakaolin [205] (Figure 5.11). Additives including samples which didn’t 

show violent dehydroxylation peaks may be related the consumed some of structural 

water into hydrosodalite formation. In metakaolin added samples dehydroxylation 
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peak was sharper than other additives including samples and that may attribute to re-

hydration of metakaolin (Figure 5.12). 

 

The TG curves of all produced samples showed two main stages of weight loss, the 

first before 300ºC and the second at around 500ºC, these two points of weight loss 

were justified by releasing of hydroxyl molecules. The weight loss under 300ºC, it 

believed due to evaporation of zeolitic water, but the second drop in weight loss 

appears about 500ºC is seemed to be matched with de-hydroxylation appear in DTA 

curves, that what refer to removing of structural hydroxyl molecules in remained 

kaolinite structure or hydroxides in alkali activated part. 

 

All samples of waste glass additives showed lowest weight loss in comparison with 

reference samples, this result may attribute to the absence of structural hydroxyl 

molecules in the samples network and that what support the additives behavior of 

waste glass in kaolinite alkali activation process (Figure 5.14). Waste glass additives 

showed indirect relationship with TG%. Detected additives behavior was agreement 

with the results obtain from water absorption test (see Figure 5.8). Additives other than 

glass powder have complex thermogravimetric effects (Figure 5.15. and figure 5.16). 

Different parameters with different impacts compete in the curing process led to this 

result. These parameters can be listed as follows. The increase in unreacted kaolinite 

(due to the consummation of the alkali cations with more reactive additive) led to 

increased crystal water. The unreacted part of the additives will reduce both zeolitic 

and crystal water (in high addition ratios of additives). Conversion of additives to 

alkaline activated gels will increase zeolitic water. Increasing hydrosodalite 

transformation of kaolinite will reduce the proportion of crystal water. Finally, 

possible rehydration of metakaolin increases the crystal water in the mixture. Since the 

dominance of the mentioned variables will be affected by the additive type and the 

addition ratio, it was not possible to determine a trend with increasing addition ratio of 

metakaolin and GGBFS additives on thermogravimetry 
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Figure 5.11. DTA curves of precursors, reference and waste glass powder added 

samples. 

 

 
 

Figure 5.12. DTA curves of precursors, reference and metakaolin powder added 

samples. 
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Figure 5.13. DTA curves of precursors, reference and GGBFS powder added samples. 

 

 
 

Figure 5.14. Thermogravimetry curves of precursors, reference and waste glass 

powder added samples. 

 

0 100 200 300 400 500 600 700

D
T

A

Temperature (°C)

Kaolinite

GGBFS

Reference

10wt.%GGBFS

20wt.%GGBFS

30wt.%GGBFS

40wt.%GGBFS

-14

-12

-10

-8

-6

-4

-2

0

0 100 200 300 400 500 600 700

T
G

%

Temperature

Waste Glass

Kaolinite

REF

10wt.%G

20%wt.G

30%wt.G

40%wt.G



 

57 

 
 

Figure 5.15. Thermogravimetry curves of precursors, reference and GGBFS powder 

added samples. 

 

 
 

Figure 5.16. Thermogravimetry curves of precursors, reference and metakaolin 

powder added samples. 
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5.7. SEM RESULTS 

 

All SEM photos showed evidence refer to hydrosodalite phase formation; these 

evidences were varied according to the additive’s percentage and type of additive. In 

SEM photo the plate-like particles refer to kaolinite, but spheroidal-shape particle 

refers to hydrosodalite [35].  

 

SEM photos of GGBFS added samples have good signs which assuring the occurrence 

of crystallization with crystal size better than crystals found in reference samples, thus 

the difference was noticeable between SEM photo of reference samples and additive 

samples, (Figure 5.17). 20wt.%GGBFS samples were the best among all GGBFS-

additive samples in terms of hydrosodalite formation, (Figure 5.18), these results are 

matching with high compressive strength of 20w.%GGBFS (See Figure 5.2). The 

small size and irregular shape of hydrosodalite were may be attributed to the absence 

of hydrothermal conditions [206]. The sample of 10wt.%GGBFS didn’t show 

significant change from reference samples, in other words, the role of 10wt.%GGBFS 

additive was so weak in improving activation reaction, (Figure 5.19), even the 

compressive strength data of reference samples were the nearest to the values obtained 

from 10wt.%GGBFS and that was a description for the light influence of 

10wt.%GGBFS additives on samples. The role of GGBFS additives in hydrosodalite 

formation was clearly noticeable in the SEM photos of 20, 30 and 40wt.%GGBFS 

samples in comparison with reference sample. Although 30wt.%GGBFS and 

40wt.%GGBFS samples showed crystal formation but un-reacted kaolinite stilled 

appear in SEM photo in high concentration, (Figure 5.20 and Figure 5.21). 
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Figure 5.17. Microstructure reference sample. K; kaolinite, HS; Hydrosodalite. 

 

 
 

Figure 5.18. Microstructure of 20wt.%GGBFS added samples. 
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(a)                                                                         (b) 
 

Figure 5.19.  Microstructure of reference sample a) and 10wt.%GGBFS added samples 

b). 

 

 
 

Figure 5.20. Microstructure of 30wt.%GGBFS added samples. K; kaolinite, HS;   

Hydrosodalite. 
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Figure 5.21. Microstructure of 40wt.%GGBFS added samples. K; kaolinite, HS; 

Hydrosodalite. 

 

The SEM photo of the metakaolin added samples proved the creation of additional 

hydrosodalite crystal and that was occurred together with increasing compressive 

strength. The roles of metakaolin additives were highly impressive in all percentage, 

and the amount of hydrosodalite crystal formed was seems increased by increasing 

metakaolin percentage until 40wt.%M. The sample of 40wt.%M showed micro-crack 

existence in SEM photo, this is due to dry shrinkage and water evaporation, (Figure 

5.22), and this may link to the dropping in compressive strength recorded at 40wt.%M, 

as well as the consumption of Na cation and hydroxyl molecules may also may be 

responsible. The samples of 30wt.%M showed the higher crystal size than other 

metakaolin-additive samples, (Figure5.23). All photos showed a presence of un 

reacted kaolinite alongside with hydrosodalite and this attributed to low kaolinite 

reactivity. 
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Figure 5.22. Microstructure of 40wt.% Metakaolin added samples. 

 

 
 

Figure 5.23. Microstructure of 30wt.%Metakaolin added samples. K ; kaolinite, HS ; 

Hydrosodalite. 
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The result gotten from SEM showed; the samples of waste glass additives were the 

higher in having unreacted kaolinite among other series (Figure 5.24), also, SEM 

photos explained; the ratio of hydrosodalite structures increases with waste glass 

additives increased, (Figure 5.25 and Figure 5.26), however compressive strength 

result supports these findings. This result push us to say the un reacted kaolinite and 

low reactivity of waste glass weaken the reaction progression; in other words, the low 

reactivity of precursor restricts the spontaneous of reaction toward formation of 

aluminosilicate gel. Further, the low reactivity of glass and kaolinite doesn’t permit to 

promote dissolution and polymerization reaction without longer curing periods. 

 

 
 

(a) 
 

 
 

(b) 
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(c)  

 

Figure 5.24. Microstructure of 40wt.%waste glass a), 40% Metakaolin b) and 

40%GGBFS c) added samples (continue). 

 

 
 

Figure 5.25. Microstructure of 10wt.%waste glass added samples. K; kaolinite, HS ; 

Hydrosodalite. 
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Figure 5.26. Microstructure of 30wt.%waste glass added samples. K ; kaolinite, HS ; 

Hydrosodalite. 

 

Another important finding was observed in waste glass additives series, this 

observation was the micro-crack formation which may attributed to thermal shrinkage 

formed after structural water evaporation. Figure 5.27 and Figure 5.28 showed cracks 

noticed by SEM photo. This may be related to lack of plasticity at the samples during 

evaporation of water and may be the reason of low mechanical strength of the samples 

including waste glass powder in spite of their relatively good water resistant. 

 

 
 

Figure 5.27. Microstructure of 20wt.%waste glass added samples. 
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Figure 5.28. Microstructure of 40wt.%waste glass added samples. 
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PART 6 

 

CONCLUSION AND SUGGESTION 

 

In this work, kaolin based geopolymers (hydrosodalite based geopolymers) produced 

with the certain amount of additive (waste glass, GGBFS and metakaolin) and 

investigated in term of; compressive strength, water resistant, water absorption phase 

structure, bond structure and microstructure. Sample produced by rapid heat curing 

technique applied at 150oC that allows high productivity. 

 

Regarding to compressive strength, the role of additives materials was perceptible and 

clear in comparison with reference samples. The samples of 30wt.%M showed highest 

compressive strength among other samples in value of 14.00 MPa. Compressive 

strength of the reference sample recorded as only 3.1 MPa. According to compressive 

strength result the optimum compositions in GGBFS additives samples and metakaolin 

additives samples were assigned to 20wt.%GGBFS and 30wt.%M, respectively. The 

samples of waste glass additives didn’t show good result related to compressive 

strength test.  

 

The result of water-resistant test present superiority for samples GGBFS additive, the 

sample of 20wt.%GGBFS showed lesser weight loss percentage (in value of 

2.27wt.%), meanwhile, the higher weight loss percentage was assigned for reference 

samples (in value of 7.05wt.%). The water absorption percentage decreased gradually 

with additives increases. 

 

XRD result confirms the formation of hydrosodalite phase in all produced samples. 

Also, some peaks appear were assigned to un reacted kaolinite due to low reactivity of 

kaolinite SEM results proved the formation of hydrosodalite crystals; on other side 

plate-like particles of un reacted kaolinite was observed too. The important finding
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 was observed is the formation of micro crack occurred due to thermal shrinkage 

causes by evaporation water content especially for glass powder added samples. 

 

DTA-TG analysis showed endothermic peak at 500°C was attributed to 

dehydroxylation of kaolinite. Additives including samples didn’t showed violent 

dehydroxylation peaks due to consumed most of structural water in reaction. TG 

curves showed weight loss related to zeolitic water and dehydroxylation for all 

samples. FTIR analysis supported a variation in intensities of peaks belonged to 

aluminosilicate bonds between reference and additives samples. 

 

In general, the composition with 20wt%GGBFS and 30wt.%M were the optimum 

among other composition, so it’s suitable to employ as low-cost construction materials 

and green production method that doesn’t involved high energy consuming and huge 

tone of gases released because it’s easy to reach 150°C by primitive and simple ways 

worldwide. It’s important to mention that filler materials should be used for mass 

production in order to remove micro-crack formation through drying process for 

bigger products. There are needs for new studies investigating this binder with 

aggregates to manufacture various building materials.  
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