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ABSTRACT 

 

 

 

 

Geopolymer, an inorganic polymeric binder material synthesized from 

materials containing alumina and silica compounds, has evolved to become an 

alternative to Portland cement. The drawbacks of using Portland cement are its carbon 

dioxide emission, high energy consumption during production, and inadequate 

durability performance of its concrete. The valorization of wastes such as fly ash and 

blast furnace slag is an important feature of geopolymer that in a broad sense 

contributes to its environmental friendliness. In the same manner, palm oil fuel ash 

(POFA) waste generated from industrial production of palm oil for construction 

purposes is also beneficial and contributes towards a more sustainable environment 

since it aids in the disposal of waste and leads to economic gains. POFA has been 

successfully developed as supplementary material for Portland cement. Its emerging 

use in geopolymer production is made possible by blending it with alumina rich 

material like Metakaolin, which addresses its deficient alumina content. The 

maximization of POFA and the minimization of metakaolin use in geopolymer 

preparation underscore the need to study the behavior of high volume POFA blends 

with metakaolin geopolymers with specific objectives of determining the effect of high 

volume blend on the strength, durability performance and microstructure 

characteristics. The ratio of blends studied range from 0:100 to 80:20 POFA: 

Metakaolin. The geopolymer specimens were prepared with sodium hydroxide and 

sodium silicate and were cured in both ambient and oven conditions. The analysis of 

formulations revealed the extent of influence of the synthesis factors on the 

geopolymer. The evaluation of strength and durability properties of geopolymer 

specimens was accomplished with mortar for various mixes at varying ages. High 

volume POFA was found to improve the strength and durability properties as well the 

microstructure characteristics, which were mainly due to the participation of Si-O-Si 

and Si-O-Al bonds in the reaction products. Test results show that all mixes developed 

appreciable mechanical strength under the studied curing conditions. The aspects of 

durability studied are permeability properties, resistance to acid, resistance to sulfate, 

and effects of elevated temperature. The test results showed that the geopolymer 

specimen was highly resistant to water penetration and aggressive conditions. 

Microstructure tests in the form of FESEM, XRD, EDX, FTIR and TGA were 

performed on selected specimens to study the interactions of the geopolymerization 

products. It is therefore concluded that geopolymer mortar produced with up to 80% 

POFA could give adequate strength and durability properties. 
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ABSTRAK 

 

 

 

 

Geopolimer merupakan bahan pengikat bukan organik yang disintesis daripada 

bahan yang mengandungi sebatian alumina dan silika. Ia telah pun berkembang 

sehingga menjadi alternatif kepada simen Portland. Pemprosesan simen Portland amat 

bermasalah dan melibatkan pelepasan karbon dioksida, penggunaan sumber tenaga 

yang tinggi serta konkrit yang dihasilkan mempunyai ketahanlasakan yang lemah. 

Pemantapan harga sisa industri seperti abu terbang dan sanga relau bagas merupakan 

ciri geopolimer penting yang menyumbang kepada sifatnya yang mesra alam. 

Persekitaran lestari juga dapat diwujudkan apabila sisa abu minyak kelapa sawit 

(POFA) digunakan sebagai bahan binaan kerana proses ini membantu pelupusan sisa 

di samping boleh meningkatkan kegiatan ekonomi. Selain itu, POFA telahpun berjaya 

digunakan sebagai bahan tambahan untuk simen Portland. POFA yang dahulunya 

kekurangan kandungan alumina, kini boleh digunakan untuk menghasilkan 

geopolimer apabila ia dicampur dengan bahan yang tinggi kandungan aluminanya 

seperti Metakaolin. Penggunaan POFA secara maksima dan Metakaolin secara 

minima di dalam kajian ini mendorong kepada objektif kajian iaitu mengkaji 

keberkesanan campuran jumlah POFA yang tinggi dengan geopolimer Metakaolin 

terhadap kekuatan, ketahanlasakan dan ciri-ciri mikrostrukturnya. Nisbah campuran 

POFA:Metakaolin yang dikaji ialah di antara 0:100 hingga 80:20. Spesimen 

geopolimer ini disedia menggunakan natrium hidroksida dan natrium silikat dan ianya 

diawet di dalam oven dan persekitaran ambien. Analisis kajian campuran 

menunjukkan sejauh mana faktor sintesis mempengaruhi geopolimer. Penilaian 

kekuatan dan ketahanlasakan spesimen geopolimer dijalankan dengan menggunakan 

pelbagai campuran mortar pada peringkat umur berbeza-beza. Jumlah POFA yang 

tinggi meningkatkan ciri-ciri kekuatan dan ketahanlasakan mikrostrukturnya 

disebabkan oleh ikatan Si-O-Si and Si-O-Al dalam hasil tindak balas. Keputusan 

kajian turut menunjukkan semua nisbah campuran menjadi lebih kuat dari segi 

mekanikal untuk semua keadaan pengawetan yang dikaji. Aspek ketahanlasakan yang 

dikaji ialah ciri-ciri kebolehtelapan, rintangan terhadap asid, rintangan terhadap sulfat, 

dan kesan daripada peningkatan suhu. Keputusan kajian menunjukan spesimen 

geopolimer mempunyai rintangan tinggi terhadap ujian penyusupan air dan 

persekitaran yang agresif. Ujian mikrostruktur seperti FESEM, EDX, FTIR dan TGA 

dijalankan bagi mengkaji proses interaksi ‘geopolimerization’ di dalam produk. 

Kesimpulannya, geopolimer mortar yang menggunakan POFA sehingga 80% boleh 

menghasilkan kekuatan dan ketahanlasakan yang memadai. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Introduction 

 

 

The entrenchment of sustainable environment has become very important in 

order to preserve valued environmental conditions as well as available resources. As 

part of measures toward fostering sustainability; the reduction in emissions of 

greenhouse gasses, the depletion of fossil fuel and waste generation and disposal has 

become critical issues for consideration. The construction industry through its 

activities has strong impact on the environment. Although these impacts are both 

positive and negative, the latter gives an underlying motive for the concern to seek 

mitigations for environmental problems. 

 

 

Portland cement as a binder is a key material use for construction purposes. The 

production of Portland cement, however, is characterized by high energy consumption 

and emission of greenhouse gasses which is almost equivalent to the weight of cement 

produced in tons (0.9 ton/ton of cement) (Komnitsas, 2011, Gartner, 2004). The role 

of Portland cement production in carbon dioxide emission to the atmosphere and its 

high energy consumption have therefore accelerated the search for alternative 

cementing materials (Juenger et al., 2011; Lawrence, 2003; Schneider et al., 2011; 

Winnefeld et al., 2010). Furthermore, the search for alternative cement is also 

motivated by the shortcomings of Portland cement in some situations, for instance, 

where structures are prone to harsh environments with high acidity leading to 

deterioration or where Portland cement cannot meet the need for rapid repair 

applications (Juenger, et al., 2011). 
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Geopolymer cement, which is an activated aluminosilicate based material has 

evolved as an alternative cement with comparable minimal carbon dioxide emission 

footprint and energy consumption requirement (Kong, 2007; Rees et al., 2008; 

Rovnaník, 2010; Villa et al., 2010). Geopolymer cement has superior mechanical 

strength, chemical and heat resistance, low thermal conductivity and low shrinkage in 

comparison to Portland cement (Kong, 2007; Lee et al., 2010). These properties of 

geopolymer have made it to become a formidable alternative to Portland cement. 

However, the evolution of geopolymer is still on-going and one of the main tasks 

needing attention is how to entrench its application in construction. The role of 

materials use for its preparation is very critical to the full scale application for 

construction. Being a relatively new material, researches are on-going to establish the 

application of geopolymer in construction. 

 

 

 

 

1.2 Background of the Problem 

 

 

Geopolymer requires materials containing appropriate proportions of silica and 

alumina that react with alkali (potassium and/ or sodium hydroxide) and polymerize 

to form 3-dimensional alkali aluminosilicate gel binding aggregates. The starting 

materials containing alumina and silica are mainly metakaolin (Davidovits, 1991a; Xu 

and Van Deventer, 2000), fly ash (Chindaprasirt et al., 2007b) and blast furnace slag 

(Cheng and Chiu, 2003; Li and Liu, 2007). Several pioneer researchers have utilized 

these materials for geopolymer production (Chindaprasirt, et al., 2007b; Davidovits, 

1991a; Duxson et al., 2007b; Elimbi et al., 2011; He et al., 2012; Pacheco-Torgal et 

al., 2008a, 2008b; Xu and Van Deventer, 2000).  

 

 

 

 

1.2.1 Advantages of metakaolin 

 

 

Metakaolin is a mineral based material produced by dehydroxylation of kaolin 

while fly ash and blast furnace slags are industrial by-products. Being a natural mineral 

product, metakaolin is homogeneous in composition, making it more predictable than 
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the waste based products (Pacheco-Torgal, et al., 2008a; Pavel, 2010). There exists 

wide variability in composition of waste based aluminosilicate materials which, for 

instance, depends on the source of the parent material, processing methods and 

handling. Among the geopolymer starting material, metakaolin has about the highest 

alumina content, a very important constituent for geopolymer synthesis. This is 

responsible for its reactivity. These facts coupled with the vast availability of its source 

material (kaolin) explain the reason for it utilization for geopolymer production (Xu 

and Van Deventer 2002). The high reactivity of metakaolin due to its high alumina 

content makes it more suitable for upgrading aluminosilicates materials with low 

alumina content.  

 

 

 

 

1.2.2 Problems of Metakaolin utilization in Geopolymer Preparation 

 

 

However, metakaolin utilization in geopolymer production is faced with some 

problems. Metakaolin based geopolymer has a higher environmental impact compared 

to geopolymer made from industrial by-products (fly ash and blast furnace slag) 

mainly due to its source as a mineral based material and its lower silica/alumina ratio 

that places high demand for alkali silicate requirement (Habert et al., 2011). It has been 

recently shown that the use of silicate for geopolymer also impose problem of negative 

environmental impact as its production can be as much energy consuming as Portland 

cement production (Turner and Collins 2013). 

 

 

Also, the stability of metakaolin based geopolymer during prolong ageing 

could be a problem as loss of strength results from the ageing process. In fact, Lloyd 

(2009) questions the suitability of pure metakaolin based geopolymer based on its 

inability to remain stable when subjected to prolonged ageing. 

 

 

Furthermore, the morphology of metakaolin places high demand for water 

during processing to ease workability (Kong 2007; Duxson and Provis 2008). The 

fresh state of metakaolin is characterized by a stiff matrix of material requiring high 

water content to make it workable. This places additional limitation on its applicability 
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to large scale geopolymer application as an attempt to increase water/binder ratio 

excessively will result in weaker strength, high shrinkage value, lower resistance to 

fire exposure and weaker microstructure compare to fly ash based geopolymer (Kong 

and Sanjayan 2010).  

 

 

 

 

1.2.3 Enhancing Performance of Metakaolin in Geopolymer Preparation 

 

 

For metakaolin based geopolymer system to be sustainable in terms of resource 

utilization and practical applicability, it is important to examine the system for possible 

modifications. A previous review on environmental sustainability of geopolymer 

system suggests that the environmental impact of metakaolin geopolymer could be 

mitigated if combined with other waste based materials having a lower environmental 

footprint (Habert, et al., 2011)). It is also recommended that kaolin based source of 

alumina be replaced with other materials that will ensure strength as well as cost 

effectiveness (Khale and Chaudhary 2007). 

 

 

 Furthermore, it is important that such a material should as much as possible 

be able to improve the fresh and hardened properties of the system to enhance the 

applicability especially for high performance geopolymer. It is opined that sustainable 

development can be enhanced through recycling of industrial waste to produce new 

construction materials as this would have the effect of reducing landfill disposal, 

preserve non-renewable raw materials (Bignozzi et al., 2013), reduce greenhouse gas 

emission and improve the properties of the concrete or mortar. 

 

 

One waste material requiring adequate utilization in Malaysia is palm oil fuel 

ash (POFA) generated from production of palm oil. Palm oil production being a main 

driver of the economy of some South East Asia countries (Indonesia, Malaysia and 

Thailand) has continued to generate POFA at an increasing rate without commensurate 

outlets for recycling of these wastes. Another important feature of POFA is that it is 

generated from renewable resources unlike other waste materials like fly ash and slag. 

Renewable resources support environmental sustainability because they ensure the 
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preservation of natural resources. Like some other industrial waste materials such as 

fly ash and slags, the adoption of POFA for construction purposes apart from providing 

economic benefit, would also serve the purpose of aiding the disposal of the waste 

material, thereby solving likely associated problems such as pollution and land usage 

which tend to increase with expanding production capacity of palm oil. 

 

 

POFA has been developed for use as supplementary material to Portland 

cement as pozolanic material (Awal and Hussin, 1997; Bamaga et al., 2013; Sata et 

al., 2007; Tangchirapat et al., 2007). However, the reported relative low alumina 

content (Bamaga, et al., 2013; Chindaprasirt et al., 2007a; Tangchirapat et al., 2009) 

is a hindrance towards its utilization as a stand-alone geopolymer starting material for 

high performance geopolymer due to inability of adequate aluminum taking part in the 

chain forming reaction. As a result, it will be pertinent to improve its performance in 

geopolymer preparation by blending with material rich in alumina which invariably 

modifies the silica and alumina ratio to levels that support the synthesis of high 

performance geopolymer.  

 

 

Researchers have recently used this approach to adjust the silica and alumina 

ratio, a key variable influencing the synthesis of geopolymer. In an attempt to improve 

the processing route of geopolymer, Fernandez-Jimenez et al. (2008) blended 

pulverized fly ash (PFA) and metakaolin at 50:50 and obtained compressive strength 

of 28 MPa at 28 days. Similarly, Riahi et al. (2012) blended PFA with up to 40 % rice 

husk bark ash (RHBA) and obtained the highest compressive strength of about 58.9 

MPa at 30 % RHBA replacement. 

 

 

It may be noted, however, that blending of PFA and metakaolin may not extend 

the scope of materials available for use as a feedstock geopolymer as the materials 

themselves (PFA and metakaolin) are already in use independently for geopolymer 

synthesis. Also, the use of RBHA although would contribute to the solution disposal 

problem and valorize the, is feasible predominately rice growing regions. 
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A blend of PFA with POFA has been reported and about 30 % POFA 

replacement achieved the highest compressive strength of 28 Mpa (Mohd Ariffin, 

Hussin et al. 2011). A higher percentage of POFA utilization is desirable to enhance 

sustainability, economic advantage and make it a main material for the production of 

high performance geopolymer. The more the POFA incorporation in the metakaolin 

geopolymer, the more the decline of POFA available for disposal, the more kaolinite 

clay is conserved, the lesser the attributable CO2 emission and energy consumption.  

 

 

In furtherance of this, the development of high volume POFA geopolymer 

system becomes necessary. There is a strong possibility that an aluminosilicate 

material having a high alumina composition could be used for this purpose. Metakaolin 

is being therefore identified to be likely material that could ensure high volume POFA 

utilization in geopolymer production because of its high reactivity and alumina 

content. On the other hand, a blend with POFA could also assist to improve the 

shortcomings of metakoalin in geopolymer production by the adjustment of silica and 

alumina ratio. 

 

 

The issues thus arising from this background are whether it is possible to 

prepare high performance geopolymer using high volume POFA blends with 

metakaolin, what would be the effect of the blend on the engineering properties and to 

what extent can the blend be varied in terms of POFA and metakaolin replacement to 

obtain optimum properties. These issues are best resolved through the implementation 

of rational approach to mix design of the geopolymer. 

 

 

The major problem with metakaolin based geopolymer is that it loses strength 

during ageing making it unreliable for practical construction purposes (Lloyd, 2009). 

It is also prone to have a negative impact on the environment because of its being a 

mineral base material and its relatively high demand for sodium silicate during 

synthesis due to high alumina content (Habert, et al., 2011). Sodium silicate is known 

to impact negatively on the environment (Turner and Collins, 2013).  
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Most reports of studies of blended metakaolin with waste materials (Hajjaji et 

al., 2013; Hawa et al., 2013; He, et al., 2012) were based on short time results of 

mechanical properties. The blending of metakaolin and POFA could play 

complementary roles and remedy the enumerated problems of the two materials, 

especially if high volume POFA is involved necessitating the need to ascertain the 

impact. 

 

 

 

 

1.3 Statement of the Problem 

 

 

Despite the growing knowledge of its beneficial utilization as a cemetitious 

material, the amount of POFA not being recycled is still significant and is disposed in 

landfills with attendant negative environmental impact. The option of land filling 

places huge financial burden on the waste generators who are liable for future 

environmental problems that may arise. Recycling of the waste through utilization for 

construction purposes would be a better option and its application in geopolymer 

would further extend the scope of demand. Widening the scope of its utilization as 

cementitious material in geopolymer is thus necessary towards maximization of its 

recycling potentials. 

 

 

Although rich in reactive silica, the poor performance of POFA as a sole 

aluminosilicate material for geopolymer synthesis due to low alumina content has 

prompted recent studies to consider the option of its combination with other materials 

rich in alumina such as fly ash and metakaolin. However, the scanty available studies 

reported the achievement of significant strength only at the low POFA content. 

 

 

The relatively low alumina content of Fly ash when compared to Metakaolin, 

does not allow the use of high content POFA in preparation of geopolymers thereby 

preventing the maximum use of POFA that stand to increase sustainability. The high 

alumina of Metakaolin on the other hand has allow the use of smaller quantity to 

upgrade the alumina content of POFA thus allowing the use of much higher quantity 

of POFA that can enhance sustainability. 
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Conversely, apart from metakaolin negative impact on the environment as a 

result of it being a mineral base material and its high demand for alkali silicate, 

geopolymer prepared from metakaolin has a serious problem of long term strength 

instability due to the formation of a type of metastable zeolite from alumina rich 

metakaolin, that changes the structure with ageing thereby making the geopolymer 

unreliable for practical construction. The rich alumina content of metakaolin when 

adjusted with silica from waste material could remedy these problems. Incidentally, 

the scanty available studies of blended metakaolin and waste materials have reported 

majorly the short term mechanical properties of resulting geopolymer making it 

impossible to observe the long term strength stability. 

 

 

Although a POFA and metakaolin blend promises to harness the 

complementary and synergic advantages of a blend of the two precursors in the 

synthesis of geopolymer, it is apparent that the deficiency of reported studies bothering 

on low POFA incorporation, short term strength development, lack of information on 

durability of the blended geopolymer and effect of the blend on the microstructure 

strongly indicates important gaps to be filled in the process of development of an 

efficient POFA and metakaolin geopolymer for practical construction purposes. This 

deficiency necessitates the study of the system for possible influences that would 

properly and adequately define the high volume POFA and metakaolin blended 

geopolymer in terms of mechanical properties, durability behavior and microstructure 

characteristics  

 

 

Furthermore, most studies on blended geopolymer have adopted the mix 

designs of single source aluminosilicate materials where alkaline solution used is 

based on optimized experimental trials of the single source aluminosilicate material. 

However, as the silica and alumina content vary with blending, new sets of 

experimental trials need be carried out to ascertain the optimum mix design. Doing 

this for every blended ratio will be cumbersome. A rational approach for blended 

precursors may therefore be the determination of mix design base on the 

aluminosilicate content of the intended geopolymer mix from high volume POFA. 
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The performance of geopolymer prepared from a high volume POFA blend 

with metakaolin in particular has thus remained to be evaluated. This lack of evaluation 

of the impact of high volume POFA and metakaolin blend on geopolymer performance 

leaves an important gap in the development of geopolymer from the blended 

aluminosilicate materials and this has continued to limit information on the ability to 

maximize the complementary advantages of the two materials in geopolymer 

preparation thereby constraining the efficient application of POFA and metakaolin for 

geopolymer production.  

 

 

This research is designed to measure the effects of POFA blended with 

metakaolin on strength development, durability and microstructural properties of 

the blended geopolymer. 

 

 

 

 

1.4 Aim and Objectives of the Study 

 

 

The aim of this study is to investigate the effect of POFA on metakaolin based 

geopolymer system activated with sodium hydroxide and sodium silicate with specific 

objectives as stated: 

 

1 To characterize POFA and metakaolin and determine their effects on 

formulation and fresh properties of POFA geopolymer mortar. 

2 To determine the effect of POFA on the mechanical properties of geopolymer 

mortar. 

3 To assess the effect of POFA and metakaolin the durability of the blended 

geopolymer mortar. 

4 To characterize the effect of POFA and metakaolin on microstructure of the 

blended geopolymer mortar.  
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1.5 Research Questions 

 

 

1. What are the effects of the composition factors on fresh and strength properties 

of POFA and metakaolin blended geopolymer 

2. How does POFA blend with metakaolin affect mechanical properties of 

geopolymer mortar 

3. How does geopolymer prepared from a POFA blend with metakaolin affect the 

durability properties of the geopolymer 

4. What is the effect of POFA blend with metakaolin on the microstructure of the 

geopolymer mortar 

 

 

 

 

1.6 Significance of the Study 

 

 

The advantage of the rich amorphous silica of POFA can be explored in 

geopolymer preparation by enriching with alumina through blending with material rich 

in alumina such as metakaolin so as to make it suitable for geopolymer production. 

The merit of its utilization becomes more visible when POFA is used in high volume 

as the paradigm is maximization of waste utilization for obvious environmental and 

economic advantage. This is a strong reason why the investigation into utilization of 

POFA becomes necessary.  

 

 

The use of POFA in high volume will benefit palm oil producers who have the 

direct responsibility for disposal of the waste, the locality where factories are situated 

due to their being relieved of any adverse effect of the traditional waste disposal 

method of using it as land fill. Entrepreneurs could also take advantage by utilizing the 

cheaper waste material for production of geopolymer concrete materials. In a broader 

sense also, the use POFA could mitigate the emission of greenhouse gasses, minimize 

energy consumption thereby enhancing environmental sustainability. 

 

 

The results obtained from this research bordering on possible application of a 

high volume POFA blend with metakaolin for production of high performance 
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geopolymer would contribute to the pool of knowledge on the emerging alternative 

cement material. 

1.7 Scope of the Study 

 

 

The research work which is experimental in nature is primarily concerned with 

the behavior of metakaolin and POFA blend geopolymer mortar activated with sodium 

hydroxide and sodium silicate. The processing variables of interest considered are 

basically the role of the blend, alkali hydroxide and silicates, curing and water content. 

These were used to model the strength behavior. Mixes with varying blending was 

then used to obtain responses related to microstructure and some durability properties 

of the mortar. The intent here is to broadly examine the applicability of the system for 

engineering purposes through characterization of strength, durability performance and 

microstructure. Optimized mixes were also used to observe the strength capacity of 

the blended system applied to concrete production. 

 

 

 

 

1.8 Research Motivation 

 

 

Geopolymer cement has no doubt evolved as a veritable alternative to Portland 

cement. The ability for geopolymer to extensively impact as a cement depends on 

availability of the raw materials among other factors. 

 

Being a relatively new material, research efforts have focused on evolving 

geopolymer capable of meeting the objective of an alternative cement material that is 

relatively environmentally friendly. The efficiency and effectiveness of application of 

materials for its production go a long way to aid the achievement of the objective. The 

ability to provide knowledge base for materials, especially for the purpose to expand 

the useable feed stocks will enhance ease of procurement, availability and affordability 

of the material technical knowledge relating to utilization. The utilization of POFA for 

geopolymer preparation in the locality where it is available would in no doubt further 

the cause of geopolymer in general and make the environment more sustainable. 
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1.9 Organization of Thesis 

 

 

The thesis of the research is structured in eight chapters. Following the 

introductory chapter, the layout of other chapters is as stated below. 

 

 

 Chapter two presents the review of available literature relevant to the research. 

Evolution of geopolymer as alternative cement and composition factors as they 

affect synthesis reaction are discussed. The properties of geopolymer are 

explored to create understanding and basis for the proposed experimentation 

and discussions. 

 

 

 Chapter three describes the experimental investigation involving methods for 

characterization of materials used and procedures for the determination of 

fresh, hardened and durability properties of synthesized geopolymer following 

standard practices. 

 

 

 Chapter four presents the results and discussion of experimental tests on 

physical and chemical characterization of materials (POFA and metakaolin), 

fresh and hardened properties of geopolymer. It also discussed the effect of 

synthesis variables on formulation of design mix and fresh properties. 

 Chapter five discussed the results of strength tests covering compressive, 

flexural, tensile splitting and static modulus of elasticity properties. The 

discussion included consideration of statistical analysis of data and regression 

models for purpose of strength prediction. 

 

 

 Chapter six is mainly on the role of high volume POFA on the durability 

performance of the geopolymer. Water absorption, sorptivity, resistance to acid 

and sulfate attack, resistance to carbonation and fire endurance were aspects 

considered and reported. 

 

 

 Chapter seven reports the microstructure tests conducted on mortar specimens 

covering Field Emission Scanning Electron Microscopy (FESEM), Energy 
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Dispersive X-ray microscopy (EDX), Fourier Transform Infrared (FTIR) 

microscopy, X- ray diffraction (XRD) thermogravimetry analysis (TGA) and 

mercury intrusion porosimetry (MIP). These results indicating the influence of 

POFA on the microstructure were discussed. 

 

 

Chapter eight concludes the thesis by stating the major findings of the research, 

suggestions for future research in a related field and contributions of the research to 

knowledge with a view to entrench the emerging material. 
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