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 Abstract 
 

In compliance with sustainable development goal nine, new construction materials’ impact 

becomes increasingly important in the 21st century. This is because of the anthropogenic 

activities related to cement production and concrete casting, which have led to high levels of CO2 

emissions. Coal fly ash (CFA )  from coal combustion during energy production is a waste product 

that is costly to dispose of in an open environment and is also associated with air and land 

pollution. 

The use of waste CFA  as raw material for the synthesis of geopolymer has been reported as a 

route to convert this waste into value-added products, simultaneously remediating its 

environmental impact as well as eliminating additional greenhouse gas emissions associated with 

the production of cement and concrete. As a result of improved formulations, good mechanical 

and durability characteristics have been achieved that meet concrete standards; however, the 24-

hour oven heating curing regime may not favour energy savings, which in turn affects the cost of 

the product, CO2 emissions, and other applications.  

As a raw material, CFA was physiochemically examined and characterised to understand its 

properties in the mix design process. Formulations were designed based on the effect of fine and 

coarse aggregates on CFA-based geopolymer paste properties and then cured at different 

regimes: room curing with plastic cover, room curing without plastic cover, along with the 

reference oven heating method. These formulation’s properties were investigated using concrete 

standards such as fresh properties, mechanical strength, durability and thermal profiles based on 

the optimised formulations. The best formulations at different curing conditions were 

characterised using XRF, SEM, XRD, and FTIR analytical techniques to understand the material’s 

composition, morphology, and mineral phases and identify organic or inorganic bonds in the 

materials. Radon and gamma measurements were also performed to determine whether CFA-

based geopolymer formulations are carcinogenic. It was essential to quantify greenhouse 

emissions for the optimised formulations as well as understand all the fundamental chemistry and 

the link from material composition to its behaviour and the cost associated with the most suitable 

curing regime.   

The XRF, XRD and particle size analysis of CFA  indicate its properties that comply with ASTM 

618, using low calcium CFA  based on silica, aluminium and calcium oxide content, with high 

particle size. CFA  and products synthesised using CFA-based geopolymer formulations exhibited 
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high quantities of crystalline structures with quartz and mullite minerals. The effect of sodium 

hydroxide concentration and variation of formulations at the fresh state impacted the initial and 

final setting time, and consistency resulted. Better setting properties using 12 molarity (M) of 170- 

and 230 minutes with GPP-M2A formulation on initial and final setting time with a consistency of 

7 mm penetration was achieved compared to other NaOH concentrations tested. Adding fine and 

coarse aggregates to GPP-M2A to create GPC-M2C as an optimised formulation led to a density 

increase of 1748.6 to 2182.2 kg/m3, lowering compressive strength from 29.7 to 26.7 MPa. 

Considering flexural, tensile, and modulus of elasticity tests, these formulations with fine 

aggregates showed greater ductility and increased yield than those with no fine and coarse 

aggregates. Based on curing regimes, the given conditions of oven curing resulted in early 

strength similar to that standard of concrete of being 25 MPa at three days of curing, while this 

strength is achieved more slowly after 21 and 28 days of ageing, respectively, using room curing, 

with and without a plastic cover respectively. After three months of ageing, products of room 

curing with plastic covered had similar compressive strength to oven curing. CFA-based GPC 

cured room curing without plastic-covered resulted in heavy efflorescence, while high early 

shrinkage was observed from that cured at oven condition of 60 oC. All formulations resulted in 

good durability properties. A panel of about 60 mm thick cured under plastic-covered conditions 

achieved an excellent thermal fire rating of 1 hour. An oven curing condition at  60 oC for 24 hours 

is unfavourable for industrialisation due to its CO2 emissions factor of 0.684 kg CO2 eq and yearly 

utility costs of R1 361 933.35 compared to 0.094 kg CO2 eq and R33 146.79 associated with room 

curing, which is also lower than the CO2 emissions factor of 0.132 kg CO2 eq associated with 

conventional Ordinary Portland Cement (OPC) concrete. CFA-based geopolymer formulations 

may be recommended for open infrastructure, but the average total radon and gamma activities 

must be controlled for housing. CFA  showed 684 Bq/kg of average total activity in this study, 

which is above the world average of 420 Bq/Kg, while the synthesised formulations produced 408 

to 459 Bq/kg on average.  

The GPC-M2C formulation cured at room temperature under a plastic covering condition, being 

considered the optimised formulation, resulted in comparable standard properties to that of 

normal OPC concrete. The results of this study indicate that synthesised CFA-based geopolymer 

formulations that cure at room temperature with plastic cover are recommended as being an 

environmentally friendly, lower cost and feasible process with suitable early strength, as most 

strength decisions are reached after 28 days of ageing.  
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Chapter 1  

General introduction of the study 

 

This chapter contains a brief background to the study and the present research motivation and 

problem statement. The research aims, objectives, approaches, scope and limitations, and 

conceptual framework are detailed. 

1.1 Background  

In the mid-20th century and the commencement of the 21st century, one of the major challenges 

facing humans is the lack of energy security. Using the current fossil fuels process has led to 

unsustainability issues, with resources depleting and wastes accumulating. Climate change is 

real, and its consequences are inevitable. Day-to-day human activity based on coal-based energy 

contributes to ecosystem degradation as it increases environmentally related human health 

issues and soil pollution and leads to the extinction of plant and animal populations (Omer, 2018). 

This is the case in the Republic of South Africa (RSA), where most of the electricity production 

comes from the combustion of low-grade coal, which leads to a high amount of by-product, Coal 

fly ash (CFA), considered waste.  

Coal is a non-renewable source of energy. South Africa's coal reserves are estimated at 53 billion 

tons, with almost 200 years of resource supply left based on the present production rate. Coal 

power stations are responsible for about 72.1 to 77% of primary energy needs by providing about 

224 million tons of marketable coal annually (Eskom, 2021, DOE, 2018). This production results 

in a large amount of CFA waste, of which about 7% is sold. The rest is disposed of in an open 

dump. Coal burning largely contributes to the country's CO2 emission, and CFA generated as a 

by-product has a disposal concern due to the high volume of waste (Reynolds-Clausen and Singh, 

2019) (Nair and Vishnudas, 2014). Based on a study by EcoMetrix Africa, the total greenhouse 

gas (GHG) emissions from Eskom's operations amounted to 212,601,425 tCO2eq in 2019 

(Eskom, 2020). In general, as part of the global warming impact, burning 10 tons of carbon (C= 

12g /mol) releases 36.66 tons of CO2 (CO2= 44 g/mol). However, the heating of coal generates 

10% by weight of CFA; therefore, for every 10 tons of coal used, 1 ton of CFA is generated, and 
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33 tons of CO2 is emitted (Davidovits, 2021). The use of CFA as a binder to produce construction 

materials may minimise environmental issues related to the country's construction industries and 

improve the country's economy and biodiversity. 

Portland cement is the usual commodity binder used to produce most construction elements in 

construction. It provides acceptable fresh hardened and long-term durability properties. Its high 

production rate leads to global warming and climate changes due to increased CO2 and 

greenhouse emissions caused by the calcination process, which requires high energy (reaction 

starts at 900 oC) to decompose calcium carbonate into calcium oxide as the required product. 

This also results in CO2 as a by-product (Naqi and Jang, 2019). As Davidovits (2021) explained, 

the production of 1 ton of cement directly releases 0.55-ton chemical CO2 and requires carbon 

base fuel to yield an additional 0.40 ton of CO2; therefore, the production of 1 ton of cement results 

in 1 ton of CO2 emitted.  

Presently, research aims to develop alternative green technologies to minimise the usage of 

cement to diminish carbon emissions. Several technological advancements are being made to 

reduce costs, CO2 emissions, and embodied energy in cement by using binding extenders such 

as fly ash, condensation silica fume, and ground granulated blast-furnace slag. One of the new 

sustainable technologies considered to become a potential replacement for cement binders with 

high scientific interest to improve economic, environmental, and social outcomes is the 

geopolymer process ￼et al., 2016 and)￼et al., 2018)￼, This technology is experiencing a 

scientific delay due to the effect of parameters such as a higher setting time of the product which 

requires elevated temperatures for curing which restrains its ease of use in construction, 

particularly in ￼low weathering condition, 2019). The presence of radionuclides such as 

enhanced levels of uranium (U), thorium (Th), and Radium 226 (Ra) have been reported and 

observed in many CFA and soils of some industrial regions ( Jaworski and Gryzbowska, 1977; 

Roy et al., 1981) and Fucic et al., 2011). 

Geopolymer is an “environmentally green” material, which has been claimed to excel Portland 

cement in many aspects, a material that could potentially be the future “cement”. It was proposed 

by Davidovits in the late 1970s, referring to the amorphous to semi-crystalline three-dimensional 

silico-aluminate materials activated in a highly alkaline environment (Davidovits, 2008). 

Geopolymer consists of chains or networks of mineral molecules linked with covalent bonds. From 

their chemical structure, geopolymers can be used in many applications such as bricks, ceramics, 
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fire protection board manufacturing, fire-resistant and heat-resistant fibre composites, and many 

other materials, depending on the silicon and aluminium ratio (Ebewele, 2000). 

1.2 Problem statement 

The studies of Nyale (2014) and Kalombe et al. (2020) have demonstrated that low calcium CFA 

can be used to synthesise geopolymer for construction applications, even though geopolymer 

resulted in high-strength materials. The formulations developed from the mentioned studies were 

cured at high oven temperatures (60-100oC) for 24 hours. However, the energy expended may 

not justify the product cost, embodied energy and carbon footprint because high heat curing is an 

energy-intensive process that directly impacts the product cost, embodied energy and carbon 

emission. The oven curing method also makes the process unfavourable to the cast-in-situ 

process. This will be seen as a stumbling block in the large-scale production of construction 

materials. It is therefore important to develop similar geopolymer formulations of comparable 

strength under room temperature with the view to minimise the energy cost, which will make the 

process economically and environmentally friendly.    

1.3 Aim and objectives of the study  

The goal of this research is to develop processes that are eco-friendly and feasible. Here, 

formulations will be aimed at structural and durable properties to turn waste (CFA) at power 

stations for value-added construction materials cost-effectively and energy-efficiently. The 

objectives of the research are to: 

i. Identify the characteristics of CFA to be used, including its physical and chemical 

properties for suitable geopolymerization.  

ii. Determine the effect of high and low sodium hydroxide concentration and the effect of 

curing at high (oven) and low temperatures (room temperature) on the final product.  

iii. Develop optimised formulation of geopolymerisation protocol for manufacturing low 

environmental impact construction material such as wall panels systems and pipes at low 

temperatures with structural strength and durability properties that comply with SANS, 

ASTM, and ISO standards for construction and building elements.   

iv. Perform material and energy balances to determine the unit cost of the optimised CFA-

based geopolymer product.  
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1.4 Research questions of the study 

Many questions may be posed about using CFA as the main binder to produce construction 

material by synthesising geopolymer to achieve the above project objectives. These questions 

will be experimentally answered based on whether the fresh and hardened properties of each 

formulation developed complied with SANS or SABS, ASTM, and ISO standards by providing 

information on the following research questions: 

i. What are the chemical, physical properties, and mineralogy of Lethabo-classified CFA and 

its effect on the final product?  

ii. What is the minimum sodium hydroxide concentration needed to obtain a durable and 

adequate strength geopolymer product?  

iii. Is it possible to minimise the setting times of any formulation at low and ambient (room) 

temperatures and produce cement-free construction materials? 

iv.  What are the appropriate mixing and demoulding times for each formulation? 

v. What are the strength increment and durability of these geopolymer formulations made 

using CFA sourced from the Lethabo power station?  

vi. What is the material composition of the final product, the energy used during the process, 

the environmental effect of the final product, and the cost of formulation per unit kilogram 

or cubic meter? 

vii. Are CFA-based geopolymer products radioactive?  

1.5 Significance and contribution of this study 

CFA is a solid waste from coal-burning power stations. Solid waste management is a universal 

issue that affects everyone in the world. In South Africa, CFA can be obtained from Eskom coal 

power plants. Due to the presence in CFA of toxic metals such as arsenic, lead, mercury, 

cadmium, chromium, and many others, this waste is classified as hazardous. The Environmental 

Protection Agency (EPA) has found that living next to a coal ash disposal site can increase the 

risk of cancer by 50% or cause other diseases such as nervous system impacts, including 

cognitive deficits, developmental delays, and behavioural problems (Available at: 

https://www.psr.org/wp-content/uploads/2018/05/coal-ash-hazardous-to-human-health.pdf, 

Accessed on the 20th September 2021). This project will have as its goal the elimination of the 

environmental impact of CFA by converting it from powder into a well-bonded material. It will also 

benefit Eskom by minimising waste from coal mining and energy generation processes. This will 



 Cape Peninsula University of Technology http://www.cput.ac.za 
  

   Page 5 of 270 

EN  
 

 

lower the country's CO2 emissions from cement production by substituting geopolymer for 

cement.  

1.6 Research approach 

Many studies have proved the possibility of manufacturing construction materials such as bricks 

from the synthesis of geopolymer using CFA and alkaline activator (sodium hydroxide, water, and 

sodium silicate), which resulted in an acceptable strength at a high concentration of 14M NaOH 

and mixing time not less than 30 minutes with curing temperature around 80 to more than 100 oC 

This research consists of developing suitable formulations for materials such as poles and pipes 

and precast panels at a sodium hydroxide concentration of less than 14M using minimum mixing 

times and low curing temperatures. The study will investigate the effect of these parameters on 

strength and durability, including product quality, by measuring cracking due to chemical 

reactions, shrinkage, water absorption, and penetration. The overall schematic representation of 

all the steps of the experiments and different techniques of strength, durability, and 

characterisation tests are represented in the diagram Figure 1-1 
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Figure 1-1:Schematic of the research approach
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1.7 Scope and delimitation of the study 

The experimental work was based on Lethabo CFA; therefore, the results obtained in this study 

will be a baseline for comparison with other types of CFA in the future. Again, no cementitious 

experiments will take place in this study as this study is mainly focused on CFA. No additional 

trial run on any other chemicals apart from sodium hydroxide and sodium silicate was used in this 

process to improve properties. This avoids additional chemical costs, which may lead to an 

expensive product. This study will not include a full carbon footprint determination or a lifecycle 

assessment of the product as the process is not at the industrial level yet. 

1.8 Thesis layout 

The thesis layout was arranged systematically in six (6) chapters.     

Chapter 1: General introduction to the study 

This chapter presents a comprehensive background to the study and the problem statement. 

It also establishes the research aim and objectives. Furthermore, it defines the research 

approaches, scope, and limitations.  

Chapter 2: A literature review on the synthesis of CFA-based geopolymer 

This chapter describes the origin, chemical composition, and classification of CFA as a binder. 

It provides a comprehensive summary of geopolymer. The published articles, journals, theses, 

and other publications on the geopolymerization process are comprehensively reviewed.  

Chapter 3: Experimental methodology for the synthesis of CFA-based geopolymer 

This chapter sets out how to develop construction material by synthesising CFA-based 

geopolymer at low temperatures for industrial benefit by describing the methods used for 

developing formulations, equipment, and chemicals used. Here, the methods include the pre-

test and testing of raw material and geopolymer products using engineering tests and 

analytical techniques.  

Chapter 4: Development of geopolymer for construction application using CFA I: 

Optimisation and Characterisation  

This chapter contains the main findings of the research, followed by a discussion Section that 

interprets the results of the optimised mix based on strengths, durability, special properties, 

and analytical techniques and provides the significance of the findings. Proper results 

discussed in this Section will lead to better conclusions and recommendations 
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Chapter 5: Development of geopolymer for construction application using CFA III: 

Life Cycle Assessment 

This chapter used a technique based on a certain environmental methodology to evaluate the 

effects that CFA-based geopolymer paste and concrete products developed at optimum 

conditions would have on the environment at a laboratory scale. LCA technique can also allow 

decision makers to compare CFA products with other products, such as normal OPC 

concerns, therefore, select the product with the lowest environmental impact. This decision-

making may be political or business in nature.      

Chapter 6: Development of geopolymer for construction using CFA II: Materials and 

Energy Balances and Economics 

In this chapter, the process was audited through the performance of material and energy 

balances and economic analysis. The material and energy balances helped to determine the 

mass flow rates and chemical and physical properties of different streams entering or leaving 

the energy quantities of the process. The economic analysis helped to determine the feasibility 

of the process, which will help in investment decision-making. 

Chapter 7: Conclusion, recommendations, and suggestions for future works 

This chapter lists general conclusions and recommendations related to the major findings 

obtained from this study. Here, the best opinions are provided. Challenges that could not be 

resolved due to time or being out of the study scope will also be recommended to be 

investigated as continuity of this research.  
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Chapter 2  

A literature review on the synthesis of 

CFA-based geopolymer 

This chapter presents a background to CFA, such as its origin, availability, and environmental 

effects related to its dumping. It also provides a general understanding of geopolymer synthesis 

from previous studies based on structural properties, durability properties, and environmental 

factors of the product. Here, published articles, theses, and other publications on geopolymer 

research are reviewed. 

2.1 Coal mining and CFA  

2.1.1 Coal mining 

The most instinctive method to generate heat is the ignition of organic matter, which will continue 

to generate heat in the presence of oxygen until all this matter has combusted (Keyte, 2009). Coal 

is vital for producing electrical energy in coal-burning thermal power plants worldwide. 

Geologically, coal is a sedimentary rock. It is dark brown to black in colour, combustible and 

consists of a complex heterogeneous mixture of organic and inorganic matter. It is chiefly 

composed of carbon, hydrogen, and oxygen, with some amount of inorganic matter with a certain 

moisture content depending on its type. Mineral matter is the non-combustible portion of the 

materials available in coal, resulting in ash at the end of combustion (Zhang, 2013). Organic 

matter makes a prime contribution to the use of coal for many purposes, and the inorganic matter 

influences the corrosion, erosion, and agglomeration that rise during coal utilisation (Susilawati, 

2015). 

2.1.1.1  Origin of coal mining 

Coal is formed by a geological process known as coalification (Figure 2-1a) when plant material 

(vegetal matter) decays underwater in the absence of oxygen, leading to an increase in carbon. 

The initial product of this decomposition process is peat, which gradually transforms into different 

coal types (Figure 2-1b)  by the action of moderate temperature (about 773 oC ) and high pressure 

in a geochemical stage.  (Marsh and Rodríguez-Reinoso, 2006).  
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Figure 2-1: Coalification process (a) and types of coal types (b) (source: Speight, 2008:135) 

2.1.1.2 Properties of coal mining  

According to Kumar et al. (2016), coalification exhibits ample changes in the physical and 

chemical properties of coal. Different properties are observed from each stage, such as moisture 

content, carbon content (which also affects the colouring), and calorific value corresponding to 

different industrial usage. Figure 2-2 and Table 2-1 represent moisture and carbon content in 

different coals and a typical mass basis composition of bituminous coal, respectively.  

(a) 

(b) 
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Figure 2-2: Different coal moisture and carbon content and applications (source: Speight, 2008) 

Table 2-1: Bituminous coal composition (Source: Weiland and White, 2018; Luo et al., 2019) 

Ultimate analysis 
As received 

wt.% 

Carbon 63.75 

Hydrogen 4.5 

Nitrogen 1.25 

Sulphur 2.51 

Chlorine 0.29 

Ash 9.7 

Moisture 11.12 

Oxygen  6.88 

 

2.1.2 Coal fly ash 

Coal is first crushed or pulverised into a fine powder, then combusted to heat and purified, 

demineralised water to generate electricity. Water turned into steam with temperatures ranging 

from 1200 oC to 1700 oC. Coal burning generates heat and by-productsby-product in CFA and 

various gases such as CO2, NOx and SOx (Eskom Official, 2015). CFA is grey powder and the 

end residue of combustion from pulverisation of bituminous, sub-bituminous or lignite coal in the 

furnace at thermal power plants. It also consists of mineral constituents of coal which are not fully 

burnt (Basu et al., 2009).  



 Cape Peninsula University of Technology http://www.cput.ac.za 
  

   Page 12 of 270 

EN  
 

 

2.1.2.1 Coal fly ash generation and technologies  

CFA formed from the inorganic impurities remains suspended in the flue gases during 

combustion. Some of them coagulate and precipitate to form the bottom ash, whereas the rest 

are transported by gases and collected by mechanical separators or electrostatic precipitators 

(Tokyay, 2016). The combustion system of a pulverised-coal-fired power plant is schematically 

shown in Figure 2.2. The total amount of CFA obtained from combustion may vary from 6% to 

40% (by mass) of coal used; however, this depends on the type of coal used and the plant-

installed capacity. According to Reynolds-Clausen and Singh ( 2019 ), in 2014-2015, Eskom burnt 

120 Mt of coal in its 13 power stations, generating 35,000 MW of electricity and resulting in about 

30% of CFA as a by-product.  

 

Figure 2-3: Generation of CFA during combustion (source: https://www.sepcement.co.za/Product-

Ash.php, Accessed on 1 August 2021).  

In terms of burning temperatures, there are various technologies available. Table 2-2 lists them.  

Table 2-2: Combustion technologies and operating temperatures (Source: Davidovits, 2008:277) 

Technology Temperature, oC 

Fluidised bed  850 

Pulverised coal combustion 1 1250 

Pulverised coal combustion 2 1500 

Coal gasification IGCC 1800 
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Fly ash reactivity appears to be determined by the nature and proportion of the glass phase 

present, which, for a given type of coal, is generally dependent on the operating temperatures in 

the boiler, according to Table 2-3. The chemical reactivity seems to be influenced by glass 

composition, glass content, and the physical state of the glass. Currently, research in fly ash is 

aimed at understanding the microstructure of the glass phase due to the complex inter- and intra-

particle inhomogeneities of these materials ( Davidovits, 2008:279). 

Table 2-3: The principal phases found in coals and the phases formed after combustion (Source: 

Davidovits, 2008:279) 

       

Common coal 
minerals 

Phases formed after combustion 

850oC 1500OC 1800OC 

Quartz quartz cristobalite glass 

Kaolinite metakaolin glass+mullite glass 

Illite illite glass+mullite glass 

Pyrite FeS2 iron sulphide FeS/FeO Fe2O3 haematite + glass glass 

Fe2O4 haematite + glass 

Calcite  lime CaO glass glass 

Table 2.4 represents an estimation of the amount of CFA content for a specific type of coal. 

Table 2-4: Types of coal and its CFA content ( Source: 

www.purdue.edu/discoverypark/energy/assets/pdfs/cctr/outreach/Basics8-

CoalCharacteristics-Oct08.pdf,  Accessed on 1 August 2021). 

Types of Coal  CFA  content,             
% weight 

Lignite  10 to 50 

Sub-Bituminous  ≤10 

Bituminous  3 to 12 

Anthracite  10 to 20 

2.1.2.2 Mineralogy, classification and chemical composition of CFA 

CFA has more or less 316 individual minerals with 188 mineral groups, which makes it one of the 

most complex materials in terms of characteristics. CFA contains SiO2 (both amorphous and 

crystalline), Al2O3, and F2O3 as the major component, followed by minor elements shown in Table 

2.5 (Bhatt et al., 2019). The presence of trace elements such as As, B, Be, Cd Cu, Ga, La, Mn, 

Hg, Ni, Pb, Ag, Sn, Sr, Zn, and Zn are observed, including radioactive elements such as U, Th, 

Ra and Rn (Fatoba, 2007; Madzivire et al. 2014). Figure 2-4 represents a mineralogy of a CFA 

sample obtained from the Arnot power station in the RSA.  
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Figure 2-4: An example of the mineralogy of a fresh CFA sample obtained from Arnot power station in 

South Africa as determined by qualitative XRD (Source: Nyale, 2014:106).  

The variation of major elements depends upon the CFA class, where three classes are 

categorised according to the ASTM C618 (2019). CFA is mainly available in Class F and Class C 

from different coal roughly, as shown in Table 2-5. Class F may contain double the amount for 

the loss of ignition fraction than class C (Wallah and Rangan, 2006). 

Table 2-5: Range of chemicals of Chemical Composition for low and high-calcium coal fly ashes (Source: 

Davidovits, 2008:278). 

Oxide content  
Class F,           

% 

Class C Lignite-
based, 

 % 

SiO2 47.2 - 54 18 - 24.8 

Al2O3 27.7 - 34.9 12.1 - 14.9 

Fe2O3 3.6 - 11.5 6.3 - 7.8 

CaO 1.3 - 4.1 13.9 - 49 

Free lime content 0.1 18 - 25 

MgO 1.4 - 2.5 1.9 - 2.8 

SO3 0.1 - 0.9 5.5 - 9.1 

Na2O 0.2 - 1.6  0.5 - 2 

K2O 0.7 - 5.7 1 - 3 

 
 

 

Q- Quartz 
M- Mullite  
Mg- Magnetite  
L-Lime  

Degrees 2 theta  
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Table 2-6: Main categories of coal fly ashes (Source: ASTM C 618, 2019) 

Class of CFA  
CaO 

content  

 Low-calcium fly ash class F  
 Less than 

10 % 

High-calcium fly ash class C 

Greater than 
10 % 

2.1.2.3 Particle size distribution and morphology 

CFA is an incombustible inorganic and odourless material. It is grey and mainly composed of 

spherical glassy powder that consists of microparticles with an estimated size range from 0.5 to 

100 µm (Figure 2-5) and with a bulk density between 900-1300 Kg/m3 and ignition loss (%) of 

3.82%. It has an amorphous or spherical shape. This also means the morphological CFA is a 

heterogeneous material with the composition varying from place to place (Figure 2-6). 

 

Figure 2-5: Cumulative distribution of low calcium CFA class, high calcium CFA class and Portland cement 

(Modified from source: Shi  et al., 2003: 61) 
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Figure 2-6: Morphology of Eskom Malta plant CFA from unknown firing temperature determined by SEM 

analysis (Source: Maleka, 2015:53) 

2.1.2.4  CFA disposal, environmental impact, and utilisation 

Coal power generation is the world's primary energy source, with about 38% of the total energy 

demand, followed by 23% from hydraulic power (see Figure 2.6). As a result of its production, 

CFA is generated in large quantities globally as a by-product (fly ash—85% and bottom ash—

15%) of nearly 1 billion tons annually (Sultana et al., 2021). 

 



 Cape Peninsula University of Technology http://www.cput.ac.za 
  

   Page 17 of 270 

EN  
 

 

 

Figure 2-7: Worldwide type of energy production source and accountability (Source: Sultana et al., 2021).  

Because of the colossal use of coal to meet growing energy demands, the amount of CFA being 

generated grew exponentially to approximately 750 million tons in 2015 (Yao et al., 2015; 

Gollakota, Volli and Shu, 2019) Compared to 500 million tons in 2005 (USEIA, 2014; Gollakota, 

Volli and Shu, 2019). In South Africa, according to the Department of Environmental Affairs, 

Eskom electricity production results in many kilo-tons of this waste being produced and disposed 

of in the open dumps annually (Figure 2.8).  
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Figure 2-8: CFA dry disposal at one of Eskom power stations in Mpumalanga (Source: 

https://www.bizcommunity.com/Article/196/493/163979.html, Accessed on the 12 June 2022) 

(a) and Yearly kilo-tons of CFA produced in South Africa (Source: Department of Forestry, 

Fisheries and the Environment) (b).  

(b) 

(a) 
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Unsafe disposal of such solid wastes into landfills and other improper waste management 

practices can harm the environment. Due to their adverse effects on human health and the 

environment, fine particulate emissions from coal-fired power plants have received widespread 

attention lately. The presence of toxic elements (such as Se, As, V, Mn, Zn, Cr, Co, and Cd) 

harms many organisms in various ways. (Waters et al., 1975; Eichorn et al., 1973; Browning, 

1969; Hartung, 1973; Roy et al.,1981:29). Consequently, their introduction into the environment 

through CFA could be a significant health hazard.  

According to Roy et al. (1981:29), three distinct hazardous actions can be posed by CFA: (a) 

direct action with external surfaces (skin, eyes), (b) action in the respiratory tract and (c) action in 

the alimentary canal (This can be through direct ingestion or expulsion of fly ash from the lungs).  

2.1.2.5 CFA utilisation                     

Although CFA was viewed as a waste product that was deposited in landfills as a source of 

pollution, in many fields, it has become a valuable resource which created a global market valued 

at approximately 4 billion US dollars in 2020 with an increase of around 6% annually (Sultana et 

al.,2021).  

Globally, CFA  reuse accounts for only one-quarter of total production (Volli and Shu, 2019). As 

a result of massive coal consumption to meet energy needs, CFA  production exponentially 

increased from 500 million tons in 2005 (USEIA, 2014) to approximately 750 million tons in 2015 

(Yao et al., 2015). According to Wang (2008), global CFA utilisation is ranked as follows: Europe 

ranked first with 47%, followed by the United States with 39% (Gollakota et al., 2019). Based on 

Figure 2.11, about 500 million tons of CFA were produced globally, and South Africa's utilisation 

was found to be 1.1% of this global production.  
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Figure 2-9: CFA production and utilisation countrywide (modified from source: Gollakota et al., 2019).   

Over the past two decades, as more sustainable solutions to waste problems such as fly ash have 

been sought, its utilisation as an industrial by-product has gained attention. CFA offers a range of 

potential applications as a raw material: to improve soil quality in agriculture, to manufacture glass 

and ceramics, to manufacture mesoporous materials, to synthesise geopolymers, to serve as 

catalysts and catalyst supports, and as an adsorbent for gases and wastewater processes, and 

to extract metals (Blissett and Rowson, 2012).  

Based on environmental production, many studies have shown that acid mine drainage can be 

treated using CFA (Gitari et al., 2006). On the other hand, in the construction industry, CFA   

production and use trends and the utilisation of fly ash in concrete and cement in the USA are 

illustrated in Figure 2.10 from 2000 to 2013. Since 2010, the percentage of fly ash used in cement 

and concrete products has increased from 19% to 27% due to improved mechanical and durability 

properties of concrete mixes containing fly ash and the reduction of greenhouse gas emissions 

by replacing Portland cement in concrete (Gursel, Maryman and Ostertag, 2016).  
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Figure 2-10: US CFA production and utilisation statistics (Source: ACAA, 2014; (Gursel et al., 2016). 

2.2 Geopolymer and geopolymerization   

2.2.1 Geopolymer definition and history  

The term geopolymer is derived from the classical Greek word geo, meaning "earth", and 

polymers (from poly as many and meres as parts). Geopolymers were first defined by a French 

materials scientist named Joseph Davidovits in 1978 as long chains of repeating inorganic 

macromolecules that consist of stable aluminosilicate materials forming a three-dimensional 

network where their tetrahedral (SiO4 and AlO4) are linked together by the sharing of oxygen 

atoms (see Figure 2.14) (Davidovits, 2020).  

Since the early 1980s, Prof. Joseph Davidovits argued that the pyramids and temples of Old 

Kingdom Egypt were constructed using agglomerated limestone instead of quarried and hoisted 

natural limestone blocks. He stated that Egyptian workers disaggregated the outcrops of relatively 

soft limestone with water, then mixed the muddy limestone (including fossilised shells) with lime 

and other tecto-aluminosilicates (geosynthetic-forming materials such as kaolin clay, silt, and the 

salt natron (sodium carbonate). During construction, buckets of limestone mud were transported 

up the pyramid sides and then poured, packed or rammed into wood, stone, clay or brick moulds 
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to form these pyramid sides. The re-agglomerated limestone hardens into resistant blocks by a 

geochemical reaction called geopolymer cement. (Available at:  

www.geopolymer.org/archaeology/pyramids/are-pyramids-made-out-of-concrete, Accessed on 

the Accessed-on 13 June 2022). As a result of this theory, researchers have been developing a 

new type of concrete completely devoid of cement, using a variety of waste and energy-saving 

materials as binders instead of conventional OPC, which emits a significant amount of CO2. The 

waste materials used include CFA blast furnace slag, which wastes are difficult to decompose 

and can have a devastating effect on the environment if untreated.  

2.2.2 Geopolymerization  

2.2.2.1 Geopolymerization terminology  

Geopolymers are ceramic-like inorganic polymers produced at low temperatures, generally below 

100 °C resulting in an amorphous to a semi-crystalline three-dimensional polymeric structure 

based on Si–O–Al bonds (Davidovits, 2017) and (Davidovits, 1999; Abdel-Ghani, Elsayed and 

AbdelMoied, 2018). They are composed of chains or networks of mineral molecules known as 

oligomers (Figure 2.15) linked by covalent bonds. As polymers, they should be referred to using 

polymer terminology, which is very different from ceramic terminology. As an example, kaolinite 

is one of the major clay minerals with the formula: 

- for a ceramicist Al2O3⋅2SiO2⋅2H2O, 

-  for a chemist, Si2O5Al2(OH)4. 

From a geopolymer context, it is written as [≡Si-O-Al- (OH)2]n with the covalent aluminium 

hydroxyl - Al- (OH)2 side groups branched to the poly(siloxo) hexagonal macromolecule [≡Si-O-] 

n. In terms of understanding geopolymerization mechanisms, this polymeric approach has 

profound implications (Davidovits, 2017). Geopolymer oligomers are named according to the 

atomic ratio of Si to Al, as can be seen in Figure 2.11 
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Figure 2-11: Five ortho-sialate oligomers isolated in KOH solutions (Source: North and Swaddle, 2000; 

Available at https://www.geopolymer.org/science/scientific-means-of-investigation/, 

Accessed on 27 June 2022).   

2.2.2.2 Mechanism of geopolymerization process  

Geopolymerization starts with oligomers. An important issue in sialate-based geopolymerization 

relates to its reaction mechanism. Geopolymer research at the beginning and afterwards, for at 

least 25 years, was based on the assumption that geochemical syntheses occur through 

hypothetical oligomers (dimer, trimer) (Davidovits, 2017). This mechanism occurs when Si-Al 

minerals undergo a substantially fast chemical reaction under alkaline conditions, creating a 

three-dimensional polymeric chain and ring structure consisting of Si-O-Al-O bonds as followed 

the equation 2.1 (Source: Van Chanh et al., 2008; Abdullah et al., 2011). 

                                                   Mn[−(SiO2)z − AlO2]n. wH2O                                    Equation 2.1 

Where: - M is an alkali element or cation (K, Na, Ca) 

- n is the polycondensation degree or polymerisation  

- and z is 1,2,3 or higher.  

As a result of further polycondensation (polymerisation of monomers into polymeric structures) of 

these hypothetical building units, actual structures were found for the macromolecular edifice (See 

following equations reaction principle and Equation 2.2 to 2.5 from Khale and Chaudhary's (2007) 

Si:Al 1:1 
Si: Al 3:1 Si: Al 2:1 

Si: Al 4:1 
Si: Al 5:1 
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study. The first Geopolymer Conference papers were published in 1988, and the second, 11 years 

later, in 1999, none of them included scientific details about the reaction mechanism (Davidovits, 

2017). 

      Si-Al source + Silicates + Water 
𝐇𝐚𝐫𝐝𝐞𝐧𝐞𝐫
→        Geopolymer                         Reaction Principe 

           (Si2O5, Al2O2)n + nH2O    
NaOH/KOH
→            n(OH)3- Si -O-Al-(OH)3                     Equation 2.2 

              n(OH)3- Si -O-Al-(OH)3   
NaOH/KOH
→            (Na, K)- Si -O-Al-O-)n + 3H2O          Equation 2.3 

                       Orthosialate                                                                 (Na,K)-Poly(sialate)  

(Si2O5, Al2O2)n + nSiO2 + 4nH2O 
NaOH/KOH
→          n(OH)3- Si -O-Al-(OH)3                     Equation 2.4 

      n(OH)3- Si -O-Al-O-Si-(OH)3    
NaOH/KOH
→           (K,Na)-(Si-O-Al-O-Si-O-)n +4nH2O  Equation 2.5 

              Oligo(sialate-siloxo)                                                      (Na,K)-Poly(sialate-siloxo)  

The Orthosialate and Oligo(sialate-siloxo) are seen as geopolymer precursors while ((Na, K)-

Poly(sialate) and (Na,K)-Poly(sialate-siloxo) present geopolymer backbone.  

Setting, hardening, or geopolymerization takes place at low temperatures below 100 °C. At 

ambient and medium temperatures, the nature of the hardened geopolymer is either x-ray 

amorphous, and at temperatures above 500 °C for Na-based, and above 1000 °C for K-based 

species, respectively, it is x-ray crystalline (Davidovits, 2017). It consists of three stages, as shown 

in Figure 2.12.  
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Figure 2-12: Highly simplified reaction mechanism concept for geopolymerization (Modified from source: Fernandez-Jimenez et al., 2006; Mahmood, 

2019:12 and Duxson et al., 2007a; Pouhet, 2015:36). 
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2.2.3 Constituents of geopolymer.   

Geopolymer paste is formed by the dissociation of aluminosilicate source materials considered 

as a binder into an alkaline solution. Similar to cement-based concrete, adding fine and coarse 

aggregates into geopolymer creates geopolymer concrete, while in some cases, additional 

chemical or mineral admixture materials may also be added to enhance the fresh or hardener 

properties of geopolymer concrete. Figure 2-13 illustrates the constituents of geopolymer paste, 

mortar (plaster) and concrete.  

Alkaline

activator

Additional 

water

Geopolymer 

paste 

Fine aggregates 

(mostly sand) 

Geopolymer 

mortar or plaster

Coarse 

aggregates 

(mostly stone) 

Geopolymer 

concrete

Aluminosilicate 

source material

 

Figure 2-13: Constituents of geopolymer paste, mortar (plaster) and concrete 

2.2.3.1 Source materials 

Aluminosilicate source materials with a greater part of aluminium and silicon-containing raw 

materials in amorphous form are preferred for binders. Several minerals and industrial by-product 

materials have been investigated; due to their availability and desired properties, CFA and ground 

granulated blast furnace slag (GGBS) are mostly used (Hardjito, 2005). Metakaolin obtained from 

the calcination of natural source china clay or kaolin at a combustion temperature of 850oC, 

according to Table 2-3, is one of the most environmentally friendly source materials. In some 

cases, to obtain a proper Si: Al (SiO2:Al2O3) ratio in the mix design, a certain amount of silica fume 

(SF) is added, depending on the application. Figure 2-14 describes the CaO-SiO2-Al2O3 ternary 

phase of most source materials as a binder in geopolymer. 
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Figure 2-14: CaO-SiO2-Al2O3 ternary phase diagram of different source materials used as a binder (Source: 

de Brito and Kurda, 2021). 

2.2.3.2 Alkali liquids 

The alkaline liquids are one of the most important materials for the production of geopolymers. 

The alkaline liquids play a crucial role in increasing the rate of polymerisation, resulting in stronger 

geopolymer. In general, sodium hydroxide (NaOH) and potassium hydroxide (KOH), as well as 

sodium silicate and potassium silicate (Na2SO3), are used as alkaline liquids. Adding soluble 

silicates, such as sodium silicate, to sodium hydroxide enhances the reaction rate. Compared to 

KOH, NaOH solution caused a greater amount of mineral dissolution, so it is preferred over KOH 

( Bisarya et al.., 2015; Chowdhury et al., 2021). NaOH is the most preferred reagent (hardener) 

for producing alkali-activated materials due to its high alkalinity (Provis and Van Deventer, 2009; 

Somna et al., 2011; Nematollahi and Sanjayan, 2014). On the other hand, NaOH is less expensive 

and more available than KOH.  

2.2.3.3 Fine and coarse aggregates  

Fine and coarse aggregates comprise a large portion of concrete; depending on the concrete 

application, they might account for up to 70% of the total concrete volume. The use of locally 

available aggregates will be economical. Various tests, such as sieve analysis (to determine the 

AWA = agricultural wastes (rise husk ash, corn cob ash, 

sugarcane bagasse ash, straw ash, palm oil fuel ash, 

forest biomass bottom ash, wood ash), BF = Brick 

feedstock, BF = brick feedstock, CBA = coal bottom ash, 

CL = clay, CS = copper slag, FA = coal fly ash, FG = flat 

glass, GGBS = ground granulated blast furnace slag, 

HL = hydraulic lime, MIBA = municipal solid 

waste incinerator bottom ash, NP = natural pozzolan, 

PC = Portland cement, QL = quick lime, SF = silica 

fume, SH = shale, SLG = soda lime glass. Texts with red 

and black colours are average value and range 

values, respectively. C = CaO, S = SiO2, 

A = Al2O3 (grey texts). AFt = ettringite, 

AFm = monosulphate, C–S–H = Calcium-Silicate-

Hydrate (blue texts). CS, C2S, C3S, lime are 

reactive to CO2 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/agricultural-waste
https://www.sciencedirect.com/topics/engineering/corn-cob
https://www.sciencedirect.com/topics/engineering/bagasse-ash
https://www.sciencedirect.com/topics/engineering/copper-slag
https://www.sciencedirect.com/topics/engineering/ground-granulated-blast-furnace-slag
https://www.sciencedirect.com/topics/engineering/municipal-solid-waste
https://www.sciencedirect.com/topics/engineering/municipal-solid-waste
https://www.sciencedirect.com/topics/engineering/natural-pozzolans
https://www.sciencedirect.com/topics/engineering/portland-cement
https://www.sciencedirect.com/topics/engineering/silica-fume
https://www.sciencedirect.com/topics/engineering/soda-lime
https://www.sciencedirect.com/topics/engineering/ettringite
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grading and fine modulus), bulk density, relative density and impact tests, should be conducted 

on fine and coarse aggregates according to prescribed specifications. (Priyanka et al., 2020). In 

most cases, aggregate is added to concrete to increase the concrete yield as it also lowers the 

concrete cost and carbon emissions. Excess aggregates in concrete will also create pores, which 

will have a negative impact on its strength and durability. The following table illustrates the 

difference between fine and coarse aggregates.  

Table 2-7: Different between fine and coarse aggregates materials (ASTM C33-07., 2004) 

Type of aggregates Sieve specification 

Fine  
Particles passing through a sieve of 

4.75 mm square openings 

Coarse 
Particles retaining on a sieve of 4.75 

mm square openings   

2.2.4 Factors affecting the properties of geopolymers 

In the new construction industry, high-performance materials are needed; however, these new 

materials must also meet the requirements of low cost, high durability and high strength. 

Production of new materials from industrial waste may be a sustainable and economically efficient 

way of using resource materials such as ordinary Portland cement (Chindaprasirt and Chalee, 

2014). Like conventional cement concrete, many factors affect the properties of fresh and 

hardened construction material made from CFA-based geopolymer. Several factors regarding the 

reactivity of CFA as a precursor for geopolymer concrete have been investigated. (Soutsos et al., 

2016). In most studies, investigations were mainly done on the following factors to see their effect 

on the compressive strength of the geopolymer 

2.2.4.1 Sodium hydroxide concentration 

To form an alkaline liquid, also called an alkaline activator, a given NaOH concentration is blended 

with Na2SO3 . Despite this, every NaOH concentration has a distinct impact on the geopolymer's 

fresh and hardened properties. Alehyen (2017) stated that the variation in NaOH concentration 

has an important role in the compressible strength of the material. Furthermore, it was confirmed 

that the presence of NaOH increases the number of soluble silicates and aluminate in the mixture 

of through fly ash. The results of a study proved that an increase in NaOH concentration from 4.5 

to 14.0 M increased the compressive strength of pastes, as shown in Figure 2-15 (Somna et al., 
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2011). However, the use of high sodium hydroxide concentration is a high-cost process and may 

lead to the high heat of hydration, which, in return, can significantly impact fresh and hardened 

properties at a certain ambient cured temperature.  

 

Figure 2-15: Compressive strengths of CFA-based geopolymer pastes using different NaOH concentrations 

at different (Somna et al., 2011). 

2.2.4.2 Silica to alumina ratio 

Silica to alumina ratio ( Si/Al or SiO2:Al2O3 ratio) and ageing time are the most critical parameters 

that affect the reaction degree of geopolymerisation process and the reaction time, thereby 

affecting the final properties ( Gao et al., 2020). It has been acknowledged that the alkaline 

activator dosage and Si/Al are dominant influences on geopolymerisation.  (Sindhunata et al., 

2006, Duxson et al., 2007; Zheng et al., 2010). According to the results obtained by Timakul et 

al. (2015) using high calcium CFA (Class C, ASTM 618). By increasing the ratio of SiO2: Al2O3 

from 2.60 to 2.65, increased compressive strength increased from 32 MPa to 40 MPa. Despite 

this, compression strength was decreased when the SiO2: Al2O3 ratio was raised from 2.65 to 3.0. 

Compressive strength was highest when the SiO2:Al2O3 ratio was 2.65 at 75°C for 96 hrs, and 
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samples had high densities. The following Figure 2-16 shows the effect of SiO2: Al2O3 on the 

compression strength of GPP.  

 

Figure 2-16: Compressive strength development of geopolymer at different SiO2: Al2O3 ratios cured 

at 75 OC for a different period in the oven (Timakul et al.,2015). 

2.2.4.3 Curing regimes and the effect of water 

Curing temperatures and curing time represent the curing conditions that strongly affect the 

setting and hardening of geopolymer. A study was conducted by Rovnanik (2010) on the effect of 

curing temperatures on the development of hard structures in metakaolin-based geopolymers. 

The study was designed to examine the effects of curing temperature (10, 20, 40, 60, and 80°C) 

and time on metakaolin-based geopolymer based on compressive and flexural strengths, pore 

distribution, and microstructure. Results showed that treating fresh mixtures at elevated 

temperatures accelerates strength development, but mechanical properties deteriorate after 28 

days compared to mixing at ambient or slightly decreased temperatures. According to other 

studies, adding water decreased compressive strength, whereas longer curing times and higher 

curing temperatures increased it (Van Chanh et al., 2008). Therefore, compressive strength is 

curing time and temperature-dependent, while additional water affects final strength (Heah et al., 

2011). In a study by Xie and Ozbakkaloglu (2015), geopolymer concrete (GPC) specimens were 
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cast at ambient temperature and cured in the open air. The results of that study are shown in 

Figures 2.17 (a) and (b); visible efflorescence formations were observed in some of the GPC 

specimens.  

 

 

Figure 2-17: Efflorescence in geopolymer block as a result of ambient curing temperature in the open air; 

(a) efflorescence at the edge of the beam specimen and (b) comparison between a cylinder 

with efflorescence present (on the left) and a sealed cylinder that exhibits no efflorescence (on 

the right) (Xie and Ozbakkaloglu, 2015). 

Davidovits (2008:284) cited experimental results from US Patent 5061643 about the curing time. 

A significant correlation exists between curing time and compressive strength of geopolymer 

Sodium hydroxide 

coming out of the 

geopolymer block 

Geopolymer block 

(b) 

(a) 
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samples. As shown in Figure 2.19, the curing time increases with an increase in compression 

strength from 2 hours with 36.4 MPa to 24 hours with 108.7 MPa. It is also important to understand 

that the cost associated with curing the product for 24 hours might be highly expensive and impact 

carbon emissions.  
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Figure 2-18: Effect of curing time on the compressive strength of geopolymer cure at 80 oC for short and 

long hours (Source: US Patent 5061643; Davidovits 2008:284).  

2.2.5 Uses of geopolymer  

Geopolymeric materials have a variety of applications in the field of industries, such as in the 

automobile and aerospace, nonferrous foundries and metallurgy, civil engineering, and plastic 

industries (Davidovits, 1989). Production of fire-resistant materials and reduction of CO2 

emissions in construction materials as an alternative to Portland-based (calcium silicate) cement 

are the earliest and current primary areas of application of geopolymer. Several other properties 

of geopolymers make them a superior alternative to traditional construction materials, but 

performance alone is not sufficient to revolutionise construction materials (Duxson et al. 2007a). 

The market will demand this new material as geopolymers become incorporated into the 

construction. The use of geopolymer in waste encapsulation, as low-cost ceramics (either directly 
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or as precursors for calcination), and in fire protection is numerous (Provis and Van Deventer, 

2009:6).  

The applications of materials made by geopolymerisation are determined according to the 

chemical structure in terms of the atomic ratio Si: Al in the polysialate (Davidovits, 1999) classified 

the type of application according to the Si: Al ratio as presented in Table 2.8. 

Table 2-8: An example of different applications of geopolymer materials with a focus on Si: Al atomic ratio 

(Source: Davidovits, 2017).  

Si: Al 
ratio 

Polymeric 
character 

Applications 

          Low technology High technology  

1:1 

3
D

 N
e
tw

o
rk

 

-Tiles   

-Ceramics   

  -Fire protection 

2:1 

-Low CO2 cement and concrete -Radioactive and toxic waste 

encapsulation 

 

3:1 

2
D

 N
e
tw

o
rk

 

-Fire protection fibreglass 

composite  

-Heat-resistant composites 

from 200 OC to 1000 OC 

 

 
-Foundry equipment -Toolings for the titanium 

aeronautics process 

 

 

>3:1 

-Sealants for industry from    

200 oC to 600 OC 

-Toolings for Superplastically 

formed (SPF) aluminium 

 

 

 

20 - 35 

  -Fire resistance & heat 

resistant fibre composites 

 

 
 

2.3 Critical summary 

An overview of the geopolymerisation process, including the applications of geopolymer and the 

generation of CFA as a raw material, has been described. CFA-based geopolymer paste, mortar 

and concrete have been synthesised by many researchers for construction applications when 

cured at oven temperature. This study is based on a contradictory approach to previous 
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geopolymer studies in which the mixes developed were cured with a focus on high oven curing 

conditions. Although good geopolymer properties were obtained, the high curing temperature is 

an obstacle to the industrialisation of geopolymer for major construction applications and cannot 

favour the casting of applications such as cast in situ, foundation casting, and 3D printing. Many 

researchers have been claiming that geopolymer cured at an oven temperature of about 80oC, 

results in saving CO2 emissions by about 40-80% compared to the normal OPC concrete process 

(van Deventer et al., 2010, Shekhovtsova, 2015 Kalombe et al., 2020). However, in none of these 

studies no analysis method was defined, neither was the system boundary considered and the 

energy used in the drying process was not considered during carbon footprint analysis. In the 

case of South Africa, the oven curing process for 24 hours might be considered a hostile process 

as the CO2 emission related to electricity consumption is high (0.95 Kg CO2e/kWh (Eskom CO2 

emission factor in 2018). Developing polymerisation formulations using CFA in the room curing 

process has resulted in efflorescence from previous studies (Xie and Ozbakkaloglu, 2015). A 

review of the room curing process is an area of research that needs further exploration as it seems 

more cost-effective and sustainable due to the cut-off 24-hour heat curing. 

This study also attempts to fill deficiencies found in previous research on the synthesis of CFA-

based geopolymer by performing engineering analysis on mechanical and durability properties 

and environmental analysis. Many properties are needed to introduce a new construction material 

to the market. According to Table 2.9, this has only been partially defined in many studies, with 

limited information provided from the synthesis of geopolymer using South African CFA. The 

difference between CFA-based geopolymer paste, mortar and concrete for structural application 

will be investigated.  

In the case of compression strength as the major test, generally, the compression strength of 

concrete is determined based on the application, which is related to a certain category of concrete. 

Concrete strength requirement is classified into four (4) categories, as shown in Table 2.10.
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Table 2-9: Investigation parameters of CFA-based geopolymer product from a single formulation in a study. 
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Mallikarjuna Rao et 
al., 2015 

Saudi 
Arabia 

GPP&GP
M 

✓ ✓ ✓ ✓ x x ✓ x x x x x x x x x x x 

Wang and Dai, 2020 Spain GPP  
✓ ✓ ✓ x x ✓ x x x x x x x x x x x 

Galiano et al., 2017 Spain GPP x x x x x x ✓ ✓ x x x x ✓ x x x x ✓ 

Nath, 2014 Australia GPC  
✓ ✓ x ✓ ✓ ✓ ✓ ✓ ✓ x x x ✓ x x ✓ x 

Xie and 
Ozbakkaloglu, 2015 

Australia GPC x x x x ✓ x ✓ ✓ x ✓ x x x x ✓ ✓ x x 

Kalombe, 2018 
South 
Africa 

GPP x x x x x x ✓ x x x x x ✓ ✓ ✓ x x x 

Kalombe et al., 2020 
South 
Africa 

GPP x x x x x x ✓ x x x x x ✓ ✓ x x x x 

Shekhovtsova, 2015 
South 
Africa 

GPC x x x x ✓ x ✓ ✓ ✓ ✓ ✓ x x x ✓ ✓ x x 

Chen et al., 2022. China GPP x x x x x x ✓ ✓ x x x x ✓ x x ✓ x x 

Guo and Xiong, 2021 China GPM x x x x x x ✓ ✓ x x x x x x x x x x 

CFA = CFA , GPC = geopolymer concrete , GPP = Geopolymer paste and GPM= geopolymer mortar  
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Table 2-10: Concrete classified in accordance with compressive strength based on application requirements (Modified from source: SANS 10400, 

1990:73 and Li, 2011:16). 

Classification 
Compressive 
strength, MPa 

Applications 

Low strength concrete  

Controlled Low-Strength Material < 2.1 

< 10.0 

Generally used as a backfill 

Hollow load-bearing units 3.5 
Single-storey building wall. From 7.0 MPa 
applicable for double-storey buildings, 
Bulustrate, Parapet and Foundation walls 

Bearing unit 4 

Lean concrete  5 -7.5 

Ordinary concrete  10.0 -20.0 
mass concrete structures, subgrades of 
roads and partitions 

Standard concrete  

Moderate-strength concrete A 20.0 -50.0 

20.0- 55.0 

Construction of slabs, beams, columns, 
footings, buildings, bridges, Pavements 
and similar structures  

Moderate-strength concrete B 35.0 -55.0  Runways, Pressurised Concrete Girders 

High strength concrete  60 - 150 
Tall buildings, columns, bridges, towers, 
and shear walls  

Ultra-high strength concrete                     > 150 
Not widely used in structural 
constructions. Only footbridges and 
girders  

 



 Cape Peninsula University of Technology http://www.cput.ac.za 
  

   Page 37 of 270 

EN  
 

 

Additionally, the following parameters will be investigated at the fresh and hardened state from 

the synthesis of geopolymer using coal fly ash, as they are crucial for construction applications. 

2.3.1  Fresh properties of geopolymer  

The fresh properties, also called the dormant period or plastic state (Soroka, 1993:22 and 

Nagaratnam et al., 2016:274) of geopolymer paste or concrete properties will be defined using 

methods that applied to a wet ordinary Portland cement paste or concrete. Here, geopolymer 

concrete or paste has not yet undergone setting and hardening. Geopolymer products (in paste, 

mortar, or concrete form) might last a few hours in this state, after which they can be poured and 

deformed into any shape using a specific mould. Figure 2.19 illustrates the behaviour of normal 

concrete from a plastic state to a hardened state, which was used as an example to define the 

plastic state of geopolymer.  

 

Figure 2-19: An example of setting steps of the fresh cement paste (Li, 2011:43). 

2.3.2 Hardened properties  

2.3.2.1 Carbonation test 

A study conducted by RoofLock (2019) found that the infiltration of carbon dioxide into reinforced 

concrete causes steel reinforcements to corrode, resulting in expansion cracks and the 

weakening of the concrete. This will, therefore, lead to the deterioration of the infrastructure and 

reduce its service period.  

2.3.2.2 Radon exhalation and emanation  

Radon is a fundamental atomic element, a radioactive noble gas in the 238U decay series that can 

move from its host material since it is a gas (NRC, 2006; Snead, 2022). It is an invisible, odourless, 

tasteless, colourless, inert and radioactive gas. Radon generally occurs from the natural 
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breakdown of uranium in the earth's crust. It usually travels through soil by entering into homes, 

schools and other buildings element. It is often 10% or less of the actual radon created in the 

material. Radon is of considerable importance since it is the primary health risk associated with 

chronic indoor radon exposure and the second most important after smoking for increasing the 

lifetime risk of lung cancer (NRC, 2006). The mechanism that increases health developing lung 

cancer is the emission of an alpha particle from radon decay products, causing physical and 

chemical damage to cells and DNA (Lorenzo-Gonzalez et al., 2019; Grzywa-Celińska et al., 

2020). Figure 2-20 illustrates this mechanism.  

 

Figure 2-20: Mechanism of DNA damage and lung cancer from radon decay product (Source: Available at: 

https://www.radonaway.com/radon-health-risks.php, Accessed on 22 October 2021).   

2.3.2.3 Life cycle analysis 

 Life cycle analysis (LCA) is defined as a technique used to determine and assess (evaluate) the 

environmental loadings and impacts of a product or process as well as upstream effects from the 

supply chain (Curran 1993; Crawford, 2011:38). Each human action affects the environment, 

resulting in its degradation. A large number of natural resources is required to sustain the lifestyle. 

It was found that construction activities have significant environmental impacts due to the high 

demand for material resources, primarily energy and water, necessary for manufacturing products 

and resource extraction. As a result, it is important to examine the impact of the process or find a 

way to reduce it to create a sustainable model in a sector with high raw material demand. Figure 

2.21 illustrates the impact categories taken into consideration in the environmental product 

declaration, from the extraction of raw materials, manufacturing, distribution, use, and end of life 
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using the environmental product declaration (EPD) method (Available at 

https://www.youtube.com/watch?v=NCiMDepskSe Accessed on the Accessed-on the 11 August 

2022). Furthermore, the stages involved in the life cycle of the building material are illustrated in 

Figure A-3 in the appendix.  

 

Figure 2-21:Types of environmental impact categories generated on the planet from the extraction of raw 

materials to the end life of the construction product assessed based on EPD  method activities 

(Available at https://www.youtube.com/watch?v=NCiMDepskSe, Accessed-on 11 August 

2022).  
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Chapter 3  

Experimental methodology for the synthesis of 

CFA-based geopolymer 

This chapter will give a better understanding of the process developed for the synthesis of 

geopolymer using South African CFA for construction applications. Here, the materials and 

equipment used are listed and described. Standard methods of testing raw materials, products, 

and analytical techniques are explained. In short, this chapter discusses the workforce process 

of this study. 

3.1 Experimental program 

The suitable formulations developed were considered due to their better setting and strength 

(comparable to a strength obtained from an oven curing regime) properties at ambient 

temperature. Figure 3.1 illustrates the study's elements, including research questions, aims, and 

objectives, as well as how these were sequentially achieved. An experimental trial mix design will 

first be developed with CFA as aluminosilicate source material, then laboratory mix within a cost-

acceptable and environmentally friendly alkaline medium to form at a certain mixing time to form 

a homogeneous geopolymer paste that will be tested for consistency, initial and final setting time. 

The best trial mix was then cured at given curing regimes (curing conditions), after which it was 

tested for diverse properties when hardened. Once the geopolymer paste results in acceptable 

fresh and hardened properties, it can be modified at a later stage by adding fine and coarse 

aggregate. This will be geopolymer mortar and geopolymer concrete. This research will mainly 

define the properties of geopolymer paste and concrete. 
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 Figure 3-1: Geopolymer paste with the design process with a focus on setting time and strength as main properties. 
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3.1.1 Chemicals  

Chemicals used in this study and their suppliers are shown in the following Table 3.2  

Table 3-1: List of chemicals used and their purity on a mass basis. 

Chemical Purity, % Supplier  Location 

Sodium hydroxide pellet              98 Kimix 

Cape Town, 

Western Cape, 

South Africa 

Sodium silicate  

SiO3 30 
Protea 

chemicals 
Na2O 9.2 

H2O 60.8 

Shutter oil               - Kimix 

Phenolphthalein solution              1 Kimix 

Isopropyl-alcohol               99.5 Kimix 

3.1.2 Sample collection  

CFA used in this study was DURAPOZZ-processed CFA from Lethabo power station located in 

the Mpumalanga province of South Africa and delivered by Lafarge-Ash resources packed in 50 

kg paper with plastic sealed bags and then used as the binding raw material. At the laboratory, 

bags were stored in a moisture-free area and placed on wooden pallets. A CFA sample from the 

bag was kept in sealed plastic for different analyses.  

3.1.3 Fine and coarse aggregates  

Fine and normal-weight coarse aggregates used in this project are Philippi sand and blue stone 

obtained from builders. Figure 3-2 represent these aggregates.  

 

Figure 3-2: Philippi used as fine aggregate (a) and blue stone as coarse aggregates (b) for the synthesis 

of CFA-based geopolymer mortar and concrete.   
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The aggregates properties were determined at the Roadlab Civil Engineering Laboratory, Cape 

Town facility based on bulk loss density, dust content, and sieve analysis (using sieves 19.0, 14.0, 

9.5, 6.7, 4.75, 2.36 and 1.18 for coarse aggregate and 4.75, 2.36, 1.18, 0.6, 0.3, 0.15, and 0.075 

for fine aggregates) and fineness modulus. To determine the maximum density gradation of 

aggregates, Fuller and Thompson developed the following Equation: 3.1 was used (Nagaratnam 

et al., 2016. P.121).   

                                                     𝑃𝑖 = (
𝑑𝑖

𝐷𝑚𝑎𝑥
)
𝑛

× 100                                     Equation 3.1 

                     where: - 𝑃𝑖 is the percentage corresponding to particle size 𝑑𝑖 in percentage (%) 

                                  - 𝐷𝑚𝑎𝑥 is maximum particle size in millimetres (mm) 

                                  -  𝑑𝑖 is particle size millimetre (mm) 

                                  - 𝑛 is a parameter that adjusts for the fineness and coarseness of the 

aggregates. 

                                  - 𝑛 ≈ 0.5, according to Fuller and Thompson.  

3.1.4 Effect pigments on CFA-based geopolymer mix 

This study also used a fixed percentage of cement pigment oxides obtained from builders as a 

supplier in certain geopolymer paste, mortar, and concrete mixes. Those cement pigment oxides 

are shown in the following Figure 3.3 with names related to their colours.  

 

Figure 3-3: CFA and different cement oxides used in certain mixes 
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Green oxide 

Yellow oxide 

Blue oxide 

Red oxide 
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3.2 Equipment  

Table 3.2 consists of the main equipment used in the synthesis of CFA-based geopolymer in this 

study from mixing, casting, and curing.  

Table 3-2: List of the main equipment used, including suppliers' names and location 

   Supplier information 

Equipment  Capacity Name Location 

Hot air oven (EcoTherm) 1.7 kW /40-330 oC Labotec 

Cape Town, Western 

Cape, South Africa 

Mixer (stirred tank) 2.1 kWh - 

Plastic and nylon moulds 100x100x100 mm3 
Scientific 

Manufacturing  

Beakers  1-2 L Kimix 

Volumetric Flask Grade A 1L Kimix 

Brick trowel 275 mm  Builders 

One of the main pieces of equipment was the mixer unit, as shown in Figure 3.7. Some of the 

equipment was unavailable in the market at the lab scale; therefore, a personal design (PD) of 

that equipment was made. 

3.3 Batch geopolymer processing steps 

Synthesis of the CFA-based geopolymer process involves a series of steps to produce an end 

product: geopolymer paste, mortar, or concrete. Figure 3.4 illustrates the major steps as defined 

below. The steps in this processing chain are dependent on each other and, at the laboratory 

scale, are run batch processes while they can be run as continuous processes at the industrial 

level. The following block flow diagram (BFD) illustrates the process for the production of 

geopolymer paste while when it can to mortar BFD, the same process is used except CFA was 

premixed with fine aggregate. The process is followed for concrete mortar, and then the aggregate 

is added when a homogeneous mortar mix is obtained.  
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Figure 3-4: Block flow diagram illustrating various processing steps in the geopolymer paste process. In R-001, Sodium hydroxide solution is 

prepared from the pellet. In R-002, alkaline activators are prepared by mixing a certain amount of sodium hydroxide solution made with 

a given amount of sodium silicate liquid, after which the alkaline liquids obtained are diluted with water. In R-003, CFA is first poured, 

and then the R-003 new alkaline liquid obtained is added. 
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3.3.1 Mixing proportioning  

The mixing process consisted of weighing all dry materials coal fly ash, sodium hydroxide pellet, 

fine and coarse aggregates), water, alkaline liquids (sodium silicate and sodium hydroxide 

solution), and other ingredients such as cement oxide. These processes were done in batches. 

Table 3.3 represents the different formulations from geopolymer paste, mortar, and concrete 

developed with 10, 12, and 14 sodium hydroxide molarity using only South African Lethabo power 

station CFA as a binder.  
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Table 3-3: Synthesised CFA-based geopolymer formulations mass composition 

Mix series  CFA-based geopolymer formulations composition (w/w %) Dry mix coloured 
dye content in w/w 

Formulation 
code 

CFA  

F
in

e
 a

g
g
re

g
a
te

 

Coarse 
aggregates max 
size (mm) 

Alkali-Activated Materials  
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m
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13 19 

Y
e
llo

w
 

g
re

e
n

 

B
la

c
k
 

    

Sodium Hydroxide (NaOH), Molarity Sodium 
silicate 

(Na2SiO3)  

    8 10 12 14 16 

GPP-M1A 68.97 0.00 0.00 0.00 6.90 0.00 0.00 0.00 0.00 17.24 6.90 0.00 0.00 0.00 

GPP-M2A 68.97 0.00 0.00 0.00 0.00 6.90 0.00 0.00 0.00 17.24 6.90 0.00 0.00 0.00 

GPP-M3A 68.97 0.00 0.00 0.00 0.00 0.00 6.90 0.00 0.00 17.24 6.90 0.00 0.00 0.00 

GPP-M4A 68.97 0.00 0.00 0.00 0.00 0.00 0.00 6.90 0.00 17.24 6.90 0.00 0.00 0.00 

GPP-M5A 68.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.90 17.24 6.90 0.00 0.00 0.00 

GPP-SMR1 84.27 0.00 0.00 0.00 0.00 0.00 7.87 0.00 0.00 7.87 0.00 0.00 0.00 0.00 

GPP-SMR2 82.53 0.00 0.00 0.00 0.00 0.00 7.70 0.00 0.00 7.70 0.00 2.06 0.00 0.00 

GPM-M1 50.45 41.70 0.00 0.00 0.00 0.00 2.52 0.00 0.00 5.33 0.00 0.00 0.00 0.00 

GPP-SM1A 74.05 0.00 0.00 0.00 0.00 0.00 3.70 0.00 0.00 18.55 3.70 0.00 0.00 0.00 

GPP-SM2A 74.05 0.00 0.00 0.00 0.00 0.00 7.40 0.00 0.00 18.55 0.00 0.00 0.00 0.00 

GPC-M2C 29.47 24.36 40.67 0.00 0.00 0.00 1.77 0.00 0.00 3.73 0.00 0.00 0.00 0.00 

GPC-M2E 32.40 21.40 40.70 0.00 0.00 0.00 1.77 0.00 0.00 3.73 0.00 0.00 0.00 0.00 

GPC-M2F 37.92 12.51 43.67 0.00 0.00 0.00 1.90 0.00 0.00 4.00 0.00 0.00 0.00 0.00 

GPC-M2G 37.59 13.53 42.49 0.00 0.00 0.00 2.05 0.00 0.00 4.33 0.00 0.00 0.00 0.00 

GPC-M2I 39.66 13.09 41.09 0.00 0.00 0.00 1.98 0.00 0.00 4.19 0.00 0.00 0.00 0.00 
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3.3.1.1 Preparation of stock solution 

NaOH solutions at specific molarity were prepared by reacting NaOH pellets at 98% purity, as 

shown in Figure 3.4 and water in a 1 litre (1000ml) volumetric flask grade A. NaOH pellets were 

gradually added to the volumetric flask.  

 

Figure 3-5: 98% purity Sodium hydroxide pellet used.  

The mass of sodium hydroxide pellet for a given solution's molarities was calculated according to 

Equation 3.2, and Table 3.4 illustrates the amount used for the different solutions used in this 

study.  

                                          𝑚𝑠𝑜𝑙𝑖𝑑𝑠 = 𝐶 ×𝑀𝑚 × 𝑉𝑠𝑜𝑙                                          Equation 3.2 

                     Where: - 𝑚𝑠𝑜𝑙𝑖𝑑𝑠 is the mass of sodium hydroxide pellets required in grams (g) 

                                  - C is the required molarity, also called concentration in molarity (M)  

                                  -  Mm is the sodium hydroxide molar mass, given as 40g/mol  

                                  - 𝑉𝑠𝑜𝑙 is the volume of the solution taken as 1 litre (L) of water.  
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Table 3-4: Sodium hydroxide pellet mass (g) to make a 1L volume of sodium hydroxide solution at the 

given Molarity obtained from Equation 3.1 

Sodium hydroxide 
concentration, M 

Sodium hydroxide 
pellet, g 

8 320 

10 400 

12 480 

14 560 

16 640 

3.3.2 Alkaline activator preparation  

The NaOH solution prepared was then stored at room temperature. The alkaline activator was 

made by mixing NaOH solution with Na2SO3 liquid in grams. The alkaline solution was further 

diluted with water. Figure 3.6 shows chemicals used for the making of alkaline solution.  

 

Figure 3-6: Alkaline activator components and additional water used in a real image (top) and thermal 

infrared image (bottom) 

3.3.3 Synthesis of CFA-based geopolymer  

All ingredients from CFA and the alkaline solution prepared, including fine and coarse aggregates 

for certain mixes, were measured in kilograms. First, a trial mixing time was set, and the mixture 

was monitored during the mixing to observe the homogenisation of the mix. Figure 3-7 presents 

the mixer used for the geopolymerization.  

Additional 
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Figure 3-7: Detailing of mobile geopolymerization stirred tank used built with anchor impeller and the 

electrical motor of 2.1 kWh running at 55 rpm; at rest (a) and during mixing (b)  
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3.3.4 Residence time and homogenisation number 

In this study, the residence time (RTD) of each raw material and the mixing time (quality of mixing) 

were considered as the main factors of the mixing as considered in Chen et al. (2005; Nagy et 

al., 2012; Ghanem et al., 2014; Dong et al., 2017). The resident time of each raw material in the 

mixer was determined from Equation 3.3 during the synthesis of CFA-based geopolymer using a 

2.1 kWh mixer at a volume of 13 litres.   

                                                        𝑡𝑅 =
𝑉

𝑄
                                                        Equation 3.3 

                    Where:  - V volume of the reaction in cubic meters (m3) 

                                  - 𝑄 is the volumetric flow rate of a specific reactant in cubic meters per 

second (m3/s)  

                                  - 𝑡𝑅 residence time in second (s) 

After defining a mixing time from visual observation every 5 minutes with the mixer impeller 

running at 55 revolutions per minute (rpm), the homogeneity (degree of mixing) from the 

homogenisation number was calculated using Equation 3.4, considering the mixing time as blend 

time 𝑡𝑏𝑒𝑛𝑑 or 𝑡95 (mixing time required to create a homogeneous mixture in the mixer or time within 

95% homogeneity is reached).  

                                                                        𝐻𝑜 =
𝑡𝑏𝑙𝑒𝑛𝑑

𝑁
                                            Equation 3.4 

                    Where:  -Ho is the homogenisation number (dimensionless number) 

                                  - 𝑁 is the rotational rate (the number of impeller revolutions) in revolutions 

per minute (rpm).  

                                  - 𝑡𝑏𝑙𝑒𝑛𝑑  is the blending time in minutes (min) 

3.3.5 Curing (strength growth)  

Synthesised CFA-based geopolymer given mixing time by obtaining a homogeneous geopolymer 

mix, samples were cast in different shapes such as cubic shapes and cylindrical shapes. After 

the casting, curing regimes were defined, where some specimens were cured in an oven for 60 

oC by sealing these samples with a plastic sheet to avoid scaping moisture. Another set of 

samples was sealed with plastic and stored at room temperature, while another set was neither 

sealed with plastic nor cured at an oven temperature. After 24 hours of curing, all specimens were 

de-moulded. Figure 3-8 represents different curing methods for CFA-based geopolymer products.  
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Curing regimes

Water-curing

Condition A: cured at room 

temperature and covered with plastic

Room-curing

Condition B: cured at room 

temperature with no cover with plastic

60 
o
C oven cured for 24hrs samples at 

21 days aging 
Soaked in water 

for 7 days
Room conditions A and B curing 

samples at 21 days aging

Oven-curing Cured in oven at 60 
o
C for 24hr then covered 

with plastic

 

Figure 3-8: Different types of curing regimes applied in the study 

As soon as the specimens were demoulded, they were cured under the following conditions: (1) 

Heat curing samples were placed in large plastic and well-sealed; (2) ambient-curing with sealed 

plastic samples were placed in plastic sheets and the other ambient curing samples with no plastic 

covered were kept open; (3) water-ponding were a set 3 samples collected from heat curing, 

ambient (room) curing with and without plastic sealing soaked in water at 21 days of ageing until 

they reached 28 days of ageing. Oven and room curing samples were monitored in the lab 

environment until the testing stage by recording the environmental temperature and humidity 

readings. Figure 3-9 illustrates the samples after casting and during the curing process.  
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Figure 3-9: Illustration of different curing of CFA-based geopolymer samples; samples after casting sealed with plastic sheet ready for curing (a), 

samples at oven curing in progress at 60 oC (b), samples soaked in water at 21 days of ageing (c), oven and room curing sample after 

being demoulded at 24 hrs and stored in plastics sheets for continuous curing (d). 
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3.4 Materials and product characterisation 

To deeply understand the structure performance of CFA-based geopolymer products relationship 

that influences its strength, deformation and thermal behaviours, which relatively impact its 

service life when exposed to environmental conditions, some characterisation techniques were 

used to determine the types of atoms present, types of bonds and crystalline structure of Lethabo 

CFA  and formulations developed for the synthesis of geopolymer. Optimised formulation (mix) 

cured at different curing conditions were analysed for X-ray fluorescence (XRF) and Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES), X-ray diffraction analysis (XRD), 

Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR) 

analyses where samples were crushed to a particle size of less than 100 μm using a Jaw crusher.  

3.4.1 Particle size analysis 

A particle size analysis was performed using the University of Cape Town (UCT) Malvern 

Panalytical Mastersizer 2000 for a small volume wet dispersion unit (Hydro 2000SM) run at a 

stirring speed of 1500 rpm (revolutions per minute) with about three scans per from the sample, 

to determine CFA particle sizes. The dispersant used was Propan-2-ol, also called Isopropyl-

alcohol (IPA), with an assay of 99.5% and a particle refractive index of 1.73 mixed at a ratio of 

1:3 in volume basis (using a spatula) with CFA (CFA: IPA) to create a well-coated slurry. The 

following Figure 3.10 represents the testing setup during the analysis.  

 

Figure 3-10: Lethabo low calcium CFA particle size analysis in progress using UCT's Hydro 2000SM 

Malvern Panatycal Mastersizer 2000. 
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3.4.2 Scanning electron microscope and energy-dispersive X-ray spectroscopy   

SEM, the energy dispersive X-ray spectroscopy (EDS) characterisation analysis was performed 

in this study to identify the morphology (for imaging (shape), morphology and sizing detection) 

and the elements of Lethabo CFA and synthesised geopolymer products at optimised conditions, 

respectively. Furthermore, it determined the homogeneity and elemental distribution in the 

synthesised CFA-based geopolymer paste, mortar and concrete. The SEM and EDS analysis 

was carried out using the SE +EDS technique by considering Si, Al, Na and Fe elements in EDS 

analysis under a 1-2µm scale on a UWC scanning electron microscope. ImageJ was used to 

measure the size of SEM particles or any other physical observation on the image, and the 

analysed scale was taken as a reference. 

3.4.3 X-ray diffraction 

Qualitative XRD patterns characterisation analysis was performed to evaluate the mineral phases 

(crystalline or amorphous) of Lethabo CFA and synthesised geopolymer product at optimised 

conditions, respectively. PXRD data were recorded on a Bruker D2 Phaser Diffractometer using 

CuK radiation ( = Å) generated at 30kV and 10mA. Each sample was scanned from 4-

70° or 80° with 2θ steps of a 0.02° and 0.5 second exposure time per step; the total scanning time 

is about 30-40 minutes.  

3.4.4 X-ray fluorescence and Inductive couple-plasma 

 XRF and Inductive couple-plasma (ICP) techniques were carried out to determine the presence 

of major oxides and trace elements using weight per cent (wt.% except for H2O- and LOI) 

measured from fused disks made from ignited powder and concentration (ppm) methods, 

respectively, on UCT- XRF spectrometer machine for CFA and synthesis geopolymer optimised 

product. 

3.4.5 Fourier transform infrared spectroscopy 

FT-IR spectra analysis was carried out using the universal attenuated total reflectance (UATR) 

technique on PerkinElmer UATR Two spectrophotometer (Llantrisant, U.K.) at force gauge 

(pressure) of 35 N for ATR crystal to sample and detector contact with 32 scans per sample and 

recorded over the range of 4000 and 400 cm− 1 at 4 cm− 1 resolution to analyse the functional 

groups present. Based on shifting FTIR bands, characteristic peaks of Al-O/ Si-O bond 

identification were investigated to determine the due effect of temperature on hydration reactions 

according to phase formation and extent from fingerprint region. A characteristic peak of the C 
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single bond O functional group was interpreted as an indication of carbonation in the geopolymer 

product in the synthesis from the functional group region.  

3.4.6 Radon exhalation and emanation  

Radon exhalation and emanation test measurements were performed at the SC7 laboratory at 

the University of the Western Cape to consider the potential radioactivity issue related to the use 

of South African Lethabo low CFA as a binder in building materials through a synthesis of 

geopolymer paste. A 100 mm cubic block of Lethabo low calcium CFA geopolymer paste was 

used for measurements. Two issues were considered.  

i. The gamma radiation from the blocks. Gamma rays penetrate ionising electromagnetic 

radiation, which most materials emit from naturally occurring long-lived radionuclides (40K 

and members of the 238U and 232Th decay series).  

ii. The radon emanated from the bricks. Radon exhalation from materials depends on many 

factors, such as the grain size and pore space.   

Lethabo CFA-based geopolymer paste 100 mm cubic block was placed in a lead castle gamma 

chamber for the gamma radiation. The radium content (and therefore uranium if the decay series 

is in secular equilibrium) and thorium concentrations were obtained with a NaI (Tl) detector in a 

very similar way to the methods described in Pilakouta et al. (2018) study. The detector's 

efficiency is needed for the geometry of the block that was tested. A sample of known activity is 

used to do this; a sample of soil from a mine dump measured at iThemba LABS was used for the 

measurements described in this report. The detector at the ERL at iThemba LABS was calibrated 

by the use of IAEA samples. This sample from the mine dump has a high activity of 226Ra (290 

Bq/kg) and 40K (230 Bq/kg); hence, it can be used to calculate the 226Ra and 40K concentrations 

in the brick samples. A high thorium sample was used similarly to find the thorium concentrations, 

as shown in Figure 3.11. 
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Figure 3-11: Process involved in thorium concentrations measurement at SC7 laboratory from the University of Western Cape; Chamber detector 

(a), CFA-based GPP specimen in the chamber (b) and chamber closed for testing (c). 
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For radon measurement,  the 100 mm cubic low calcium CFA-based geopolymer paste block was 

placed in an air-tight chamber that is connected to a radon detector, namely a RAD7 radon 

detector (Available at https://durridge.com/products/rad7-radon-detector/, Accessed on 8 August 

2022) as shown in the following Figure 3.12. The radon exhaled from the brick causes the radon 

concentration to increase in the chamber.  

 

 

Figure 3-12: Radon monitor set up measurements using RAD7 at SC7 laboratory from the University of 

Western Cape.  

According to Amin (2015), the radon exhaled from the block causes the radon concentration to 

increase in the chamber. This radon concentration increases in chamber C(t), as shown in 

Equation 3.5.  

                                                        𝐶(𝑡) =
𝐶𝑅𝑎

𝑉
(1 − 𝑒−𝜆𝑡)                                           Equation 3.5                   

                      Where:  - 𝑉  is the volume of the chamber and the detector = 14 litres in our case 
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                                  -𝐶(𝑡) is the radon concentration to increase in the chamber, in Becquerels 

per cubic meter (Bq.m−3) 

                                  - 𝐶𝑅𝑎 is the effective strength of the radium source in the brick that makes it 

into the chamber in Bq. 

                                 - 𝑡  is the time in seconds (𝑆) 

                                 - 𝜆  is the decay constant of radon 2.1 × 10−6, in 𝑆−1 

It was assumed that for a particular sample, the radon increased in the Chamber (as read by the 

RAD7) at a rate of x Bq.m-3 per hour for the first few hours. In this period, Equation 3.5 can be 

approximated to Equation 3.6 since 𝑒−𝜆𝑡~1 and it is very small. The slope 𝑥 is then defined as 

shown in Equation 3.7. 

                                                        𝐶(𝑡) =
𝐶𝑅𝑎𝜆𝑡

𝑉
                                                          Equation 3.6                   

                                                  𝑥 =
𝐶𝑅𝑎𝜆

𝑉
   or 𝐶𝑅𝑎 =

𝑉𝑥

𝜆
                                                Equation 3.7     

More description of the op view of RAD 7 and the placement of CFA-based geopolymer paste in 

the gamma chamber is shown in Figure A-9.     

3.5 Testing methods optimisation factors consideration 

The engineering properties of geopolymer paste, mortar, and concrete investigated in this study 

were defined in the fresh and hardening states based on strength (mechanic of material) and 

durability aspects. These properties are important for construction materials, defined according 

to the testing standards. The fresh properties will define the behaviour of the geopolymer material 

when still moistened. The mechanical properties will define the structural behaviour of CFA-based 

geopolymer under loading, while durability properties will predict CFA-based geopolymer 

products' behaviour under environmental exposure, which may lead to product degradation. Once 

the optimised mix is in the required target value, an economic and environmental assessment of 

this mix will be a performance to analyse its impact on business decision-making. Table 3.6 

illustrates the engineering properties of CFA-based geopolymer properties investigated at fresh 

and hardened states, including the decision-making parameter viewed.  
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Table 3-5: CFA-based geopolymer as building materials fresh and hardened engineering properties target value expected after mix optimisation 

and decision-making parameters viewed. 

Material state properties Characteristic  Target Value  References  

Fresh  

CFA-based GPP 

Consistency (mm) 5-7 mm of penetration in 2 min the better 

ASTM 191 Initial setting time (min) 25 mm penetration from 120 min the better  

Final setting time (hr)  40 mm penetration before 6 hrs the better  

Fluidity time (min) lower the better    

CFA-based GPC 

Slump test (mm) 75-100 mm the better  Mamlouk, 2011:257 

Slump flow (mm) higher the better    

Fresh density (Kg/m3) lower the better    

All  Curing regime (temperature) no oven heat curing the better    

Hard 

Mechanical 

Compression strength for (MPa) 
higher than 20 MPa better for structural 
application at 28 days or ref Table 2.10 Li, 2011:16  

Breaking pattern (satisfactory 
fracture)  

A or B, the better 
  

Flexural MPa (% of compression 
MPa) 

from 10 % towards the better  

Mamlouk, 2011, p257-293 Tensile MPa (% of compression 
MPa) 

from 10 % towards the better  

Modulus of elasticity (GPa) 10.3-34.5 GPa is the better  

Poisson ratio  higher the better   

Durability 

Water penetration (mm/min)  lower the better    

Water absorption (%)  lower than 20% the better  
ASTM C62:2017; Mamlouk, 2011, 
p322 

Water absorption rate (Kg/m2) lower the better    

Thickness swelling (%) lower the better    

Carbonation  The surface mostly covered with fuscia or pink 
colour the better   

pH measurement  8 to 12 the better   

Efflorescence  lower than moderate the better  NCTEL, 2013 

Hardened density (Kg/m3) lower the better    

Fire resistance (hr)  higher the better    

Decision 
making 

Economic and 
Environmental 

Embodied energy  lower the better    

Cost of the mix  lower the better    

LCA environmental impact  lower the better    
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3.5.1 Fresh properties of geopolymer  

3.5.1.1 Setting time  

As discussed by Andrade et al. (2009), the initial setting time is the period when the concrete 

temperature increases after the dormant period (plastic state) when the mix starts to show 

stiffness. The initial setting time stiffness of the concrete is crucial to its ability to sustain the tensile 

force caused by plastic shrinkage in the case of concrete elements that have a physical restriction, 

such as crimping, which prohibits dimensional variation without cracks.  

The setting times were performed in this study according to ASTM C 191: 2018 (Standard Test 

Methods for Time of Setting of Hydraulic Cement by Vicat Needle), which is the same as the 

national standard method SANS 50196-3:2006 part 6 (30% of water was used as w/b ratio) using 

the Vicat apparatus shown in Figure 3.13. This experiment was carried out at room temperature 

at a range of 25 – 27oC. 400 g of CFA was collected as a binder and mixed with 120 alkaline 

activators containing additional water. A Vicat apparatus, as shown in Figure 3.13, was used to 

perform the test. A needle of 1 mm was used for an initial and final setting time, while the plunger 

(10 mm) and a cap load were used to determine the consistency (control of water demand ratio) 

of the paste mix. 
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Figure 3-13: Vicat apparatus during CFA-based geopolymer paste setting time determination (a) Needle, Plunger, and Cap load used for initial and 

final setting time and consistency determination (b) CFA-based geopolymer paste sample being tested showing Plunger and    Needle 

penetrations (c)
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3.5.1.2 Flow cone test   

The fluidity test was performed using a Marsh cone to determine the CFA-based geopolymer 

paste (GPP) flow timing properties. This was performed in accordance with ASTM C939-10. 

Water (1725 mL ±5) was used to calibrate the flow cone. The flow cone was steady and levelled. 

A temperature data logger was used to measure the temperature of CFA-based geopolymer 

paste. Figure 3.14 describes the experiment setup and the fluidity test of CFA-based geopolymer 

paste.  

 

 

 

 

 

 

 

 

 

 

Figure 3-14: Fluidity test of CFA geopolymer paste; Experiment set up and mixing of the paste (a) and CFA-

based geopolymer paste fluidity test in progress (b).  
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3.5.1.3 Slump test  

A slump test was performed using a slump cone to determine the flow property of CFA-based 

geopolymer concrete. This was performed in accordance with SANS 5862-1:2006 (consistency 

of freshly mixed concrete-slump test). The following Figure 3.15 shows the experiment apparatus 

setup for slump test testing  

 

Figure 3-15: Slump test apparatus (a), CFA-based geopolymer concrete; optimised mix  

3.5.1.4 Slump flow test 

Similar to the slump test, slump flow was performed using a slump cone to determine the flow 

property of very wet CFA-based geopolymer concrete. This was conducted according to the 

experiment apparatus setup for slump flow testing.  
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Figure 3-16: Slump flow apparatus and wet CFA-based geopolymer concrete during slump flow test. 

3.5.1.5 Density of fresh 

The fresh density of CFA-based fresh geopolymer paste, mortar, and concrete was measured 

after the casting of these samples in 100 mm cubic moulds, as shown in Figure 3.11. The density 

was calculated according to the following Equation 3.8 as indicated in SANS 6250:2006 (Density 

of compacted freshly mixed concrete).   

                                                         𝐷𝑤𝑒𝑡 =
𝑚𝑠−𝑚𝑚𝑜𝑙

𝑉𝑚𝑜𝑙
                                 Equation 3.8 

                 Where:  -𝐷𝑤𝑒𝑡 is the fresh density of geopolymer in Kilogram per cubic meter (Kg/m3) 

                               - 𝑚𝑤𝑒𝑡 and 𝑚𝑚𝑜𝑙 are the masses of wet geopolymer and cubic mould in Kg 

                               - 𝑉𝑚𝑜𝑙 is the volume of cubic mould in cubic meters (m3) 

3.5.2 Mechanical properties  

Mechanical properties consisted of the application of loads to CFA-based geopolymer products 

cast. This was done at the hardening state, where most of the tests were performed from the 

maturity age (28 days).  

3.5.2.1 Compression strength  

The compression strength was the most reputable hardening test in this study to ensure the 

formulations developed were strong enough to substantiate a given structural load. SANS method 
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tap 
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5863:2006 (concrete tests - compressive strength of hardened concrete) was used as the 

standard to conduct this test. A fully automatic 1800 kN concrete cube press completed with a 

digital controller with a load capacity of 1800 kN and load rate of 18 kN/min, as shown in Figure 

3.17, was utilised to compress the samples.  

CFA-based geopolymer paste, mortar and concrete compression strength on average of three 

100 mm cube specimens at a specific curing age were tested. The machine compression loading 

rate was set up at 180 kN/ mm. At the end of the crushing load, the compression strength of the 

specimen was calculated according to the formula in Equation 3.9.  

                                                        𝑓𝑐 =
𝑃

𝐴
                                                      Equation 3.9 

                  Where:     -𝑓𝑐 is the characteristic strength of a specimen in mega-pascal (MPa) 

                                  - 𝑃 is the crushing load obtained from the machine in Newton (N) 

                                  - 𝐴 is the load applied surface area of the specimen in millimetre square 

(mm2).  

For testing purposes, once the specimen was inserted into the machine, the Test rate at which 

the sample was compressed was obtained based on the following Equation 3.10. 

                                                    𝑇𝑒𝑠𝑡 𝑟𝑎𝑡𝑒 =
𝐴

1000
× 𝑆𝑝                               Equation 3.10 

                  Where:    -𝐴 is the specimen in millimetre square (mm2)  

                                  - 𝑆𝑝 is the machine compression speed which was built at 18 kN/min  

The testing on the strength of CFA-based geopolymer concrete using the compression strength 

method was done at 3, 7, 14, 21, and 28 days, including 90 days (three months). A sample 

breaking pattern was identified, as shown in Figure 3.17c. 
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Figure 3-17: CFA-based geopolymer concrete before compression strength (a), fully automatic 1800kN concrete cube press machine in testing 

mode (b) and satisfactory fracture pattern observed in concrete cube specimen at the end of compression testing (Source: modified 

from source: Available at https://theory.labster.com/failure-concrete/, Accessed on 24 July 2022) (c).  
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3.5.2.2 Flexural strength  

The flexural strength of CFA-based geopolymer paste (GPP) and concrete (GPC) were conducted 

to determine their bending behaviour under a certain moment. Results obtained will be important 

for better analysis of the structure constructed using low calcium CFA-based geopolymer concrete 

(better determination loads: moment, shear, axial or overturning forces acting on GPC structure). 

A Roadlab civil engineering laboratory centre-point load bending (single load at midspan) 

machine, shown in Figure 3.18 below, was utilised to test the specimens of 500 mm length, 100 

mm width, and 100 mm thick. This test was not so reputable in this study as it was based on 

suitable formulations. The test was performed according to BS EN 12390-5:2009 (Concrete tests 

- Flexural strength of hardened concrete) standard, which is similar to SANS 5864:2006. Before 

inserting the sample into the machine, it was marked in the middle as the load cell application 

indication area for proper bending moment distribution.   

  

Figure 3-18: CFA-based geopolymer concrete beam under centre-point load bending testing using King 

Test machine.  

None of the beam samples tested was reinforced with steel or any mesh. At the end of the test, 

Equation 3.11, for centre-point load bending, was used to determine the flexural strength of the 

geopolymer beam when 

                                                                𝑓𝑟 =
3𝑃𝐿

2𝑏𝑑2
                                                   Equation 3.11 
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                    Where:   -𝑓𝑟 is the flexural strength of a specimen in mega-pascal (MPa) 

                                   - 𝑃 is the total load evenly distributed over one loading point in Newton (N) 

                                   - 𝐿 is the beam span (distance between rollers) in mm, taken as 𝐿 = 3 × 𝑑 

                                   - b and d are the width and depth of the beam in mm 

3.5.2.3 Tensile splitting strength 

The tensile splitting strength of CFA-based geopolymer paste, mortar, and concrete was 

conducted to examine the type of cracks developed from the tested geopolymer formulation with 

and without fine and coarse aggregates. The specimen was loaded, as shown in Figure 3.19. The 

test was performed according to the standard of the SANS method 6253:2006 (Concrete tests - 

Tensile splitting strength of concrete).  

 

Figure 3-19: Tensile splitting machine used for the testing of CFA-based geopolymer formulations 

A cubic CFA-based geopolymer concrete specimen of size 𝑎 = 100 mm was used to perform the 

test. This was conducted on suitable formulations. Equation 3.12 was used to determine the 

tensile splitting strength of the specimen.  
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                                                               𝑓𝑐𝑡 =
2𝑃

𝑎2
                                            Equation 3.12 

                  Where:     -𝑓𝑐𝑡 is the flexural strength of a specimen in mega-pascal (MPa) 

                                  - 𝑃 is failure load tensile strength in Newton (N).  

3.5.2.4 Modulus of elasticity and poison ratio 

Modulus of elasticity was performed according to ASTM C469 (Standard Methods of Test for 

Static Modulus of Elasticity, and Poisson's Ratio of Concrete in Compression) to determine the 

stress-strain behaviour of CFA-based geopolymer concrete and mortar under loading using 104 

mm diameter and 120 mm height cylinder. It determines the ability of a material to resist 

deformation. This test is helpful to provide the information for better analysis and design for flexure 

of structure that can be built using low calcium CFA-based geopolymer concrete (understanding 

the stress-strain performance of GPC). The low calcium CFA-based geopolymer concrete 

specimen was levelled by capping according to ASTM C617-10 (Standard Practice for Capping 

Cylindrical Concrete Specimens) to ensure proper testing. This experiment was carried out using 

a compressometer/ extensometer and a fully automated 1800kN concrete press machine 

complete with a digital controller. Figure 3.20 describes the steps involved in CFA-based 

geopolymer concrete stress-strain determination. Two CFA-based geopolymer concrete 

specimens per mix were used for this test, where the first specimen was fully compressed without 

inserting it into the compressometer. The second was compressed up to 40% of the first 

specimen's strength when inserted into a compressometer. A stress-strain curve will be plotted 

from the results obtained. The modulus of elasticity was determined according to the following 

equation: 3.13.  

                                                                   𝐸 =
𝐺2−𝐺1

(𝜀2−0.00005)
                                              Equation 3.13 

                  Where:     -𝐸 is the static chord modulus of elasticity in MPa 

                                  - 𝐺1 is the applied load at a strain of 50 × 10−6 divided by the cross-sectional 

area of the unloaded specimen in MPa 

                                  -𝐺2 is the test load, divided by the cross-sectional area of the unloaded 

specimen in MPa. 

                                  -𝜀2 is the deformation at test load, divided by the gauge length, in 10−6 mm 

The Poisson ratio was calculated to the nearest 0.01 from the average strains from second and 

successive loadings following Equation 3.14.  
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                                                              𝜈 =
(𝜀4−𝜀3)

𝜀1−0.00005
                                                Equation 3.14 

                 Where:      -𝜈 is the Poisson ration  

                                  - 𝜀4 is the average transverse strain at the test load 

                                  -𝜀3 is the average transverse strain coincident with the average longitudinal 

strain of 50 × 10−6 m/m 

                                  -𝜀1 is the average longitudinal strain at test load.  

According to ASTM 469, as the strains are determined only on the nearest 10−6m/m, the 

accuracy of the test results determined by this method will depend on the relative magnitude of 

the strains.  

 

  

Figure 3-20: An illustration of steps involved for modulus of elasticity and Poisson ratio cylinder testing; 

samples capping (a) and the sample under testing (b). 
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3.5.3 Durability properties  

Durability properties determine the ability of construction materials to withstand their service life 

when exposed to environmental conditions. The materials may be subject to weathering action, 

chemical attack, and deterioration due to carbon penetration or fire, which may also lead the 

reinforcement to corrode, as well as other deterioration processes, depending on the 

environment. This material serving process is therefore considered durability. In this study, the 

durability test of CFA-based geopolymer was investigated and considered a vital indication of 

estimating CFA-base geopolymer structure lifespan. Similar to normal concrete, this durability 

indication was invested based on the CFA-based geopolymer's ability to resist physical and 

chemical attacks. The aggressiveness of these attacks on the durability of CFA-based 

geopolymer originally may depend on factors of the geopolymer system. Figure 3.21 illustrates 

the geopolymer system factors and the aggressiveness of the exposure environment effects 

investigated in this study based on the optimised CFA-based geopolymer concrete on oven 

curing, room with plastic cover and room open air curing regimes.   
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Figure 3-21: Illustration of Lethabo low CFA-based geopolymer system and environmental factors influencing its durability investigated during the 

study.
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3.5.3.1 Water penetration  

The TQC Karsten Tube Penetration Method DIN 1048 (same as Measurement of Water 

Absorption Under Low-Pressure RILEM Test Method – Test No. 11.4) was used to investigate 

the CFA-based geopolymer concrete as building material water ingress. A graduated glass tube 

(vertical tube in this study) was bonded to the CFA-based geopolymer concrete by plasticine and 

then filled with water. Water pressure was observed while exerted on the CFA-based geopolymer 

concrete surface. The amount of water penetrating the sample surface was recorded every minute 

by observation of its level decreasing on the graduated scale indication over time (20 minutes for 

each sample). Here, water penetration was compared based on an optimised mix of GPC 

samples cured at oven 60 oC for 24 hours in a room with plastic (condition A) and a room with 

open air (condition B). Figure 3.22 shows the experiment setup done on CFA-based geopolymer 

concrete Karsten tube water penetration.  

 

Figure 3-22: Water penetration testing of low calcium CFA-based geopolymer concrete as building 

materials under low tube water penetration test by TQC Karsten tube penetration test 

method.  

3.5.3.2 Water absorption  

A water absorption test was performed to determine the amount of water absorbed by a material 

under specified conditions. The test was conducted under SANS method 1215:2008 (Sampling 
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and Testing Concrete Masonry Units and Related Units), which is similar to ASTM C62:2017 

(Standard Specification for Building Brick). The test aimed to compare optimised GPC formulation 

samples cured at oven 60 oC for 24 hours in a room with plastic (condition A) and a room with 

open air (condition B). In this method, samples are dried in an oven for 24 hours at 110 oC to 

freeze any initial moisture, then cooled at ambient temperature for 4 hours. A water bath at 23±2 

°C for 24 hours was used, as shown in Figure 3.23, to immerse the cooled samples after they had 

been weighed. After removing the samples, they are wiped dry with a lint-free cloth and weighed.  

 

Figure 3-23: Lethabo low CFA-based geopolymer concrete samples water absorption test in progress at 

23 oC using Roadlab water bath  

CFA-based geopolymer concrete cubic samples dried were used. Equation 3.15 was used to 

calculate the percentage of the mass of water absorbed by each specimen. 

                                                      𝑋 =
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
× 100                                    Equation 3.15 

                      Where: - 𝑋  is mass moisture absorption after 24 hrs in percentage (%) 

                                  - 𝑚𝑑𝑟𝑦 and 𝑚𝑤𝑒𝑡 are oven dry at 110oC mass and 24 hours final water 

immersed mass of samples respectively in kilogram (Kg). 

At the end of the 24-hour water absorption test, all samples were crushed for compression 

strength to absorb the effect of water absorption on the mechanical properties of CFA-based 

geopolymer products. Equation 3.16 was used to determine any strength again and a loss 

percentage of the specimens. A sample of water use was collected before immerging the 

specimens and after removing them to evaluate the possible leaching of chemical elements from 
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the specimens by using the Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) as an analytical technique.   

                                            𝑭𝒍𝒐𝒔𝒔 𝒐𝒓 𝑭𝒈𝒂𝒊𝒏(%) =
|𝑭𝒘𝒆𝒕−𝑭𝒅𝒓𝒚|

𝑭𝒅𝒓𝒚
                                     Equation 

3.16 

                      Where: -𝐹𝑔𝑎𝑖𝑛(%) is the compression strength loss if 𝐹𝑤𝑒𝑡 − 𝐹𝑑𝑟𝑦 is positive, in (%) 

                               - 𝐹𝑙𝑜𝑠𝑠(%) is the compression strength gain if 𝐹𝑤𝑒𝑡 − 𝐹𝑑𝑟𝑦 is negative, in (%) 

                                  - 𝐹𝑑𝑟𝑦 and 𝐹𝑤𝑒𝑡 are compression strength on dry geopolymer at the same 

ageing and 24 hours water immerged specimens' compression strength 

tested, in MPa 

3.5.3.3 Capillary water absorption test and efflorescence test 

The capillary water absorption test was conducted to determine CFA-based geopolymer 

concrete's absorption rate when in contact with water. The test method used was ASTM 1585-20 

(Standard Test Method for Measurement of Rate of Absorption of Water by Hydraulic-Cement 

Concretes). CFA-based geopolymer concrete samples cured at different regimes were partially 

soaked at 12 mm height in a shallow water flat bottom tray, as shown in Figure 3.24. The testing 

water temperature measured was around 13±2 oC, and the environmental condition (temperature 

and relative humidity) was recorded using the TempU data logger. Samples were weighted and 

thickness measured for 2, 24, 48 and 72 hours of water soaking.   

 

Figure 3-24: Lethabo low CFA-based geopolymer concrete cured at different regimes under capillary 

water absorption test and efflorescence observation.  

Equations 3.17 and 3.18 were used, respectively, to determine the amount of water absorbed and 

the thickness swelling of the specimen at the specific soaking age.  
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                                                      𝑚 (%) =
𝑚𝑡−𝑚𝑖

𝑚𝑖
                                          Equation 3.17 

                      Where: -𝑚 (%) is mass absorbed water in percentage  

                                  - 𝑚𝑖 and 𝑚𝑡 are the initial mass and mass at a specific time t of specimen 

respectively in Kg 

                                                         𝑇𝑆 (%) =
𝑡𝑡−𝑡𝑖

ℎ𝑖
                                        Equation 3.18 

                      Where: -𝑇𝑆 (%) is the thickness swelling percentage   

                                  - 𝑡𝑖 and 𝑡𝑡 are the initial thickness and thickness at a specific time t of 

specimen respectively in mm  

Equation 3.19 was applied to estimate the specimen's water absorption rate over time (72 hrs.     

                                                        𝑓𝑚𝑟̇ =
(𝑚𝑡−𝑚𝑖)

𝐴
× 103                                   Equation 3.19 

                     Where: -𝑓𝑚𝑟̇  is the weight of absorbed water per unit area (Kg/m2) 

                                  - 𝐴 is the area of the specimen mm2 

During the different ageing of the specimen in water, they were physically according to ASTM 

C1400-1 (Test Method for Determining the Efflorescence Potential of Masonry Materials Based 

on Soluble Salt Content) to determine the potential efflorescence appearance in CFA-based 

geopolymer materials based on the extent of deposits of sodium hydroxide (salt) observed on the 

specimen as illustrated in Table 3.6.  

Table 3-6: Efflorescence extends deposit reporting by observation of building material for use in 

construction (source: NCTEL, 2013). 

Description  Extent of deposits  

Nil  No perceptible deposit of efflorescence  

Slight  18% area, covered with thin salt deposits  

Moderate  Up to 58% area, covered; heavy deposit, no 
powdering or flaking  

Heavy 58% or more area covered; heavy deposit, no 
powdering or flaking  

Serious  Heavy deposit powdering or flaking observed  
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At the end of 72 hours of water soaking, samples were kept unsoaked in the testing room condition 

for continuous efflorescence monitoring and then crashed after 28 days of exposure after the 

applied Equation 3.18 to determine the strength loss or again of specimens.  

3.5.3.4 Carbonation depth and pH measurements 

This test was performed on crashed specimens cured at different regimes under the RILEM CPC-

18 method (measurement of hardened concrete carbonation depth). A 1% solution of 

phenolphthalein in ethanol was utilised as an indicator. The phenolphthalein solution was sprayed 

on the broken surfaces of the crashed GPC specimen, and the carbonated and non-carbonated 

portions observed on the specimen, as illustrated in Figure 3.25, were reported. A vernier calliper 

was then used to measure the carbonated depth (covering) from about four (4) different depths 

or directions (4 measurements per sample).  

 

Figure 3-25: Illustration of visual observation of carbonation and non-carbonation zones in a concrete 

specimen using a 1% solution of phenolphthalein in ethanol as an indicator (modified from 

source: Possan, 2010; Possan et al.,2017) 

To obtain the average carbonation, semi-carbonation and non-carbonation depth percentage of 

each specimen in this study, the following mathematical Equation 3.20 was used.  
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                                                         𝐴𝑟𝑒𝑞(%) =
𝐴𝑟𝑒𝑞

𝐴𝑇
× 100                            Equation 3.20 

                     where: -𝐴𝑟𝑒𝑞(%) is the carbonated, non-carbonated or semi-carbonated depth area 

percentage, in %.  

                                 -𝐴𝑇  is the specimen's total surface area, m2 

                                - 𝐴𝑟𝑒𝑞 is the average carbonated, non-carbonated or semi-carbonated depth 

area calculated from average measured carbonated dimensions (CD) in 

m2. 

The pH of CFA-based geopolymer concrete in this study was first measured using a pH at its 

fresh state by collecting a small amount of the paste from the mixer using a plastic tube tested 

metre, as shown in Figure 3.26. Once the sample was crashed, it was ground into a fine powder 

mixed with a ratio (mass basis) of 1 to 5 distilled water and then retested.  

 

Figure 3-26: Lethabo low calcium CFA-based geopolymer concrete at fresh state pH measurement in 

progress. 
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3.5.3.5 Hardened density variation and dry shrinkage measurements 

The variation in density of hardened and dry shrinkage measurement of low calcium CFA-based 

geopolymer concrete was measured according to a similar method of SANS 6250:2006 (similar 

to ASTM C948) and ASTM C157 standards for density and shrinkage, respectively, at different 

curing ages. A calibrated scale was used to record the weight of the cubic specimen at 

corresponding ageing for mass purposes. Therefore, the final density obtained at maturity age 

(28 days) will define the classification (category) of the low calcium-based geopolymer concrete 

optimised mix developed, as shown in Table 3.7. Equation 3.21 illustrate the density calculation 

at different age over time (age).  

Table 3-7: Classification of concrete in accordance with unit weight ( Zongjin, 2011:16) 

Classification  Unit Weight,                     kg/m3 

Ultra-lightweight concrete  <1200 

Lightweight concrete  1200 < UW < 1800 

Normal-weight concrete  ~2400 

Heavyweight concrete  >3200 

 

                                                      𝐷𝑠 =
𝑚𝑠

𝑉𝑠
                                         Equation 3.21 

                     where:  -𝐷𝑠 is the density of the hardened specimen at given ageing in, Kg/m3 

                                  - 𝑚𝑠 is the mass of the specimen at a specific age, in kg   

                                  - 𝑉𝑠 is the volume of the specimen at a specific mass ageing, in m3 

As for the volume of the specimens at the different masses recorded, the three measurements of 

each specimen on width (mm), breadth (mm) and depth (mm) were measured using a vernier 

calliper. These measurements were also used for dry shrinkage variation and illustrated as shown 

in the following Figure 3.27.  
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Figure 3-27: Lethabo CFA-based geopolymer concrete oven curing at 60 o C during hardened density 

volume and dry shrinkage measurements using a digital vernier calliper method at seven days 

of ageing. 

Equation 3.22 was used to calculate the dry shrinkage of each specimen at a given ageing 

density. As material deformation occurs on a micro-level, the strain will then be converted to 

Macrostrain by a factor of 10−6.   

                                                𝐷𝑟𝑦 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =
𝛥𝐿

𝐿
× 10−6                                    Equation 3.22 

                    Where:  -𝐷𝑟𝑦 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒  of the specimen over time in microstrain 

                                  - 𝛥𝐿 is the change in length of the specimen in mm  

                                  - 𝐿  is the original length of the specimen in mm  

3.5.3.6 Fire-resistance rating  

Lethabo coal fly-based geopolymer concrete was used to examine the devastating effects of the 

product made out of an optimised mix following the reaction of flame exposure. Here, the objective 

will be to investigate whether or not the optimised mix developed will pass the minimum of 30 

minutes of fire rating requirement for building elements as specified in a relevant standard. SANS 

10177-2 (Fire testing of Materials, Components and Elements Used in Buildings) guidelines were 

followed to conduct the fire-resistance ratio of the optimised mix with steel reinforcement 600 x 

600x 65 mm cast and cured at room temperature GPC panel as shown in the following Figure 

3.28. The ISO 834 Fire curve was used as a reference standard for time-temperature exposure. 
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The panel was reinforced with a 6 mm diameter hot rolled high-yield steel (Y6) using a cover of 

25 mm centre to centre (25 mm from base to centre and 30 mm from centre to top). During the 

test, the following criteria illustrated in Table 3.8 failure time will be reported as indicated in SANS 

10177-2 to determine the fire rating passing conditions of low calcium-based geopolymer 

concrete. Thermocouples were bonded on the reinforced steel and the fire unexposed (cold face) 

surface of the panel and then connected to a thermocouple data logger to record the temperatures 

of the steel and panel unexposed surface during testing.  

Table 3-8: Building materials, fire-resistance rating, criteria failure conditions to be evaluated and reported 

during the testing time (Source: SANS 10177-2, 1997). 

Criteria  Failure conditions 

Stability 

- The system is deemed to have failed if the specimen collapses 

in such a way that it no longer continues to perform the function 

for which it was constructed. 

-Deem a horizontal test specimen to fail when the maximum 

deflection exceeds L/30 

-The system is considered to fail structurally should the primary 

stud temperature reach 375 oC for a light-weight steel system 

Integrity  

The system is deemed to have failed if cracks (6 mm width and 

150 mm long), holes, or other openings through which flames or 

hot gas can pass, or are formed in the test specimen  

Insulation  

The temperature on the unexposed surface may not exceed 140 

oC plus ambient temperature on average or 180 oC plus ambient 

maximum at any of the measured surface positions 

Additional observation The chemical toxic effects observed during the test  

L is a clear span between supports  
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Figure 3-28: Engineering detailing drawing of low calcium CFA-based geopolymer concrete 600 x 600 x 50 mm fire testing panel, including the 

cast mould dimensions. 
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Lethabo CFA-based reinforced geopolymer concrete panel for fire test casting steps involves the 

end product for fire testing, which is shown in Figure 3.29. The 600 x 600 x 60 mm panel consisted 

of the fourth element of the chemical reaction of the fire triangle, which was composed of gas as 

fuel, oxygen as an oxidising agent and matches as the heat source. The fire was transferred from 

gas as a fuel through burners to the fire-exposed surface (hot face) of the panel by radiation, from 

the panel's hot face to the cold face by convection and from the cold face to the cold face failure 

thermocouple by conduction. The panel mould, reinforcement steel and finish product are 

illustrated in Figure A-8 
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Figure 3-29: Steps involved in casting to the testing of low calcium CFA-based geopolymer reinforced concrete; panel being cast and steel 

reinforcement after bottom the casting of the bottom cover (a), Panel at the end of casting (b), demoulded panel after three days of 

ageing (c), grinding and polishing of the panel in progress (d) and NES Consult 600x600x60 designed fire oven used for testing (e) 

and panel oven installation ready for fire testing (f)
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3.6 Environmental impact analysis using life cycle assessment  

Life Cycle Assessment (LCA) in this study on the synthesis of CFA-based geopolymer products 

was developed. It was intended to estimate the potential environmental impacts associated with 

its manufacturing process depending on the curing temperature and the addition of fine and 

coarse aggregates as case studies. Guidelines of ISO 14040 (2006) methodology were followed 

for the LCA analysis.  

3.6.1 Life cycle evaluation steps  

Four (4) steps: goal and scope of the study, life cycle inventory analysis, cycle impacts 

assessment and life cycle interpretation were considered to evaluate the processes developed, 

as shown in Figure 3.30.  

Goal and scope

definition

Inventory

analysis

Impact

assessment

Interpretation

Life cycle assessment framework

Direct application

- Product development 

and Improvement 

-Strategic planning

-Public policy making

-Marketing

-Other

 

Figure 3-30: Stages of LCA (Source: ISO 14040:2006:8) 

3.6.2 Inventory analysis and assessment method 

A simulation program called SimaPro was used to conduct calculations. As there was a lack of 

South African data on the software related to all raw materials utilised, databases such as the 

Ecoinvent Database (Available at https://ecoinvent.org/, accessed on 8 August 2022) and  U.S. 

Life Cycle Inventory (USLCI) Database (Available at https://www.nrel.gov/lci/, accessed on 8 
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August 2022) available in the software were used for simulation as applied in study of Salas et al 

(2018). The Environmental Product Declaration (EPD) method was applied to report the impact 

of each process,  

3.6.3 Life cycle impacts assessment 

The following environmental impact categories listed in Table 3.10 were considered from the 

SimaPro simulation. Table B-8 illustrates the equivalency of CO2 to other greenhouse gases and 

their emissions sources. To calculate the amount of greenhouse emissions emitted by each 

product for a certain amount of product produced, Equation C.1 can be used.
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Table 3-9: Environmental impact categories and their measurement units considered from SimaPro software simulations using EPD (2018) V1.02 / 

Character for a production of 1 kg from the synthesis of Lethabo low calcium CFA based geopolymer paste cured and oven vs room 

temperatures and geopolymer concrete cured at room temperature (Source: PRé, 2021). 

Impact category Indicator  
Indicator 

Abbreviation 
Unit  Reference  

Climate change 

Global warming 

potential over 100 

years 

GWP100a kg CO2 eq 

A measure comparing the intensity of greenhouse 

gases' effect to that of CO2. Some greenhouse gases 

have a stronger warming potential than others. The 

consequence of this is a Temperature increase on 

earth 

Acidification Acidification potential AP kg SO2 eq 

Measured the impact of the activity of the soil, 

groundwater, surface water, organisms, ecosystems 

and materials (buildings). Soil and water lose their 

neutral pH after altering their chemical composition. 

Polluting gases in the atmosphere cause acid rain to 

precipitate due to pollution. As a reference substance, 

SO2 is used to measure the severity of acidification.   

 Eutrophication or 

Nitrification 
Nitrification potential NP kg PO4 eq 

Expression of the degree to which the emitted 

nutrients reach the freshwater end compartment 

(phosphorus is considered a limiting factor in 

freshwater). 

Photochemical 

oxidation 

Photochemical Ozone 

Creation Potential 
POCP kg NMVOC 

Measured the impacts due to the formation product 

from reactive substances contribution to 

photochemical ozone formation (summer smog), 

which are injurious to human health and ecosystems 

and damage crops.  
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Impact category Indicator  
Indicator 

Abbreviation 
Unit  Reference  

Resource use, 

mineral and metals/ 

Abiotic depletion, 

elements 

Abiotic depletion, 

element  
ADP kg Sb eq 

Measured the impact of inputs in a system on 

mineral extraction. Each extraction of minerals is 

assessed by its Abiotic Depletion Factor (ADF) 

Resource use, energy 

carriers /Abiotic 

depletion, fossil fuel  

Abiotic depletion, 

fossil fuel  
ADP MJ 

Measure the impact of fossil fuel extraction due to 

inputs into the system. For each fossil fuel extraction, 

the ADF is determined. 

Water scarcity 
Water Scarcity 

Footprint 
WSF m3 eq 

Assesses the effects of water deprivation on 

humans, ecosystems, and buildings. It is assumed 

that the less water available per area, the greater the 

likelihood that another user will be deprived. 

Ozone layer depletion 
Ozone depletion 

potential 
TOP kg.CFC-11 

Measured the destructive effects (emissions) of 

different gases on the stratospheric ozone layer over 

an infinite time span as a result of a larger fraction of 

UV-B radiation on the earth's surface. Results in 

Increases in stratospheric ozone breakdown 

NMVOC= non-methane volatile organic compounds 

SO2 = sulphur dioxide 

m3 eq= m3 water eq. deprived 

CFC-11=  

PO4 = Phosphate  

Sb= Surplus energy per kg mineral or ore 

MJ= Mega Joules 

CFC-11= Chlorofluorocarbons; hydrocarbons containing combined bromine, fluorine and chlorine.  
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3.7 Material and energy balances and economic analysis  

A brief description of the methods used for performing CFA-based geopolymer concrete mass 

and energy balances and its economic analysis in this study will be provided in this Section. All 

mixes and curing regimes may not be completely defined in the calculation. As shown in Table 

3.6, the best-optimised mix with acceptable engineering characteristics' target values will be 

considered and discussed.  

3.7.1 Material and energy balances  

Material and energy balances in this study will be performed based on chemical engineering 

calculation rules of converting raw material into a specific product, looking at unit operations and 

energy utilised in the process. In this study, the CFA-based geopolymer products were 

synthesised in a batch process, and sodium hydroxide solution preparation was considered a 

semi-batch system.  

3.7.1.1 Material balance 

Material balance in this study simply applied Lavoisier's law of conservation of matter, which, 

according to the chemical principle, mass cannot be created or destroyed. Material balance was 

crucially considered as a first step in the design of this process. This was based on Felder's (1986) 

statement that material balances are always essential to solving process engineering problems. 

The molecular species balance method was used to determine the input and output chemical 

elementary composition of the feed and product according to Figure 3.31 

Input
Input

Unit operation 

 

Figure 3-31: Illustration diagram for material balance. 

Before conducting material balance calculations, the degree of freedom (DOF) for the molecular 

species method was performed according to Equation 3.23. 
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   𝐷𝑂𝐹 = (

𝑁𝑢𝑚𝑏𝑒𝑟 
𝑜𝑓 

𝑢𝑛𝑘𝑛𝑜𝑤𝑛 
𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠

) + (

𝑁𝑢𝑚𝑏𝑒𝑟 
𝑜𝑓 

𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠

) − (

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 
𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡  
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 
𝑠𝑝𝑒𝑐𝑖𝑒𝑠

) − (

𝑁𝑢𝑚𝑏𝑒𝑟 
𝑜𝑓 
𝑜𝑡ℎ𝑒𝑟 

𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠

)  Equation 3.23        

i. Alkaline activator solution preparation and synthesis process  

For these processes, the general material balance Equation 3.24 was taken into 

consideration  

         𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐼𝑛𝑝𝑢𝑡 − 𝑂𝑢𝑡𝑝𝑢𝑡 + 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛          Equation 3.24 

                    where:  -𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 − material staying back in the system, considered as zero 

due to steady state assumption.  

                                  - 𝐼𝑛𝑝𝑢𝑡 − material entering the system  

                                  - 𝑂𝑢𝑡𝑝𝑢𝑡 − material leaving the system   

                                  - 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − a new material that is formed in the system   

                                  - 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 − material that is consumed in the system 

ii. Drying of solids  

In this study, a material balance around the drying process was performed, using the 

following Equations to remove water and other solvents by evaporation to obtain a bone-

dry CFA-based geopolymer product.  

a. Moisture loss 

The moisture loss at any time 𝑋𝑡  is calculated as shown in Equation 3.25  

                                                      𝑋 =
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡
× 100                                    Equation 3.25 

                      where: - 𝑋  is moisture loss in percentage (%) 

                                  - 𝑚𝑑𝑟𝑦 and 𝑚𝑤𝑒𝑡 are the moisture of dry and wet CFA-based geopolymers. 

b. Amount of evaporated ( �̇�𝑒𝑣 in kg water per second) water for  𝑡𝑑 = 24-hour curing 

is a function of the initial and final moisture of the specimen per curing time 

according to Equation 3.26 

                                      �̇�𝑒𝑣 =
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠

𝑡𝑑
                                    Equation 3.26 



 Cape Peninsula University of Technology http://www.cput.ac.za 
  

   Page 92 of 270 

EN  
 

 

The mass air flow rate for oven curing for 24 hours was determined according to 

Equation 3.27. 

                                       �̇�𝑎𝑖𝑟 =
𝑚𝑠

𝑡𝑑
×
(𝑋1−𝑋2)

(𝑋𝑖−𝑋𝑓)
                                Equation 3.27 

                      where:  - 𝑋2 − 𝑋1 are the inlet and outlet humidity of the air, in% 

                                 -𝑋𝑖 − 𝑋𝑓 are the inlet and outlet moisture of the geopolymer, in% 

                                   - 𝑡𝑑 is the oven drying time in seconds.  

The rate of drying of the specimen from oven curing, room with plastic covered and 

room with open air were calculated using Equation 3.28 and compared for the first 

24 hours of curing.   

                                      𝑅 = −
𝑚𝑠̇

𝐴

𝑑𝑋

𝑑𝑡
                                            Equation 3.28 

Where:  - 𝑅 is the rate of drying the specimen over time in kg. s-1.m-2 

              - 𝑠𝑚𝑠̇  is the rate of evaporation, will be taken as the dry mass of the 

specimen at a specific time, in kg.  

              - 𝐴  is the drying area in m2  

              - 𝑑𝑋  is a variation from initial to final free-moisture, in %  

              - 𝑑𝑡  is a variation from the initial to final time, in second.   

3.7.1.2 Yield and product yield percentage  

It is important to determine the yield (in general, the volume of concrete produced per batch) of 

each CFA-based geopolymer type, such as paste, mortar and concrete, and the product yield 

percentage (amount of product produced from the raw material used). The yield also helps to 

determine the number to be produced from each batch mix, while the yield percentage is useful 

when determining the desired product percentage from which the rest can be considered as waste 

on a 100% scale as this will also have an impact on the environment and economic analysis of 

the project. For construction materials, the yield is preferable on a volumetric basis as the cost of 

the product is often estimated in squared or cubic meters. The yield was determined according to 

ASTM C138/C138M and the calculation according to Equation 3.29. The product yield percentage 

is calculated according to Equation 3.30.  
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                                                           𝑌 =
𝑀𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘

𝐷
                                             Equation 3.29 

                                                           𝑌𝑝 =
𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑀𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
× 100                                  Equation 3.30 

where:  - 𝑌 is the yield in m-3 

              -  𝑀𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 is the total mass of materials batched, kg 

              -  𝐷 is the density of fresh CFA-based geopolymer in kg/m3 

              -  𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡 is the total mass of materials batched, kg 

              - 𝑌𝑝 is the yield percentage, in % 

3.7.1.3 Energy balance  

Like material balance, the energy balance was simply the application of the first law of 

thermodynamics, which states that energy cannot be created nor destroyed but only transformed. 

From one form to another (the amount of energy gained by a system must be exactly equal to the 

amount of energy lost by its surroundings). As there were no mass flows in or out in all processes, 

the fundamental energy balance Equation 3.33 below derived from Equation 3.31 to Equation 

3.32 was applied. Compared to material balance, generation and consumption terms in the 

energy balance equation were not considered (only input, output and accumulation). This is fully 

illustrated in the Appendix Section from Equation C.2 to Equation C.7 

               (
𝐹𝑖𝑛𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚
 𝑒𝑛𝑒𝑟𝑔𝑦

)− (
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 

𝑒𝑛𝑒𝑟𝑔𝑦
) = (

𝑛𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 
𝑡𝑜 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

)      Equation 3.31       

                                   (𝑈𝑓 + 𝐸𝑘𝑓 + 𝐸𝑝𝑓) − (𝑈𝑖 + 𝐸𝑘𝑖 + 𝐸𝑝𝑖) = 𝑄 −𝑊                   Equation 3.32 

                                                      ∆𝑈 + ∆𝐸𝑘 + ∆𝐸𝑃 = 𝑄 −𝑊                                     Equation 3.33 

where:  - ∆𝑈 is the change in internal energy in Joule (J) 

              - ∆𝐸𝑘 is the change in kinetic energy, in J 

              - ∆𝐸𝑃 is the change in potential energy, in J 

              - 𝑄 𝑎𝑛𝑑 𝑊 is the energy transferred in the form of heat and work, 

respectively, in J 

The unit operations used for material balance were also investigated for energy balances   

i. Sodium hydroxide reaction process 

Adding sodium hydroxide pellets gradually in the volumetric flask, the assumption is that 

this is an open system. Here, the heat of the solution (change in enthalpy) was considered 
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in the energy balance to account for the energy change because of the formation of 

sodium hydroxide solution. Equations 3.34 and 3.35 were used to determine the heat of 

solution and heat required to produce one sodium hydroxide using specific centration or 

mass, as shown in Table 3.4.  

                            𝑞𝑠𝑜𝑙 = (𝑚𝑤 +𝑚𝑁𝑎𝑂𝐻(𝑠)) × 𝐶𝑤 × ∆𝑇                               Equation 3.34 

                            ∆𝐻𝑜𝑠𝑜𝑙 =
𝑞𝑠𝑜𝑙

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒
                                                   Equation 3.35 

where:  - 𝑞𝑠𝑜𝑙 is the heat of the solution at sodium hydroxide molar mass of 40 

g/mole 

              - 𝑚𝑤 and 𝑚𝑁𝑎𝑂𝐻(𝑠) are the masses of water and sodium hydroxide pellet 

at 98% purity, Kg 

             - ∆𝑇  is the change in temperature, Kelvin (K) 

              - 𝐶𝑤 is the specific heat capacity of water given taken as 4184 J⋅kg-1.K-1 

             - ∆𝐻𝑜𝑠𝑜𝑙  is the heat required to produce one mole of sodium hydroxide at 

a specific mass or concentration taken.  

ii. Synthesis process  

In this process, energy consumption was calculated with a focus on the power 

consumption of the impeller (mechanical power). Using an Anchor impeller, as shown in 

Figure 3.7, the following were considered.  

➢ Measurements of the tank and impeller are shown in the following Figure 3.32 
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Figure 3-32: Technical drawing of the synthesis mixer dimensions; DT: diameter, H: height of the tank, Da: 

diameter of impeller, E: distance from the base to the impeller, J: width from tank to impeller, 

L1 to L3: length of impellers, D1: diameter of the impeller and W1: width of the impeller. 

➢ Fluid properties: density and viscosity  

➢ Speed of the impeller  

➢ Gravitational acceleration.  

➢ The blending time (mixing time) 

The following dimensionless numbers were calculated using Equations 3.36, 3.37 and 

3.38 for the Reynold number (𝑁𝑅𝑒), Power number (𝑁𝑝) and Froude 

number(𝑁𝐹𝑟) respectively. The Reynold was first calculated from which the power number 

was obtained using power characteristics of close clearance agitators' curve for anchor 

agitator (anchor impeller) from Figure A-4. 

                                                 𝑁𝑅𝑒 = 
𝜌𝑁𝐷𝑎

2

𝜇
                                                Equation 3.36 

                                                  𝑁𝑝 = 
𝑃

𝐷𝑎
5𝑁3𝜌

                                               Equation 3.37 
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                                                   𝑁𝐹𝑟 = 
𝑁2𝐷𝑎

𝑔
                                                Equation 3.38 

where:  - 𝑃 is the mechanical power input to the mixer, in Watt (W) 

              - 𝑁 is the speed of the rotation of the mixer, in rps (rps/60=s-1) 

              - 𝐷𝑎 is the impeller diameter, in m  

             - 𝜌  is the fluid density, in kg.m-3  

             - 𝜇 is the viscosity of the fluid, Pascal second (Pa. s)   

             - 𝑔 is the gravitational acceleration, in m.s-2   

Power (in kW) deduced from the power number in Equation 3.36 was multiplied by the 

blending time (in seconds) to obtain the energy consumption of the mixing process (Q) in 

kJ, as shown in Equation 3.39. 

                                                   𝑄 = 𝑃 × 𝑡𝑏𝑙𝑒𝑛𝑑                                           Equation 3.39 

iii. Drying process  

Energy balance for the drying of CFA-based geopolymer product was highly investigated 

from the oven curing process with minimum consideration on the room curing process as 

the curing was through natural radiation; therefore, no energy was required. The 

mechanical energy input power of the air inlet fan of 1 kW (can be negligible) and heat 

loss were taken into account to perform the energy balance using the EcoTherm curing 

oven. In addition, the following were also considered:  

➢ The curing set temperature used to cure the specimen  

➢ The curing time the specimen spent in the oven  

➢ The dimensions of the oven  

➢ The heat insulation properties of the curing oven.  

Equation 3.40 determines the heat transfer to geopolymer solids in watts based on the 

parameters considered.   

                                 �̇�𝑑 = �̇�𝑎𝑖𝑟𝐶𝑃𝑎𝑖𝑟(𝑇𝑓 − 𝑇𝑖)                               Equation 3.40 

where:  - �̇�𝑎𝑖𝑟  air the mass flowrates air respectively, in kg/s 

              -  𝑇𝑓 𝑎𝑛𝑑 𝑇𝑖 are the final and initial temperatures of the air, in K 

              -  �̇�𝑎𝑖𝑟 is the mass flow rate of air, in kg. s-1 

              - 𝐶𝑃𝑎𝑖𝑟   is the specific heat capacity of air taken as 1000 J.kg-1.K 
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The energy required to evaporate water from geopolymer product from initial to final 

moisture was calculated according to Equation 3.41.  

                               𝑄𝑒𝑝,𝑤𝑎𝑡𝑒𝑟 = �̇�𝑑 × 𝑡𝑑                                      Equation 3.41 

The heat loss percentage was determined using Equation 3.42, considering the amount 

of heat loss from Equation 3.43 based on oven properties.   

                                               𝑄𝐿𝑜𝑠𝑠 = (𝑈∆𝑇𝑚)×𝐴𝑒𝑣 × 𝑡𝑑                            

                                               𝑄𝐿𝑜𝑠𝑠 = (
𝑇𝑖𝑛𝑠𝑖𝑑𝑒−𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒
1
ℎ1
⁄ +𝐿 𝑘1

⁄ +1 ℎ2
⁄
)× 𝐴𝑒𝑣 × 𝑡𝑑                          Equation 3.42 

                                 𝑄𝐿𝑅 =
𝑄𝑙𝑜𝑠𝑠

𝑄𝑒𝑝,𝑤𝑎𝑡𝑒𝑟
                                                 Equation 3.43 

where:  - ℎ1𝑎𝑛𝑑 ℎ2 is the convection transfer coefficient of the materials in and out 

of the oven, in W.m-2. K 

              -  𝑘 is the insulated materials' thermal conductivity, in W.m-1.K-1 

              -  𝐴𝑎𝑣 is the oven's average drying area, in m2 

              -  𝐿 is the thickness of the oven, in m 

              -  𝑡𝑑 is the oven drying time, in s 

              -  𝑈 is the overall heat transfer coefficient, in W.m-1. K-1 

              - 𝑄𝑙𝑜𝑠𝑠 is the energy loss during the 24 hr of curing, in J 

              - 𝑄𝐿𝑅 is the energy loss ratio, no unit 

3.7.2 Economic analysis   

An analysis of engineering economics of the process of synthesis geopolymer using a South 

African low calcium CFA obtained from Lethabo Power Station is provided in this Section. This 

economic analysis is intended only to be performed on the optimised mix with better target 

characteristic values than other formulations developed to easily launch the product cast with this 

formulation into the construction industry. The effect of fine and coarse aggregates will be 

evaluated, as well as the effect of curing regimes.  

3.7.2.1 Large-scale raw materials 

Under this Section, a yearly production capacity will be assumed for a batch process at certain 

annual operating hours with the operators working hours regulations set. The cost associated with 

raw materials will be reviewed per batch. This also required a scale-up of the equipment, including 

their cost estimation.  
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3.7.2.2 Equipment scaling-up, costing and power cost 

Compared to the lab scale equipment used, the large-scale process for economic analysis will 

require a scale-up of certain equipment used. In most cases, the main equipment, the synthesis 

mixer, must be redesigned for the following points that need to be considered.  

i. Geometric similarity  

Here, all the tensions of ratios, for instance, impeller diameter to the tank diameter or 

impeller diameter to the tank height, must be conserved at a large scale. The large-scale 

mixer dimensions will then be obtained by multiplying the lab scale dimensions shown in 

Figure 3.32 by the scale-up ratio obtained from Equation 3.44 

                                      𝑅 = (
𝑉𝑙𝑎𝑟𝑔𝑒

𝑉𝑙𝑎𝑏
)

1

3
                                           Equation 3.44 

where:  - 𝑅 is the scale-up ratio, no unit.  

              -  𝑉𝑙𝑎𝑟𝑔𝑒 is the large-scale volume capacity, m3 

              -  𝑉𝑙𝑎𝑏 is the volume of the mixer at a small scale, m3 

ii. Kinematic similarity  

Mixing speed must be scaled up based on the laboratory scale used depending on 

Equation 3.45 and requirements in Table 7.1 of the Appendix. 

                                         
𝑁𝑙𝑎𝑟𝑔

𝑁𝑙𝑎𝑏
= (

1

𝑅
)
𝑛

                                          Equation 3.45 

where:  - 𝑁𝑙𝑎𝑟𝑔 is the rotational speed at large scale, rpm    

              -  𝑁𝑙𝑎𝑏 is the lab rational speed used, given as 55 rpm.  

iii. Dynamic similarity  

This will be assumed to be maintained once Sections i and ii are correctly calculated, as 

this depends on the viscosity and gravitational force. This requires a physical experimental 

set-up of large-scale production.  

Based on the above criteria, the power consumption of the mixer at a large scale will be obtained 

from its ratio to scale small, as shown in Equation 3.46 

                                      
𝑃𝑙𝑎𝑟𝑔

𝑃𝑙𝑎𝑏
=
𝑘𝐷𝑎𝑙𝑎𝑟𝑔

5𝑁𝑙𝑎𝑟𝑔𝑒
3

𝑘𝐷𝑎𝑙𝑎𝑏
5𝑁𝑙𝑎𝑏

3                                Equation 3.46 

where:  - 𝐷𝑎𝑙𝑎𝑟𝑔 and 𝐷𝑎𝑙𝑎𝑏 are the diameter of the impellers at large and laboratory 

scales, respectively.  
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In comparison with the oven process, the energy consumption at a large scale will be defined 

from the ratio of the oven to synthesis process at a laboratory scale calculated according to the 

following Equation 3.47 

                                      𝑃𝑟𝑎𝑡𝑖𝑜 =
�̇�𝑑

𝑃
                                               Equation 3.47 

where:  - �̇�𝑑 and 𝑃 are the powers consumed from the oven curing and synthesis 

process, respectively, in W.  

3.7.2.3 Investment cost estimation 

Manufacturing decisions are often influenced by product costs. According to Sinnott (2005:266), 

Table 3.10 shows components of the operating costs used to approximate and estimate 

production costs. 

Table 3-10: Components used for the summarisation of production cost (Sinnott, 2005:267 and Silla, 

2003). 

                     

Variable costs         

1. Raw materials       Amount of Incoming stream x cost 

2. Miscellaneous materials    10% of the maintenance cost of the item 
(5) 

3. Utilities          

 Electricity      Power consumed x cost 
 Fuel      Power consumed x cost 
 Steam     Steam consumed x cost 
 Water      Water consumed x cost 
 Refrigeration     The heat removed x cost 

4. Shipping and packaging    Usually, negligible 

Sub-total A  ...................................................................
.. 

Fixed costs         

5. Maintenance     5-10 per cent of fixed capital from 
manning estimates 6. Operating labour     

7. Quality control laboratory 
cost 

   
20-23 per cent of the item (6) 

8. Operating supervision 
cost  

   
20 per cent of the item (6) 

9. Plant overhead cost    50 per cent of the item (6) 

10. Capital charges     10 per cent of the item of the fixed capital  

11. Insurance     1 per cent of the item of the fixed capital  

12. Local taxes      2 per cent of the item of the fixed capital  

13. Royalties      1 per cent of the item of the fixed capital  
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  Sub-total B  …………………………………….................
.. 

   Direct production costs            A+B   

14. Sales expense     

15. General overheads         20-30 per cent of the direct production cost 
 

16. Research and development  

  

   

Sub-total C  ………………………………………………
…. 

Annual production cost = A + B + C     

           

𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒄𝒐𝒔𝒕 𝑹/𝑲𝒈  = 
  𝑨𝒏𝒏𝒖𝒂𝒍 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒄𝒐𝒔𝒕

𝑨𝒏𝒏𝒖𝒂𝒍 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒓𝒂𝒕𝒆
  

     

Sales and expenses (0.045% for administration, 0.1535 for Marketing, 0.0575 research and 

development) 

3.7.2.4 Element of investment cash flow  

The most significant engineering economics criteria to be evaluated in this study to facilitate large-

scale manufacturing decision-making and their main advantage are shown in Table 3.11 and will 

be calculated using the following Equations listed. The currency used in the calculation will be the 

South African Rand currency, abbreviated as R. 
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Table 3-11: Project investment parameters to be analysed. 

Project criteria Abbreviation Unit  Description (main advantage)  
Equation 
number  

Reference 

Production cost COP 
R/kg or 

m3 

Defines the total cost incurred to 
produce 1 Kg of a product or 1 m3 in 
the case of concrete  

 Table 
3.10 

 Sinnott, 2005 

Bare module cost CBM R 

Described the sum of costs associated 
with capital cost plus installation, 
shipping, insurance, taxes, engineering 
and some overhead expenses.  

3.48 
Turton et al., 

2008 

Total module cost or fixed 
capital investment  

CBM R 
Some of the bare module costs plus 
unforeseen costs and contractor fees or 
price changes 

3.49 
Turton et al., 

2008 

Manufacturing cost or 
investment  

- R Shows financial resources needed. 3.50 
Turton et al., 

2008 

Profit  P R Measures the performance of capital.  3.51  Sinnott, 2005 

Present Value or Net present 
value  

PV or         
NPV 

R 
It will be used to analyse the profitability 
of this project investment. It should not 
be less than zero 

3.52 Park, 2020 

Net Future Value NFV R 

Used to measure the value of current 
investment cost at a future time of the 
project life based on a specific growth 
rate.   

3.53 Park, 2020 
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Project criteria Abbreviation Unit  Description (main advantage)  
Equation 
number  

Reference 

Payback period PP years 
Shows how soon investment will be 
recovered  

3.54  Sinnott, 2005 

Internal rate of return IRR % 
It is used to estimate investment 
profitability. Found when NPV=0 

3.55 Park, 2020 

Profitability index PI   

Decision-making criteria. A ratio 
determining how much can be earned 
from every currency unit spent. Should 
not be less than zero.  

3.56 Park, 2020 

Break-even point BEP No unit 

It is essentially the capacity of the 
project and under consideration at 
which all costs are equal to the revenue 
earned  

3.57 Park, 2020 

Break-even volume or     Break-
even capacity 

- m3 or kg 

Shows the number of sales needed to 
cover overall fixed costs. Should not be 
higher than the assumed or proposed 
capacity 

3.58 Park, 2020 
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                              𝐶𝐵𝑀 = 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 +                                     Equation 3.48 

                                           𝐶𝐵𝑀 = 1.18𝐶𝑇𝑀                                   Equation 3.49  

                    𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 = 0.18 × 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 + 2.73 × 𝐿𝑎𝑏𝑜𝑢𝑟 𝑐𝑜𝑠𝑡 + 1.23 ×

                                                           (𝑈𝑡𝑖𝑙𝑖𝑡𝑦 + 𝑤𝑎𝑠𝑡𝑒 + 𝑅𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)                              Equation 3.50 

                                                       𝑃𝑉 =
𝑃1

(1+𝑖)
+

𝑃3

(1+𝑖)2
+

𝑃3

(1+𝑖)3
+⋯

𝑃𝑛

(1+𝑖)𝑛
                Equation 3.52 

                    where:  - 𝐼𝑛 will be considered as yearly salaries  

                                  - 𝑛 is the rate of return   

                  𝑁𝑒𝑡 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐼𝑛𝑐𝑜𝑚𝑒 − 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 − 𝑇𝑎𝑥𝑒𝑠 − 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡              Equation 3.44   

                    where:  - 𝐼𝑛𝑐𝑜𝑚𝑒 will be considered as yearly salaries  

                                  - 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 will be taken as utility 

                                                    𝑁𝐹𝑉 = 𝑁𝑃𝑉 (1 + 𝑖)𝑛                                             Equation 3.53 

                    where:  - P is the profit  

                                  - 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 will be taken as utility  

                                                     𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =
100

𝑅𝑂𝑅
                                          Equation 3.53 

                    where:  - 𝑅𝑂𝑅 is the Rate of return in % 

                                     𝑁𝑃𝑉 = 0 =
𝑃1

(1+𝑖)
+

𝑃3

(1+𝑖)2
+

𝑃3

(1+𝑖)3
+⋯

𝑃𝑛

(1+𝑖)𝑛
                   Equation 3.50 

                               𝑃𝐼 =
𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑓𝑢𝑡𝑢𝑟𝑒 𝑐𝑎𝑠ℎ 𝑖𝑛𝑓𝑙𝑜𝑤𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑎𝑠ℎ 𝑜𝑢𝑡𝑓𝑙𝑜𝑤
                                Equation 3.55 

                                                       𝐵𝐸𝐹 =
𝐹𝑖𝑥𝑒𝑑 𝑒𝑥𝑝𝑒𝑛𝑠𝑒𝑠

𝑈𝑛𝑖𝑡 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑚𝑎𝑟𝑔𝑖𝑛
                          Equation 3.51                 

3.7.2.5 Sensitivity analysis  

The sensitivity analysis will be performed as a quantitative risk analysis to economically assess 

the impact associated with the project's net present value due to inflexion in the cost of raw 

material used. Changes in the cost of input materials such as CFA, sodium hydroxide pellet, 

sodium silicate, water and fine and coarse aggregates may negatively or positively affect the cost 

of output CFA-based GPP, GPM or GPC. CFA used in this project at free cost will be highly 

considered for the sensitivity analysis at the lower and upper percentage of ± 50% of the based 

cost of taking.   
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Chapter 4  

Development of geopolymer for construction 

application using coal fly ash: optimisation and 

characterisation 

CFA-based geopolymer paste, mortar and concrete formulations were optimised and 

characterised to meet diverse construction application requirements. It was unnecessary to test 

all mixes designed for all tests. The best formulations of synthesised geopolymer paste, mortar, 

and concrete based on compression strength were explored further for other properties. These 

formulations were designed based on the optimised setting time formulation. 

4.1 Raw materials and product characterisation 

Raw materials and products were characterised to understand the properties that influenced the 

formulation mix design for specific raw materials and their impact on the final product. The 

investigated parameters were CFA particle size, volume and cumulative percentage, properties 

of coarse fine aggregates, SEM and energy-dispersive X-ray spectroscopy (EDS), ray diffraction, 

XRF and Inductive couple-plasma, FTIR radon exhalation and emanation.  

4.1.1 CFA particle size volume and cumulative percentage.  

CFA particle size and volume were performed to define its maximum and minimum sizes and the 

percentage of dominant particles. The technique was performed as described in Section 3.4.1. 

CFA particle size cumulative and volume distributions of CFA  were analysed and shown in the 

following Figure 4.1 
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Figure 4-1: CFA -particle size cumulative and volume distribution. 

From the results obtained, CFA was found to be fine particles, with about 24% of CFA found to 

be less than 10 micrometres and about 86% less than 100 µm. 

4.1.2 Properties of coarse fine aggregates  

Fine and coarse aggregates' particle size sieve analysis was performed to define their maximum 

and minimum sizes. The cumulative percentage of fine and coarse aggregates was analysed 

using the sieves by calculation with Equation 3.1 (Tables 7.5 and 7.6). The results obtained are 

shown in the following Figure 4.2  
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Figure 4-2: Particle size distribution of fine and coarse aggregates used for the synthesis of CFA-based 

geopolymer concrete and grading enveloped.  

The coarse aggregate's cumulative passing percentage fitted the standards upper and lower limits 

of grading enveloped for the aggregates with a max size of 13 mm, while that of fine aggregates 

was out of the expected range, as shown in Figure 4.2. Determining the particle size is an 

important aspect as many studies have confirmed the impact of particle coarseness on concrete 

strength decreasing (Haque et al., 2012; Siregar et al.,2017; Wang et al., 2022). This may also 

affect the durability of concrete due to high porosity, as big-sized particles tend to create more 

voids than smaller particles. To determine the particle size range, the finesse modulus of both 

fine and coarse aggregates was determined according to SANS 3001 standards. The results are 

shown in Table 4.1.  

Table 4-1: Fineness modulus of fine and coarse aggregates used as an additive in the synthesis of CFA-

based geopolymer concrete. 

Aggregates types Fineness modulus  Standard Range 

Fine aggregates  1.64 2.2-3.2 

Coarse aggregates  6.00 3.5-8.0 

 Both fine and coarse aggregate fineness modulus obtained met the SANS 3001 standard 

requirement. The unacceptable fineness modulus had a significant effect on the formulation mix 
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as the presence of bigger particles in fine aggregate decreased the workability and smaller 

particles and promoted segregation. This can also lead to a lack of mix cohesion, affecting the 

compressive strength and durability properties. The fine modulus (FM) of 1.64 shows that most 

of the particles are in the 0.15 -0.20 mm sieve size range, which, according to the Wentworth 

grain-size scale for siliciclastic sediment (Figure A-7 in Appendix), is described as a mix of very 

fine and fine sand as the FM for fine particles ranges from 2.2. Depending on the formulation, the 

compression strength can change due to aggregate size change (Yu et al.,2019). Table B-4 and 

Table B-5 (Appendix) present the sieve analysis and particle size of both coarse and fine 

aggregates, respectively.  

4.1.3 Scanning electron microscope and energy-dispersive X-ray spectroscopy 

Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) were 

used to determine the morphology and the presence of chemical elements in CFA and 

synthesised CFA-based geopolymer formulations. This was conducted as described in Section 

3.4.2. Figure 4.3 represents the SEM and EDS of CFA, CFA -GPP (GPP-M2A), CFA -GPM (GPM-

M2A) and CFA -GPC (GPC-M2A) cured at room temperature as well as oven temperature.  
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Figure 4-3: SEM imaging and EDS of CFA  compared to synthesised CFA-based geopolymer product at different curing conditions and after certain 

durability exposures analysis. 

      GPC-M2A, room with plastic cover after fire (h) 
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SEM and EDS results of the morphology of as received CFA, as well as geopolymer products 

CFA-based GPP, GPM and GPC, which were cured respectively at 60 oC oven temperature for 

24 hours or at room temperature with or without plastic covers. CFA-based GPC after water 

immersion and fire tests were also examined by SEM imaging.  

During the EDS measurement, various areas of the samples were analysed for quantitative wt%, 

and the corresponding peaks are shown along with the SEM image in Figure 4.3 for pure CFA  

and synthesised CFA-based geopolymer paste, mortar and concrete made at different curing 

regimes and after some durability tests. Silica (Si) and aluminium (Al) are the main elements of 

the CFA  and the geopolymers, as seen in pure CFA  and synthesised CFA-based geopolymer 

products, as visible in the EDS spectra. Details of the EDS spectra of the element values 

measured in atomic and weight % are listed in Table B-9 of the appendix  

To further investigate, the morphology of pure CFA  demonstrated a variation in size distribution 

with a diameter ranging from 0.2 to 7.38 µm from SEM imaging set at a 1 µm scale. Figure 4.3 

(a) shows that CFA particles were spheric in shape. Based on curing regimes, CFA-based GPC 

cured at an oven temperature of 60 oC for 24 hours demonstrated few air bubbles and a large 

presence of capillary voids ranging from 0.35 to 1.43 µm from SEM imaging at 1 µm scale. A 

higher temperature applied to the samples may cause water to evaporate, resulting in early 

hydration. CFA-based GPC cured at room temperature without a plastic cover was subjected to 

the same test; however, in this case, thermal cracking occurred because the samples were not 

covered with plastic, which allowed water to evaporate. In the case of oven samples wrapped in 

plastic, after 24 hours of curing, the water that evaporated from the samples was absorbed back 

into the samples over time. In this case, direct sun exposure may lead to delayed ettringite 

formation (DEF) since temperatures could rise above 70 oC during the first few days of curing, 

which could result in more cracking damage. (Taylor, 2013:39). These samples also showed the 

presence of Sodium gel, which proves the evidence of heavy efflorescence results obtained in 

Section 4.4.2 illustrated in Figure 4.3 (f). CFA-based GPC formulations in this study result only in 

opening thermal cracks, which were assumed to be initiated due to improper curing as described 

in Section 4.3.5, contrary to the open voids observed after the fire in Peng et al. (2020). In that 

study, the foaming formulation might have played a role. 

4.1.4 X-ray diffraction  

Mineral phases of geopolymer formulation in Section 4.1.3 were determined by X-ray diffraction. 

The technique was performed as described in Section 3.4.3. The results of the analysis are shown 

in Figure 4.4.  
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Figure 4-4: XRD Peaks results of pure CFA compared with synthesised CFA-based geopolymer products made under different curing conditions 

and after certain durability exposure tests.  
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Figure A-6, the Appendix, illustrates the X-ray patterns for amorphous and crystalline materials 

(Nunes et al., 2005). Figure 4-4 matches the standards data of the Joint Committee on Powder 

Diffraction Standards (JCPDS) used to identify. CFA  and synthesised CFA-based geopolymer 

mineral phases that reflected the existence of quartz and mullite peaks as the major mineral 

phases (Valeevet al., 2018; Peng et al., 2020).In the pure CFA, calcium sulphate and calcium 

carbonate peaks were identified at 23.2theta  and 50.5.2theta, respectively (Chindaprasirt et al., 

2013). The disappearance of mullite peaks from pure CFA  was observed in the case of all 

synthesised CFA-based geopolymer products at 12.2theta, 54.2theta  and 58.2theta, 

respectively. The calcium sulphate peak at 23.2theta  from pure CFA  was only found in GPC 

after the fire and water immersion tests, while this phase was not present in other samples. The 

calcium carbonate peak at 50.5.2theta from pure CFA  was again observed only in the GPC after 

the fire test sample. From the following results, no new peaks were observed in synthesised CFA-

based GPP, GPM, or GPC, GPC after and fire and water-immersed products. It was also 

observed that the quartz peak at 60.2theta  in pure CFA  was again found to be present only from 

GPC after the fire test and water-immersed samples. This observed from CFA-based geopolymer 

is due to the presence of CFA in the formulation.  

4.1.5 X-ray fluorescence and Inductive couple-plasma 

XRF analysis of pure CFA  and synthesised CFA-based GPP, GPM and GPC cured at room 

temperature with plastic cover as well CFA-based GPC cured at 60 oC oven temperature for 24 

Hours, and room temperature with no plastic cover were analysed for major and trace elements 

using the method described in Section 3.4.4 using the same formation as in Section 4.1.3. Results 

of the analysis are shown in Table 4-2 and Table 4.3 for XRF and ICP, respectively.  
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Table 4-2: CFA and synthesised CFA-based geopolymer formulations major elements XRF results. 

M
e
ta

l 
o

x
id

e
  

e
le

m
e
n

t 
 

c
o

n
te

n
t 

 

CFA-based geopolymer formulations wt.% dry 
weight  

Ash Concrete Paste Mortar 

C
F

A
  

G
P

C
-M

2
C

, 
o

v
e
n

 

te
m

p
 ,
 2

4
h

r 
6
0

 o
C

  

G
P

C
-M

2
A

C
 r

o
o

m
 

te
m

p
 p

la
s
ti

c
 c

o
v
e

r 

G
P

C
-M

2
C

, 
ro

o
m

 

te
m

p
, 
n

o
 p

la
s
ti

c
 

c
o

v
e
r 

G
P

P
-M

2
C

, 
ro

o
m

 

te
m

p
 p

la
s
ti

c
 c

o
v
e

r 

G
P

M
-M

2
C

, 
ro

o
m

 

te
m

p
 p

la
s
ti

c
 c

o
v
e

r 

SiO2 54.81 53.20 54.12 53.96 54.66 54.58 

TiO2 1.69 0.83 0.82 0.84 0.82 0.81 

Al2O3 32.76 16.97 16.53 17.00 16.66 16.42 

Fe2O3 3.11 1.71 1.80 1.64 1.64 1.59 

MnO 0.03 0.02 0.02 0.02 0.02 0.02 

MgO 1.05 0.69 0.70 0.65 0.65 0.60 

CaO 4.14 9.05 8.81 9.67 9.20 9.56 

Na2O 0.15 2.76 2.41 2.20 2.67 2.51 

K2O 0.70 0.49 0.59 0.44 0.45 0.42 

P2O5 0.46 0.25 0.24 0.24 0.25 0.25 

SO3 0.23 0.23 0.20 0.14 0.22 0.24 

Cr2O3 0.04 0.02 0.02 0.02 0.02 0.02 

H2O 0.10 4.17 5.39 3.31 3.43 3.94 

LOI 0.72 9.15 8.64 9.39 9.14 9.36 
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Table 4-3: CFA and synthesised CFA-based geopolymer formulations trace elements ICP results 
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Zn 76 64 63 60 63 124 

Cu 53 31 31 30 31 31 

Ni 67 44 46 43 45 42 

Mo <5 <5 <5 <5 <5 <5 

Nb 48 27 27 28 27 26 

Zr 389 219 222 206 220 225 

Y 64 34 34 32 32 32 

Sr 905 762 722 816 740 745 

Rb 40 29 29 27 27 26 

U 9 <5 <5 5 <5 <5 

Th 44 26 27 27 27 26 

Pb 81 62 64 62 64 62 

Co 10 <5 <5 <5 <5 5 

Mn 261 223 224 204 227 207 

Cr 290 229 229 227 239 237 

V 194 161 147 130 153 155 

S 1481 1714 1681 1173 1415 1625 

Cl 36 105 49 69 59 93 

Sc 25 21 19 21 19 20 

Ba 934 574 547 547 568 562 

The results are shown in Tables 4.2 and 4.3 for major and trace elements, respectively. When 

comparing all XRF results for GPP (GPP-M2C), GPM (GPM-M2C) and GPC (GPP-M2C), results 

based on GPP, GPM, and GPC, as well as the effect of curing, showed no significant difference. 

Synthesised geopolymer formulations were compared to pure CFA on major. The silica oxide 

content was similar, while about half of aluminium and iron oxides were reduced compared to that 

in CFA. Using Tables 2.5 and 2.6 to compare the pure CFA with a silica oxide content of 54.82 % 

and a calcium oxide content of 4.14% (less than 10%), the Lethabo CFA is classified as low 

calcium coal fly ash. 
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4.1.6 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) spectra of raw CFA powder and synthesised 

geopolymer in the following scenario were investigated: CFA-based geopolymer cured at oven 

temperature for 24 hours, room curing with plastic cover, room curing without plastic cover, fire 

exposed sample and water-immersed samples as shown in Figure 4.5 based on the method 

described in Section 3.4.5.  
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Figure 4-5: FTIR analysis results of CFA-based geopolymer paste, mortar and concrete at different curing regimes and after-durability test 

performance. 
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From the results obtained, no appearance of the C single bond O or -OH bonds was observed in 

the functional group region (usually associated with bands at approximately 3500 cm-1 and 1650 

cm-1) on CFA and synthesised geopolymer concrete exposed to fire (GPC-M2C room cover temp 

plastic after fire test) which were similar to Barbosa et al. (2000), Aguiar et al. (2009) and Vinai 

and Soutsos ( 2019). At about 1415 cm-1 and 1481 cm-1 the presence of sodium bicarbonate was 

indicated in synthesised geopolymer paste (GPP-M2C, room curing temp plastic cover), 

geopolymer mortar (GPM-M2C, room cured temp plastic cover), geopolymer concrete soaked in 

water (GPC-M2C, room cured temp plastic cover after water soaked) geopolymer concrete cured 

at room temperature with plastic cover (GPC-M2C, room temp cured with plastic cover), 

geopolymer concrete cured at room temp plastic cover (GPC, room with no plastic cover) and 

geopolymer concrete cured at the oven for 24 hours ( GPC-M2C, 24 hr, 60 oC oven curing temp 

) by stretching vibrations of the O-C-O bond which were similar to Mužek et al. (2012) and  

Padmapriya et al.( 2022). The main peak corresponds to the Si-O-Si stretching band in the raw 

CFA powder, and the synthesised geopolymer transmission spectrum was observed at about 

1050 cm-1, which would occur for pure amorphous silica at 1100 cm-1 as found in Ferraro and 

Manghnani (1972), Simonsen et al. (2009) and Vinai and Soutsos (2019 ) studies. The bonds 

from coal raw CFA at 450 cm-1 and 555 cm-1 may be similar to AlO/SiO in the plane and bending 

modes and at about 1004 cm-1 with asymmetric AlO/SiO stretching.  All synthesised geopolymers 

at different curing conditions, including water-soaked and fire-exposed samples except on CFA-

based geopolymer paste where stretching vibrations of Si–O–Si and Al–O–Si, took place at 1027 

cm-1 and 1033 cm-1, which may be seen as a new formation of geopolymeric reaction and for CFA 

based geopolymer paste (GPP-M2C); this was similar to Palomo and Glasser (1992), Phairet et 

al.(2000), Kumar et al. (2015), Nath et al. (2016), Yousuf (1993) and  Padmapriya et al. (2022) 

studies. Peaks observed at 857cm-1 and 749 cm-1 for raw CFA bending vibrations of Si-O-Si and 

O-Si-O may indicate the presence of quartz (Bakharev, 2005; Padmapriya et al., 2022). 

4.1.7 Radon exhalation and emanation.   

The activity related to CFA and CFA-based GPP radon exhalation and emanation results are 

presented in the following sub-sections. The analysis was conducted as described in Section 

3.4.6.   

4.1.7.1 Radioactivity content and gamma radiation  

The concentration of CFA  and synthesised CFA-based GPP (GPP-M2A) uranium and thorium 

series and 40K are shown in the following Table 4.4  
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Table 4-4: The activity of uranium and thorium decay series and the 40K in different synthesised geopolymer 

samples.  

Samples 

Radioactivity concentration, Bq/Kg 

U Th K 
Average total 

activity 

CFA  263 288 133 684 

GPP SM 1A 159 200 79 438 

GPP MR1  139 187 82 408 

GPP MR2  209 181 69 459 

The average total activity of CFA  was higher than in the synthesised CFA-based GPP; the activity 

of uranium in CFA-based GPP (GPP MR1 and GPP MR2 formulations)  ranged from around 139- 

209 Bq.kg-1 in the thorium concentration varied between 181- 250 Bq.kg-1 and the 40K was low 

at less than 100 Bq.kg-1. The average total activity concentration of 408 to 459 was found in CFA-

based GPP SM1A and CFA-based GPM MR2 and exceeded the world average value of 420 

Bq/kg, while CFA-based GPP-MR1 was found to be less than this average world value. However, 

the study by Estokova et al. (2022) on radioactivity in a historical building in Slovakia resulted in 

a world average value of 594.0 Bq/kg. Since their obtained average value was above the world 

average, it was accepted to use for residential purposes as no significant health impact was 

expected due to the radioactivity of the building materials manufactured.  

It is difficult to decide what the effect of gamma radiation in building materials will be on inhabitants 

of houses because it depends on whether the material is used for the walls only, walls and floor 

only or walls, floor and ceilings in an apartment. Another issue is that the occupation time of the 

dwelling is also unknown.  The European Commission or EC (1999) gives an indicative rule that 

finds an activity concentration index (I) that gives an idea of the concentrations in building 

materials that would lead to a dose of 1 mSv per annum (millisievert per annum).  This is the 

accepted maximum annual dose to which members of the public can be exposed.   The equation 

to calculate the Concentration Index is: 

                                       𝐼 =
𝐶𝑅𝑎

300 𝐵𝑞/𝑘𝑔
+

𝐶𝑇ℎ

200 𝐵𝑞/𝑘𝑔
+

𝐶𝐾

3000 𝐵𝑞/𝑘𝑔
                                  Equation 4.1 

It is important to note that the weighting factors in the denominators relate to the number of 

gamma rays and their energies in the decay series.  232Th has the most gamma rays, 238U has 

less, and there is only one in the case of 40K.  An activity Concentration Index of 1 corresponds 

to an annual dose of 1 mSv. However, this does depend strongly on the structures in the building, 
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as explained in Table 2 in reference (EC, 1999).  Note also from Table 1 (from the reference) that 

usual clay bricks do not contribute zero doses.  On the contrary, the radioactivity values are about 

half of that of CFA for 232Th. 

4.1.7.2 Radon exhalation  

Radon exhalation in synthesised CFA-based geopolymer concrete was calculated using Equation 

3.7.  For the GPP SM1A sample of 1.6 kg, the value CRa= 9.98 Bq.m-3 per hour.  Figure 4. 6 shows 

an example of the measurement values of the radon concentration in the chamber as measured 

by the RAD7 detector. 

 

Figure 4-6: Radon builds up in 14 L chamber as measured with RAD7 detector for synthesised CFA-based 

GPP SM1A sample.  

Using Equation 3.5, the effective strength 𝐶𝑅𝑎 of the radium source in the block that exhales it into 

the chamber in Bq was determined as: 

C𝑅𝑎 =
0.014 𝑚3 ×

10.0
(3600)

. 𝐵𝑞.𝑚−3𝑠−1

2.1 × 10−6
= 18 𝐵𝑞 

This means that this CFA-based GPP SM1A block acts like a radium source that causes 18 radon 

atoms to enter the chamber every second.  This can be used to calculate the radon exhalation 

rate from the block. 
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The exhalation of radon, or radon flux, is usually given in terms of the radon activity concentration 

that is released from 1 m2 of the material per second or per hour.  Taking this per hour as given 

in Amin (2015), the radon flux can be considered as 𝐸𝐴 and determined according to Equation 4.2 

                                                                    𝐸𝐴 =
𝜆C𝑅𝑎

𝐴𝑟𝑒𝑎 
× 3600                                           Equation 4.2 

                   where:  - C𝑅𝑎𝜆   is the radon activity concentration released into the air.  

                                  -𝐴𝑟𝑒𝑎 is the area of the brick and 3600 converts from flux per second to flux 

per hour.  

For CFA-based GPP SM1A, this leads to 

                                               𝐸𝐴 =
2.1×10−6  ×18

6×(10 𝑐𝑚 ×10 𝑐𝑚)×10−4
× 3600 = 2.4 Bq.m-2.hr-1   

It is important to understand that the answer obtained can also be written as 2 400 mBq. m-2.h-1 

if this is the subject of comparison with results obtained from Amin's (2015) study. This value is 

higher than any of the values in that paper but is not an obvious cause for concern. The radon 

flux of the different CFA-based GPPs is presented in Table 4-5. 

Table 4-5: Radon flux of different CFA-based geopolymer paste mix tested 

Sample 
Slope of radon build-up, 

Bq.m-3. hr-1 
𝐂𝑹𝒂 

Radon flux, 

Bq.m-2.h-1 

GPP SM1A 9.98 18 2.4 

GPP MR1 S2 21.10 39 4.9 

GPP MR2 S2 20.00 37 4.7 

In general, radon escape values measured in Table 4-5 are fairly typical for building materials and 

do not seem to imply any specific radiation protection issue. Llope (2011) has reported that granite 

countertops may cause radiation damage, but realistic calculations suggest this is unlikely to be 

a serious concern.  

4.2 Fresh property tests  

Fresh properties tests were performed to determine the early behaviour of the geopolymer 

products such as paste, mortar and concrete. The techniques used are described in Section 3.5.1, 

such as setting time, flow cone test, slump test and fresh density.  
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4.2.1 Setting time and consistency  

The setting of time and consistency techniques were used to investigate the curing behaviour of 

CFA-based geopolymer paste. The technique was used as described in Section 3.5.1.1. Two 

parameters were investigated: the effect of sodium hydroxide concentration and the mass addition 

of CFA  in the formulation.  

4.2.1.1 Effect of sodium hydroxide concentration 

Five different trial formulations (mixes) were designed: GPP-M1A, GPP-M2A, GPP-M3A, GPP-

M4A and GPP-M5A, as shown in Table 3-3 based on sodium hydroxide concentrations of 8, 10, 

12, 14 and 16 molarities (M) respectively and mix for 5 minutes. Thus, Table 4.6 and Figure 4.7 

show the setting time and consistency and the final setting time behaviour of each concentration.  

Table 4-6: CFA-based geopolymer paste Vicat apparatus consistency, initial and final setting time results.  

   Setting time (min) 

Mix code 
Concentration 

(M) 
Consistency 

(mm) 
Initial Final 

GPP-M1A 8 40 5 65 

GPP-M2A 10 35 120 180 

GPP-M3A 12 7 170 230 

GPP-M4A 16 5 200 360 

GPP-M5A 16 5 230 290 

50 100 150 200 250 300

0

10

20

30

40

V
ic

a
t 

p
e
n

e
tr

a
ti

o
n

 (
m

m
)

Time (min)

 8 M

 10 M

 12 M

 14 M

 16 M

 Initial penetration

 

Figure 4-7:  Effect of sodium hydroxide concentration on CFA-based geopolymer paste final setting time 

behaviour over time, using Vicat apparatus.  
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Formulations containing 8M and 10M of NaOH resulted in an immediate set, whereas those 

containing 14 M and 16 M mixes delayed the setting time according to the ASTM C191 standard 

requirement in Table 3-5. As shown in the following, GPP-M3A formulation at 12 molarity (12M) 

showed good signs of setting properties when all were tested at a room temperature range of 25-

27 oC. The GPP-M3A sample at the end of the setting time test is shown in Figure A-10 in 

Appendix A.  

4.2.1.2 Effect of CFA addition on setting time  

CFA was gradually added to the GPP-M3A reference (considered as 0%) up to 20% to observe 

the effect of CFA on consistency and initial and final setting time. Figures 4.8 (b) and 4.8 (c) show 

the effect of the addition of CFA on GPP-M3A formulation, considering the control formulation (no 

extra CFA % added) being CFA  0%.  
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Figure 4-8: Effect of CFA mass addition on consistency, initial and final setting time of CFA-based paste.  

From the results obtained, an increase in CFA showed a decrease in initial and final setting time; 

however, this affected the mix's consistency. The control formulation was still acceptable based 

on the testing standards from which other formulations containing fine and coarse aggregates 

were developed. 

A delay in setting can reduce the durability - causing cracks to appear– of concrete that is subject 

to plastic shrinkage with physical restrictions. Therefore, it was important to understand the setting 

properties of CFA-based geopolymer formulation, such as consistency, which was related to the 

(a) 

(b) 
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amount of alkaline activator (sodium hydroxide concentration and sodium silicate content) and 

water content that consequently affects the initial setting time as well as the final setting time. 

4.2.2 Fresh bulk density of synthesised geopolymer  

Following SANS 6250:2006 guidelines, the density of CFA-based geopolymer paste (GPP), 

mortar (GPM), and concrete (GPC) were calculated using Equation 3.8. Figure 4.9 represents the 

average results of each CFA-based geopolymer type.  

GPP GPM GPC

1700

1800

1900

2000

2100

2200

2300

2400

1762.6

1928.5

2256.6

D
e

n
s

it
y

 (
K

g
/m

3
)

CFA based geopolymer type
 

Figure 4-9:Density of CFA-based geopolymer paste, mortar and density 

As illustrated in Figure 4.3 above, the density of synthesised fresh geopolymer paste increased 

by about 9% and 28 % when fine and coarse aggregates were added, respectively, to create 

mortar and concrete. In Table 3.7, CFA-based GPC is classified as normal-weight concrete. 

4.2.3 Flow cone, slump test and slump flow 

Slump cone and slump tests were performed to determine the flow of behaviour of CFA-based 

GPP and GPC, respectively. The technique was performed as described in Sections 3.5.1.2 and 

3.5.1.2. The results of these tests are shown in Table 4.7 and Figure 4.10, representing the 

physical observation of the slump test and slump flow of the GPC-M2C formulation. 
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Table 4-7: Optimised CFA-based geopolymer concrete flow properties 

Properties  Formulation code value Unit  

Flow test GPP-M2C 102 seconds 

Slump test GPC-M2C 180 mm 

Slump flow GPC-M2C 560 mm 

 

 

 

 

Figure 4-10: CFA-based geopolymer concrete Slump and slump test (a) and slump flow (b) and slump flow 

(c) appearances. 

Figure 4-10 of the slump test and slump flow physical appearances represent a sign of sufficient 

slump, which is a highly acceptable slump by the SANS 5862-1:2006 standard. According to the 

testing standards, an acceptable slump test represents a sign of a better combination of both 

binder (CFA) and aggregates (fine and coarse aggerates) and binder. It appears that even though 

Right portion 

Left portion 
(b) 
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a better slump was achieved, a closer look at slump flow results may reveal marginal 

inconsistencies in aggregates, where the left portion has slightly more aggregate content than the 

right portion, which consists primarily of CFA-based geopolymer mortar. There might be a sign of 

the lowest fine modulus in fine aggregates (the majority of fine aggregates being very fine 

particles), which is the subject of a demonstration by sieve analysis. 

Table 4-7 flow test results compared to Jayasree and Gettu (2008) represent a sign of low 

flowable formulation. This shows that CFA-based geopolymer paste is less flowable than normal 

cement-made paste.  

4.3 Mechanical properties 

This Section describes material strength and deformation properties when applied loads. The 

following tests were conducted: compression strength, flexural strength, tensile strength, and 

modulus of elasticity. 

4.3.1 Compression strength  

The compression strength of CFA-based geopolymer formulations can be affected by many 

parameters. Various parameters such as sodium hydroxide concentration addition of CFA, oxide 

content,  fine and coarse aggregate content in the formulation, curing regime and water exposure 

were carefully investigated to obtain an optimal formulation. 

4.3.1.1 Effect of sodium hydroxide concentration 

Coal fly-based geopolymer paste GPP-M1A, GPP-M2A, GPP-M3A, GPP-M4A and GPP-M5A 

formulations developed were tested for compression strength after 28 days of room curing with 

plastic curing. The results are shown in the following Figure 4.11.   
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Figure 4-11: Effect of sodium hydroxide concentration on CFA-based geopolymer paste compression 

strength.  

Similar to Adewumi et al. (2010), the results showed that compression strength increased as 

sodium hydroxide concentration increased and stabilised from 14 M to 16 M instead of 

decreasing. These formulations also became very brittle during the compression strength as 

sodium hydroxide concentration was increased from 14 M to 16 M. 

As a result, 12M NaOH were selected for its better setting properties and lower brittleness 

behaviour compared to 14 and 16M.  

4.3.1.2 Effect of CFA addition on compression strength 

Formulations developed with mass addition of CFA of 5, 10,15 and 20% as in Section 4.1.1.2 

were tested for compression strength at the same curing age to observe the effect of CFA on 

compression strength from a controlled 12 M of NaOH at 35.1 MPa. Figure 4.12 represents the 

results of the compressive strength obtained.  
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Figure 4-12: Effect of CFA  mass addition on compression strength of CFA-based geopolymer paste 

The results obtained showed that an increase in CFA by up to 10% can increase the compression 

strength of CFA-based geopolymer paste from 35.1 MPa to 37.4 MPa (about 7%), and more than 

10% of CFA  addition resulted in lowering the compression strength from 35.1 to 32.0 (about 9% 

of the initial strength ) based on the GPP-M3A formulation. The lower strength obtained can be 

related to the formation of capillary voids due to an incomplete reaction between CFA and alkaline 

activator solution because of the overfeed in CFA.  

GPP-M3A was reformulated to improve the formulation brittleness behaviour, resulting in GPP-

SMR1 and GPP-SM1A, shown in Table 3-3. The compression strength and other parameters 

results for GPP-SMR1 and GPP-SM1A compared to GPP-M3A are shown in Table 4-8.  
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Table 4-8: Properties of CFA-based geopolymer paste pattern improvement.  

Mix code 

Compression 
strength  

STD Density Consistency 
Initial 

setting 
time 

Final 
setting 
time 

MPa MPa kg/m3 mm min min 

GPP-M3A 35.1 2.3 1689.6 7 170 230 

GPP-MR1  38.7 2.1 1621.5 5 160 210 

GPP-SM1A 45.0 2.2 1683.3 7 175 250 

GPP-SM1A resulted in high compression strength, and it was observed to have a lower brittleness 

effect than GPP-M3A and GPP-MR1. From Table 4-8, other GPP-SM1A parameters, such as 

density, consistency, and initial and final setting time, were similar to the value obtained from 

GPP-M3.  

4.3.1.3 Effect of dry mix coloured dye on compression strength 

Dye oxide pigment was added to CFA-based geopolymer paste for colouring purposes. Its effect 

on compression strength was investigated on GPP-MR1 with results in Figure 4-13.  
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Figure 4-13: Effect of dye oxide on CFA-based geopolymer paste formulation compression strength  
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Adding 2.5% of CFA content in the formulation by oxide pigment considering GPP-MR1 to make 

GPP-MR2, it was observed that the compression strength decreased from 38.7 to 30.2 ( about 

22% less than the original compression strength). On the other hand, the density was slightly 

increased from 1621.5 to 1645.5 kg/m3 (about 1.5 %).  

4.3.1.4 Effect of fine and coarse aggregates 

Similar to OPC concrete, fine and coarse aggregates were added to CFA-based geopolymer 

paste to form geopolymer mortar (GPM) and geopolymer concrete (GPC), as illustrated in Figure 

2.13. The effect of both fine and coarse aggregates on compression strength was investigated, 

as shown in Figure 4-14.  
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Figure 4-14: Effect of fine and coarse aggregates on the synthesis of CFA-based geopolymer mortar 

(GPM) and geopolymer concrete (GPC). 

From the above results, the addition of fine aggregate to GPP-M2A to form a GPM-M2A 

decreased the compression strength from 29.7 MPa to 23 MPa. Adding fine and coarse 

aggregates from GPP-M2A to form GPC-M2C also decreased the compression strength from 

29.7 to 26.7 MPa.   
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The brittleness effect of the GPP-M2A, GPM-M2A and GPC-M2A was physically observed during 

the compression strength. The compression breaking patterns obtained are shown in the following 

Figure 4-15 

   

Figure 4-15: Effect of fine and coarse aggregates on CFA-based geopolymer breaking pattern; CFA-

based GPP (a), CFA-based GPM (b) and CFA-based GPC (c). 

The addition of fine aggregate to GPP resulted in a semi-explosive pattern type B. Adding both 

fine and coarse aggregates to GPP to form GPC resulted in non-explosive materials with pattern 

A, which is a sign of material ductility.  

4.3.1.5 Effect of curing regimes 

CFA-based geopolymer concrete was cured at different curing conditions described in Figure 3.8. 

The effect of room curing conditions A and B and oven curing at 60 oC was investigated on 

compression strength. The compression strength development was determined at different 

ageing: 3 days, seven days, 14 days, 21 and 28 days and three months. The variation in 

compression strength from each curing condition is shown in Figure 4.16 
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Figure 4-16: Effect of curing regime on CFA-based geopolymer concrete compression strength variation 

from 3 days to 3 months of monitoring.  

Using GPC-M2A formulation, it was observed that at three days, specimens cured at oven 

temperatures for 24 hours were already 89 to 93% stronger than those cured at room temperature 

with and without plastic cover, respectively. At this stage, lower temperatures cured specimens 

did not have breaking points during compressive strength tests and were considered soft. At 14 

days, the room-cured samples covered with a plastic sheet specimen improved by achieving 18.5 

MPa of compressive strength.  At three months of ageing the samples that had been cured in the 

room, compressive strength was still improving and found to be similar to that of samples cured 

in the oven, which had been stabilised.  

Based on curing regimes, sample-breaking cracks were physically observed at the end of 

compression strength. This physical appearance is shown in Figure 4-17.
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Figure 4-17:Effect of curing regimes of CFA-based geopolymer concrete on compressive strength breaking patterns after room curing with plastic 

cover  and oven curing, and effect of thermal curing on room curing without a plastic cove
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Specimens cured at room temperature that had been covered with a plastic sheet at the normal 

pattern, are shown in Figure 4-17 (a and b). The oven temperature specimens, as shown in Figure 

4.17 (c and d), resulted in a tension crack of 0.2 mm in width and 100 mm long. Specimens cured 

at room temperature that had not been covered with a plastic sheet resulted in thermal cracking, 

from 7 days up to 3 months, of 0.15 mm and 12.24 mm width and long, respectively, shown in 

Figure 17 (e and f). 

4.3.1.6 Effect of water absorption  

CFA-based geopolymer concrete soaked in water, as described in Section 3.5.3.2, was tested for 

compression strength at the end of the water absorption test. Thus, Figure 4.18 shows the 

compression strength and density of the non-soaked and soaked specimens at different curing 

regimes.  
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Figure 4-18: Effect of 24 soaked on CFA-based geopolymer concrete compression strength based on 

curing regimes 

As a result of the effect of water absorption on GPC-M2C formulation, the compressive strength 

of CFA-based geopolymer concrete at 28 days of ageing was increased. Strength gains of 10, 
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36, and 4% were observed from oven curing for 24 hours at 60 °C, room-covered sample with 

plastic and room with non-plastic covered, respectively, from their original 28 days. In addition, 

CFA-based geopolymers cured at room temperature with plastic covers were 13% and 44% 

stronger than those cured at oven temperature and room temperature without plastic cover, 

respectively.   

4.3.2 Effect of fine and coarse aggregate on flexural strength  

The bending behaviour of CFA-based geopolymer paste and geopolymer concrete were 

investigated under a certain loading using the flexural strength technique. As described in Section 

3.5.2.2, this was performed. Figure 4-19 illustrates the flexural strength results, including the 

flexural-to-compression strength ratio on GPC-M2C and GPP-M2C formulations. 
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Figure 4-19: Effect of fine and coarse aggregates on flexural strength of CFA-based geopolymer paste and 

concrete. 

The results show that adding both fine and coarse aggregates on CFA-based geopolymer paste 

to form CFA-based geopolymer can increase its flexural strength from 2.0 to 3.4 MPa.  

During the flexural test load application, sample crack development was physically observed. This 

physical appearance is shown in the following Figure 4-20. 
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Figure 4-20: Bending behaviour on CFA-based geopolymer paste and concrete under centre-point bending test 
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As shown in Figure 4-20(b) and  Figure 4-20 (c), the CFA-based GPP  resulted in brittle tension 

failure when reaching a final load of 4.5 ± 0.35 kN (2.0 ± 0.16 MPa), while the addition of fine and 

coarse aggregates in GPC only resulted in plastic failure with shear tension failure as shown in 

these Figure 4-20 (e) and Figure 4-20 (f) when reaching a flexural strength of 2.2  ± 0.61 MPa (a 

load of 5.9 ± 1.34 kN) with a crack of  0.15 mm width and 50 mm long before reaching the final 

flexural strength of 3.4 ±0.29 MPa (load of 7.5 ±0.64 kN) with a crack length of 100 mm. Based 

on calculations, the flexural strength to compression strength ratio of 6.7 and 10-12.8 % was 

obtained from CFA-based GPP-M2C and GPC-M2C, respectively, as shown in Table B-7.  

Further investigations may take place under the tensile splitting test.  

4.3.3 Tensile splitting strength  

The splitting behaviour of CFA-based geopolymer paste and geopolymer concrete were 

investigated under a certain loading using the tensile splitting technique. The test was conducted 

as described in Section 4.2.3. Figure 4-21 (a) illustrates CFA-based geopolymer paste and 

concrete cured at different regimes based on GPP-M2C and GPC-M2C formulations.



 Cape Peninsula University of Technology http://www.cput.ac.za 
  

   Page 139 of 270 

EN  
 

 

2.8

4.0

4.5

2.8

GPP, room with

plastic cover

GPC, room with

plastic cover

GPC, 24 hr 60

oC oven curing

GPC, room no

with plastic

cover

0

1

2

3

4

5

T
e
n

s
il

e
 s

p
li

tt
in

g
 s

tr
e
n

g
th

 (
M

P
a
)

CFA-based geopolymer
 

 

 

 

 

 

 

 

 

Figure 4-21: CFA-based geopolymer concrete paste and concrete cured at a room and oven tensile splitting strength; results ((a) and behaviour 

after the test. 
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Figure 4-21 shows the results. Figure 4-21 (a) represents the tensile strength required to fracture 

the tested CFA-based geopolymer paste and concrete at different curing regimes. The results 

show that CFA-based geopolymer paste had lower tensile strength than CFA-based geopolymer 

concrete. Figure 4-21 (b) - represents the splitting fracture behaviour of CFA-based GPP, which 

was very destructive and resulted in a very brittle creating point with loud sound effects during the 

testing compared to CFA-based GPC. The fracture in CFA-based GPC cured at 60 oC 

temperature is greater than that of CFA-based GPC cured at room temperature, as shown in 

Figure 4-21 (c and d).  The magnitude of the fracture may be related to the low moisture content 

of these samples since the oven evaporated an excessive amount of water.  

4.3.4 Modulus of elasticity and Poisson ratio 

The ability of CFA-based GPP and GPC to resist deformation and fracture behaviour was 

performed by the modulus of elasticity and Poisson ratio technique. The test was performed as 

described in Section 3.5.2.4. Figure 4-22 (a) illustrates CFA-based geopolymer paste and 

concrete cured at room temperature modulus of elasticity and Poisson ratio.  

. 
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Figure 4-22: Stress-stain curves for CFA-based geopolymer paste and concrete; B=brittle, E=elastic limit, Y=yield point, U=Ultimate strength 

reaching point, R=Actual rupture strength (a), modulus of elasticity and Poisson ratio (a) and at the end of test (d).  
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As shown in Figure 4-22 (a), adding fine and coarse aggregate to CFA-based GPP-M2C to form 

GPC-M2C improves the modulus of elasticity from 13.3 to 15.9 GPa (13300 to 15900 MPa) and 

the Poisson ratio. The data shows that GPP can more easily fracture compared to GPC.  

By comparing the stress-strain behaviour of CFA-based GPP to that of CFA-based GPC, Figure 

4-22 (b)  illustrates the stress-strain curve behaviour of CFA-based GPP, which is similar to that 

of brittle material while that of CFA-based GPC in Figure 4-22 (c)  corresponds to that of ductile 

polymer (Sadiku et al., 2016). Figure 4-22 (d) shows the sample at the end of the test. The CFA-

based GPC sample showed an acceptable standard failure type 3 in contrast to the CFA-based 

GPP, which may not be acceptable for elements such as columns and beam slabs, as illustrated 

in Figure A-1 of in the appendix 

4.4 Durability properties  

As described in Section 3.5.3, durability tests were conducted on CFA-based geopolymer paste, 

mortar, and concrete to determine their long-term performance. The following were investigated: 

the effect of water penetration and absorption, capillary water absorption and efflorescence tests, 

carbonation depths and pH measurements, curing regimes and fine and coarse aggregates on 

density change and drying shrinkage and fire resistance test.  

4.4.1 Effect of water penetration and water absorption 

A CFA-based geopolymer paste, mortar and concrete's ability to resist water ingress and 

absorption was tested using both water penetration and water absorption techniques. The 

techniques were described in Sections 3.5.3.1 and 3.5.3.2. Figure 4-23 (a) illustrates Karsten 

water penetration and penetration results on CFA-based GPM and GPC cured at different curing 

regimes.  
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Figure 4-23: CFA-based geopolymer products:  Karsten-tube water penetration and 24-hour water bath water absorption test results in (a), samples 

behaviour during water penetration at around 20 minutes (b), samples after Kartesn tube removable (c), GPC room temp with no 

plastic cover surface after water whipped (d) other specimens surface finish after water wiped  (e).
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As a result of a better surface finish with a lower presence of voids in CFA-based geopolymer 

products, the measuring may exceed up to 30 minutes of penetration per sample. The results 

showed low water ingress and absorption of CFA-based GPP, GPM, and GPC cured in an oven 

and room with a plastic cover. Thermal cracks, mentioned in Section 4.2.1.3, were present in 

samples cured at room temperature that had not been covered. These cracks were responsible 

for water absorption in CFA-based GPC-M2A with the appearance of cracks of about 0.15 mm 

width and 10-12.5 mm length on the surface after water ingress. From the exact marginal 

penetration, it was observed that water penetrated the plasticine sealing and caused the Karsten 

tube to be unsealed from the specimen, and no cracks were observed on the surface, as in Figure 

4-23 (a and b). These results are similar to the test results discussed by Weisheit et al. (2016). 

4.4.2 Capillary water absorption test and efflorescence test 

Capillary water absorption and efflorescence techniques determine the rate of water absorption 

and possible efflorescence appearance on CFA-based geopolymer paste, mortar and concrete's 

ability. The techniques are described in Sections 3.5.3. The efflorescence types, as described in 

Table 3-6 (Chapter 3), are shown in the following Table 4-9 and Figure 4-24 (a) illustrate the 

capillary water absorption, Figure 4-24 (b) the capillary rate of water absorption, Figure 4-24 (c) 

shows the specimens dimensional change when in contact with water and Figure 4-24 (d,e and 

f) are specimens at the end of the test.  

Table 4-9: CFA-based geopolymer types and curing regimes efflorescence extend type observed after 

capillary water absorption 

CFA-based 
Geopolymer type 

Curing regimes 
Efflorescence 
description 

GPC-M2A Oven, 24 hours Slight  

GPC-M2A Room, plastic cover Nil  

GPC-M2A Room, No plastic cover Heavy 

GPM-M2A Room, plastic cover Nil  

GPP-M2A Room, plastic cover Nil  
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Figure 4-24: CFA-based geopolymer capillary water absorption results; water absorbed (a), capillary water absorption coefficients (b), thickness 

swelling (c) and types of curing regimes samples surface finish after capillary water absorption; oven curing samples (d), room with 

plastic cover (e) and room without plastic cover (f). 
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The addition of fine and coarse aggregates and curing regimes were investigated on a CFA-based 

geopolymer in a water sink medium containing water at 13.6 ±1 oC temperature and 60 ± 7.6 % 

relative humidity, as shown in Figure 4-24 (d to f). It was observed that the GPP-M2A (GPP) was 

absorbing more water under the capillary water absorption test, as illustrated in Figure 4-24 (a). 

The results obtained are similar to Sengun et al. (2014). The capillary water absorption coefficient, 

as shown in Figure 4-24 (b), was again high with GPP-M2A formulations. In Figure 4-24 (c), the 

swelling took place at 2 hr of absorption in the case of CFA-based GPM-M2A and after 24 hrs for 

CFA-based GPP. At the end of 72 hours of being partially immersed in water, efflorescence was 

observed, as shown in Figures 4-24 (d, e and f). 

4.4.3 Carbonation depths and pH measurements  

The carbonation depth and pH measurements were conducted to investigate the effect of carbon 

ingress in CFA-based geopolymer formulations. The technique was described in Section 3.5.3.4, 

and the non-carbonated area was CFA-based GPM, GPM, and GPC cured at toom with plastic, 

and GPC cured at an oven temperature of 60 oC and the room without the plastic cover. The 

results of this experiment are shown in Figure 4-25.  
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Figure 4-25: CFA-based geopolymer types carbonation and pH results; carbonation depth measurement (a) and effect of phenolphthalein 

carbonation CFA-based GPC sample during measurement (b), GPP, GPM and GPC cured at the room with plastic cover (c), curing 

regimes; oven curing sample, room with plastic cover and room without plastic cover (d).     
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A strong relationship between concrete carbonation depths that are exposed in natural and 

accelerated environments has been reported (Khunthongkeaw et al., 2006). Carbonation 

naturally occurs throughout the ageing process of concrete, causing reinforcement corrosion. 

Calcium carbonate (CaCO3) is formed during carbonation, and pH (around 13) decreases to 9. 

Due to the reduction in pH, the passive layer of reinforcement can be destroyed. Due to this, 

construction material with carbonation penetration has emerged as a significant durability issue 

in the urban environment (Yoon et al., 2007).  

All the samples resulted in a non-carbonation depth of about 95.96 to 99.59 %, as shown in Figure 

4-25 (a). The pH reading on the pH meter shown in Figure 3.26 of the paste was found to vary 

from 13.83 to 14. Figures 4-25 (b and d) illustrate the carbonation depth by visual observation 

after the spraying of phenolphthalein indicator to identify the carbonated, semi-carbonated and 

non-carbonated depths on CFA-based GPP-M2A, GPM-M2A, GPC-M2A cured at room 

temperature with plastic cover and GPC cured at oven temperature, room with plastic cover, no 

plastic cover curing temperatures.   

4.4.4 Effect of curing regimes and fine and coarse aggregates on density change 

and drying shrinkage.  

Shrinkage and density change of CFA-based geopolymer paste, mortar and concrete were 

determined as described in Section 3.53.5 under certain environmental temperatures and relative 

humidity shown in Figure 4-26 (b and d ). The shrinkage and density variating over product ageing 

are shown in Figure 4-26 (a) and Figure 4-26 (c), respectively.  
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A high shrinkage value was observed from GPC-M2A cured in an oven at two days (24 hours) of 

oven removable, after which the block's shrinkage value is reduced by swelling due to its cooling 

at room temperature as shown in Figure 4-26 (a).  Room curing samples mostly swelled at 14 

days, after which they stabilised. Compared to Waldmann et al. (2017), the shrinkage results in 

concrete are better with blocks cured at room temperature with a plastic cover.  

All specimens' densities decreased slightly, as shown in Figure 4-26 (c).  

4.4.5 Fire resistance test 

A fire test was performed to predict the fire behaviour of material made from CFA-based 

geopolymer reinforced concrete panel cast with GPC-M2C formulation. The technique used was 

described in Section 3.5.3.6. Table 4-10 lists a description of physical observation during the test 

from the unexposed (U) and exposed (E) product fire explosion side.  

Table 4-10: Panel testing description of visual observation at specific timing 

Time, 
min 

Description  
Observation 
face or side 

Figure 
4-21 

1 Test started  U a 

10 
Evaporation of water via the initial thermal curing 
racks (water egress) 

U b 

25 Observation of sealant lines on the panel  U c 

42 0.84 mm centre deflection measured  U d 

50 
Reinforced steel reaches an average temperature of 
232.6 oC and 2.80 mm centre deflection measured  

U - 

53 The disappearance of sealant lines  U - 

59 
About 130 mm crack long measured when 
reinforced steel reached 341.95  oC  

U f 

65 
Steel reinforcement was assumed to reach a failing 
temperature of 375 oC as 378.8 oC was obtained at 
65 minutes  

E - 

65 Data logger stopped  E h 

         U=unexposed; E=exposed  

The testing observation results are summarised in Table 4-10. Figure 4-27 (a) represents the fire-

burning behaviour of CFA-based geopolymer concrete compared with the ISO standard burning 

curves. Figure 4-27 (a to o) lists the material's physical deterioration behaviour illustrated in Table 

4-10. 
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Figure 4-27: CFA-based reinforced geopolymer concrete Testing temperature profile in comparison with ISO 834 temperature (a), test set up (b) 

and the behaviour of the material during and after fire testing (c). 
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Due to improper plastic cover during the first 24 hours of curing, thermal curing cracks were 

absorbed on the panels, from which, during the fire, water egress was observed at about 10 

minutes of explosive on the unexposed surface. A hammer was used to destroy the panels at the 

end of the test to observe the behaviour of the steel, which showed no signs of degradation. The 

panel partially failed on stability at around 64 minutes (1hr04min), and at 65 minutes, the average 

light-weight steel temperature reached 378.8 o C, which is more than the required 375 oC without 

50% deflection of wall thickness. This failure may be understandable for the 50 mm panel 

thickness design, whereas, for a 100 mm thickness, this could not happen. The failure criteria 

time was reported as shown in Table 4.11. 

Table 4-11:CFA-based geopolymer reinforced concrete panel fire failure evaluation criteria. 

Criteria  Failure description  
Time of 
failure, min 

Stability Reinforced steel reached 375 OC 
64 

Integrity 
No cracks of 6 mm with a 150 mm 

length were observed  
65+ 

Insulation  
No 140 oC or 180 oC plus the ambient 

temperature was reached  
65+ 

Pollution 

observation 
No pollutant gases were observed  

65+ 

 

4.5 Demonstration products 

Demonstration products manufactured using CFA-based GPC (GPC-M2A formulation), such as 

a 600 x 600 x 60 mm precast panel tested for fire test, are shown in Figure 3.29. Furthermore, 

paving blocks and small pipes were cast in this study, as shown in Figure 4.28 and Figure 4.29, 

using GPP-M2A and GPC-M2A formulations, respectively.  
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Figure 4-28: CFA-based geopolymer concrete paving blocks (a) as demonstration product and its 

dimensions design in mm (b).  

(a) 

(b) 
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Figure 4-29: CFA-based geopolymer paste demonstration pipe cast 
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4.6 Chapter Summary 

The paste GPP-M3A and GPP-M2A formulations resulted in an acceptable set setting time and 

flow properties complying with the standards values, as shown in Table 3.5. Mechanical 

properties showed improvement in strength with an increase in sodium hydroxide. However, this 

also delays the setting time. A high concentration may also affect the cost and CO2 emissions of 

the product depending on the concentration used. Additional fine and coarse aggregates added 

to CFA-based GPP (GPP-M2A) to form CFA-based GPC (GPC-M2C) enhance the ductility 

despite the high-density increase. The oven curing at 60 oC process resulted in early high-

compressive strength materials compared to both room curing regimes of room curing with a 

plastic cover and room curing without a plastic cover. 

On the other hand, the durability properties such as water absorption, penetration, and 

carbonation complied with the testing standards value listed in Table 3-5, except that heavy 

efflorescence was observed with room temperature curing without a plastic cover process which 

was related to thermal cracking during hydration as illustrated by SEM analysis. High early 

shrinkage and slight efflorescence were observed in samples cured at 60 oC of oven curing 

temperature. One hour after exposure to fire, CFA-based geopolymer concrete showed better fire 

resistance properties, as described in Section 4.4.5. The results of fineness on CFA demonstrated 

that most of the particles are less than 100 µm.  From XRF analysis, the CFA used is classified 

as low-class F, with a crystalline structure containing quartz and mullite minerals, as revealed by 

XRD. CFA-based geopolymer formulations also presented a crystalline structure with the 

presence of quartz and mullite identified from CFA. In most formulations, unreacted CFA was 

observed, but this may not be a concern since it is marginal, and no complete homogeneity exists. 

The next chapter may compare the effects of room-curing regimes with oven-curing regimes for 

environmental analysis and impact assessment.  
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Chapter 5  

Development of geopolymer for construction 

application using coal fly ash: Life Cycle 

Assessment 
An overview of the methods used to environmentally assess the impacts of Lethabo low CFA-

based geopolymer products in construction applications and the sustainability aspect of the 

product or its production considering the impacts of climate change was assessed through the life 

cycle analysis method. The goal and scope and other evaluation steps are defined in this Section 

as they depend on the material properties, such as strength obtained in Chapter 4. 

5.1 Goal and scope of the study:  

5.1.1 Goal 

The goal of LCA in this study was to perform an environmental impact assessment comparison 

in terms of Global warming potential, land emissions and water scarcity on the synthesis of CFA-

based GPP formulations cured at an oven temperature of 60 oC for 24 hours compared to room 

curing process including an evaluation of the effect of aggregate addition on CFA-based GPC  

5.1.2 Scope  

The scope of LCA in this study was considered gate-to-gate (limited at the laboratory scale) as 

no industrialisation has yet occurred.  

5.1.3 Functional Unit  

1 Kg as a functional unit of each CFA-based GPP either cured at 60 oC in an oven for 24 hours, 

on GPP cured at room temperature and CFA-based GPC cured at room temperature product of 

a specific compression strength of 35 - 40 MPa with better durability properties are discussed.  

5.1.4 System boundary  

The system boundary involves transporting CFA and alkali chemicals, including fine and coarse 

aggregates, at specific distances from the suppliers to the laboratory. Figure 5.1 illustrates the 

system boundary conditions. 



 Cape Peninsula University of Technology http://www.cput.ac.za 
  

   Page 160 of 270 

EN  
 

 

 

 

 

Figure 5-1: Synthesised CFA-based geopolymer paste and concrete gate-to-gate system boundaries  
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The system boundary condition represented in Figure 5-1 includes the preparation of the 

necessary reagents for the manufacture of GPP and GPC. Emissions associated with the 

extraction and packaging of raw materials were not taken into account since this requires further 

investigation from suppliers 

5.1.5 Allocation  

No allocation to waste has been considered from the geopolymer synthesis in this project since 

the system contains no by-products. 

5.2 Life cycle inventory analysis and assessment method  

5.2.1 Inventory analysis  

The inventory analysis was described in Section 3.6.2, from which materials and energy required 

as inputs from each boundary phase are illustrated in the following diagram in Figure 5-2.  

 

Figure 5-2: CFA-based geopolymer paste and concrete material and energy types used at different stages 

of the process.   

The energy or materials used at each phase were responsible for certain emissions, as illustrated 

in the diagram, which was similar to Colangelo et al. (2018).  

5.2.2 Assessment method 

As discussed in Section 3.6.2, the environmental product declaration in SimaPro was listed as 

EPD (2018) V1.02/ Character.  
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5.3 Life cycle impacts assessment 

The different impact categories assessed in this Section were illustrated in Table 3.9 under 

Section 3.6.3. However, global warming potential (CO2 emissions) is mainly compared between 

different curing regimes and includes the effect of adding fine and coarse aggregates on 

synthesised CFA-based GPC.   

5.4 Life cycle interpretation 

The environmental impacts generated by the life cycle analysis of the 1 Kg of each CFA-based 

product ( GPP-M3A formulation cured at 60 oC oven for 24 hours; GPP cured at room; GPC-M2C 

formulation cured at room temperature) at a specific compression strength of 35 to 40 MPa, were 

simulated using SimaPro. The results obtained are described as two case studies as follows:  

5.4.1 comparative analysis  

The emissions factor obtained from SimaPro based on a specific impact category for CFA-based 

geopolymer formulations developed and cured at 60 oC in an oven for 24 hours, GPP cured at 

room, and CFA-based GPC cured at room temperature and with the addition of fine and coarse 

aggregates are shown in Table 5.1.  

Table 5-1: Summary of comparative LCA results from CFA-based GPP oven cured at 60 oC for 24 hours 

versus GPP or GPC cured at room temperature.  

Impact category Unit  

CFA-based  

GPP 24 hrs, 
60 degree C 
oven curing  

GPP 
room 
curing  

GPC 
room 
curing  

Acidification (fate not incl.) kg SO2 eq 0.10100 0.00375 0.00202 

Eutrophication kg PO4 eq 0.0256 0.0011 0.000605 

Global warming (GWP100a) kg CO2 eq 0.8940 0.0537 0.029 

Photochemical oxidation kg NMVOC 0.04710 0.00276 0.00135 

Abiotic depletion, elements kg Sb eq 1.02E-05 1.00E+00 1.02E-05 

Abiotic depletion, fossil fuels MJ 249 140 47.1 

Water scarcity  m3 eq 0.684 0.163 0.094 
Ozone layer depletion (ODP) (optional) kg CFC-11 eq 9.49E-08 1.00E+00 9.49E-08 

Based on the curing regimes, it was observed that GPP cured at 60 oC for 24 hours had higher 

environmental pollution from global warming (CO2), water scarcity (water footprint) and Abiotic 

depletion, fossil fuels and other impact categories compared to GPP cured at room temperature. 

These results are a sign of correct simulation as the oven-curing process in the case of South 

African energy production is related to the emissions of coal burning and more water being 

required from electricity production at the turbine stage. The energy required to produce oven 
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curing should also be higher since it takes into consideration the mixing and drying process of 24 

hours. The addition of fine and coarse aggregates was furthermore responsible for reducing the 

emissions of the room curing process when producing GPC. This is understandable as raw 

materials such as fine aggregates (sand) and coarse aggregates (stone) are naturally available 

and absorb less water as well as require less energy to obtain compared to CFA. A comparison 

of CO2 emissions of the geopolymer factor in Table 5.1 with that of OPC concrete of 0.132 kg 

CO2 eq (132 kg CO2 eq per tonne ) obtained from the UK Government GHG Conversion Factors 

for Company Reporting (Conversion factors 2022: full set (for advanced users) (Available at: 

https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2022, 

Accessed on the 25th October 2022) or that of 0.15 kg CO2 eq (Available at: 

https://www.winnipeg.ca/finance/findata/matmgt/documents/2012/682-2012/682-2012_Appendix_H-

WSTP_South_End_Plant_Process_Selection_Report/Appendix%207.pdf,  Accessed on the 25th 

October 2022). Furthermore, Table B-1 shows the CO2 emission factor of different construction 

materials. This shows that CFA-based-GPP cured at 60 oC in an oven for 24 hours is about 6.8-

7.7 times higher in the CO2 emitted than normal concrete made with OPC cement and fine and 

coarse aggregates (assuming no transportation emissions). When curing at room temperature 

and adding fine and coarse aggregates, OPC concrete turns out to be 2.4-2.7- and 4.5-5.1-times 

higher CO2 emitted than CFA-based GPP cured at room temperature and CFA-based GPC cured 

at room temperature, respectively. Taking GPP cured at 60 oC in an oven for 24 hours as a 

reference product, these emissions from different curing regimes and the addition of fine and 

coarse aggregates were compared and illustrated in Figure 5.3. 
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Figure 5-3: Comparison of different environmental impacts at 1 kg production CFA-based GPP oven cured 

at 60 oC for 24 hours versus GPP or GPC cured at room temperature.  

5.4.2 Contribution analysis  

Contributions analysis on global warming (CO2) was further investigated to understand the effect 

of curing regimes and adding fine and coarse aggregates on CFA-based geopolymer CO2 

emissions. This was simulated to identify the most environmentally emitted CO2 Section from the 

study boundary.  

5.4.2.1 Effect of curing regimes 

The effect of curing regimes was investigated from the synthesis of CFA-based GPP, which was 
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Figure 5-4: Process tree illustrating relative contributions to CO2 emissions in the life cycle for a production of 1kg CFA-based GPP oven cured at 

60 oC 24 hours. 
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In Figure 5-4, it is demonstrated from the simulation that 93.9% of CO2 emissions associated with 

the oven curing process have resulted when coal power energy is used as a source of electricity 

for the performance of the oven as a dryer. About 3.23%, which is a nominated number, of results 

from alkaline activators were used. 

ii. Room curing temperature 

When cured at room temperature, the synthesis of 1 kg CFA-based GPP formulation was 

found to be environmentally acceptable. However, a deeper investigation of CO2 emissions 

without the oven-curing process is illustrated in the process tree in Figure 5.5.  
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Figure 5-5: Process tree illustrating relative contributions to CO2 emissions in the life cycle for producing 1kg CFA-based GPP cured at room 

temperature. 
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The room-curing process is more stable than when the oven-curing process is applied. The high 

CO2 emission contribution is observed from an alkaline chemical, which is a combination of 

sodium silicate and sodium hydroxide, taking about 53.9% of the total process emissions, followed 

by 26.9% as illustrated in Figure 5.1, which is related to the transportation of CFA from long 

collection distance. The 19.2% of power consumption from electricity was due to the mixing 

process mixing and drying taking place. A future investigation was on the effect of adding fine and 

coarse aggregates on the curing process 

5.4.2.2 Effect of fine and coarse aggregates  

Adding fine and coarse aggregates to CFA-based GPP to synthesise 1 kg CFA-based GPC when 

cured at room temperature resulted in a similar CO2 emissions percentage contribution in the 

process compared to that observed from CFA-based GPP. Figure 5-6 illustrates the process tree.  
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Figure 5-6: Process tree illustrating relative contributions to CO2 emissions in the life cycle for the production of 1 kg of CFA-based GPC cured at 

room temperature. 
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It can be observed from Figure 5-6 that Alkaline activator chemicals are still the cause of the 

majority of CO2 emissions emitted during the process at about 59.2%. Here, the electricity stream 

with 23.2% used becomes the second dominant stream compared to the transportation of CFA 

observed in Section 5.4.2.1ii. This is because, generally, when the fine and coarse aggregates 

are added to a paste (GPP), the mix becomes heterogeneous with high viscosity. Therefore, 

additional mixing time is required to obtain a homogeneous mix with a low viscosity.  

5.5 Chapter Summary   

Even though CFA-based geopolymer cured at an oven temperature of 60 oC for 24 hours results 

in a very good early compressive strength, greenhouse emissions simulations analysis 

demonstrated that the process is not sustainable in comparison to the conventional existing 

process of making construction materials with the use of OPC cement. On the other hand, the 

room-curing process is far more sustainable than oven curing and better than the conventional 

process of using OPC cement as a binder. However, this process may also be affected if raw 

materials such as CFA and others are collected from a long distance from the manufacturing 

plant. The emission associated with the alkaline activator materials must be controlled by setting 

a close collection from the manufacturing area or by substituting materials with similar properties. 

Again, the impact associated with the oven-curing process may be verified through the energy 

consumption and economic analysis from the next chapter. 
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Chapter 6  

Development of geopolymer for construction 

using coal fly ash: Materials and Energy 

balances and Economics 

Apart from mechanical, durability and environmental properties obtained from previous chapters, 

a better understanding of fundamental material chemistry composition, a relation between heat 

due to the temperature used, work and energy, as well as the cost associated with the 

manufacturing process of synthesised CFA-based geopolymer was subject to investigation. 

6.1 Material balance 

Material balance was performed to determine the composition of each stream. Considering the 

molecular species balance method, the main molecule species variation reviewed during 

calculations for the synthesis and drying processes were silicate oxide (SiO2), aluminium oxide 

(Al2O3), sodium oxide (H2O) and water (H2O) from raw material (RM) content to the streaming 

product (output) content. At the same time, full compositions, including other components, are 

shown in Table 6.1. Figure 6.1 illustrates the system boundary considered for the calculation. 
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Figure 6-1: CFA-based geopolymer paste overall material balance block flow diagram system boundary.  
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Table 6-1: CFA-based geopolymer paste material balance stream composition on a mass basis. 

Time Ref: Batch  Water 1 
Sodium 

hydroxide 
flakes 

12M 
Sodium 

hydroxide 
solution 

Sodium 
silicate 
solution 

Water 2 FA Gas out S-101 S-102 S-103 S-105 

Type Unit RM RM RM  RM RM RM   RM  Ouput2 Ouput3 Ouput5 

Total flow  g 975.43 480.00 1420.00 466.67 120.00 2000.00 35.43 253.33 840.00 2840.00 2817.44 

Temperature  oC 17.00 17.00 90.00 17.00 17.00 17.00 40.00 17.00 27.00 25.00 25.00 

Pressure  bar 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 1.013 

Moisture content  % 100.00 1.00 67.35 60.80 100.00 0.00 - 67.35 68.38 20.29 4.05 

Total contents g 975.43 480.00 1420.00 466.67 120.00 2000.00 35.43 253.33 840.00 2840.00 2817.44 

SiO2   0.00 0.00 0.00 140.00 0.00 1096.20 0.00 0.00 140.00 1236.20 1524.24 

Na2O   0.00 475.20 463.63 42.93 0.00 3.06 0.00 82.71 125.65 128.65 70.72 

Al2O3   0.00 0.00 0.00 0.00 0.00 655.2 0.00 0.00 0.00 655.20 471.08 

CaO   0.00 0.00 0.00 0.00 0.00 82.80 0.00 0.00 0.00 82.80 260.90 

Fe2O3   0.00 0.00 0.00 0.00 0.00 62.20 0.00 0.00 0.00 62.20 47.33 

TiO2   0.00 0.00 0.00 0.00 0.00 33.80 0.00 0.00 0.00 33.80 23.38 

MgO   0.00 0.00 0.00 0.00 0.00 21.00 0.00 0.00 0.00 21.00 18.60 

K2O   0.00 0.00 0.00 0.00 0.00 14.00 0.00 0.00 0.00 14.00 13.52 

P2O5   0.00 0.00 0.00 0.00 0.00 9.15 0.00 0.00 0.00 9.20 7.04 

Cr2O3   0.00 0.00 0.00 0.00 0.00 0.80 0.00 0.00 0.00 0.80 0.56 

MnO   0.00 0.00 0.00 0.00 0.00 0.62 0.00 0.00 0.00 0.60 0.56 

V2O5   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.60 5.63 

LOI   0.00 0.00 0.00 0.00 0.00 14.40 0.00 0.00 0.00 14.40 257.51 

Gas out    0.00 0.00 0.00 0.00 0.00 0.00 35.43 0.00 0.00 0.00 0.00 

H2O   975.43 4.80 956.37 283.73 120.00 0.10 0.00 170.62 574.35 576.35 114.11 

RM represents Raw materials, while S-101, S-102, S-103, and S-105 are raw materials and product streams, as shown in Figure 6.1. 
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The final stream oxide results from the calculation were compared to the XRF analysis result. The 

calculation was performed on CFA-based geopolymer paste (GPP), as fine and coarse aggregate 

additives were considered inert materials. Equation 3.23 was initially used to determine the 

degree of freedom analysis, which indicated the possibility of performing the calculations based 

on each unit operation. 

6.1.1 Alkaline activator and synthesis processes 

Process units’ calculations were fully demonstrated regarding fundamental material balance using 

Equation 3.24.  

6.1.1.1 Alkaline activator solution preparation   

The activator was prepared using 1 litre of a sodium hydroxide solution of 12M (see Table 3.4 for 

material requirement) in the reaction tank unit R-001 to obtain output 1 (shown as S-101 from the 

block flow diagram). The elements of the reaction were sodium hydroxide flakes (98% dehydrated, 

2% assumed as water) and tap water 1. After cooling the prepared 12 M sodium hydroxide 

solution, sodium silicate (with composition illustrated in Table 3.1) was added to prepare the 

alkaline activator in the alkalinisation tank (unit R-002) to obtain the product composition from 

output 2 (S-102) in the process block flow diagram. A sample calculation in this process for the 

alkaline activator was done to obtain the molecular output composition for each stream input, as 

shown in Figure 6.2.  

 

Figure 6-2: Alkaline activator preparation mass balance system boundary 

From the above Figure 6.2 using Equation 3.23, the degree of freedom analysis was determined 

as follows.  
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+ 3 Unknown variables were labelled ( 𝑥SiO2 , 𝑥Na2O, 𝑥H2O ) 

  0 independent chemical reaction assumed (no unique chemical compound formed)  

                   - 3 independent molecular species balances ( SiO2, Na2O, H2O ) 

               - 0 other equations relating unknown variables  

 

        DOF = 0 

With these zero (0) degrees of freedom (DOF) obtained, it is, therefore, possible to perform 

material balance calculations around this alkalisation process following Equation 3.24, where the 

following assumptions were applied; therefore, the equation becomes simplified as Equation 6.1  

a. Generation and consumption = 0 as no chemical reaction took place.  

b. Assumption = 0 as the system is at a steady state, and in terms of diffusion, the 

concentration of the alkaline activator remains constant; as a result, the rate of diffusion 

remains constant.  

                                                                 𝐼𝑛𝑝𝑢𝑡 = 𝑂𝑢𝑡𝑝𝑢𝑡                                       Equation 6.1 

                                                  𝑀1 + 𝑀2 + 𝑀3 = 𝑀4                               

Where:  - 𝑀1,𝑀2 , 𝑀3 and 𝑀4 are the masses of 12 M sodium hydroxide solution, 

sodium silicate, tap water 2 and alkali activator, respectively.  

              - 𝑥SiO2 , 𝑥Na2O, 𝑥H2O are the mass fraction of silicate oxide, sodium oxide 

and water, respectively. 

                                   𝑀4 = 253.33 + 466.67 + 120 =  840 𝑔                               

➢ For silicate oxide mass fraction, the final product.  

                                                    𝑥2SiO2 ×𝑀2 = 𝑥4SiO2 ×𝑀4                           

                                     𝑥4SiO2 =
0.3×466.67

840
= 0.1667 = 16.67%       

➢ For sodium oxide  

                                      𝑥1Na2O × 𝑀1  +  𝑥2Na2O × 𝑀2  =  𝑥𝑑4O ×𝑀4      

                        𝑥4Na2O =
(0.092×466.67)+(0.3265×253.33

840
= 0.1496 = 14.96%                                     

➢ Water fraction 

                                 𝑥1H2O × 𝑀1  +  𝑥2H2O × 𝑀2 + 𝑥3H2O × 𝑀3 =  𝑥4H2O × 𝑀4      

                      𝑥4H2O =
(0.6838×466.67+0.6735×253.33+1×120)

840
= 0.6838                                     
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These mass fractions are then multiplied by the mass of the total content to obtain the mass of 

each oxide present in each stream, as shown in Table 6.1. In this case, the oxide mass is shown 

as follows.  

{

𝑚4SiO2 = 0.1667 × 840 = 140 𝑔

𝑚4Na2O =0.1496 × 840 = 126 𝑔

𝑚4H2O = 0.6838 × 840 = 574 𝑔
 

6.1.1.2 From synthesis to dry product 

In this synthesis process, the geopolymerization reaction was taken into consideration as the 

alkaline activator was responsible to break 𝑆𝑖 − 𝑂 − 𝑆𝑖 − 𝑂 bonds. The mechanism forms 𝑆𝑖 −

𝑂 − 𝐴𝑙 − 𝑂 − 𝑆𝑖 − 𝑂 (aluminosilicate gels), which, by the addition of an alkaline activator, 

hardened into geopolymer paste similar to cement as shown in Equation 2.4. The overall material 

balance boundary was taken at this stage, as shown in Figure 6.3.  

 

 

 

 

 

 

Figure 6-3: CFA-based geopolymer paste synthesis to final product material balance system boundary. 
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The stages from a wet material to a dry product were considered. The number of wet solids was 

negligible as the output streams S-103 and S-104 had the same oxide mass composition; 

therefore, only one stream is represented in Table 6.1. 

Based on the XRF results obtained on the final product given in Table 6.2 and Figure 6.3 on M7 

output 5, the material balance at this stage was used to determine the consumed amounts of 

each oxide during the geopolymerization reaction. It is important to notice that oxides with a low 

mass fraction composition, such as SO3, Cr2O3 and MnO, are considered in Table 6.2 as the 

values are much less and did not change from the raw material to the final product. The material 

balance sample calculation was not performed on those molecules; however, the results are fully 

shown in Table 6.1.  

Table 6-2: Average CFA-based geopolymer product final product average XRF fractional mass composition 

results.  

Oxide types SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 H2O 

Mass fractional 
composition 

54.10 0.83 16.72 1.68 0.66 9.26 2.51 0.48 0.25 4.05 

Standards 
deviation 

0.59 0.01 0.26 0.08 0.04 0.36 0.22 0.07 0.01 0.83 

Here, Equation 3.24 was simplified into Equation 6.2 by taking into consideration the following 

assumption.  

a. Generation was considered as zero (0) in most cases based on an oxide basis. As shown 

in Table 6.2 above, no additional oxide or molecule formation was observed compared to 

the initial raw material composition in Figure 6.3; however, some components were found 

to be consumed rather than generated. Any other product generated during the 

geopolymerization reaction may contain certain similar oxides based on the chemical 

structure. A negative consumption value from the material balance using Equation 6.2 will 

generally represent a generation term instead of consumption.  

b. Assumption = 0 as the system is at a steady state.  

                                        𝐼𝑛𝑝𝑢𝑡 = 𝑂𝑢𝑡𝑝𝑢𝑡 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛                           Equation 6.2 

                                   𝑀4 + 𝑀5 = 𝑀6 +𝑀7 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛                               

Where:  - 𝑀4,𝑀5 , 𝑀6 and 𝑀7 are the masses of alkaline activator, CFA, water and 

dry CFA-based geopolymer paste, respectively.  
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              - 𝑥SiO2 , 𝑥Na2O, 𝑥H2O ………are the mass fraction of silicate oxide, sodium 

oxide and water, respectively. 

➢ Determination of 𝑴𝟔 

 M6, was related to the amount of water evaporated during the drying of CFA-based 

GPP. No generation term was considered at this stage.                                        

        

                                                       𝑀4 + 𝑀5 = 𝑀6 +𝑀7                      

                           𝑀6 + 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = (2000 + 840) − 2817.44 = 22.56𝑔                       

➢ For silicate oxide mass consumed.  

                                   𝑥4SiO2 ×𝑀4 + 𝑥5SiO2 ×𝑀5 = 𝑥5SiO7 ×𝑀7 + 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛                           

          𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.1667 × 840 + 2000 × 0.5481 − 2817.44 = −288.04 𝑔            

This shows that the product of geopolymerization was mostly composed of silicate, 

as more silicate was generated than consumed.                                                                                           

➢ For sodium oxide consumed  

                       𝑥4Na2O × 𝑀4  +  𝑥5Na2O × 𝑀5  =  𝑥7Na2O ×𝑀7 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛                     

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.1496 × 840 + 0.0015 × 2000 − 0.0251 × 2817.44 = 57.93 𝑔                                 

➢   Aluminium oxide consumed  

                          𝑥5H2O × 𝑀5  =  𝑥7H2O ×𝑀7 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛       

                   𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.3276 × 2000 − 0.1672 × 2817.44 = 184.12 𝑔        

➢ Water mass consumed  

            𝑥4H2O × 𝑀4 + 𝑥5H2O × 𝑀5 = 𝑥6H2O × 𝑀6 + 𝑥7H2O ×𝑀7 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛       

           𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.6838 × 840 + 0.001 × 2000 − 0.0405 × 2817.44 − 1 × 184.43    

                               = 439.69 𝑔 

➢ Calcium oxide mass consumed  

                                         𝑥5CaO × 𝑀5 = 𝑥7CaO × 𝑀7 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛        

              𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.0414 × 2000 − 0.0926 × 2817.44 = −178.10 𝑔        

➢ Iron oxide mass consumed  

                                         𝑥5Fe2O3 × 𝑀5 = 𝑥7Fe2O3 × 𝑀7 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛        
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              𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.0311 × 2000 − 0.0168 × 2817.44 = 14.87 𝑔         

➢ Potassium oxide mass consumed  

                                         𝑥5K2O × 𝑀5 = 𝑥7K2O × 𝑀7 + 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛        

              𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.007 × 2000 − 0.0048 × 2817.44 = 0.48 𝑔        

➢ Loss of ignition variation  

                                         𝑥5LOI × 𝑀5 = 𝑥7LOI × 𝑀7 + 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛        

              𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 0.0072 × 2000 − 0.0914 × 2817.44 =  −243.11 𝑔         

Based on the calculated values obtained, compared with Chindaprasirt et al. (2013), the calcium 

oxide increase may be justified by the formation of secondary ettringite (delay ettringite) when a 

12 M sodium hydroxide concentration was used. Regarding the XRD results shown in Section 

4.1.4, a high increase of calcium oxide observed was due to the dissociation of calcium sulphate 

at peak position 22-2θ (degree), which generated the formation of calcium hydroxide. However, 

primary ettringite could be observed with a fresh paste and was considered as a product of 

hydration resulting from the reaction between aluminium oxide and sodium hydroxide or 

potassium hydroxide, resulting in the high heat of hydration. The analysed CFA-based 

geopolymer paste showed a pH value of 13 at that state. From the material balance, calculated 

masses of the consumed and generated oxides are allocated in the following Table 6.3 

Table 6-3: Illustration of some oxides massed consumed or generated during the geopolymerization 

reaction.  

Oxide types SiO2 TiO2 Al2O3 Fe2O3 CaO Na2O P2O5 H2O LOI 

Mass consumed 
(g) 

- 10.42 184.12 14.87 - 57.93 2.16 439.69 - 

Mass generated 
(g) 

288.04  - -   - 178.10  - -  -  243.11 

The presence of high loss of ignition observed in the final product may be justified by the presence 

of plastic fibres in the product created during the synthesis process due to the friction caused by 

aggregate material on the plastic reactor tank at the end of the compression test when grinding 

samples for analysis, the presence of plastic fibres was observed. During the XRF analysis, the 

samples were heated at a temperature of 800 oC as described in Section 3.4.4, which may convert 

the plastic fibres into a carbon group.  
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6.1.2 Drying process  

As described in Section 3.7.1.1 and based on the above in Figure 6.3, the following parameters 

were calculated.  

6.1.2.1 Moisture loss 

The moisture loss at 24 hours and 28 days of curing was calculated according to equation 3.25 

based on different curing regimes of CFA-based GPP. The summarised results are shown in 

Table 6.4 at 24 hours and 28 days of curing. A sample calculation on a CFA-based GPP dry cubic 

block cured in a room with a plastic cover follows: 

                                            𝑋 =
1762.6−1749.6

1762.6
× 100 = 0.0079 = 0.73%                    

Table 6-4: Moisture loss at 24 hours and 28 days ageing of CFA-based geopolymer paste and concrete at 

different curing regimes. 

CFA-based 
geopolymer type 

Curing 
regime 

 Average moisture loss (%) 

 
24hrs 28 days  

GPP 

Room   0.29 0.73 

Room open  0.39 0.98 

Oven  0.50 1.24 

GPC 

Room   0.17 0.41 

Room open  0.37 0.56 

Oven  0.42 0.70 

6.1.2.2 Amount of water evaporated and air mass flow rate 

The amount of water evaporated per hour after 24 hours was calculated for CFA-based 

geopolymer paste cured at room temperature with a plastic cover according to Equation 3.26, and 

the summarised results for each curing regime are shown in Table 6.5.  

               �̇�𝑒𝑣 =
1762.6−1755.1

(24)
= 0.31 𝑔/ℎ𝑟 = 3.13 × 10−4 𝐾𝑔/ℎ𝑟 = 8.68 × 10−8𝐾𝑔/𝑠     
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Table 6-5: CFA-based geopolymer paste and geopolymer concrete water evaporation rate from different 

curing regimes.                        

CFA-based 
geopolymer type 

Curing 
regime 

24 hrs water 
evaporated rate, 
Kg/s 

GPP 

Room        8.68 × 10−8 

Room open 1.56× 10−7  

Oven 2.26× 10−7  

GPC 

Room  4.40× 10−8  

Room open 7.60× 10−8  

Oven 1.08× 10−7  

The oven air mass flow was calculated according to Equation 3.27. The 𝑋2 and 𝑋1 moisture 

content was 75.9 and 16.5% at 60 and 17 oC, respectively. CFA-based GPP moisture content 

before and after oven drying was taken as 20.29% and 11.83%, respectively. Room-curing 

moisture content at 24 hours of curing was assumed to decrease from 20.29 to 18.67% based on 

average moisture loss in Table 6.4 or water evaporation rate in Table 6.5 based on a CFA-based 

GPP moisture content of 4.05 % shown in Table 6.1.  

                                      �̇�𝑎𝑖𝑟 =
1762.6

24×3600
×
(75.90−16.50)

(20.29−11.83)
= 1.42 × 10−2𝐾𝑔/𝑠                                 

6.1.2.3 Rate of drying  

The drying rate of CFA-based geopolymer paste and geopolymer concrete was calculated 

according to Equation 3.28. The material was cast in a 100 mm x100 mm cubic mould with a 

surface area of  0.01 m2. The drying rate from the casting time to 24 hours and 28 days of curing 

using different curing regimes are summarised in Table 6.6. A sample calculation was done at 24 

hours based on an oven-curing regime.  

              𝑅 = −
1745.40

0.01
×
(11.83−20.29)

24×3600
= 17.10 𝑔.𝑚−2. 𝑠−1 = 1.71 × 10−2𝐾𝑔.𝑚−2. 𝑠−1         
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Table 6-6: CFA-based geopolymer paste and concrete after 24 hours rate of drying using different curing 

regimes.  

CFA-based 

geopolymer type 

Curing 

regime 

Initial 

moisture 

content (%) 

24 hrs 

moisture 

content (%) 

Rate of drying, 

Kg.m-2. s-1  

GPP 

Room  20.29 18.67 3.28 × 10−3 

Room open 20.29 15.25  1.02 × 10−3 

Oven 20.29 11.83 1.71 × 10−2 

GPC 

Room  20.29 19.87 1.08 × 10−3 

Room open 20.29 17.25      1.01× 10−3 

Oven 20.29 14.33 1.53× 10−3  

 
6.1.3 Yield and product yield percentage  

The effect of fine and coarse aggregate and CFA-based GPP on yield and product yield 

percentage was investigated. The results obtained with the application of Equation 3.29 are 

shown in Table 6.7 with a sample calculation based on CFA-based GPP demonstrated as follows 

using a mix of GPC-M3C, GPM-M3C and GPC-M3C. The % yield was also calculated according 

to Equation 3.30, with results shown in Table 6.7. Adding fine and coarse aggregates to CFA-

based geopolymer results in a higher yield than CFA-based geopolymer with no aggregates 

(GPP). This illustrates why more products (samples) were cast with CFA-based GPC than CFA-

based GPP. In all cases, CFA-based GPP, GPM, and GPC result in a high yield of about 98%. 

This is experimentally acceptable as the synthesised material produced was fully used for the 

casting of samples, and the balance of about 2% was not considered waste material. Instead, 

these were residues that stuck to the mixer or fell on the ground during the casting (pouring) 

process, which can still be recycled at a large scale.  

                                                    𝑌 = −
3+0.7+0.380+0.180

1762.6
=

4.26

1762.6
0.0024 𝑚3         

                                                    𝑌𝑝 =
4.18

4.26
= 0.9818 = 98.18%  
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Table 6-7:Effect of fine and coarse aggregate addition on the yield and yield percentage of CFA-based 

geopolymer paste. 

CFA-based geopolymer 

type 

Mix yield and sample 

Yield percentage, 
(%) 

Yield, m3 
Number of 
cubes  

GPP 0.0024 2.42 98.18 

GPM 0.0035 3.49 99.26 

GPC 0.0048 4.82 98.16 

Each cube sample size is 100 mm x100 mmx100 mm with V=0.001 m3 

6.2 Energy balance  

According to the application of the first law of thermodynamics, the energy consumed during the 

production of CFA-based geopolymer was investigated based on the effect of curing conditions. 

The effect of fine and coarse aggregate addition was assumed to be negligible even though when 

a high content is applied, it affects the viscosity of the product, which may require a mixer with a 

high-power number compared to the paste that contained no fine and coarse aggregates. The 

effect of fine and coarse aggregate was not taken into consideration during the energy balance. 

The energy consumed due to the addition of coarse aggregates was found to be very close to 

that of CFA-based paste as only an extra 3 to 5 minutes was added to the paste blending time. 

CFA-based GP formulation cured at room temperature was compared to that cured at 60 oC for 

24 hours. The following calculations were done.  

6.2.1 Sodium hydroxide reaction process  

Equations 3.34 and 3.35 were used to determine the amount of heat associated with the 

preparation of a 12-molar sodium hydroxide solution and one mole of that solution. 975.43 g (1 

litre ) of water and 480 g of sodium hydroxide at a starting temperature of 17 oC were used, and 

the final reaction temperature was recorded to be 86 oC due to the exothermic nature of the 

reaction.  

            𝑞𝑠𝑜𝑙 = (0.97543 + 0.480) × 4184 × (17 − 86) = −353192.1 𝐽              

The number of moles ( using 12 M or 480 g of sodium hydroxide as this was the optimised 

concentration from which the suitable setting time was obtained) was obtained as follows;      
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                                   𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 =
480

40
= 12 moles; therefore the  

                        ∆𝐻𝑜𝑠𝑜𝑙 = −
353192.1

12
= −29432.68 𝐽 = −2.94 × 104𝐽                 

From the results of the above calculation, it was evident that preparing a sodium hydroxide 

solution causes an exothermic reaction, as this was physically observed during the experiment. 

This shows that preparing CFA-based geopolymer with this solution will possibly lead to the 

formation of delay ettringite, as the internal temperature of the geopolymer could rise above the 

maximum of 65 - 700C as described in Scrivener and Young (1997) and Taylor et al. (2001) 

investigations. This will result in thermal cracking, as it also explains why the samples cured 

without plastic covering resulted in thermal cracking. On a large scale, this process may require 

proper insulation around the reaction tank so as to prevent the exothermic causing overheating. 

Based on Table 3.4, the heat released at different molar concentrations (NaOH) was calculated 

and summarised in Table 6.8. 

Table 6-8: Heat released during the production of different sodium hydroxide concentrations.  

Sodium hydroxide 

concentration, M 

Temperature 

rise, oC 
 ∆𝑯𝒐𝒔𝒐𝒍, J 

8 75 -3.93 × 104 

10 80 -3.34 × 104 

12 86 -2.94 × 104 

14 93 -2.66 × 104 

16 95 -2.45 × 104 

6.2.2 Synthesis process  

The following parameters were defined for the synthesis process energy balance calculations, 

including mixer dimensions, mixing speed, blending time and homogeneity, density and viscosity, 

as detailed in the following subsections. 

6.2.2.1 Mixer dimensions 

Measurements of the mixer described in Figure 3.32 are shown in Table 6.9. 
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Table 6-9: Dimension of the mixer and impeller used to blend CFA-based geopolymer paste.  

Parameters  Symbol size, m 

Impeller diameter  Da 0.435 

Diameter of the tank DT 0.440 

Height of the tank H 0.360 

Width of the impeller 
W1 0.013 

T 0.005 

Diameter of the impeller  D1 0.007 

Width of baffle J 0.005 

Length of impeller  

L 0.180 

L2 0.232 

L3 0.123 

Distance from the base to the impeller  E 0.003 

6.2.2.2 Mixing speed, blending time, and homogeneity 

The synthesised mixer had a consistent speed of 55 rev/min (0.917 revs per second). The 

blending time was defined experimentally by observation, as shown in Figure 6.4, where the mix 

was assumed to be homogenised at around 30 minutes of mixing, from which time the 

homogenisation number was calculated using Equation 3.4. This is important as the synthesised 

mixing time depends on the rotational speed of the mixer as well as the type of impeller, which 

may also affect paste viscosity.  
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Figure 6-4: Visual observation of the blending of CFA-based geopolymer paste at different mixing times and the addition of coarse aggregates after 

30 minutes of mixing 

5 minutes  10 minutes  15 minutes  20 minutes  

25 minutes  30 minutes aggregated added. 35 minutes  30 minutes  
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                                                𝐻𝑜 =
30

55
= 0.55              

 On a large scale, this homogenisation number could be multiplied by the rotational speed of the 

mixer to define the blending or mixing time. For a continuous process design after defining the 

blending time and knowing the volume of the mixer, the volumetric flow rate of CFA  as input 

material could be calculated using Equation 3.3. No coarse aggregate was used to avoid 

equipment damage  

6.2.2.3 Density and Viscosity  

The bulk density of the fresh CFA-based geopolymer paste was calculated according to Equation 

3.8 and was found to be 1762.6 kg/m3. This was taken as the desired bulk density for energy 

balance calculations in this study to determine the Reynold and power numbers of the paste as 

required. To determine the viscosity, the viscosity and rotational speed test was performed on the 

sodium hydroxide solution of 12 M and the sodium silicate as an alkaline activator and CFA-based 

geopolymer paste and mortar at a temperature of 25 oC. The results of this experiment are shown 

in Figure 6.5.  

 

Figure 6-5: Viscosity test profile of a 12-molar sodium hydroxide solution, alkaline activator, CFA-based 

geopolymer paste and mortar at a set temperature of 25 oC. 

It can be observed that adding CFA  to the alkaline activator to form the paste resulted in a high 

viscosity. In the above graph, the viscosity of the paste was considered at a speed of 55 rev/min, 

corresponding to the synthesis mixer running speed. In the past, this was taken as 0.39 Pa.s. The 
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sodium silicate alkaline activator and the 12 molar sodium hydroxide solution had a low viscosity, 

similar to that of normal water, with a behaviour similar to that of a Newtonian fluid.  

6.2.2.4 Dimensionless numbers and energy consumption   

To determine the power required for synthesising CFA-based geopolymer paste, the power 

number (𝑁𝑝) was calculated using Equation 3.37. It was important to determine the Reynold 

number to understand the flow behaviour of the paste and the Froud number, as this is useful 

when scaling up to determine the speed or diameter of the large-scale impeller. Sample 

calculations were as follows; 

i. For Reynolds number  

                      𝑁𝑅𝑒 =
1762.6×0.917×0.4352

0.39
= 1.05 × 103 = 1054.26 < 2300     

The Reynolds number obtained is less than 2300, which shows that the paste behaves in 

the laminar flow regime during the synthesis process. This confirms the assumption made 

in Green and Perry (2008), which states that for a paste, the Reynolds number is assumed 

to be less than 100. 

ii. For power number  

From Figure 7.1 of the appendix for power characteristics of close clearance agitators’ 

curve for an anchor agitator (curve 1) using the Reynolds number obtained, the power 

number was found to be close to 10. Equation 3.36 is then defined as follows. 

                                                                𝑁𝑝 = 
𝑃

𝐷𝑎
5𝑁3𝜌

= 5                                              

iii. Froude number  

Using the above power number obtained and the blending time of 30 minutes,  the 

following synthesised energy consumption was calculated according to Equation 3.38 

                                                                𝑁𝐹𝑟 = 
0.9172×0.435

9.81
= 0.0373                                              

From the power number obtained, the power consumption was determined from which the energy 

consumed was calculated according to Equation 3.38 by taking a blending time of 30 minutes 

(1800 seconds).  

                                                                 𝑁𝑝 = 
𝑃

𝐷𝑎
5𝑁3𝜌

= 5           

                𝑃 = 10 × Da
5N3ρ = 5 × 0.4355 × 0.9173 × 1762.6 = 105.76 W = 0.10673 kW    

                               𝑄 = 105.76 × 1800 = 1.90 × 105𝐽 = 190.32 𝐾𝐽                                                    
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6.2.3 Drying  

The energy consumption in this stage was only related to synthesised geopolymer cured at an 

oven temperature of 60 oC for 24 hours. Figure 6.6 illustrates the overall mass and energy 

conditions during the oven curing process.  

 

Figure 6-6: Overall mass and energy balance based on operating conditions for CFA-based geopolymer 

paste for 24 hours oven curing at 60 o C. 

Equations 3.39 and 3.40 were used to calculate the power and energy required to evaporate 

2.26 × 10−7𝐾𝑔/𝑠 of water in the oven obtained from Section 6.1.2.2 and shown in Table 6.5 for 

different curing regimes calculations under drying at the material balance stage. 

                    �̇�𝑑  = 1.43 × 10
−2 × 1000 × (60 − 17) = 615.92 W = 0.6192 kW    

                 𝑄𝑒𝑝,𝑤𝑎𝑡𝑒𝑟 = 615.92 × (24 × 3600) = 5.32 × 10
7J = 5.32 × 104 KJ.           

No heat loss value was provided by the oven supplier, including the properties of insulated 

material; therefore, this was estimated. Dimensions of the oven are illustrated in the technical 

drawing in Figure 6.7. Equations 4.42 and 4.43 were used to calculate the heat loss and the ratio 

of heat loss to that oven heat consumed to decrease the moisture content in CFA-based GPP 

from initial moisture of 20.9 to 11.8% during the oven curing, as shown in Figure 6.6. The oven 

inside temperature was taken as 60 o C while the outlet was measured to be 30 o C at 24 hours of 

curing (initially 17 o C). The properties related to the insulation materials, inside and outside steel, 

are shown in Table 6.10.  
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Heat, loss

CFA-based GPP, in
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Air, in

Air, out
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Figure 6-7: Technical drawing and dimensions of the oven used during the 24-hour heat curing process. 

Table 6-0-10: Properties of oven steel material and insulation material.  

Heat conductivity, W.m. K Thickness, m 

Steel 16 0.005 

Insulation material 0.07 0.05 

            𝑄𝐿𝑜𝑠𝑠 = (
60−40

1
16⁄ +0.055 0.07⁄ +1 16⁄

)× 0.2371 × 24 × 3600 = 4.50 × 105𝐽 = 4.50 × 102 𝐾𝐽                           

                    𝑄𝐿𝑅 =
4.50×105

5.32×107
= 0.008 = 0.85% < 1%                                               

The results of energy consumption for both room curing and oven at 60 oC for 24 hours are 

summarised in Table 6.11. These results align with the hypothesis mentioned in Section 1.2 as it 

is observed that the curing process is energy intensive as it requires about 141 times more energy 

input than the room curing process. It also affected carbon emissions, as demonstrated in Section 

5.4.1.  
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Table 6-11: Total energy consumed from 60 oC oven curing at 24 hours compared to the room curing 

process. 

Process 
Energy consumption, J 

Oven curing Room curing 

Oven, 24hr at 60 oC 5.32× 107 0 

Synthesis  1.90 × 105 1.90 × 105 

Total energy consumed, J 5.34× 107 1.90 × 105 

6.3 Economic analysis  

The results obtained from previous chapters (chapters 4 and 5) demonstrated that it is possible 

to synthesise geopolymer from South African low calcium CFA for construction applications with 

a product resulting in good mechanical and durability properties and low environmental impact 

associated with the testing standards. These properties are similar in some cases and higher than 

those of standard construction materials made using ordinary Portland cement. A room curing 

was also investigated; therefore, performing an engineering economic analysis and evaluating 

both curing processes is important. As demonstrated in Sections 5.4.1 and 6.2.3, oven curing was 

less environmentally friendly and had a high energy consumption process compared to the room 

curing process. This will also be more expensive than the room-curing process. Therefore, the 

feasibility analysis at large-scale production will be highly investigated during the room curing 

process.  

Coal CFA-based geopolymer concrete cured at room temperature with a plastic cover resulted in 

excellent engineering properties, whereas GPC-M2C formulation using room curing with no 

plastic cover and oven curing processes resulted in deterioration, high emissions, and high energy 

consumption, respectively. Production of a durable CFA-based GPC with a maturity strength of 

35 MPa within 50 km 15  the CFA collection point was assumed for the manufacturing of such 

high-strength construction materials such as pavers. A project analysis and the evolution of a 

large-scale plant with a production capacity of 4 033 202.82 kg/year or 1 787.29 m3/year of CFA-

based GPC is further considered assumed.  

6.3.1 Raw materials required and cost 

A large-scale plant consisting of seven (7) daily production batches of 2812.5 Kg (about 971.65 

litres) at 98% yield is assumed. Figure 6.8 shows the overall basic input raw materials required 

for a scale-up of a batch with associated costs shown in Table 6.12 to produce large quantities.  
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Figure 6-8: Overall large-scale batch raw materials input to produce CFA-based geopolymer concrete.  
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Table 6-12: CFA-based geopolymer concrete large-scale batch raw materials cost 

Raw materials  
Price, 
R/Unit 

Batch materials quantity & cost  
Source  

Quantity  Cost,  Unit 

Classified siliceous class F coal fly ash  R     0.80  604.49  R            483.60  Kg Assumed from Lafarge, Ash resources 

NaOH hydroxide (NaOH) 98% pellet   R    24.00  25.00  R            600.00  Kg Protea Chemicals - Chemical Supplier 

Sodium silicate   R     8.90  141.05  R         1 255.33  Kg Protea Chemicals - Chemical Supplier 

Water   R     0.04  87.84  R               3.15  L 
Johannesburg, amendment of tariff charges 
for water services and sewage and sanitation 
services:2021/2022; Industrial/ Commercial 

Fine aggregates (Building sand)  R 340.00  0.35  R            117.40  m3 leroymerlin.co.za 

Coarse aggregates (13 mm blue stone)  R 360.00  0.60  R            217.67  m3 sand-stone.co.za 

Powafix dry oxide  R    56.00  10.07  R            564.20  Kg 
builders.co.za//Paint-Adhesives/Cement-
oxides 

Shutter release oil   R    29.98  2.01  R              60.40  L joluka.co.za/construction/shutter-oil/ 

Total batch raw materials cost (excluding dry mix coloured dye)   R         2 737.56      

Total batch raw materials cost (including dry mix coloured dye)  R         3 301.75      

Total yearly raw material cost (excluding dry mix 
coloured dye) 

   R   5 059 008.38      

Total yearly raw material cost (including dry mix coloured dye)  R   6 101 640.99      
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6.3.2 Equipment scale-up and costing  

6.3.2.1 Scale-up for geometric similarity 

The laboratory-to-industrial scale ratio was calculated for the equipment scale-up as described in 

Equation 3.44. The lab-scale batch product's total volume was 0.004822 m3 (obtained from a total 

mass of 10.88 Kg with a density of 2256.6 Kg/m3). The large-scale batch total mass produced is 

described in Section 6.3.1, which is about 0.9716 m3 (463 litres) as total volume.  

                                      𝑅 = (
0.9716

0.0482
)

1

3
= 5.86        

From the scale-up ratio factor of 5.86 obtained, the lab mixer dimensions shown in Table 6.9 are 

multiplied, which changed as shown in Table 6.13 for the large-scale mixer dimensions. As the 

mixer was only about 1/3 utilised during the mixing, the size of the mixer and impeller may be 

assumed to be double the original lab scale dimensions.  

Table 6-13: Dimensions of the mixer and impeller at the large-scale bath of 971.65 L for the synthesis of 

CFA geopolymer concrete.  

Parameters  Symbol 
Size 
calculated, 
m 

Design 
assumption 
size, m 

Impeller diameter  Da 2.550 0.870 

Diameter of the tank DT 2.580 0.880 

Height of the tank H 2.111 0.720 

Width of the impeller 
W1 0.076 0.026 

T 0.029 0.010 

Thickness diameter of the impeller  D1 0.041 0.014 

Width of baffle J 0.029 0.010 

Length of impeller  

L 1.055 0.360 

L2 1.360 0.464 

L3 0.721 0.246 

Distance from the base to the impeller  E 0.015 0.005 

 

6.3.2.2 Scale-up design for kinematic  

Equation 3.45 determined the rotation speed of the assumed large-scale batch production. Based 

on Table B-2, the blending of solids was considered as the rate of mass transfer, which depended 
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on particle sizes, which are difficult to keep constant as the results of both CFA  and aggregates 

show a variation in size as shown in Figures 4.20 and 4.21, confirmed with SEM analysis results 

of the raw CFA  in Figure 4.22. Coarse aggregates need to be equally suspended in the paste for 

better consistency in the mix (formulation).  

                                      5.86 = (
𝑉𝑙𝑎𝑟𝑔𝑒

55
)

3

4
        

                          𝑉𝑙𝑎𝑟𝑔𝑒 = 55 × (4.58)
4

3 = 581.41 ≈ 581 𝑟𝑝𝑚    

A 500-1600 Litre batch concrete mixer (Available at https://www.alibaba.com/product-

detail/JS-1000-concrete-mixer-batch-concrete_1219644419.html, Accessed on 13th November 

2022) with half revolutions speed 291 rpm (design with 25 kWh) and similar design 

dimensions assumed at high shear rotor with one dispersion blade shown in Figure A-5 

as described in Ghanem et al (2014) may be ideal for the large scale production. The 

power consumption at large-scale production was assumed, as shown in Equation 3.46. 

The full cost associated with purchasing the above-mentioned mixer may be seen in 

Table B-3.  

                      
𝑃𝑙𝑎𝑟𝑔

𝑃𝑙𝑎𝑏
=
𝑘×0.87052913

𝑘×0.4355553
=
5307185.96

2591.40
= 2048.00                             

This shows that the power consumption at a large scale may be assumed to be 2048 

times that of the lab scale when room curing with the plastic cover process is considered. 

This is then calculated as follows.  

𝑃𝑙𝑎𝑟𝑔𝑒 = 105.73 × 2048 = 2165.38 𝑊 = 21.65 KW 

6.3.2.3 Equipment costing  

Costing of the equipment required to operate a plant is shown in Figure 6.9, and costs from 

different suppliers in South Africa are listed in Table 6.14, from which the capital cost, bare module 

and total module costs are calculated as shown in Equations 3.48 and 3.49, respectively. 

Assuming the production of CFA-based GPC paving blocks. 
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Figure 6-9: CFA-based geopolymer concrete production large-scale batch raw materials input and equipment 
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Table 6-14: Equipment required for the manufacturing of 1000L CFA-based geopolymer concrete for paving materials 

Activity 
Section  

Equipment name  Capacity 

Quantity and Total price  

Supplier  

Q
u

a
n

ti
ty

 

Unit price  Total price 

Production line 

JS 1000 concrete batch mixer set 1000 L 1  R     103 654.20   R 103 654.20  Fangyuan Group concrete mixer 

Paving moulds 0.02 m2 343  R             70.00   R   24 034.50  diywesterncape.co.za 

Water measurement bucket 25L 2  R             39.99   R         79.98  sanitizetoday.co.za 

Sodium hydroxide preparation tank  250L 1  R            985.00   R        985.00  neltanks.co.za 

Sodium hydroxide solution measuring bucket 25L 2  R             39.99   R         79.98  sanitizetoday.co.za 

Sodium silicate measuring drum  100L 2  R            229.00   R        458.00  game.co.za 

Alkaline storage drum 100 L 7  R            469.00   R     3 283.00  sanitizetoday.co.za 

120 R Spiral Stirrer  1  R         1 655.00   R     1 655.00  Festool 

Industrial weighing scale 500 Kg 1  R         2 999.00   R     2 999.00  Makro.co.za 

Plastic sheeting,  60 m2 6  R            599.00   R     3 594.00  Builders.co.za 

Quality control 

Set of sieves for fine and coarse aggregates  
19 mm to 

0.075 mm 
11  R            450.00   R     4 950.00  Cape Laboratory Equipment 

Cube moulds, plastic and nylon  100 mm3 18  R             75.00   R     1 350.00  Turner Morris 

Slump Test Set 6 Kg 1  R         3 250.00   R     3 250.00  Cape Laboratory Equipment 

Digital thermometer probe 50-300 oC 2  R         1 536.81   R     3 073.62  instruments.co.za 

Capital cost   R 153 446.28    

Shipping - -   R   74 009.10   

Installation - -   R   38 144.75   

Insurance - -   R     4 871.75   

Taxes - -   R   15 548.13   

Engineering  - -   R   14 096.97   

Some overhead expenses - -   R   53 706.20   

Bare module cost  R 353 823.17    

Total module cost (Fixed capital investment, excluded land)  R 417 511.34    
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6.3.3 Project investment cost estimation and cash flow analysis  

To determine the investment cost profitability and other criteria listed in Table 3.10 using Equation 

3.48 to 3.51, Other costs associated with utility and raw material were determined to calculate the 

production cost as shown in Table 3.9. The sub-total Sections A, B and C listed in Table 3.9 are 

illustrated.   

6.3.3.1 Utility cost 

The utility cost was that of electricity used during the synthesis process. The oven-curing and 

room-curing processes were compared based on utility cost. It was observed that the curing 

process for 24 hours with a temperature starting from 60 oC during a full-year operation will be 

very expensive, as shown in the following Table 7.15. An electricity cost of R1.42 per kWh was 

considered (Available, www.joburg.org.za/documents_/Documents/Tariffs%202022-

2023/Electricity%20Tariff.pdf, Accessed on 16th November 2022).  

Table 6-15: CFA-based geopolymer concrete yearly utility cost associated with room curing vs oven 

curing at 60 oC for 24-hour processes.  

Process 

Process power kWh cost estimation 

Room curing  Oven curing  

R /Batch R/ day R /year R /Batch R/ day R /year 

Oven, 24hr 60 
oC 

 R      -     R       -     R           -     R5 033.28   R 5 033.28   R1 328 786.57  

Synthesis   R 17.94   R 125.56   R33 146.79   R    17.94   R     125.56   R     33 146.79  

Total power 
cost 

 R 17.94   R 125.56   R33 146.79   R5 051.22   R 5 158.84   R1 361 933.35  

R1.42 kWh was considered in the country  

6.3.3.2 Variable costs  

The annual variable cost was the sum of the cost associated with purchasing raw materials, utility 

and miscellaneous materials, as shown in Table 7.15.  

Table 6-16: CFA-based geopolymer concrete yearly variable cost estimated 

Type of cost  Cost, R  

Raw material cost  R             5 059 008.38  

Utility cost  R                 33 146.79  

Miscellaneous materials  R                   2 087.56  

Sub-total A  R             5 094 242.73  
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6.3.3.3 Labour and operating costs 

A small plant with production at a benchmark of 2400 hours (264 days) and 9 hours (based on 

national governmental basic conditions of employment act regulations of 45 hours a week) 

(Available at https://www.westerncape.gov.za/general-publication/basic-conditions-employment-

act#:~:text=You%20must%20not%20work%20more,than%205%20days%20a%20week., 

Accessed on 18th November 2022). The following manufacturing activity conditions in Table 6.17 

were considered for a batch process (Sinnott, 2005).  

Table 6-17:CFA-based geopolymer concrete batch production hours and activity requirement 

Manufacturing activity   Duration 

Daily working time (hr) 9.00 

Cleaning and material preparation (hr) 2.00 

Production time (hr) 7.00 

Mixing time (min) 35.00 

Casting time (min) 25.00 

Number of batches 7.00 

Monthly working time (days) 22.00 

Project lifetime (year) 12.00 

Number of working days per year (days) 264.00 

From the above assumptions and percentage given in Table 3.10, operating labour cost is 

calculated considering the national process operating rate of R45.70 per hour (Available at 

www.payscale.com/research/ZA/Skill=Machine_Operation/Hourly_Rate, Accessed on 18th November 

2022),  where the results are shown in Table 6.18 
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Table 6-18: CFA-based geopolymer concrete room curing process yearly operating labour cost 

Labour operating cost 
Human 

resources 
annual salary, R 

Contract duration, 

months 
Total annual salary, R 

Process operator labour 4  R         96 518.40  12  R               386 073.60  

Process operator assistance labour 3  R         81 610.39  12  R               244 831.16  

  

Total direct operating labour cost   R               630 904.76  

     

Quality control technician  2  R       126 180.95  12  R               252 361.91  

Process operator supervision  1  R       126 180.95  12  R               126 180.95  

Maintenance cost  - - -  R                 20 875.57  

Plant overheads cost  -  -  -  R               193 036.80  

Capital charges -  -  -  R                 41 751.13  

Insurance  -  -  -  R                  4 175.11  

Local taxes -  -  -  R                  8 350.23  

Royalty -  -  -  R                  4 175.11  

  

Total fixed costs (sub-total B)  R            1 281 811.58  

  

Administration 2  R       143 461.22  12  R               286 922.44  

Marketing -  R       860 767.33  12  R               860 767.33  

Research and development  -  R       366 623.12  12  R               366 623.12  

  

General production cost (Sub-total C)  R            1 514 312.90  

Total cost B+C, R        R            2 796 124.48  
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6.3.3.4 Fixed cost and production cost  

To obtain the production cost, the fixed or annual production cost was determined as the sum of 

sub-total Sections, which was then divided by the production capacity or volume illustrated in 

Section 6.3, as shown in Table 3.10. The production cost in R/kg or R/m3 for CFA-based 

geopolymer cured at room temperature process, which was considered for investment, is shown 

in Table 6.19.  

Table 6-19:CFA-based geopolymer concrete cured at room temperature yearly fixed cost and production 

cost in R/kg and R/m3 

Sub-total Section   Cost, associated   

Sub-total A  R             5 094 242.73  

Sub-total B  R             1 281 811.58  

Sub-total C  R             1 514 312.90  

Fixed cost  R             7 890 367.20  

Production cost, Kg  R                         1.96  

Production cost, m3 R                      4 414.71 

6.3.3.5 Investment cash flow analysis and profitability.  

At this stage, it was important to focus on the production on a volume basis ( R/m3) rather than a 

mass basis (R/Kg) as the price of concrete materials is usually listed on a volumetric basis 

(dimensions) online. A kerb concrete block of 1000 mm x 205mm x 150 mm (equivalent to 0.03075 

m3) was found to cost R205.00 at about 30 MPa of strength (Available at 

www.buildersmerchant.co.za/products/barrier-kerb-bk1-supplier-cape-town-johannesburg-

pretoria-durban, Accessed on 18th November 2022) which is equivalent to R6 666.67/ m3. This 

was found to be 33.78% higher than when this product was made with CFA-based geopolymer 

concrete at R4 414.71/m3 with 35 MPa strength. An investment analysis was performed from 

which the profitability and other investment-associated criteria were determined after calculating 

the manufacturing or investment cost using Equation 3.50 based on the results in Table 6.20. The 

cost associated with concrete waste management is negligible as less geopolymer concrete 

waste was produced and could be recycled in the next batch before reaching the final setting 

time.  
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Table 6-20: Manufacturing cost of CFA-based geopolymer concrete cured at room temperature  

Parameter of manufacturing cost  Cost, R 

Raw material cost  R             5 059 008.38  

Utility cost  R                 33 146.79  

Waste management cost  R                            -    

Labour cost  R             2 796 124.48  

Capital cost  R               417 511.34  

Investment cost   R           13 971 922.72  

An investment cost shown in Table 6.20 was considered. In order to determine the yearly profit 

of the process, which helps analyse the process, the revenue was first at a percentage breakage 

(breakage due to various factors such as improper demoulding or curing or other production 

issues) of 4% of the 1 787.29 m3 of product. Thus, the output would be 96% or about 1 715.80 

m3 (obtained from a conversation with the concrete manufacturing company). The yearly revenue 

is then listed in Table 6.21 (which is based on 96.00% of the overall product (1787.29 m3) as 

production capacity and R6 341.46 as selling unit cost per volume) from which the annual 

production cost was deducted to obtain the yearly profit.  

Table 6-21: CFA-based geopolymer concrete yearly revenue and profit assumption 

Yearly cost  Cost, R  

Yearly revenue (assuming a 4% percentage breakage)  R           10 880 684.13  

Annual production 
cost 

Labour and  -R             2 796 124.48  

Raw material -R             5 059 008.38  

Utility -R                 33 146.79  

Miscellaneous material -R                   2 087.56  

Profit per year  R             2 990 316.93  

Assumed 85% of profit reached/ year   R             2 541 769.39  

From Table 6.21, it was assumed that a minimum of 85% of the yearly profit should be reached. 

Analysis based on an equal annuity basis was performed assuming a minimum attractive rate of 

return (MARR) of 10% to determine the criteria listed in Table 3.11, such as net present value, 

profitability index, or payback period, based on the given equations. The results of the calculations 

are shown in Table 6.22. The break-even point and payback period are illustrated in Figure 6.1 
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Table 6-22: CFA-based geopolymer concrete investment profitability analysis results in rand value  

 
MARR              10.00%     

Project life                      12.00      

          

Period, 
years 

 Cash flow  
 Discount 

factor  
 Cash balance   Interest earned   Discount cash flow  

0.00 -R     13 971 922.72  1.00 -R       13 971 922.72  -R       13 971 922.72  -R       13 971 922.72  

1.00  R      2 541 769.39  0.91  R        2 310 699.44  -R        1 397 192.27  -R       12 827 345.60  

2.00  R      2 541 769.39  0.83  R        2 100 635.86  -R        1 282 734.56  -R       11 568 310.78  

3.00  R      2 541 769.39  0.75  R        1 909 668.96  -R        1 156 831.08  -R       10 183 372.47  

4.00  R      2 541 769.39  0.68  R        1 736 062.69  -R        1 018 337.25  -R        8 659 940.33  

5.00  R      2 541 769.39  0.62  R        1 578 238.81  -R           865 994.03  -R        6 984 164.97  

6.00  R      2 541 769.39  0.56  R        1 434 762.56  -R           698 416.50  -R        5 140 812.08  

7.00  R      2 541 769.39  0.51  R        1 304 329.60  -R           514 081.21  -R        3 113 123.91  

8.00  R      2 541 769.39  0.47  R        1 185 754.18  -R           311 312.39  -R           882 666.91  

9.00  R      2 541 769.39  0.42  R        1 077 958.34  -R             88 266.69   R        1 570 835.79  

10.00  R      2 541 769.39  0.39  R           979 962.13   R           157 083.58   R        4 269 688.75  

11.00  R      2 541 769.39  0.35  R           890 874.66   R           426 968.88   R        7 238 427.02  

12.00  R      2 541 769.39  0.32  R           809 886.06   R           723 842.70  10 504 039.10 

   
 NFV   R       10 504 039.10    R       10 504 039.10  

  
 NPV   R        3 346 910.57    R        3 346 910.57  

  
 PI   R                     2.18    R                     2.18  

  
 IRR                    14.67%   

 
 Payback period                           8.35 years 
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Figure 6-10: CFA-based geopolymer concrete investment break-even point and payback period from 

assumed investment.  

From Table 6.22, the investment results in a positive profit with a profitability index greater than 

zero; therefore, this investment is subject to consideration. The payback period was determined 

as 8.35 years (8 years, four months and six days). An internal rate of return on investment was 

calculated to be approximately 14.67%. 

To meet all these requirements, it was important to determine the minimum quantity of CFA-based 

geopolymer concrete volume to be sold yearly, described as a break-even volume to sustain the 

project. This was found to be 801 m3 yearly based on the 1787.29 m3 total product produced. This 

is illustrated in Figure 6.11, where the production break-even point is shown (in this case, the 

stage at which the business is not losing or making profits).  
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Figure 6-11: CFA-based geopolymer concrete annual break-even volume required from assumed capital 

investment.  

6.3.4 Sensitivity analysis  

The effect of low calcium class F CFA and other raw materials on investment was analysed 

through a sensitivity analysis. Figure 6.12 shows the upper and lower impact on base price with 

the investment net present value. It is scientifically evident that lowering the price of any raw 

material from base cost will not negatively impact the investment but rather improve it. As an 

increase in cost may be challenging, based on the results obtained, up to 60% variation in the 

price of raw materials such as fine and coarse aggregates, as well as utility cost when using the 

room curing method, did not negatively impact the net present value. On the other hand, variations 

of CFA, sodium silicate and sodium hydroxide negatively have affected the present value, starting 

from 30% for sodium silicate and 45% for sodium hydroxide and CFA.  
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Figure 6-12: CFA-based geopolymer concrete, a sensitivity analysis impact of raw materials used and 

utility on the net present value. 

CFA as waste raw material and the most used in this study was analysed, including other 

parameters such as production cost, payback period, break-even volumes and net present value. 

As observed from Figure 6.12, an increase in cost was demonstrated to have a negative impact 

on other parameters listed. Figure 6.13 illustrates investment parameters’ variation due to an 

increase in base cost (from CFA, where a similar analysis for other raw materials is shown from 

Table 7.3 to Table 7.9 of the appendix).  
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Figure 6-13: Impact of CFA  base cost variation on investment parameters.  

6.4 Chapter Summary   

The oven process was found to be a very energy-intensive process on the utility basis from which 

the addition of its capital cost, bare module cost, as well as the cost associated with its 

maintenance will largely affect the production cost, which is directly related to investment cost. 

For 12 years of operation, as assumed from the room curing process, the oven curing will result 

in a negative net profit with a profitability index lower than zero. The investment resulted in a very 

economical process based on a net present value obtained. This also shows that for every R1 

invested, a profit of R2.18 is obtained as a profitability index. This would not be possible using the 

oven-curing process due to the total module and utility cost associated with the oven, which will 

directly require higher investment funds and negatively impact the production cost as it may also 

affect the feasibility of the process over 12 years of plant life on an equal annuity basis. A previous 

calculation result in Kalombe’s (2018) resulted in a production cost of R5/Kg at a plant capacity 

of 152 880 Kg/year when the oven curing process was used for 24 hours at 60 to 80 OC, which is 

higher than R1.96/Kg. A sensitivity analysis shows that variation in the cost of CFA  can negatively 

and positively impact the profitability of this project; however, CFA as waste should be procured 

at a lower cost to facilitate its reuse. 
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Chapter 7  

Conclusions, precautions and recommendations 

for future work 

This study consisted of synthesising CFA-based geopolymer formulations optimised for different 

construction applications by avoiding heat-curing regimes compared to previous studies. This 

chapter provides a conclusion, recommendations, and suggestions for future work. To conclude 

this study, the research questions in Section 1.4 related to major findings, along with 

recommendations, were answered. Challenges found to be beyond the scope of this study were 

considered for future research. 

7.1 Overview of findings  

This study focused on developing an environmentally friendly method for converting power plant 

waste (CFA ) into durable and strong value-added construction materials with high energy 

efficiency and cost-effectiveness by utilising versatile formulations with good structural properties. 

Considering the research questions, it is important to understand that pure CFA is characterised 

using XRF, FTIR, XRD, and SEM-EDXS imaging techniques, including a particle size analyser 

that illustrates the cumulative and volume distribution percentages. A chemical analysis of the fly 

ash by XRF revealed high silica and aluminium oxides, respectively, with less than 10% calcium, 

classified as low calcium CFA according to ASTM 618. The XRD analysis of CFA indicates a 

crystalline structure with quartz and mullite phases identified. The particle size of CFA analysed 

with SEM imaging shows about 86% cumulative distribution percentage for particles less than 

100 µm ranging from 0.2 to 7.38 µm. SEM imaging also showed the presence of marginal 

unreacted CFA in all formulations. The presence of capillary voids was high in the CFA-based 

geopolymer concrete cured at 60 oC oven temperature and room temperature with no plastic or 

open-air curing method. 

The acceptable sodium hydroxide concentration of 12 M was considered, resulting in a 

consistency of 7 mm, with initial and final setting times of 170 and 230 minutes, respectively. 

Using a NaOH molar concentration lower than 12 M could result in a formulation with a flash 

setting and rejectable consistency of lower than 5-7 mm. On the other hand, using a NaOH molar 

concentration higher than 12 M can lead to a delay in setting times and higher consistency. CFA-
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based geopolymer cement-free formulations were found to set at both oven and room 

temperatures in accordance with standardised setting times for concrete materials of less than 12 

hours. A homogeneous number (dimensionless) of 0.55 was obtained using a mixing time of 30 

minutes, while all formulations were cast within 5 minutes for a volume of 0.003 m3 for a 

demoulding time of 24 hours after casting. 

The strength properties related to the formulations developed were investigated based on the 

effect of sodium hydroxide concentration and fine and coarse aggregates in addition to the CFA-

based paste, as well as the effect of different curing regimes. A sodium hydroxide concentration 

ranging from 8 to 16 M shows compressive strength increases from 27.3 to 42.1 MPa on CFA-

based geopolymer paste. An increase of 10% CFA  from the controlled 12 M formulations at 35.1 

MPa can increase the compressive strength up to 37.4 MPa. Concrete pigment oxide added at a 

rate of up to 10% of CFA weight can lower strength by up to 21% and increase density by about 

1.5%. Fine and coarse aggregates significantly impacted the mechanical properties of CFA-based 

geopolymer paste. The addition of fine and coarse aggregates could marginally decrease the 

compressive strength of GPP-M2A in GPC-M2A with about and largely increasing the density for 

the formulations of CFA-based concrete. The results obtained from compression strength, flexural 

strength, tensile splitting and modulus of elasticity showed that the addition of fine and coarse 

aggregates improved the breaking pattern of the geopolymer formulation from unsatisfactory to 

satisfactory as well as could reduce the robustness of the material to be developed. The three 

curing methods examined  (which were oven curing at 60 oC for 24 hours, room curing with a 

plastic cover or without a plastic cover ) showed that room curing without a plastic cover was the 

most unsatisfactory curing regime that can be used for the curing of geopolymer formulations. 

Early thermal cracks were observed; therefore, this method promotes high heat of hydration. It 

was also observed that the oven curing method results in early strength development, meeting 

the standard concrete requirement after three days of curing, while this is not the case with room 

curing methods. Both these methods reach similar compressive strengths at ultimate ageing of 

21 to 25.6 days. The room curing with a plastic cover was comparable to the oven curing method 

at three months of ageing, but this was not the case with room curing without a plastic cover. This 

shows that there is an alternative to curing CFA-based geopolymer formulations at room 

temperature as long as moisture is not lost.  

The strength properties of geopolymer formulations are related to their durability properties. High 

water penetration was found in products that were room-cured without plastic cover, including a 

higher water absorption rate. Room curing without a plastic cover is a less desired method as it 
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not only results in high water penetration and absorption, but also showed a sign of heavy 

efflorescence, whereas oven curing and room curing with a plastic cover resulted in slight or nil 

efflorescence, respectively. All formulations at different curing regimes resulted in a better 

percentage of non-carbonation penetration depth of more than 95% because of the high pH level 

of 13.85-14 in these formulations. As part of shrinkage, the oven curing method is responsible for 

high early shrinkage of up to -5000 micro-strains compared to other curing methods, which were 

found to be less than -500 and -100 micro-strains for room curing without and with plastic cover, 

respectively. A fire testing according to ISO 834 or SANS 10177-2 for room curing with plastic 

cover panels passed the fire rating of 1 hour in all stability, integrity and insulation requirements, 

as well as no pollutant gases, were observed during the testing.   

The environmental assessment impact of formulations shows that oven curing is a highly polluting 

process in comparison to both room curing methods and normal OPC concrete technology, with 

an emission factor of about 0.894 Kg CO2 eq and about 93.9% CO2 emissions associated with 

the curing at 60 oC for 24 hours when collecting CFA  at about a transport distance of 1382.3 Km. 

Water scarcity and other greenhouse gases were found to be a major issue with this curing 

method compared to room curing methods. The addition of fine and coarse aggregates plays a 

significant role in reducing the emissions associated with CFA-based geopolymer paste 

formulation.  

CFA-based geopolymer concrete cured at 60 oC oven temperature for 24 hours is a highly energy-

intensive process of about 218 times greater than room curing processes. The results of economic 

analysis on a yearly basis show that the room curing process utility costs were about R33 146.79  

while the oven curing process costs were about R1 361 933.35. The process scale-up is 

favourable with the room curing process, resulting in a production cost of R1.96 /Kg or R4 

444.71/m3, which is very low compared to that of R5/Kg obtained from the previous study where 

the oven curing process was considered (Kalombe, 2018). The sensibility analysis shows that the 

oven-curing process can still be feasible with an increase of 15 to 60% of the current utility cost. 

With an increase of 30 and 45% in sodium silicate and sodium hydroxide, respectively, from the 

cost market cost, the net present value will be negatively affected, resulting in a non-profitable 

process.   

Radioactivity measurements show that CFA has an average total radon activity of 680 Bq/kg. This 

is in contrast to the accepted 420 Bq/Kg value, while synthesised products have a radon activity 

ranging from 408 to 459 Bq/Kg, which is higher than the accepted limits  
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Overall, it can be said that the properties tested on CFA-based geopolymer formulations cured at 

room temperature met the standards required for construction applications, as shown in Table 

3.5. The environmental impact and the energy consumption, including the manufacturing cost, 

made it the most suitable geopolymerization and curing process. This study investigated the 

properties of materials, the cost and the materials' environmental impact. The optimised product 

formulation considered was affordable and environmentally friendly as no heat was required 

during the curing process.  

7.2 Recommendations 

This study has proven that CFA-based geopolymer formulations can be cured at room 

temperature and covered with a plastic sheet to obtain similar and improved compared to oven 

curing methods to manufacture with lower environmental impacts and produce an affordable CFA-

based geopolymer construction material. Considering the following precautions and future studies 

to improve coal ash waste management is important.  

➢ Both sodium hydroxide and silicate should not be stored in an open container as this will 

start to evaporate water and form gel, changing the composition of the solution and then 

affecting that of the formulation.  

➢ Proper container vessel material must be selected to prepare the hydroxide and alkaline 

solutions to avoid side reactions between hydroxide ions and the metal constituting the 

container material. It is more suitable to prepare the solution in a plastic drum. Never use 

drum made of metals such as aluminium because it results in a chemical reaction and 

cause more environmental issue 

➢ When scaling up this process at an industrial level and for safety purposes, the 

dissociation of sodium hydroxide on a big scale must be done in a closed system to avoid 

high gas emissions to the atmosphere. The system may also be insulated for proper safety 

precautions due to the exothermic energy being released.  

➢ It is important to know the class or chemical composition of any fly ash being used in any 

process to plan a proper production or avoid further unexpected effects on the strength 

and durability of the final product.   

➢ The moisture content of this binder (FA) must not exceed 14. Higher moisture influences 

the designed mix ratio with an additional undefined water content, which reduces the initial 

and final setting time and leads to higher shrinkage. 
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➢ Once samples are made, they must be covered or sealed with a plastic sheet or soaked 

in water for 3- 7 days or more to prevent their surface from rapid evaporation of the 

moisture content, leading to cracks and deterioration of the geopolymer concrete. 

➢ The brittle tension failure in GPP showed that when using CFA-based Geopolymer paste 

for structural application, more steel reinforcement is required for both the tension and 

compression zone, while CFA-based geopolymer concrete might only require 

reinforcement on the tension zone. 

➢ Even though the oven curing results in an early strength, concrete is normally judged on 

28 days' strength.  

➢ More than a 2-hour fire rating can be obtained if the thickness of the testing product is 

increased to 100 mm. 

7.3 Suggestions for future works 

➢ The curing of geopolymer period of 24 hours oven curing temperatures will lead to the 

burden-shifting as impacts are increased in the curing process (impacts are reduced at 

one stage of the value chain but are then felt elsewhere). A full life analysis or a value 

chain of the product is required at an industrial scale to determine a cradle to the grave of 

the synthesis of geopolymer-based coal fly ash.  

➢ CFA-based geopolymer products can largely be used for open structures such as bridges, 

road barriers, paving blocks, concrete kerbs, coastal protection, and fireproof walls for 

housing purposes. Initially, the CFA average total activity needs to be monitored and then 

taken into consideration when less than 684 Bq/Kg is achieved. Furthermore, to validate 

these results, a further study should investigate radiation on a full building envelope 

consisting of walls, floors, and ceilings made of CFA-based geopolymer formulations, as 

the results will give a clear indication based on radiation protection guidelines. 

➢ Future work should investigate the effect of 60 oC oven curing for not more than 6 hours 

for early curing materials.  

➢ The effect of the Si: Al ratio on compressive strength needs to be investigated on South 

African CFA-based geopolymer as the current ratio of 3:1 obtained shows a higher 

compressive strength than the 2.65 ratios investigated in Timakul et al. (2015) studies, as 

shown in Figure 3.16.  
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➢ Based on the durability results obtained, normalising the cost per year of service life (this 

can be predicted based on durability results but requires other study parameters), it may 

be scientifically evident that products cast by synthesis of CFA-based geopolymer 

concrete can again be a very attractive option.   

➢ Perform a study on service life prediction of materials made from CFA-based geopolymer 

concrete. This can also be compared to normal concrete materials.  

➢ Thermal methods such as differential scanning calorimetry (DSC), Thermogravimetry 

(GTA) and differential thermal analysis (DTA) are needed for a better understanding of 

phase change or reaction by mean of heat flow (hydration during the curing), mean of 

mass change and temperature difference in the curing process. Decomposition may be 

investigated when CFA-based geopolymer formulations are exposed to fire.  

➢ Investigate the effect of different lightweight aggregates on CFA-based geopolymer 

concrete for light concrete making on their ductility and strength properties.  

7.4 Chapter Summary   

It may not be advisable to cure CFA-based geopolymer formulations at oven temperature for 

longer than 24 hours as this process is highly expensive and causes high CO2 emissions and 

embodied energy compared to normal OPC concrete. Additional fine and coarse aggregates are 

critical in CFA-based geopolymer formulations when designing for ductile materials to avoid brittle 

failure. The study can also use low-cost lightweight aggregates as a substitute for fine and coarse 

aggregates to keep the density low for non-structural construction applicants from similar 

formulations.   
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Appendices 

 

Appendix A 

This Section contains extra information regarding extra experimental and literature Figures used 

in this study.  

 

 

Figure A-1: CFA-based geopolymer concrete cylinder failure type compared to ASTM C39 failure 
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Figure A-2: Experimental temperature and humidity recording during efflorescence test 

                     

Figure A-3: Stage involved in the building life cycle (Source: Crawford, 2011).      
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Figure A-4: Power characteristics of close clearance agitator curve for anchor agitator (Available at 

https://www.pharmacalculations.com/2016/05/types-of-agitators.html,  Accessed on 12 November 2022). 
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Figure A-5: An example of suitable a suitable model for the synthesis of CFA-based geopolymer concrete 

geopolymer stirred-tank reactor at large-scale capacity (modified from source: Ghanem et al, 

2014). 

 

Figure A-6: Identification of powder X-ray patterns; amorphous (a) and crystalline (b) (Source: Nunes et al., 

2005). 
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Figure A-7: Wentworth grain-size scale for siliciclastic sediment (Available at http://www-

odp.tamu.edu/publications/197_IR/chap_02/c2_f6.htm,  Accessed on the 30th of September 

2022). 
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Figure A-8: Fire test sample mould with Y6 reinforcement steel (a) and fire sample after finished (b). 
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Figure A-9: Top face of radon measurement RAD 7 (a) and 100 mm cubic CFA-based geopolymer paste block inside a gamma vacuum chamber. 
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Figure A-10:CFA-based geopolymer paste after Vicat  apparatus test 
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Appendix B.  

This Section contains additional results data of the experiment and analytical techniques as well 

as that of literature which served during the decision making. 

Table B-1: Embodied energy and Carbon dioxide emission related to 1 Kg of different materials produced 

(Source: Scrivener, 2014) 

Material Embodied Energy, MJ/Kg 
CO2 emissions                   

Kg CO2 eq 

Normal concrete  0.95 0.13 

Fire clay bricks 3.00 0.22 

Road & Pavement  2.41 0.14 

Glass 15.00 0.85 

Wood (plain timber) 8.50 0.46 
Wood (multilayer 
board) 15.00 0.81 

Steel (from ore) 35.00 2.80 

 
 

 

 

 

Table B-2: Scale-up for kinematic similarity index n values (Available at 

https://www.pharmacalculations.com/2016/05/types-of-agitators.html, Accessed on 12 

November 2022). 

Requirements n Value  

For equal liquid motions 1 

For equal liquid suspension of solids 3/4 

For equal rate of mass transfer  2/3  
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Table B-3: Cost and shipping cost and other activities costs associated with the JS 1000 concrete mixer. 

JS 1000 concrete batch mixer set, activity  Cost, R 

Purchased price  R 103 654.20  

Shipping  R   74 009.10  

Installation  R   38 144.75  

Insurance  R     4 871.75  

Taxes  R   15 548.13  

Engineering   R   14 096.97  

Some overhead expenses  R   36 278.97  

Bare module cost (including JS 1000 concrete batch mixer set)  R 286 603.86  

Total module cost (Bare module cost + unforeseen costs and 
contractor fees) 

 R 338 192.56  

 

Table B-4: Sieve analysis results and cumulative percentage of coarse aggregate 

SABS Sieves, 
mm 

Retained by sieve 

Cumulative percentage 
passing sieve 

On specific sieve  
Cumulative percentage 

of the total mass Mass, g 
Percentage of 
the total mass 

20 12 0.77 0.77 99.23 

14 75 4.80 5.57 94.43 

10 1080 69.11 74.68 25.32 

7.1 386 24.70 99.38 0.62 

5 8 0.51 99.89 0.11 

2 0.5 0.03 99.92 0.08 

1 0 0.00 99.92 0.08 

0.6 0 0.00 99.92 0.08 

0.3 0 0.00 99.92 0.08 

0.15 0.75 0.05 99.97 0.03 

0.075 0.5 0.03 100.00 0.00 

Pan 0 0.00 100.00 0.00 

Total 1562.75 100 599.54 220.08 

Fitness modulus= 6.00 
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Table B-5: Sieve analysis and cumulative fine aggregates 

 

  

SABS Sieves, 
mm 

Retained by sieve 

Cumulative percentage 
passing sieve 

On specific sieve  
Cumulative percentage 

of the total mass Mass, g 
Percentage of 
the total mass 

20 0 0.00 0.00 100.00 

14 0 0.00 0.00 100.00 

10 0 0.00 0.00 100.00 

7.1 0 0.00 0.00 100.00 

5 0 0.00 0.00 100.00 

2 2 0.29 0.29 99.71 

1 43 6.23 6.52 93.48 

0.6 83 12.03 18.55 81.45 

0.3 202 29.28 47.83 52.17 

0.15 296 42.90 90.72 9.28 

0.075 64 9.28 100.00 0.00 

Pan 0 0.00 100.00 0.00 

Total 690 100 163.91 836.09 

Fitness modulus= 1.64 
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Table B-6: Process equipment building material to be considered during installation. 

Equipment name  
Construction 
Material type 

Construction 
material to 
be avoid 

Comment 

 

Paving moulds Plastic or steel - -  

Water measurement bucket Plastic or steel - -  

Sodium hydroxide preparation tank  Plastic  
Aluminium 

based drum 

Na2O can 
react with 
Al2O3 

 

Sodium hydroxide solution measuring 
bucket 

Plastic 
Aluminium 

based drum 

Na2O can 
react with 
Al2O3 

 

Sodium silicate measuring drum  Plastic or steel -   

Alkaline storage drum Plastic 
Aluminium 

based drum 
-  

Na2O and Al2O3 are sodium and aluminium oxides respectively.   

Table B-7: CFA-based geopolymer paste and concrete Tensile-to-compression strength ratio 

CFA-based geopolymer 
strength  

Tensile 
strength, MPa 

Tensile to compression 
strength ratio, % 

GPP, room with plastic cover 2.8 6.7 

GPC, room with plastic cover 4.0 12.8 
GPC, 24 hr 60 oC oven 
curing 4.5 11.7 
GPC, room no with plastic 
cover 2.8 11.0 
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Table B-8: Carbon dioxide greenhouses equivalent over Global warning potential period of 100 years and their emissions sources (Source: Available 

at: https://www.epa.gov/ghgemissions/overview-greenhouse-gases#CO2-references, Accessed on 8th of August 2022). 

 

Greenhouse gases 
Chemical 

Formulas 

Global Warming 

Potential (100-year) 

CO2 eq 

Atmospheric 

lifetime 

(years) 

Emission sources  

Carbon dioxide  CO2 1 Depend 

 Burning fossil fuels (coal, natural gas, and oil), 

solid waste, trees and other biological materials, 

as well as a result of certain chemical reactions 

Methane CH4 25 12 

production and transport of; coal, natural gas and 

oil. Livestock and agricultural practices. Land use 

and decay of organic waste in municipal solid 

waste landfills.  

Nitrous oxide N2O 298 114 

Agricultural, land use, and industrial activities; 

combustion of fossil fuels and solid waste and 

during the treatment of wastewater  

Fluorinated gases 

HFCs up to 14,800 Up to 270 

household, commercial, and industrial 

applications and processes. 

PFCs  up to 12,200 
2,600 to 
50,000 

NF3 17,200 740 

SF6 22,800 3,200 

Depend= CO2 in the atmosphere is a component of the global carbon cycle, and its fate depends on geochemical and biological processes. 

Even though some excess carbon dioxide will be absorbed quickly (for example, by the ocean surface), some will remain in the 

atmosphere for thousands of years due to the very slow process by which carbon is transferred to ocean sediments.  
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Table B-9: EDS elemental atomic and weight percentage of pure CFA  and synthesised CFA-based geopolymer formulations before and after 

durability tests. 

                            

CFA  & CFA-based 
geopolymer formulations 

  Chemical elements atomic (Atomic) weight (Wt) concentrations (%)   
Total 

  C O Na Mg Al Si S K Ca Ti Fe Cu 

CFA  
Atomic 34.59 45.94 0 0.25 7.54 9.64 0.14 0.19 0.86 0.31 0.46 0.09 100 

Wt 24.11 42.65 0 0.35 11.8 15.7 0.25 0.44 1.99 0.86 1.5 0.35 100 

GP, room with plastic cover 
Atomic 13.81 56.44 1.89  12.59 14.18 0 0.1 0.63 0.11 0.26 0 100 

Wt 8.73 47.55 2.28 0 17.89 20.97 0 0.21 1.33 0.29 0.75 0 100 

GPM, room with plastic cover 
Atomic 12.84 55.37 3.57 0.26 9.13 16.53 0 0.2 1.25 0.3 0.55 0 100 

Wt 7.94 45.61 4.22 0.33 12.69 23.9 0 0.41 2.58 0.74 1.59 0 100 

GPC 24 hr 60 oC oven curing  
Atomic 22.99 51.22 2.86 0.3 6.91 12.03 0.12 0.33 2.37 0.24 0.51 0.12 100 

Wt 14.91 44.23 3.55 0.39 10.06 18.24 0.2 0.7 5.13 0.62 1.53 0.42 100 

GPC, room with plastic cover  
Atomic 22.37 51.65 3.34 0.39 7.54 12.07 0.13 0.21 1.5 0.29 0.49 0 100 

Wt 14.62 44.96 4.18 0.52 11.07 18.45 0.23 0.44 3.28 0.75 1.5 0 100 

GPC, room with no plastic 
cover  

Atomic 30.04 48.12 3.11 0.44 6.38 9.94 0.13 0.15 1.07 0.21 0.33 0.08 100 

Wt 20.61 43.98 4.08 0.62 9.83 15.94 0.24 0.33 2.46 0.58 1.05 0.29 100 

GPC, room with plastic cover 
after water soaked  

Atomic 30.14 48.13 2.32 0.33 6.13 9.67 0.15 0.22 2.2 0.23 0.48 0 100 

Wt 20.46 43.51 3.01 0.46 9.34 15.35 0.27 0.49 4.97 0.62 1.5 0 100 

GPC, room with plastic cover 
after fire  

Atomic 26.08 50.48 2.43 0.25 6.25 11.62 0.15 0.19 1.83 0.21 0.41 0.09 100 

Wt 17.38 44.81 3.1 0.34 9.36 18.11 0.26 0.41 4.06 0.56 1.28 0.32 100 
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Appendix C 

This Section provides additional information about the initial form of the Equation used 

including its derived form or other additional equations.  

     𝐼𝑚𝑝𝑎𝑐𝑡 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 (𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟)  × 𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑       Equation 

C.1 

               (
𝐹𝑖𝑛𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚
 𝑒𝑛𝑒𝑟𝑔𝑦

)− (
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 

𝑒𝑛𝑒𝑟𝑔𝑦
) = (

𝑛𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 
𝑡𝑜 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚

)      Equation 

C.2    

                             𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑈𝑖 + 𝐸𝑘𝑖 + 𝐸𝑝𝑖                                         Equation 

C.3 

                                          𝐹𝑖𝑛𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑈𝑓 + 𝐸𝑘𝑓 + 𝐸𝑝𝑓                            Equation 

C.4 

                                                    𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑 = 𝑄 −𝑊                               Equation 

C.5 

                                         (𝑈𝑓 − 𝑈𝑖) + (𝐸𝑘𝑓 − 𝐸𝑘𝑖) + (𝐸𝑝𝑓 − 𝐸𝑝𝑖) = 𝑄 −𝑊                Equation 

C.6 

                                                  ∆𝑈 + ∆𝐸𝑘 + ∆𝐸𝑃 = 𝑄 −𝑊                                        Equation 

C.7 

                                                    𝑉𝑙𝑎𝑏 = (
3.14×𝐷𝑇

4
) × 𝐻                                    Equation 

C.8 
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Appendix D 

Editor’s Certificate 


