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Alkali-activated materials (AAM) are recognized as potential alternatives to 

ordinary Portland cement (OPC) to limit CO2 emissions, and beneficiate several 

wastes into useful products. However, the alkali activation is difficult to handle 

because it contains a concentrated alkaline solution that is corrosive and dangerous. 

Consequently, the development of so-called “one-part” AAM may have greater 

potential than the conventional “two-part” AAM, especially in cast-in-situ and 

precast concrete (PC) applications. One-part AAM involves a dry binder mixture that 

consists of a solid aluminosilicate precursor, a solid alkali source, and possible 

admixtures to which water is added, similar to the preparation of OPC. The dry 

mixture can be prepared at elevated temperatures to facilitate the reactivity of certain 

raw materials. This paper discusses the development of one-part AAM by using fly 

ash (FA) as precursor, lime-type activator, and various chemical additives, and 

validates their mechanical properties and microstructural characteristics. 
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Lime-type activators such as CaO and Ca(OH)2, which are commonly used for 

granulated blast-furnace slag (GGBFS) activation, are much less expensive and 

dangerous than alkaline activators (pH = ~12.5 in a saturated solution), so they can 

function as suitable alkaline activator substitutes for fly ash (FA) activation. Similar 

to OPC, lime-activated FAs produced calcium silicate hydrates (C-S-H) as their main 

reaction product; however, when the limes were used alone without any other 

additives in the activations, their compressive strengths were considerably lower 

than that of OPC, mainly due to low reaction degree of FA. Thus, it is necessary to 

find suitable additives to promote the reaction degree and significantly strengthen 

lime-activated FA binders. 

Previously, additional chemicals such as Na2SO4, CaCl2, NaCl were used to 

improve the mechanical properties. However, these additives, which contain chloride 

or sulfate ions, should be avoided in concrete because they might cause durability 

problems, such as steel corrosion or sulfate attacks. Still, it is necessary to identify 

more effective additives without having chloride and sulfate ions to achieve a good 

mechanical performance comparable to OPC. 

In practice, formate and nitrate compounds are mainly used as organic chemical 

admixtures for OPC, such as set accelerators, corrosion inhibitors, or deicers. Despite 

numerous studies on how formate and nitrates affect an OPC system, no study has 

been conducted on how those chemicals impact a lime-activated FA binders. Thus, 

the role of the formate and nitrate compounds as additives in lime-activated FA needs 

to be investigated because those chemicals may be very effective at improving 

mechanical properties of lime-activated FA binders. 

Mechanical performance and microstructures characterisctics of one-part 

alkali-activated FA binders with new chemical compounds were developed as a 

possible alternative to OPC using compressive strength test, specific gravity, water 

absorption, X-ray fluorescence spectroscopy (XRF), laser diffraction, inductively 
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coupled plasma atomic emission spectroscopy (ICP-OES), pH measurement, X-ray 

diffraction (XRD), thermogravimetric analysis (TGA), mercury intrusion 

porosimetry (MIP), solid-state 27Al and 29Si magic-angle spinning nuclear magnetic 

resonance spectroscopy (MAS-NMR), and scanning electron microscopy (SEM) 

with energy dispersive spectroscopy analysis (EDS). 

This study investigated whether four formate compounds (i.e., Ca(HCOO)2, 

Mg(HCOO)2, NaHCOO, and KHCOO) could improve the strength of a CaO-

activated FA. The addition of Ca(HCOO)2 and Mg(HCOO)2 significantly 

strengthened the FA binder system by substantially increasing C-S-H formation and 

measurably reducing overall pore size. Initially, in particular, dissolution of the 

activator, CaO, was promoted, which affected the strength enhancement. 

Furthermore, the initial formation of katoite could make the hardened matrix denser, 

resulting in enhanced strength. However, adding NaHCOO or KHCOO was much 

less advantageous to strength improvement because although helpful in dissolving 

FA, the high pH environment caused by their reaction with CaO inhibited further 

dissolution of CaO, which was the main activator used in this study. 

Three potential additives of nitrate compounds (i.e., Ca(NO3)2, Mg(NO3)2 and 

NaNO3) to improve the strength of a CaO-activated FA were investigated by using 

various microstructurual approaches. The use of Ca(NO3)2 and Mg(NO3)2 was 

greatly beneficial in the strength improvement of the binder system primarily due to 

the significant increase in the dissolution degree of fly ash, C-S-H formation, and 

pore size refinement from early days; however, NaNO3 was much less advantageous 

in strength improvement, although it also aided in dissolving fly ash.  

Considering for practical application, expanded perlite (EP) and expanded 

vermiculate (EV), as a lightweight aggregate, mixed CaO-Mg(NO3)2-activated FA 

binder mortars were successfully produced. From SEM, although EP and EV did not 

chemically contribute to formation of reaction products because they do not form an 
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interfacial transition zone (ITZ) between the binder matrix and aggregates, or react 

with the binder matrix, mortar samples showed excellent lightness and strength, 

consistent with standard for commercial autoclaved aerated concrete (AAC). 

The developed one-part alkali-activated binders made from industrial by-

products can contribute significantly to CO2 emissions reduction in the cement and 

construction industries. Along with these environmental benefits, economic benefits 

by reusing a significant amount of industrial byproducts currently being reclaimed 

could be achieved. Finally, the results of this study are of academic value that will 

contribute to the expansion of related research fields, since the basic principles of 

the new binder system can be applied to different by-products. 

Keywords : cementless binder; microstructure; lime-type activator; formate; 

nitrate; expanded perlite; expanded vermiculite; fly ash 
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A  Al2O3 

C   CaO 
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F  Fe2O3 

H  H2O 

M  MgO 
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S    SO3 

AFm Al2O3-Fe2O3-mono, [Ca2(Al, Fe)(OH)6]・X・xH2O, where 

X is a unit formula unit of a singly charged anion or half 

formula unit of a doubly charged anion. 

AFt  Al2O3-Fe2O3-tri, [Ca3(Al, Fe)(OH)6・12H2O]・X3・xH2O, 
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C-S-H  calcium silicate hydrate considered as a mixture of poorly 

crystallized 14 Å tobermorite and jennite.





Chapter 1. Introduction 

 

 1 

 

 

 

Chapter 1. Introduction 

1.1 CO2 emission and global warming  

The average temperature of the Earth’s surface has been gradually increasing 

as shown in Fig. 1-1. The Intergovernmental Panel on Climate Change (IPCC) 

reported that the greenhouse gase (GHG) emissions were the main cause of the 

temperature increase in 1990 (IPCC, 2014). The Kyoto protocol was adopted in 

December 1997 and came into force in May 2005. The 2009 meeting of the United 

Nations Framework Convention on Climate Change (UNFCCC) in Copenhagen 

formalized the aspiration to stabilize global warming at no more than 2 °C above 

pre-industrial levels. The subsequent UNFCCC Paris Agreement in 2015 raised the 

additional possibility of aiming for an even lower upper warming threshold of 1.5 °C. 

These targets will require large reductions in anthropogenic GHG emissions, with 

sustained decreases of ~3% per annum and the development of technologies to 

remove CO2 from the atmosphere (Comyn-Platt et al., 2018). Although the academic 

debate on the origin of global warming has continued, but until now, the reduction 

of GHGs such as carbon dioxide has become inevitable reality. 

Global warming or the greenhouse effect can be explained by the increase in 

the temperature of the Earth’s surface due to an increase GHG concentration. The 

six main gases that cause the greenhouse effect are known as carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons 

(PFCs), and sulfur hexafluoride (SF6). CO2 was officially declared in 1985 as a major 

cause by the World Meteorological Organization (WMO) and the United Nations 

Environment Program (UNEP). CO2, which comprises 80% of the total GHG 
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emissions, is usually generated by the combustion process of energy or the industrial 

manufacturing process. 

 

Fig. 1-1 Annually and globally averaged combined land and ocean surface temperature 

anomalies relative to the average over the period 1850 to 2017 

 (http://berkeleyearth.org/global-temperatures-2017) 

 

According to the 5th IPCC, the main causes of artificial CO2 production are the 

combustion of fossil fuels and the production of ordinary Portland cement (OPC) 

(IPCC, 2014) (see Fig. 1-2). OPC is the most widely used building material in the 

present era. The production of OPC has continued to increase during the 20th century 

due to increasing demand for construction along with industrialization. OPC is 

produced at high temperatures using fossil fuels that generate CO2. Thus, the cement 

industry contributes significantly to emission of GHG mainly due to OPC compared 

with other industries. Since OPC is produced by calcinating calcium carbonate at 

approximately 1450 °C, the reduction of carbon dioxide emissions may seem to be 

impossible under the present manufacturing process. In general, 0.8 tons of CO2 is 

produced to manufacture 1 ton of OPC (Gartner, 2004). Approximately 1.35 billion 

tons of CO2 is produced due to this process over the world per year, which consists 

of 7% of total GHG emissions (Shi et al., 2006), which cannot be ignored as a single 

industry’s CO2 emission.  
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Fig. 1-2 Cumulative global anthropogenic CO2 emissions from forestry and other land use 

as well as from burning of fossil fuel, cement production and flaring 

(IPCC, 2014) 

Today, all industries are trying to reduce the total amount of GHGs through such 

methods as the improvement of facilities and the development of new technologies. 

The cement industry is also trying to reduce CO2 emissions by enhancing the 

efficiency of facilities and developing eco-friendly cement. This cement is generally 

manufactured by blending OPC with byproducts such as fly ash and ground 

granulated blast-furnace slag (GGBFS). However, by taking into account the fact 

that the amount of produced cement is increasing by 4 – 10% every year, a more 

effective solution is necessary, such as the development of a new eco-friendly cement 

or binder without any dependence on OPC. Thus, numerous researchers (Jeon et al., 

2015; Jeong et al., 2016a; Jeong et al., 2017) have tried to develop an alternative 

cement system to replace the OPC.  
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1.2 Alkali-activated materials 

From an environmental point of view, one of the main advantages of AAMs 

over conventional cements is their much lower CO2 emissions in AAM production 

than in OPC production. This is because there is no high temperature calcination step 

in the synthesis of AAM, mainly from ashes and / or slags, and the calcination of the 

cement clinker consumes a large amount of fossil fuel-derived energy as well as 

releases CO2 as a reaction product. The use of alkaline hydroxides or silicate 

activated solutions rather than water for cement hydration reintroduces some carbon 

budgets, but overall CO2 reductions due to the use of a wide range of lipid polymers 

are expected to be very important.  

 

 

1.2.1 Geopolymer as two-part alkali-activated material 

Geopolymer is an aluminosilicate amorphous material and has been attracting 

attention as an alternative cement due to its high compressive strength development 

(Duxson et al., 2007a; Duxson and Provis, 2008; Provis, 2014). Geopolymer can be 

produced by mixing an aluminosilicate precursor such as metakaolin or class F fly 

ash and an alkaline solution such as NaOH, KOH, or sodium silicate solutions with 

high curing temperature (Duxson and Provis, 2008; Provis, 2014; van Deventer et 

al., 2012). Although the structure of geopolymer has not been clearly identified, the 

structure has been regarded as a disordered form of the ABC-6 family of zeolitic 

products (presented in Fig. 1-3) based on the similarity of the synthesis methods of 

geopolymer and synthetic zeolite as well as the fact that some zeolite crystals have 

been identified in a geopolymer matrix (Oh et al., 2010). 

As shown in Fig. 1-3, geopolymer has been considered as a porous material. It 
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has a high heat- and fire-resistance capacity due to its structural characteristics as a 

porous media (Duxson et al., 2007b; Kodur et al., 2008; Kong et al., 2007). Some 

researchers tried to develop high fire-resistance construction materials (Bernal et al., 

2013; Kong and Sanjayan, 2010; Zhang et al., 2014). Geopolymer contains some 

cations which are mainly Na+ or K+ in its cavities to adjust the charge imbalance 

between Si4+ and Al3+ ions. Because attached cations can be substituted by other 

cations, studies in which geopolymer is utilized as a functional material for 

adsorption of harmful heavy metals such as Cr6+, Cd2+, and Pb2+ were conducted 

(Cheng et al., 2012; van Jaarsveld et al., 1997; Xu et al., 2006; Zhang et al., 2008). 

 

 
                  (a)                              (b) 

Fig. 1-3 Schematic structure of ABC-6 family zeolite. Dark gray indicates aluminum 

tetrahedra; light grey indicates silicon tetrahedra. (a) unit cell; (b) extended structure of 

connected unit cells 

(Oh et al., 2010) 
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1.2.2 One-part alkali-activated materials 

Conventional (two-part) AAM are formed by a reaction between a concentrated 

aqueous solution of alkali hydroxide, silicate, carbonate, or sulfate, for instance, and 

solid aluminosilicate precursor, that is, two parts in addition to water (Duxson et al., 

2007a; Provis, 2014; Provis and van Deventer, 2009) (see Fig. 1-4). However, one 

major practical shortcoming of alkali-activation technology is the use of alkali-

activator solutions frequently concentrated sodium silicate and/or hydroxide, which 

are corrosive, viscous, and cause occupational hazards. The impracticalities related 

to those problems has put pressure on the development of one-part or “just add water” 

alkali-activated materials that could be used similarly to OPC (Duxson and Provis, 

2008). In one-part mixtures, only a dry mixture is needed in addition to water. The 

dry mixture is prepared by mixing a solid alkali-activator with a solid aluminosilicate 

precursor with or without a calcination step (see Fig. 1-5).  

 

Fig. 1-4 The general procedure of two-part AAM preparation. 

Solid alkali-activator

Water

Solid aluminosilicate 

raw materials

Alkaline solution
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Fig. 1-5 The general procedure of one-part AAM preparation 

(Luukkonen et al., 2018) 

 
Several investigations have been undertaken for developing methods of 

synthesizing one-part alkali aluminosilicate-based hydraulic cements. The more 

elaborate methods of synthesizing one-part geopolymer cements involve thermal 

activation of raw materials including aluminosilicate precursors and alkalis. For 

example, albite has been activated thermally in the presence of solid alkalis (sodium 

hydroxide or sodium carbonate) at about 1000 °C (Feng et al., 2012). The resulting 

one-part hydraulic cements provide viable rates of compressive strength 

development and final compressive strengths. Another investigation prepared one-

part geopolymer cement via calcination of low-quality aluminosilicates in the 

presence of alkali hydroxides, which led to almost complete conversion of all 

aluminum sites into tetrahedral coordination and extensive chemical linking between 

Si–O4 and Al–O4 tetrahedra. The resulting powder could, upon addition of water, 

undergo polycondensation and formation of an amorphous geopolymer matrix. 

Although the resulting geopolymer paste exhibited spectroscopic parameters similar 

to conventional geopolymers, its compressive strength was relatively low (Koloušek 

et al., 2007). Another example involved thermal treatment of low-quality kaolinite 

in the presence of alkalis (Peng et al., 2015). It was found that nepheline and glassy 

phase sodium aluminosilicate are generated during heat treatment of blends of 

Solid aluminosilicate 

raw materials

Solid alkali-activator

Water

One-part

Alkali-activated materials

Calcination 

if necessary

Aggregates + 

additional alumina 
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kaolinite and alkalis; hydration of this cement at curing temperature of 80 °C yielded 

P-zeolite. These particular one-part geopolymer cements yielded reasonable levels 

of dry compressive strength; their moisture resistant, however, was a concern. The 

methods used so far for production of one-part geopolymer cements employ 

relatively high alkali contents and also high processing temperatures, which 

compromise their economics and sustainability.  

A recent work in this field synthesized on-part geopolymer cement through 

thermal activation of red mud blended with silica fume at about 25 wt.% to improve 

the long-term strength of the binder by optimizing the Al/Si ratio to enhance the 

stability of the geopolymer structure (Ye et al., 2017). Eventhough the resulting 

geopolymer binder reached viable compressive strengths, use of high-temperature 

processing and relatively high concentrations of silica fume compromised the 

sustainability and economics of this approach. Another approach followed for 

production of one-part geopolymer cement involves simple blending of the dry 

caustic activator and the aluminosilicate precursor. A recent example involves 

blending of rice husk ash with sodium aluminate (Sturm et al., 2016). The resulting 

cement required curing at elevated temperature to yield viable levels of early-age 

compressive strength. At later ages, however, a drop in compressive strength was 

observed. The high cost of sodium aluminate is another drawback of this approach. 

More recent investigations have synthesized one-part formulations by blending 

either coal fly ash and sodium silicate or rice hull ash and sodium aluminate to 

reliably develop compressive strength with room-temperature curing 

(Hajimohammadi and van Deventer, 2017). 

Effects of mechanical activation on FA and geopolymers incorporating the ash 

have been investigated (Temuujin et al., 2009). It was found that mechanical 

activation reduces the particle size, changes the particle shape, and increases the 

reactivity of coal fly ash. The two-part geopolymer prepared using the mechanically 

activated fly ash cured at room temperature showed up to 80% increase in 
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compressive strength when compared with that prepared with as-received fly ash. 

Work has also been reported on chemical activation of natural pozzolans for use as 

precursors in Geopolymer (Yankwa Djobo et al., 2016). Ball milling of volcanic ash 

of relatively low reactivity induced some changes in the mineralogical composition 

of ash by reducing its degree of crystallinity. The rate of geopolymerization was 

found to increase with increasing duration of ball milling. Both these investigations 

view mechanical activation as a way of improving the source materials (precursors) 

for production of two-part geopolymer. The work reported here focuses on 

production of a one-part geopolymer cement via chemical processing of blends of 

raw materials. 

 

 

1.2.3 Lime-activated fly ash 

The alkaline activation of FA is a chemical process that changes the 

aluminosilicate phase of FA into a densely hardened strong matrix (Provis, 2014); 

however, most alkaline activators are not competitive in price and are difficult to use 

in construction sites because of their high pH (> 14). 

Lime-type activators such as CaO and Ca(OH)2, which are commonly used for 

GGBFS activation (Jeong et al., 2016b; Yum et al., 2017), are much less expensive 

and dangerous than alkaline activators (pH = ~12.5 in a saturated solution), so they 

can function as suitable alkaline activator substitutes for FA activation. Previous 

studies (Jeon et al., 2015; Jeon et al., 2018a; Jeon et al., 2018b; Shi and Day, 2000a, 

2000b; Suh et al., 2017; Yum et al., 2017) reported that, similar to OPC, lime-

activated FA binders produced calcium silicate hydrates (C-S-H) as their main 

reaction product; however, when the limes were used alone (i.e., without any other 

additives in the activations), their compressive strengths were considerably lower 

than that of OPC, mainly due to low reaction degree of FA. Thus, it is necessary to 

find suitable additives to promote the reaction degree and significantly strengthen 
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lime-activated FA systems. 

Earlier studies (Jeon et al., 2015; Jeon et al., 2018b) reported that addition of 

Na2CO3 improved strength of lime-activated FA systems due to not only more 

dissolution of FA at early ages, but also more C-S-H formation. Besides, various 

studies have been carried out on how additives (such as CaCl2 (Jeon et al., 2018a), 

Na2SO4 (Shi and Day, 2000a, 2000b), silica fume, CaSO4 (Giergiczny, 2004), water 

glass (Na2SiO3) (Fan et al., 1999), and NaCl (Shi and Day, 1995)) affect the reactions 

of lime-activated FA systems. However, the addition of these additives may cause 

durability problems due to the presence of chloride, sulfate, and carbonate in the 

chemical compounds. For example, excessive addition of CaCl2 causes strength 

degradation, related to formation of calcium oxychloride, which leads to expansive 

cracking in hardened paste (Jeon et al., 2018a). Even if durability problems do not 

occur, it may be difficult to secure strength development. Thus, there is a need to 

find effective additives to achieve mechanical performance comparable to OPC 

without producing durability problems. 
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1.3 Scope and objectives 

The main objective of this dissertation is to develop new lime-activated FA 

binders as one-part alkali-activated materials. To achieve this objective various tests 

and analyses were conducted. 

To objectives of this dissertation are as follows: 

1) To study characteristics of raw materials 

2) To observe the mechanical performance of new lime-activated FA binders 

3) To verified strength development mechanism of new lime-activated FA 

binders with various chemical compounds 

4) To observe lightweightness and other characteristics considering practical 

application 

To study characteristics of raw materials, chemical composition and particle 

size distribution of precursor, FA, were investigated. In addition, crystalline phases 

of raw FA were examined using semi-quantitative method. For originality of the 

dissertation, a literature review of chemical compounds was conducted. 

To observe the mechanical performance of new lime-activated FA binders, 

compressive strength tests were carried out with different contents of chemical 

compound such as formate compounds (X(HCOO)2), nitrate compounds (X(NO3)2), 

and sodium carbonate (Na2CO3). In particular, the effect of chemical compound 

contents on the strength was investigated by statistical method, analysis of variance 

(ANOVA). 
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To verified strength development mechanism of new lime-activated FA binders 

with various compounds, reaction products, pore structures, and structure of 

molecules were observed from microstructure analyses such as X-ray diffraction 

(XRD), thermogravimetric analysis (TGA), mercury intrusion porosimetry (MIP), 

magic angle spinning nuclear magnetic resonance (MAS-NMR), inductively 

coupled plasma atomic emission spectroscopy (ICP-OES), and scanning electron 

microscopy (SEM), etc. 

To observe lightweightness and other characteristics considering practical 

application, specific gravities under different drying condition, and water absorption 

of hardened pastes were measured. By increasing water to binder ratio or adding 

lightweight aggregate, high-strength lightweight binder matrix. 
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1.4 Organization 

Chapter 2 reviews the characteristics of FA and lime-type activators, which are 

main materials in this dissertation, and briefly details the experimental techniques 

used. The chemical composition, mineralogical characteristics, classification, and 

reaction chemistry of FA are presented as a precursor of developed binders. Lime 

types and optimal lime/FA ratio are designated with reference to the literatures. The 

overview of material characterization techniques such as XRD, TGA, MAS-NMR, 

MIP, SEM and hydration stop methods in each sub-section are described in this 

section. 

Chapter 3 discusses the cation-dependent effects of formate compounds on the 

strength and microstructures of CaO-activated FA binders. The compressive strength 

development with the different contents of calcium formate (Ca(HCOO)2), sodium 

formate (NaHCOO), and potassium formate (KHCOO) are measured. To verify 

strength development mechanism, the reaction products, pore structures, and local 

atomic structures are investigated using microstructure analyses. 

Chapter 4 deals with the influence of magnesium oxide (MgO) and magnesium 

formate (Mg(HCOO)2) on reactivity of CaO-activated FA binders and its strength 

enhancement mechanisms. On the basis of compressive strength results, pH and 

ionic concentration of pore solutions in hardened samples are measured with 

different contents of magnesium compounds to investigate effect of MgO and 

Mg(HCOO)2 on activation of CaO as activator and reactivity of raw FA. Besides, 

reaction products, pore structures, local atomic structures in hardened samples are 

presented from microstructure analyses. 

Chapter 5 focuses on influence of calcium nitrate (Ca(NO3)2) and sodium nitrate 
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(NaNO3) on strength development and microstructure in CaO-activated class F fly 

ash binders. In addition to compressive strength, particularly, pH and ionic 

concentrations in pore solution of CaO-activated FA with the presence of Ca(NO3)2 

and NaNO3 are measured to verify the influence of chemical compounds on 

solubility of raw FA. Further, reaction products and microstructural characteristics 

of hardened samples are investigated.  

Chapter 6 focuses on the development of lightweight concrete using FA binders 

activated with CaO and magnesium nitrate (Mg(NO3)2). Mechanical and 

mineralogical characteristics of CaO-activated FA binder with Mg(NO3)2 are 

confirmed from compressive tests and microstructure analyses. Further, lightweight 

aggregates such as expanded perlite and expanded vermiculite is mixed into the 

binder to evaluate lightweghtness. 
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Fig. 1-6 Organization of thesis 
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Chapter 2. Materials and Experimental Programs 

2.1 Fly ash 

Fly ash (FA) is a by-product of the coal-fired power plant. In modern coal-fired 

power plants, the FA is generally captured by electrostatic precipitators or other 

particle filtration equipment before the flue gases reach the chimneys (see Fig. 2-1), 

and differs from other types of by-products with respect to particle size, composition 

and utilization potential. 

 

Fig. 2-1 Dust and ash - how by products are collected in a coal fired power station 

(http://www.flyashaustralia.com.au/WhatIsFlyash.aspx) 

 
The addition of FA to cement has been well examined. It is generally agreed 

that the FA can be reactive in cement and improved properties in freshly mixed 

concrete such as improved workability, compressive strength enhancement, reduced 

CO2 emission due to lower cement requirement, improved durability. South Korea 

produces around 5.3 Mt of FA annually, and more than 90% of FA is utilized in a 
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beneficial manner (Wee, 2013). The rest is simply disposed of in land-fill. The 

chemical composition of FA; however, all commercially available sources contain 

relatively low concentration of calcium. As a results, less of the coal fly ash produced 

in Australia can be utilized in Portland cement concrete than is desirable. FA with 

low calcium content is typically referred to as Class F FA, although the actual 

definition of a class F FA is when the sum of the silica, alumina and iron oxide 

present is greater than 70%. Development of inorganic polymer cements that can 

utilize large amounts of class F FA present is of particular interest. 

 

 

2.1.1 Chemical composition and classification of fly ash 

2.1.1.1 Chemical composition of fly ash 

Depending upon the source and composition of the coal being burned, the 

components of fly ash vary considerably, but all fly ash includes substantial amounts 

of silica (SiO2) (both amorphous and crystalline), alumina (Al2O3) and calcium oxide 

(CaO). 

Fly ash material solidifies while suspended in the exhaust gases and is collected 

by electrostatic precipitators or filter bags. Since the particles solidify rapidly while 

suspended in the exhaust gases, fly ash particles are generally spherical in shape and 

range in size from 0.5 µm to 300 µm. The major consequence of the rapid cooling is 

that few minerals have time to crystallize, and that mainly amorphous, quenched 

glass remains. Nevertheless, some refractory phases in the pulverized coal do not 

melt entirely, and remain crystalline. In consequence, fly ash is a heterogeneous 

material. SiO2, Al2O3, Fe2O3 and occasionally CaO are the main chemical 

components present in fly ashes. The mineralogy of fly ashes is very diverse. The 

main phases encountered are a glass phase, together with quartz, mullite and the iron 

oxides hematite, magnetite and/or maghemite. Other phases often identified are 

cristobalite, anhydrite, free lime, periclase, calcite, sylvite, halite, portlandite, rutile 
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and anatase. The Ca-bearing minerals anorthite, gehlenite, akermanite and various 

calcium silicates and calcium aluminates identical to those found in Portland cement 

can be identified in Ca-rich fly ashes. The mercury content can reach 1 ppm, but is 

generally included in the range 0.01 − 1 ppm for bituminous coal. The concentrations 

of other trace elements vary as well according to the kind of coal combusted to form 

it. In fact, in the case of bituminous coal, with the notable exception of boron, trace 

element concentrations are generally similar to trace element concentrations in 

unpolluted soils. Table 2-1 from earlier study (Mehta, 1985) shows the wide variety 

of chemical composition (as % oxide). 

 

Table 2-1 Oxide analysis of fly ashes and portland cement (%) 

Fly ash 

no. 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI 

1 55.1 21.1 5.2 6.7 1.6 0.5 1.73 1.24 0.6 

2 53.4 22.0 6.3 6.8 2.0 0.5 2.86 0.67 0.5 

3 50.9 25.3 8.4 2.4 1.0 0.3 0.28 2.83 2.1 

4 57.6 29.0 5.2 0.3 1.1 0.2 0.30 2.90 0.9 

5 52.2 27.4 9.2 4.4 1.0 0.45 0.12 0.68 3.5 

6 50.9 28.9 5.4 1.4 0.9 0.4 0.32 2.54 2.9 

7 46.2 31.3 8.5 1.8 0.7 0.5 0.25 1.99 4.5 

8 38.4 13.0 20.6 14.6 1.4 3.3 0.40 2.04 1.6 

9 39.5 19.5 5.7 24.7 3.4 1.8 1.56 0.21 0.9 

10 36.0 19.8 5.0 27.2 4.9 3.2 0.42 1.72 0.4 

11 50.5 17.2 5.9 15.8 3.1 1.0 0.49 0.82 0.4 

Portland 

cement 
21.0 4.6 3.0 64.1 2.4 2.7 0.40 0.20 1.5 

Note. LOI: Loss of ignition 
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2.1.1.2 Classification of fly ash 

Two classes of fly ash are defined by ASTM C618: Class F fly ash and Class C 

fly ash. The chief difference between these classes is the amount of calcium, silica, 

alumina, and iron content in the ash. The chemical properties of the fly ash are largely 

influenced by the chemical content of the coal burned (i.e., anthracite, bituminous, 

and lignite). 

Not all fly ashes meet ASTM C618 requirements, although depending on the 

application, this may not be necessary. Fly ash used as a cement replacement must 

meet strict construction standards, but no standard environmental regulations have 

been established in the United States. Seventy-five percent of the fly ash must have 

a fineness of 45 µm or less, and have a carbon content, measured by the loss on 

ignition (LOI), of less than 4%. In the US, LOI must be under 6%. The particle size 

distribution of raw fly ash tends to fluctuate constantly, due to changing performance 

of the coal mills and the boiler performance. This makes it necessary that, if fly ash 

is used in an optimal way to replace cement in concrete production, it must be 

processed using beneficiation methods like mechanical air classification. But if fly 

ash is used as a filler to replace sand in concrete production, unbeneficiated fly ash 

with higher LOI can be also used. Especially important is the ongoing quality 

verification.  

 
1) Class F fly ash 

The burning of harder, older anthracite and bituminous coal typically produces 

Class F fly ash. This fly ash is pozzolanic in nature, and contains less than 7% lime 

(CaO). Possessing pozzolanic properties, the glassy silica and alumina of Class F fly 

ash requires a cementing agent, such as Portland cement, quicklime, or hydrated lime 
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mixed with water to react and produce cementitious compounds. Alternatively, 

adding a chemical activator such as sodium silicate (water glass) to a Class F ash can 

form a geopolymer. 

 
2) Class C fly ash 

Fly ash produced from the burning of younger lignite or sub-bituminous coal, 

in addition to having pozzolanic properties, also has some self-cementing properties. 

In the presence of water, Class C fly ash hardens and gets stronger over time. Class 

C fly ash generally contains more than 20% lime (CaO). Unlike Class F, self-

cementing Class C fly ash does not require an activator. Alkali and sulfate (SO4) 

contents are generally higher in Class C fly ashes. 

 

 

2.1.2 Reaction chemistry of fly ash 

2.1.2.1 Activation of fly ash 

Three methods can be used to activate the potential reactivity of FA: (1) 

mechanical (grinding) (Temuujin et al., 2009), (2) thermal (elevated temperature 

curing) (Guo et al., 2013; Kovalchuk et al., 2007), and (3) chemical (addition of 

chemical activators) (Ben Haha et al., 2011; Biernacki et al., 2001; Juenger et al., 

2011).  

The mechanical method is used to increase the surface area of the constituents 

and thus accelerate the hydrate rate. Many results indicate that the early strength of 

a hardened cement paste is directly proportional to the fineness of the cement, but 

fineness does not contribute to later age strength. In contrast, excessively high 

fineness may increase water requirement and cause reduction in later strength gain. 

At the same time, the requirement to increase fineness reduces productivity and 

consumes more energy. 



Chapter 2. Materials and Experimental Programs 

 

 21 

Hardened cement pastes and concretes can reach their maximum strength 

within several hours through elevated temperature curing. However, the ultimate 

strength of hardened cement pastes and concrete has been shown to decrease with 

curing temperature. 

Chemical activation refers to the use of some chemicals to activate the potential 

reactivity of cementitious components (see Fig. 2-2). Alkali-activated FA is a typical 

success example of chemical activation. FA itself shows little cementitious properties, 

nevertheless, it gives high strengths in the presence of chemical activators such as 

Na2SiO3 (Wastiels et al., 1993), NaOH (Fernández-Jiménez et al., 2005) and Na2CO3 

(Fernández-Jiménez and Palomo, 2005). The addition of a calcium source such as 

CaO (Jeon et al., 2018a), Ca(OH)2 (Kim et al., 2017; Shi and Day, 2000a; Suh et al., 

2017), and cement clinker appears necessary for satisfactory strength development 

for fly ash activation.  

Fig. 2-2 contains a descriptive diagram modelling of the alkali activation of fly 

ash. Fig. 2-2(a) shows the initial chemical attack at one point on the surface of a 

particle, which then expands into a larger hole, exposing smaller particles, whether 

hollow or partially filled with other yet smaller ashes, to bi-directional alkaline attack: 

i.e., from the outside in and from the inside out. Consequently, reaction product is 

generated both inside and outside the shell of the sphere, until the ash particle is 

completely or almost completely consumed. The mechanism involved at this stage 

of the reaction is dissolution. At the same time, as the alkaline solution penetrates 

and contact the smaller particles housed inside the larger spheres, the interior space 

of the latter starts to fill up with reaction product, forming a dense matrix.  

One of the consequences of the massive precipitation of reaction products is 

that a layer of these products covers certain portions of the smaller spheres. This 

crust prevents their contact with the alkaline medium (see Fig. 2-2). Ongoing 

reactions within the bulk of the matrix consolidate such crusts, with the concomitant 
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effect on the pH gradient across the fly ash reaction product. As alkaline activation 

continues, the unreacted fly ash buried under reaction product may not be affected 

by the very high pH associated with the activator, thereby reducing the reaction rate. 

In this case, activation is governed by a diffusion mechanism. The variation in the 

degree of reaction at different times (45.4% at 5 h, 50.0% at 20 h and 66.8% at 60 h) 

may suggest variable permeability of the layers of hydration product. 

Moreover, the processes described are not uniform throughout the gel but vary 

locally from one point in the matrix to another, depending on the distribution of 

particle size and the local chemistry (e.g. pH). Several morphologies may co-exist in 

a single paste: unreacted particles, particles attacked by the alkaline solution but 

which maintain their spherical shape, reaction product and so on. 

Depending on the type of cation in activators, the major hydration product of 

FA is aluminosilicate hydrates (Bakharev, 2005; Duxson et al., 2007c; Provis, 2014; 

van Deventer et al., 2012), which is main hydration products in geopolymers, or 

calcium silicate hydrates (C-S-H) (de Vargas et al., 2014; Dombrowski et al., 2007; 

Jeon et al., 2015; Suh et al., 2017; Yip et al., 2005), which is one of the main 

hydration products in Portland cements. The nature of C-S-H is also highly affected 

by the type of activator and pH value (Odler, 1998; Taylor, 1997). A higher pH value 

produces a low Ca/Si ratio of C-S-H and a large amount of substitution of silicon 

tetrahedra by aluminum tetrahedra in the bridging site because a high pH value 

increases dissolution of aluminum and silicon ions as well as precipitation of calcium 

ions. In addition, hydrotalcite can be produced from reaction in case the of high pH 

or prolonged hydration time (Odler, 1998; Song and Jennings, 1999; Taylor, 1997). 

Lime-type activators such as CaO and Ca(OH)2, which are commonly used for 

granulated blast-furnace slag (GGBFS) activation (Jeong et al., 2016b; Yum et al., 

2017), are much less expensive and dangerous than alkaline activators (pH = ~12.5 

in a saturated solution), so they can function as suitable alkaline activator substitutes 
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for FA activation. Previous studies (Jeon et al., 2015; Shi and Day, 2000a, 2000b; 

Suh et al., 2017) reported that, similar to OPC, lime-activated FAs produced calcium 

silicate hydrates (C-S-H) as their main reaction product; however, when the limes 

were used alone (i.e., without any other additives in the activations), their 

compressive strengths were considerably lower than that of OPC, mainly due to low 

reaction degree of FA. Thus, it is necessary to find suitable additives to promote the 

reaction degree and significantly strengthen lime-activated FA systems. 

 

 

Fig. 2-2 Microstructure description of the formation of an alkali-activated fly ash 

(Fernández-Jiménez et al., 2005) 
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2.1.2.2 Reaction products of lime-activated fly ash 

The following products have been recognized as resulting from reaction 

between lime and fly ash. 

(1) Calcium silicate hydrate (C-S-H) 

(2) AFt or ettringite (C3A3CaSO432H2O) 

(3) AFm (C3ACaSO412H2O) 

(4) Calcium aluminate hydrates (C4AHx, C3AH6, etc.) 

(5) Strätlingite (C2ASH8) 

It is generally accepted that the main reaction product in lime-activated fly ash 

is calcium silicate with a low Ca/Si ratio. The Ca/Si ratio, which is usually less than 

1.5, depends on the local concentration of reactants. The soluble alkalis in the fly ash 

may have an effect on Ca/Si ratio.  

The aluminate in the fly ash may yield a variety of hydrates: calcium aluminate 

hydrate (C4AH13), strätlingite (C2ASH8), AFt phase (C3A3CaSO432H2O) and AFm 

phases (C3ACaSO412H2O). CO2 can be combined in calcium aluminate hydrate 

(C3ACaCO312H2O).  

The most important reaction is that which occurs between reactive silica and 

calcium hydroxide to produce hydrated calcium silicate. At early stages, the reaction 

can be represented as follows:  

SiO2 + Ca2+(aq) + OH−(aq)  C-S-H               (2-1) 

 
The presence of aluminum in pozzolans can increase pozzolanic reactivity due 
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to a lower bonding energy of Al−O than that of Si−O. In the presence of sufficient 

sulphate at high pH, the aluminate in the pozzolan will dissolve into the solution first 

and then react with Ca(OH)2 and sulphate in the solution: 

Al(OH)4 + 3Ca(OH)2 + 3CaSO4  C3A3CaSO432H2O     
 
(2-2) 

 
In absence of sufficient sulphate, calcium aluminate hydrates from: 

Al(OH)4 + Ca(OH)2  C4AH13, C3AH6, etc.           (2-2) 

 

At later stages, all pozzolan particles are surrounded by a layer of hydration 

products, and the reaction is controlled by the diffusion of water and Ca2+ through 

the hydration product layer to the surface of the unreacted FA particles. 
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2.2 Activators 

The strength of lime-activated fly ash binders, which depend largely on the 

nature of the FA used, is slow at room temperature (Massazza, 2003). All factors that 

affect the reactivity of pozzolans affect the strength development of lime-activated 

FA binders. Two additional factors affect the strength of the binder: lime type and 

lime/FA ratio. 

2.2.1 Lime type 

There are two types of lime that can practically be used: quick lime (CaO) and 

slaked lime (or hydrated lime, Ca(OH)2). It was concluded that the CaO-activated 

FA binder exhibited higher strength than Ca(OH)2 (the same CaO content) under the 

same curing conditions (see Fig. 2-3). This is because CaO reacts rapidly with water 

to form Ca(OH)2 because the cement is in contact with water. The reaction product 

Ca(OH)2 is very fresh and much more reactive than the factory-produced Ca(OH)2. 

At the same time, a lot of heat is released during the reaction of the quicklime and 

water based on Equation (2-4), and thus the released heat also promotes the reaction. 

CaO + H2O  Ca(OH)2 – 15.58 kJ/mol              (2-4) 

 

This hydration process releases a lot of heat. The liberated heat can promote the 

reaction between FA and Ca(OH)2. In addition, the reaction product, Ca(OH)2, is 

much fresher and more soluble than factory-made the slaked lime (Ca(OH)2). It takes 

several days for Ca(OH)2 to reach dissolution equilibrium, while the pore solution 

of pastes is saturated with Ca(OH)2 in a few minutes after mixing (Ma et al., 1992). 

This means that the Ca(OH)2 released due to the reaction can react with pozzolans 

faster than commercial slaked lime. Thus, the lime-activated fly ash binders made 

from quicklime show a higher strength growth rate and a higher reaction rate than 
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the binders activated with Ca(OH)2. 

 
Fig. 2-3 Effect of lime type on strength development of lime-activated fly ash cements 

cured at 50 °C 

(Shi, 1993) 

 

 

2.2.2 Lime/fly ash ratio 

The lime/FA ratio also has a significant effect on the strength of the lime-

activated FA binders (as shown in Fig. 2-4). If less lime is added, the resulting 

hydration product is insufficient to fill the voids and bond the particles together. The 

paste exhibits low strength. In contrast, if too much lime is added, the extra lime will 

be in a free state without any binding ability and thus will reduce the strength of the 

paste. For the results in Fig. 2-4, the optimum content of lime is 25%. Odler (1998) 

found that the strength of 1:2 lime-pozzolan concrete was always higher than 1:4 

lime-pozzolan concrete with mix proportions: (lime + pozzolan): sand : gravel = 1 : 

1.5 : 2.87. Day (1992) also reported that the strength of lime-pozzolan mixtures did 

not show change in strength if the lime content was over 20%. It can be concluded 

that with respect to strength, the optimum content of lime is in the range of 20% to 

30%. 



Chapter 2. Materials and Experimental Programs 

 28 

 
Fig. 2-4 Effect of lime content on strength development of lime-activated fly ash cements 

cured at 50 °C 

(Shi, 1993) 

 
Helmuth (1983) estimated the minimum amount of lime required for complete 

reaction of fly ash, given that: (1) the fly ash contains 50% reactive SiO2, 30% 

reactive Al2O3 and 20% other compounds; (2) the average molar ratio of Ca/Si of C-

S-H is 1.0; (3) strätlingite has a lime to silica plus alumina ratio of 1.0 (CaO/SiO2 

weight ratio of 0.55); (4) additional lime is required to produce AFt and AFm phases. 

The amount of CaO required for the complete reaction with fly ash would be: 

0.5 × 0.93 + 0.3 × 0.55 = 0.63 kg CaO / 1 kg FA 

= 1.0 kg Ca(OH)2 / 1.2 kg FA        (2-5) 

 

This means that a lime-activated FA binders should contain at least 45% 

hydrated lime (by mass). The reaction between Ca(OH)2 and FA or natural pozzolans 

is a very slow compared to OPC hydration. For 90 days, the percentage of reacted 

FA or natural pozzolans is only about 20%, while it is 80% for OPC. Measurements 

of Ca(OH)2 reacted at 50 °C also confirm that the pozzolanic reaction process is slow. 

In fact, the reactivity of pozzolans varies by origin. The probability of pozzolan 

reacting to the paste is very low. Unreacted fractions act as fine aggregates. 

Obviously the optimal lime content should not be the same as the theoretical 
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calculated value and the pozzolana type will be different. However, consider 

increasing the lime content above a certain value to increase the water requirement 

of the lime-pozzolanic cement and reduce the strength of the cured paste. According 

to the above experimental results and theoretical analysis, 20% hydrated lime mixed 

with 80% natural pozzolans is considered to be selected as the optimum mixture of 

natural pozzolans studied. This percentage is used in the rest of this project.  
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2.3 Experimental programs for microsturcture 

2.3.1 X-ray diffraction analysis 

X-ray diffraction (XRD) is one of the most important analytical techniques in 

the characterization of crystalline, fine-grained material such as cementitious 

materials. The diffraction of X-rays by a crystalline material produces an XRD 

pattern consisting of peaks of varying intensities at characteristics diffraction angles. 

The diffraction angle or position of the peaks is determined by the symmetry and the 

size of the unit cell through Bragg’s low, while the intensities of the peaks related to 

the nature and disposition of the atoms within the unit cell of the crystalline materials. 

Bragg’s low explains the principles of XRD in terms of the X-ray reflection by 

groups of lattice planes, as follows: 

nλ = 2dsinθ                            (2-6) 

 

where n is an integer called the order of reflection, λ is the wavelength of the 

incident X-ray, d is the characteristic spacing (d-spacing) of a given crystalline phase, 

and θ is the angle between incident X-ray and the lattice plane (see Fig. 2-5). 

In this study, a high power X-ray diffractometer (Rigaku, X/MAX 2500V/PC, 

Japan) with Cu-Kα beam (λ=1.5418 Å). In XRD instrument, the scintillation detector 

rotated around the specimen through 2θ angle. The diffraction patterns were 

collected in 5° − 60° scanning range at 2θ with a scanning rate of 1°/min. 

The phase analysis of diffraction patterns was conducted using the X’pert 

HighScore Plus program with ICDD (International Center for Diffraction Data) 

PDF-2 database, ICSD (Inorganic Crystal Structure Database). The corundum 

crystal powder (NIST RMS 676a, crystalline alumina, 99.02% ± 1.11%) was used as 
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an internal standard to estimate the composition of crystalline phases and amorphous 

phases contained in raw materials. 

 
Fig. 2-5 Schematic representation of X-ray diffraction 

(Scrivener et al., 2016) 

 
While being capable of identifying the crystalline phases, the XRD technique 

has a limitation in analyzing amorphous or semi-crystalline phases such as C-S-H 

which is the most common and important phases in cementitious materials. In 

addition, the reference diffraction pattern of C-S-H in powder XRD databases consist 

only three shape peaks (d-spacing = 3.04, 2.79, and 1.82 Å), which were extracted 

from the diffraction pattern of 22-year-old β-C2S paste reported by Mohan and Taylor 

by eliminating amorphous characteristics i.e., the broad hump around 2θ = 25° − 40°. 

Thus, the reference pattern of C-S-H contained in the databases is inappropriate for 

the analysis of real C-S-H patterns obtained from an experiment. In this study, the 

experimentally obtained pattern of 22-year-old β-C2S, as shown in Fig. 2-6, was used 

for the verification of the presence of C-S-H after carefully removing the reflection 

of calcium hydroxide contained in the original diffraction pattern. The numbers in 

Fig. 2-6 indicate d-spacing of C-S-H in Å, and CH indicates calcium hydroxide 

reflection. 
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Fig. 2-6 Powder diffraction pattern of 22-year-old hydrate β-C2S paste measured with Cu-

Kα1 radiation (λ=1.5406 Å) 

(Taylor, 1997) 

 

 

2.3.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a widely applied technique in the field of 

cement chemistry. TGA is adaptable for cementitious materials, uncomplicated to 

use, and yields important results within a short measuring time. In addition, 

differential thermal analysis (DTA), differential scanning calorimetry are also 

popularly used characterization techniques for cementitious materials.  

The TGA signals of the most common minerals observed in cementitious 

materials are compared to each other and complied as a reference database for phase 

identification. Minerals and hydrates can undergo several thermal reactions: 

dehydration, dihydroxylation, decarbonation, oxidation, decomposition, phase 

transition or melting. These reactions in most cementitious materials are mainly 

endothermic. These reactions are generally associated with weight change or release 

of heat. The weight changes of the specimen are investigated depending elevated 

temperature at a uniform or altering heating rate. Differentiation of the 
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thermogravimetric data allows a better resolution and identification of consecutive 

weight losses; derivative thermogravimetry or differential thermogravimetry (DTG). 

In cement chemistry, many researchers reported the temperatures at which the 

hydrate or carbonate products contains in cementitious materials are decomposed as 

tabulated in Table 2-2. The decomposition temperature of each phases does not 

exactly match the others because the TGA results can be easily affected by heating 

rate, the type of vessels (i.e., open or closed vessel), gas flow, weight of specimens, 

pretreatment procedures and so on. Nevertheless, the temperature differences are not 

significantly large, indicating that the temperature ranges shown in Table 2-2 can be 

applicable to the qualitative analysis of phase composition. 

The TGA was conducted using SDT Q600 (TA instruments, USA) with alumina 

sample holders and measured within the range of ambient temperature to 1000 °C 

with a heating rate 10 °C/min under a nitrogen gas environment. The DTG curves of 

each specimen were obtained by deriving the TGA curves with respect to 

temperature. 

  



Chapter 2. Materials and Experimental Programs 

 34 

Table 2-2 Temperature ranges of thermal decomposition of hydration products 

Phase Temperature range 

C-S-H 

50 – 200 °C (Ben Haha et al., 2011) 

115 – 125 °C for C-S-H (Taylor, 1997) 

106 ± 4 °C for 1st peak, 129 ± 4 °C for 2nd peak (Sha and Pereira, 2001) 

120 – 145 °C (Bakolas et al., 2006) 

Magnesium 

silicate hydrates 

30 – 250 °C (Bernard et al., 2017a; Bernard et al., 2017b)  

50 – 300 °C (Brew and Glasser, 2005) 

Ettringite 
80 – 130 °C (Sha, 2002) 

135 – 140 °C (Taylor, 1997) 

AFm 

Monosulfate: 200 °C and 290 °C (Taylor, 1997) 

Monosulfite: 260 °C (Motzet and Pöllmann, 1999) 

Nitrate-AFm: 270 °C (Asaga et al., 2006; Balonis et al., 2011; Hill and 

Daugherty, 1996; Renaudin et al., 2000) 

Katoite 
300 – 420 °C (L’Hôpital et al., 2016; L’Hôpital et al., 2015) 

320 °C (Taylor, 1997) 

Hydrotalcite-

like phase 

200 °C and 300 – 400 °C (broad appearance) (Ben Haha et al., 2011) 

330 – 400 °C (broad appearance) (Wang and Scrivener, 1995) 

285 °C and 440 °C (Taylor, 1997) 

Calcium 

hydroxide 

(portlandite) 

490 – 525 °C (Bakolas et al., 2006) 

496 ± 4 °C (Sha and Pereira, 2001) 

440 – 500 °C  (Sha, 2002) 

400 – 460 °C (Jeon et al., 2015) 

485 °C, 530 – 550 °C or 425 – 550 °C (Taylor, 1997) 

Magnesium 

hydroxide 

(brucite) 

300 – 500 °C (Dung and Unluer, 2018) 

350 – 450 °C (Patnaik, 2003) 

Calcium 

carbonate  

(calcite) 

720 – 760 °C (Bakolas et al., 2006) 

680 – 760 °C (Sha, 2002) 
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2.3.3 Solid-state 27Al and 29Si magic-angle spinning nuclear magnetic 

resonance spectroscopy 

Solid-state nuclear magnetic resonance (NMR) spectroscopy represents an 

important research tool for the characterization and atomic-scale structural analysis 

of amorphous or semi-crystalline materials. During past decades, NMR spectroscopy 

has been frequently utilized to examine atomic structure of C-S-H and 

aluminosilicate gel in cement chemistry. 

The basic concept of NMR spectroscopy is to measure the specific energy that 

is generated when some nuclei absorb or re-emit electromagnetic radiation under 

magnetic fields. The resonance frequency of the electromagnetic radiation is 

proportional to the intensity of the applied magnetic fields. If a high enough magnetic 

field is applied to a specimen, the local-atomic structure of the specimen can be 

observed because the resonance frequency is determined by the atomic structure of 

the specimen. Theoretical and mathematical descriptions for principles of NMR 

spectroscopy are presented in many textbooks. 

Magic angle spinning (MAS) is a kind of experimental techniques frequently 

used for solid-state NMR spectroscopy to improve peak broadening caused by 

nuclear interactions which are homonuclear-heteronuclear dipole interaction, the 

anisotropy of the shielding, and the anisotropy of the electrical field gradient. In 

MAS-NMR spectroscopy, a specimen is located in a tube-like rotor which rotated at 

high frequency under a magnetic field at an angle of 54.74° (called the “magic angle”) 

with respect to the magnetic field. The MAS can cancel out some nuclear interactions 

mentioned above, overcoming the peak broadening of NMR spectra.  

In cement science, 27Al and 29Si NMR are most widely used because aluminum 

and silicon are main elements in cementitious materials next to calcium. The 

notations of Al(x) and Qn(mAl) are widely used for 27Al and 29Si NMR spectroscopy. 
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The x indicates the coordinate number of aluminum atoms, which is usually IV, V, 

or VI in aluminosilicate materials. The subscript n implies the number of adjacent 

silicon tetrahedra connected to a specific silicon tetrahedra, and the m indicates the 

number of substituted aluminum tetrahedra to the neighboring-specific silicon 

tetrahedra.  

The ranges of chemical shift values δ for 27Al and 29Si NMR spectra with respect 

to atomic structures are exhibited in Fig. 2-7 (Freude and Kärger, 2008). Chemical 

shift δ is usually expressed in parts per million (ppm) by frequency, as follows:  

sample ref

ref

 





                            (2-7) 

 

where νsample is the absolute resonance frequency of the sample and νref is the 

absolute resonance frequency of a standard reference compound, measured in the 

same applied magnetic field. As shown in Fig. 2-7, The chemical shift δ of NMR 

spectra is determined by the atomic structure of the specimen. The NMR spectra of 

raw and hydrated materials were obtained by using a 400 MHz Advance II+ Solid 

State NMR spectrometer (Bruker, USA). The instrument generates a magnetic field 

up to 9.5T and is equipped with ZrO2 4mm rotors at room temperature. The 27Al 

spectra were collected at a pulse repetition delay time of 3 seconds with a spinning 

rate of 14 kHz while the 29Si spectra were obtained at a pulse repetition delay time 

of 100 seconds with a spinning rate of 10 kHz. All of the 27Al and 29Si spectra were 

recorded under the condition of proton decoupling with a 30° pulse. One mole of 

AlCl3 (aq) and tetramethylsilane (TMS) were used as references for the 27Al and 29Si 

NMR spectra, respectively, at 0.0 ppm.  

When the same nuclide is subjected to NMR experiments, the resonance 

frequency increases as the magnetic field increases. This means that as the energy 

difference increases according to the Boltzmann distribution principle, the difference 

in nuclear spin distribution at each energy level increases and the signal becomes 
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larger. Deconvolution of each 29Si spectrum was carried out with the DMfit software 

package (Massiot et al., 2002) to investigate the local structure of silicon tetrahedra. 

However, deconvolution of 27Al spectra was not conducted because 27Al spectra is 

generally too broad and asymmetrical due to the nuclear quadrupole moment to do 

the deconvolution analysis. 

  



Chapter 2. Materials and Experimental Programs 

 38 

 
(a) 

        
(b) 

Fig. 2-7 The ranges of isotropic chemical shift δ for (a) 27Al NMR spectra and (b) 29Si 

NMR spectra of various polycrystalline materials containing aluminum and silicon atoms 

 (Freude and Kärger, 2008) 
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2.3.4 Mercury intrusion porosimetry 

The pore structure of the cementitious material is one of the most important 

factors affecting the mechanical properties because of the inverse relationship 

between the strength and the pore structure relationship of the cementitious material 

(Mehta and Monteiro, 2006). In addition, the pore size of the cementitious material 

affects the properties of the cementitious material, such as strength and dimensional 

stability, i.e., shrinkage. The pores larger than 50 nm can mainly affect the 

mechanical properties and pores smaller than 50 nm can affect the shrinkage 

behavior. 

There are various techniques for characterizing the pore structure of 

cementitious materials such as mercury intrusion porosimetry (MIP), gas adsorption 

(GA), water adsorption (WA), helium pycnometry, thermoporometry, 1H NMR 

spectroscopy (Aligizaki, 2006; Beaudoin and Marchand, 2001). Of these 

technologies, MIP is the most widely used because it has the widest range of 

measurable pore sizes and can characterize pore sizes from approximately 2.5 nm to 

100 μm. 

The surface tension of mercury is fairly high and mercury is a non-wetting and 

non-reactive liquid, and its properties can be applied to penetration experiments on 

porous materials. The specimen is placed in an infiltration meter (sample holder) 

containing mercury, and then the pressure gradually increases. .The pore radius can 

be calculated by Equation (2-2) proposed by Washburn (1921): 

2 cos(θ)
P

r


                            (2-2) 

 
where r is the pore radius (m), γ is the surface tension of mercury (N/m), θ is the 

contact angle between mercury and measured object (degree), and P is applied 
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pressure (N/m2). 

 
Fig. 2-8  Cross-section of a penetrometer in which pressure has forced some mercury into 

the pores of the sample 

(https://www.particletechlabs.com) 

 

However, the porosity and pore size distribution obtained by MIP may not 

accurately reflect the actual pore structure of the specimen because the pore structure 

is deformed by the high pressure applied during the experiment (Diamond, 2000). In 

addition, the results of MIP are influenced by experimental parameters such as 

drying technique, specimen size, contact angle between mercury and pore walls, and 

surface tension of mercury. Nevertheless, when appropriate specimen size and 

drying methods are selected as well-designed procedures, the MIP can continue to 

be applied to the relative comparisons of pore characteristics for each sample. 

Drying techniques will be described in Section 2.2.7. Previous studies (Cook 

and Hover, 1999; Winslow, 1984) suggested that large specimens may be 

advantageous when the pore structure is heterogeneous, because large specimens can 

alleviate local heterogeneity. However, larger specimens require more time to dry. 

Therefore, the specimen for the MIP test was prepared by slicing the hardened paste 

to the size of a 5 × 5 × 5 mm cube. Duplicate pieces of the specimens were measured 
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using an Autopore IV 9500 (Micrometrics, USA), and then each recorded value was 

averaged over the mean pore volume and distribution to obtain more representative 

results with smaller specimens. The measurement conditions were measured to be 

less than 414 MPa (60,000 psi), assuming contact angles, surface tension, and 

mercury density of 130°, 485 dyn/cm and 13.534 g/mL, respectively. Each 

characteristic of mercury was calculated just before the test to take into account the 

effects of room temperature. 

 

 

2.3.5 Scanning electron microscopy 

Scanning Electron Microscopy (SEM) is a powerful characterization technique 

for studying the microstructure of cementitious materials. When an incident electron 

beam strikes a solid sample, the electrons are scattered or absorbed and generate 

various signals as shown in Fig. 2-9. The secondary electrons (SE) and 

backscattering electrons (BSE) of these signals are used to construct the image X-

rays are used for chemical composition called energy dispersive spectroscopy (EDS) 

analysis. 

The SE mode of SEM is very useful for investigating the overall microstructure 

or morphology of specific phases, but the BSE mode is suitable for distinguishing 

each step included in the sample and performing chemical analysis using EDS. In 

the BES image, the gray level is determined by the average atomic number. This 

means that the dense phase or phase containing the heavier elements appears bright 

and the pores or cracks are marked by dark circles and lines. 

Samples should be carefully sliced to perform morphological studies of 

hydration products using SE mode. The SE detector is typically placed about 150 

mm from the sample, since the SE can be guided by the detector due to its low energy. 

The most important factor affecting the SE image is the local curvature of the 
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specimen surface. As shown in Fig. 2-10, the amount of escaped electrons is affected 

by the local curvature of the surface, which means that the amount of escaped 

electrons is large so that the area around the edge appears bright in the SE image. In 

addition, the SE image may be affected by operating distance, beam energy or current, 

and the atomic number of the specimen. 

 
Fig. 2-9 Schematic representation of the interaction of incident electron beam with a target 

specimen 

 

The SE mode in SEM is very useful for investigating the morphology of overall 

microstructures or specific phases while the BSE mode is very helpful for 

distinguishing each phase contained in a specimen and to conduct chemical analyses 

with EDS because, in a BES image, the grey level is determined by the mean atomic 

number, which means that the dense phases or the phases containing heavier 

elements are presented as a bright phase and pores or cracks are exhibited as dark 

circles and lines (Famy et al., 2002).  
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Fig. 2-10 Schematic representation of backscattered electron detector 

 
Unlike SE, the energy of BSE is relatively high as the energy of the incident 

electron beam (Scrivener et al., 2016). As a result, the BSE can escape from deeper 

areas of the specimen and is not delivered to the detector. BSE is usually oriented 

near the incident ray because of its high energy and directionality. Therefore, in order 

to increase the resolution of the result, the detector should be placed in the path of 
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beam size than the SEM based on the thermionic guns with tungsten (W) and 

lanthanum hexaboride (LaB6), which means that FE-SEM has an advantage in the 

analysis of smaller spots. 

 

 

2.3.6 Inductively coupled plasma-optical emission spectrometer 

Inductively coupled plasma-optical emission spectrometer (ICP-OES) is an 

instrumental analytical technique that can quantitate ionic concentrations down to 10 

ng/L for some selected elements in liquid solutions (Hill et al., 2007). It is one of the 

variations of atomic emission spectroscopy with an atomization and excitation 

means consisting of an inductively coupled plasma torch. Considering that argon-

based plasmas typically operate at much higher temperatures than flames and 

graphite furnaces, the efficiency of the atomization/excitation process is much higher, 

thus providing highly populated excited states and, therefore, improved detection 

limits, high precision and an extended linear response range of the resulting signals 

(Harvey, 2000). 

Depending on the location of the observation area (the direction in which the 

emission radiation of the plasma is collected, collimated, filtered and detected), 

radial and axial views are possible in an ICP-OES instrument (Dubuisson et al., 

1997). The radial case is a lateral (90°) view of the plasma plume, whereas the axial 

one is a top view of the plasma plume. The axial view guarantees improved 

sensitivity, but also presents an increase in interferences, especially when analyzing 

complex matrices (Silva et al., 2002). 

After the atomization-excitation by the plasma, the grating separates the analyte 

complex emission radiation into its fundamental wavelengths (spectral lines). After 

achieving wavelength separation, the detector allows “viewing” the spectral 

information. The choice of the spectral lines suitable for the analysis is dictated by 
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the sensitivity and the freedom from interferences (Harvey, 2000). 

Due to the above-mentioned extended linear range of the resulting signals, a 

single-point calibration is usually sufficient (Boss and Fredeen, 2004). However, 

when it is necessary to analyze samples containing elements at very high 

concentrations (in the order of g/L) and others at very low concentration (in the order 

of μg/L) – such as cement pore solutions – two sample dilutions and two multi-

element calibration solutions might be needed. Furthermore, when such complex 

matrices are at stake, two or more spectral lines have to be used to meet the 

sensitivity requirements and avoid spectral interferences during the measurement. 

 

 
Fig. 2-11 Diagram of a typical ICP-OES instrument with radial configuration of the 

detection system  

(Caruso et al., 2017) 
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2.3.7 Hydration stop using solvent exchange method 

Sample preparation and storage are very important to identify the 

microstructure of cementitious materials. Samples can be easily damaged during the 

procedure if you take improper sample preparation and storage. In addition, the 

reaction of the cementitious material basically hydrates, which means that if the 

water contained in the cementitious material is not removed, additional hydration 

will occur steadily. Therefore, water must be carefully removed before proper 

characterization of the cementitious material. 

Many different water removal techniques have been proposed for cementitious 

materials (Aligizaki, 2006): oven-drying, vacuum-drying, D-drying, and freeze-

drying. Oven drying is one of the easiest ways to remove moisture from a sample in 

an oven below 105 °C until a certain mass is reached. Oven drying is a very effective 

and easy way to remove evaporation water, but thermal expansion and contraction 

during dry weighting cycles can cause micro cracks in the specimen, which can 

deform the microstructure of the cementitious material. In addition, some hydration 

products can decompose at high temperatures of about 65 °C. However, low 

temperatures are unsuitable for oven drying because relatively low temperatures 

significantly extend the drying time. 

Vacuum drying is a method in which the sample is dried under vacuum. In this 

process, the capillary water can become vapor and be removed from the matrix of 

cured cementitious material. Vacuum drying, however, is only applicable to mature 

cement samples and can lead to micro cracks in the cured matrix. 

D-drying is an abbreviation for dry-ice drying, one of the most widely used 

methods, and is a kind of D-drying in stringent conditions. In other words, the sample 

is a mixture of solid carbon dioxide and alcohol under vacuum conditions at −79 °C. 
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Under these conditions, physically adsorbed water can all be removed very slowly 

for about 14 days. D-drying is one of the most widely used methods because the 

cured matrix is considered to be almost free from damage. However, Thomas et al. 

(1998) reported that D-drying can remove some water contained in the gel and 

interlayer water. 

Freeze-drying can be divided into direct freeze drying and indirect freeze drying. 

In direct lyophilization, the samples are dried in a vacuum desiccator for 24 hours 

after being immersed directly in a mixture of liquid nitrogen or solid carbon dioxide 

and methanol. For indirect freeze drying, the sample is placed in a liquid nitrogen-

immersed glass bottle for a few minutes and then dried in a vacuum desiccator. In 

this method, specimens are not in direct contact with liquid nitrogen and require 

further treatment (Konecny and Naqvi, 1993). In general, lyophilisation can cause 

less damage to the cured matrix than other drying methods. However, the freeze-

drying method has a limitation in that when the microstructure of the cured cement 

paste is extremely dense, the specimen cannot be completely dried. 

The solvent exchange method is considered an alternative drying technique for 

cementitious materials as it is known to be minor to the microstructure of the 

cementitious material when suitable solvents are used. (Aligizaki, 2006). Some 

organic solvents such as acetone, ethanol, isopropyl alcohol (IPA), methanol, etc., 

have been used, frequently (Zhang and Scherer, 2011). To stop hydration, the solvent 

should have a small molecular size, low boiling temperature, miscibility with water, 

fast diffusion in water, low surface tension, and low vapor pressure (Zhang and 

Scherer, 2011). 

Specimen size, solution to sample ratio and solvent removal method are 

important factors affecting the microstructure of cementitious materials. Large 

samples typically require a very long time. For example, Gran and Hansen (1998) 

reported that about 3 weeks were required for 95% exchange of pore water by ethanol 
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for a cylindrical sample with dimension ϕ5.5mm × 10mm. Since the microstructure 

of the cementitious material can be greatly deformed at this time, especially in the 

early period, the period of 3 weeks is too long for the cementitious material. 

Generally, low solvent-to-sample ratios require frequent replacement of solvent, and 

solvent-to-sample ratios are high, eliminating the need to replace the solvent. Zhang 

and Scherer (2011) suggested that the volume of the solvent should be about 300 

times that of the sample, assuming that the porosity of the sample is 0.3. 

After termination of the hydration by the solvent exchange method, the solvent 

removal has been conducted using direct heating, vacuum drying, heating under 

vacuum, and so on. Beaudoin et al. (2000), Zhang and Scherer (2011) concluded that 

vacuum drying for 1 day using IPA is the best known method to preserve the 

microstructure of the cementitious material with low specimen damage. Throughout 

this study, IPA was used to stop the hydration of all cured samples and was vacuum 

dried for 24 hours at a pressure of about 60 cmHg. The sample dimensions were 

selected as 2 mm thick sectors and 5 × 5 × 5 mm cubes for SEM and MIP 

measurements, respectively. 

 

 

2.3.8 Test procedure 

First, the ratios of fly ash, lime-activator, and chemical compounds as additives 

were designed. After that, pH and ionic concentration were measured to characterize 

the pore solution in the initial reaction when water was added. From the pH and ionic 

concentration in the pore solution, the solubility of fly ash, the reactivity of the 

activator, and the contribution of initial reaction product formation can be measured.  

The w/b ratio in the measurement was set at 2.0, much higher than the optimum w/b 

ratio designed in the experiment. Originally, it is necessary to measure the 

characteristics of the actual pore solution extracted by compressing the binder matrix. 

However, since it is difficult to extract the pore solution by compressing the hardened 
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binder, the actual pore solution was simulated by increasing the w/b ratio as an 

alternative in this study. When the w/b ratio was increased to 2.0, the pH and ionic 

concentration of the actual pore solution were similar to those of the previous study 

(Song and Jennings, 1999). 

The diluted sample was agitated under the same condition as the curing 

condition using a heated magnetic stirrer. After then, the sample was extracted at the 

measuring time and filtered with a filter paper. The pH and ionic concentration of 

the pore solution were measured using this filtered sample. 

The 50 mm cube samples were prepared according to mixture proportion and 

compressive strength and specific gravity were measured. The compressive strength 

was measured using a universal testing machine (UTM), and the broken pieces were 

collected. The specific gravity was measured according to the moisture condition of 

the sample. In particular, when the specific gravity was measured in the absolute dry 

condition, the weight was measured at a temperature of 100 °C using a heated air 

circulator for 48 hours until the mass no longer changed. 

The way in which samples are made depends on the type of microstructure 

analysis. The fragments of the sample collected from the compressive strength test 

for XRD, TG, NMR analysis were processed in finely grounded powder form. 

Several 5 mm cube samples were prepared and used for MIP analysis. In order to 

prepare a sample for SEM analysis, 1 inch cylinder sample was cut to a thickness of 

2 mm and polished after epoxy mounting. Since the polishing time depends on the 

composition and strength of the sample, the surface was checked at that time during 

polishing.
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Fig. 2-12 Sample preparation and test procedures 
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Chapter 3. Cation-Dependent Effects of Formates on 

CaO-Activated Fly Ash Binders 

3.1 Introduction 

Formate compounds such as calcium formate (Ca(HCOO)2), sodium formate 

(NaHCOO), and potassium formate (KHCOO) are mainly used as organic chemical 

admixtures for OPC, such as set accelerators (Ramachandran, 1972), corrosion 

inhibitors (Sagoe-Crentsil et al., 1993), or deicers (Giebson et al., 2010)). In 

particular, Ca(HCOO)2, which is a by-product of polyhydric alcohol manufacturing, 

is widely used as a set accelerator. Previous studies (Rosskopf et al., 1975; Singh and 

Abha, 1983; Steven, 1983) reported that adding Ca(HCOO)2 to cement concrete 

shortened its setting time and promoted early strengths by reacting with C3S; 

however, they also mentioned that the quantity of Ca(HCOO)2 added should be 

limited to 2 – 3 wt.% because it has poor solubility in water. 

Despite numerous studies on how formate compounds affect an OPC system, 

no study has been conducted on how formate compounds impact a lime-activated FA 

system although the effect of Ca(HCOO)2 on a lime-activated slag system was 

studied by Bellmann and Stark (2009). Thus, the role of formate compounds as 

additives in lime-activated FA needs to be investigated because formate compounds 

may be very effective at improving mechanical properties of lime-activated FA 

system. 

This paper investigated three different formate compounds (Ca(HCOO)2, 

NaHCOO, and KHCOO) as potential additives to significantly strengthen a CaO-

activated Class F FA system. To this end, various tests and analyses were conducted: 
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compressive strength, X-ray diffraction (XRD), thermogravimetric (TG) analysis, 

solid-state 27Al magic-angle spinning nuclear magnetic resonance (MAS-NMR) 

spectroscopy, and mercury intrusion porosimetry (MIP). 
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3.2 Materials and test methods 

FA was obtained from the Hadong power plant in South Korea. Its material 

properties were identified using an X-ray fluorescence (XRF) spectrometer (LAB 

CENTER XRF-1800, Shimadzu, Japan), a laser diffraction particle size analyzer 

(HELOS with a RODOS dispersing unit, Sympatec, Germany) and a high-power X-

ray diffraction (XRD) system (D/MAX 2500V/PC, Rigaku, Japan). 

The oxide chemical compositions from XRF are tabulated in Table 3-1. The 

results of the oxide composition (SiO2 + Al2O3 + Fe2O3 > 70%) showed the 

characteristics of Class F FA to be in accordance with the American Society for 

Testing and Materials (ASTM) C618 (2017b). 

Table 3-1 Oxide composition of raw FA from XRF spectroscopy 

Oxide Content (wt.%) 

SiO2 52.01 

Al2O3 22.91 

Fe2O3 8.95 

CaO 6.35 

MgO 1.82 

Na2O 1.77 

K2O 1.69 

TiO2 1.25 

SO3 1.21 

P2O5 1.19 

SrO 0.33 

BaO 0.24 

MnO 0.07 

ZnO2 0.06 

 
Corundum (standard reference material 676a from the National Institute of 

Standards and Technology (NIST), crystalline alumina 99.02% ± 1.11%) was added 
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to raw FA powder as an internal standard so that semi-quantitative analysis could be 

performed. The measured XRD pattern of the raw FA taken with a Cu-Kα beam (λ 

= 1.5418 Å) within a range of 2θ = 5 – 60° is shown in Fig. 3-1. Te numbers attached 

to reference patterns in Fig. 3-1 indicate the ICDD PDF-2 numbers for each phase. 

The results of the semi-quantitative analysis using the reference intensity ratio (RIR) 

method with PANalytical X’pert HighScore Plus software (2012) are included with 

reference patterns from the International Centre for Diffraction Data (ICDD) PDF-2 

database (2000) and the Inorganic Crystal Structure Database (ICSD) (Belsky et al., 

2002); the raw FA contained ~11 wt% of quartz (SiO2), ~10 wt% of mullite 

(Al4.8Si1.2O9.6), ~1 wt% of iron oxide (Fe3O4), and ~77 wt% of amorphous phase.  

 
Fig. 3-1 XRD analysis for raw FA with reference diffraction patterns 
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The particle size distribution of the raw FA in this study is presented in Fig. 3-2 

and was similar to those of previous studies (Jeon et al., 2015; Oh et al., 2014; Suh 

et al., 2017). 

 
Fig. 3-2 Particle size distribution of raw FA from laser diffraction 

 
This study selected calcium oxide (CaO), rather than Ca(OH)2, as the main 

activator for FA because adding it to FA generally increases early and later strengths 

more by promoting pozzolanic reactions, although the hydration heat of CaO is more 

significant during mixing (Shi, 1993). Analytical grade CaO was used (Daejung 

Chemicals, Korea). 

Three types of formate compounds were used for FA: calcium formate 

(Ca(HCOO)2) (Sigma Aldrich, US), sodium formate (NaHCOO) (Sigma Aldrich, 

US), and potassium formate (KHCOO) (Sigma Aldrich, US). In this study, four types 

of mixtures were prepared as follows: (1) CaO + FA (denoted Control), (2) CaO + 

FA + Ca(HCOO)2 (denoted CF), (3) CaO + FA + NaHCOO (denoted SF), and (4) 

CaO + FA + KHCOO (denoted PF). The sample Control was designed to be 

compared with CF, SF, and PF. Detailed mixture proportions are listed in Table 3-2. 

The CaO-activated FA binder was composed of 85 wt.% of FA and 15 wt.% of CaO 
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with reference to the previous studies (Shi, 1993; Shi and Day, 2000a, 2000b). The 

numbers in front of the sample labels indicate the relative weight percentage of each 

formate compound to the weight of the CaO-activated FA binder. The water-to-

binder (w/b) ratio was determined as 0.3, which produced proper workability for all 

pastes. 

Table 3-2 Mix proportion of paste samples (wt.%) 

Group 
Sample 

label 

Binder Additive w/b 

ratio FA CaO Ca(HCOO)2 NaHCOO KHCOO 

Control Control 85 15 - - - 0.3 

CF 

1CF 

85 15 

1 - - 

0.3 

2CF 2 - - 

3CF 3 - - 

4CF 4 - - 

5CF 5 - - 

SF 

1SF 

85 15 

- 1 - 

0.3 

2SF - 2 - 

3SF - 3 - 

4SF - 4 - 

5SF - 5 - 

PF 

1PF 

85 15 

- - 1 

0.3 

2PF - - 2 

3PF - - 3 

4PF - - 4 

5PF - - 5 

 

To produce hardened samples, the CaO, FA, and formate compound were dry-

mixed for 1.5 min before adding water. Next, deionized water was added to the 

mixture, which was mixed for an additional 5 min. The freshly mixed pastes were 

then cast in 50 mm × 50 mm × 50 mm brass cubic molds for compressive strength 

testing and in cylindrical molds with a diameter of 2.54 cm and a height of 2.54 cm 

to prepare for MIP samples. All samples were cured at 60 °C in 95% relative 

humidity. After 24 h of curing, the samples were demolded and then cured 
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continuously under the same conditions until subsequent testing. 

Compressive strength tests were performed at 1, 3, 7, and 28 days of curing. 

The strengths of each sample were determined as the average value of triplicate 

samples. After the compressive strength testing, the broken sample pieces were 

collected and finely ground to prepare powder samples for the XRD, TG, and 27Al 

MAS-NMR measurements. The cylindrical hardened pastes were cut into 5 mm × 5 

mm × 5 mm cubic samples for MIP experiments. The samples prepared for 

microstructure analyses were immersed in isopropanol to stop further hydration 

(Beaudoin and Tamtsia, 2004). Then the immersed samples were dried in a vacuum 

desiccator with a vacuum pressure of ~ 60 cmHg to remove any remaining solvent 

from the samples before they were tested (Aligizaki, 2006). 

Using a high-power X-ray diffractometer (D/MAX 2500V/PC, Rigaku, Japan), 

the XRD patterns of the 1-, 3-, and 28-day samples were taken with Cu-Kα radiation 

(λ = 1.5418 Å) within a range of 2θ = 5 – 60°. The measured XRD patterns were 

analyzed using PANalytical X’pert HighScore Plus software (2012) and the ICDD 

PDF-2 database (2000). 

Thermogravimetry of the 1-, 3-, and 28-day samples was examined using an 

SDT Q600 (TA Instruments, USA) with an alumina holder. The heating temperature 

ranged from ambient temperature to 1,000 °C, with a heating rate of 10 °C/min in a 

nitrogen atmosphere. 

Total porosity and pore size distribution of the 3- and 28-day samples were 

measured using MIP (AutoPore IV 9500, Micrometrics, USA) under a pressure range 

from 0.0007 to 414 MPa. 

A MAS-NMR test was carried out on the 28-day samples using a 400 MHz 

Advance II + Bruker Solid-state NMR instrument with a magnetic field strength of 

9.4 T and ZrO2 4 mm rotors at ambient temperature. Under conditions of proton 
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decoupling with a 30° pulse, 27Al MAS-NMR spectra were collected for quantitative 

analysis at pulse repetition delays of 3 s with a spinning rate of 14 kHz. The recorded 

chemical shifts of 27Al were referenced relative to 1 M AlCl3 (aq.) at 0.0 ppm. 
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3.3 Results and discussion 

3.3.1 Compressive strength 

The results of the compressive strength tests are presented in Fig. 3-3. All 

samples increased in strength as curing time progressed. The samples with 

Ca(HCOO)2 (CF) were significantly stronger than the control samples on all days; 

in particular, the sample with 5 wt.% of Ca(HCOO)2 produced the study’s greatest 

strength of 52 MPa at 28 days. However, the samples with NaHCOO and KHCOO 

(SF and PF, respectively) exhibited 50 – 68% lower strengths than the CF samples 

at 28 days, although these samples also had higher strengths than the control samples. 

 

 
Fig. 3-3 Compressive strength test results of hardened pastes 
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In this study, the presence of formate compounds measurably increased the 

strength of the CaO-activated FA binder, but the extent of that strength improvement 

depended on the formate compound’s cation type. The lower extents in SF and PF 

(compared to CF) could be attributable to the high alkalinity of their mixtures due to 

the cation types (Na and K) of the formate compounds, especially given that many 

previous studies stated that although an alkaline environment helps dissolve the 

amorphous phase of cementitious materials, it could inhibit pozzolanic reactions 

because the high pH significantly decreased the solubility of Ca(OH)2, resulting in 

decreased C-S-H formation (Alonso and Palomo, 2001; Yip et al., 2005). 

Increasing the amount of formate compounds to more than 3 wt.% had little 

benefit. A 3 wt.% of formate compound was considered the optimal amount to add 

when cost and performance were considered. Thus, in the following section, 

microstructure analyses were only performed on the samples to which 3 wt.% of 

compounds were added (3CF, 3SF, and 3PF). 

 

 
3.3.2 X-ray diffraction analysis 

The XRD patterns of the hardened pastes at 1, 3, and 28 days are presented in 

Fig. 3-4. The measured patterns were analyzed using PANalytical X’Pert HighScore 

Plus software (2012) and the ICDD PDF-2 (2000) and ICSD (Belsky et al., 2002) 

databases. Fig. 3-4 does not include the reference patterns of the original phases of 

raw FA since they were previously provided in Fig. 3-1; most phases of FA were still 

present. The numbers in parentheses indicate the ICDD PDF-2 data numbers for the 

identified phases. The reference patterns of the original phases from raw FA are not 

provided in this figure, although the phases are present. Note that the reference 

pattern of C-S-H in the ICDD PDF-2 database (ICDD PDF-2 no. 00-033-0306) only 

provides crystalline peaks without any amorphous characteristics; thus, to correctly 

identify C-S-H, the XRD pattern of fully hydrated β-dicalcium silicate (C2S), as 
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measured by Taylor (1997), was used as a reference pattern after the reflections of 

Ca(OH)2 were removed. As shown in Fig. 3-4, C-S-H, katoite (Ca3Al2(SiO4)(OH)8 

or 3CaO·Al2O3·SiO2·4H2O), calcite (CaCO3), and calcium hydroxide (Ca(OH)2) 

were commonly observed as reaction products in all samples. 

In general, C-S-H greatly influences strength development in cementitious 

systems (Mehta and Monteiro, 2006; Taylor, 1997) (e.g., OPC, lime-activated FAs). 

In this study, as curing days progressed, the profile of the C-S-H phase gradually 

formed, particularly more in the 28-day samples of CF, SF, and PF. 

In this study, all samples displayed katoite peaks in their XRD patterns; however, 

3CF at 28 days showed significantly stronger intensities of katoite peaks than the 

other samples. Katoite, a hydrogarnet phase (Passaglia and Romano, 1984), was 

identified in the CaO-activated FA binders (Shi, 1993). 

The XRD patterns showed that Ca(OH)2 formed intensively due to the reaction 

of CaO with the mixing water (CaO + H2O  Ca(OH)2) in all samples before 1 day; 

however, except for the control sample, the peak intensities of Ca(OH)2 quickly 

decreased after 3 days. In particular, 3CF showed that the peaks of Ca(OH)2 mostly 

disappeared after 3 days (see Fig. 3-4(b)), while the broad hump of C-S-H at 28–33° 

simultaneously increased; given that fast Ca(OH)2 consumption generally results in 

fast C-S-H formation through pozzolanic reactions (Mehta and Monteiro, 2006), this 

outcome is consistent with 3CF having the fastest C-S-H formation and the CF group 

having the greatest strength. 

Al2O3-Fe2O3-mono (AFm) phases (Taylor, 1997) formed in all samples. The 

raw FA used in this study contained a relatively large weight of SO3 (~1.2 wt.%) 

compared to the general weight range of SO3 in the chemical composition of Class 

F FA (0.0 – 1.34 wt.% (Massazza, 2003), 0.3 – 0.9 wt.% (Oh et al., 2015)). Due to 

the sufficient amount of SO3, monosulfate (3CaO·Al2O3·CaSO4·12H2O) formed in 

Control, while monosulfite (3CaO·Al2O3·CaSO3·11H2O) was synthesized in the 
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samples with formate compounds. The peaks of AFm in Control and 3CF almost 

disappeared at 28 days, while those in 3SF and 3PF remained until 28 days. 

 

 

 

 

 
(a)                              (b) 

Fig. 3-4 XRD patterns of hardened pastes at 1, 3, and 28 days: (a) Control, (b) 3CF, (c) 3SF, 

and (d) 3PF 
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(c)                                (d) 

Fig.3-4 (Cont.) XRD patterns of hardened pastes at 1, 3, and 28 days: (a) Control, (b) 3CF, 

(c) 3SF, and (d) 3PF 
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Regarding the use of formate compounds, Lota (1993) reported that HCOO-
 

ions can form analogues of AFt and AFm (C3A·3Ca(HCOO)2·30H2O and 

C3A·Ca(HCOO)2·10H2O, respectively) because monovalent anions from 

Ca(HCOO)2, NaHCOO, and KHCOO can be exchanged for SO4
2- in ettringite and 

monosulfate; however, in this study, no reference pattern for a formate-AFm phase 

matching the measured XRD patterns was found in the PDF-2 database (see Fig. 

3-5). The formate compounds in this study likely promoted the formation of 

monosulfite rather than monosulfate by generating sulfite ions (SO3
2-). Note that in 

cementitious systems, sulfite ions are often observed when sulfuric sources are 

available (Lagosz and Malolepszy, 2003; Motzet and Pöllmann, 1999). 

At 1 day, very weak reflections of ettringite (Ca6Al2(SO4)3(OH)12·26H2O, Al2O-

Fe2O3-tri (AFt) phase) were observed in Control, 3CF, and 3SF; however, they 

disappeared after 3 days. While early age ettringite formation is known to improve 

early strength in cementitious systems, in this study, ettringite barely contributed to 

initial strength because the amounts were comparably small.  

 
Fig. 3-5 The reference patterns of monosulfite and formate-AFm 
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3.3.3 Thermogravimetric analysis 

The TG and differential thermogravimetry (DTG) curves of the Control, 3CF, 

3SF, and 3PF at 1, 3, and 28 days are presented in Fig. 3-6. The weight losses in TG 

were mainly attributed to dehydration or the decomposition of reaction products. In 

this study, each phase was identified based on the results of previous studies 

(Alahrache et al., 2016; Motzet and Pöllmann, 1999; Song et al., 2018; Taylor, 1997) 

after considering that peak positions in DTG can differ for the same phase due to 

changes in instrumental set-ups or sample conditions (Song et al., 2018). The 

TG/DTG results were mostly in accordance with the XRD results in phase 

identification. 

The weight losses near 100 °C were mainly ascribed to the dehydration of AFt, 

which overlapped with the temperature ranges of the dehydration of C-S-H (~85 − 

200 °C) and AFm phases (e.g., monosulfate and monosulfite) ( ~130 °C) (Motzet 

and Pöllmann, 1999; Song et al., 2018; Taylor, 1997). 

It is worth noting that at 28 days, the DTG curves of 3CF and 3SF were very 

similar for weight loss below 200 °C (see Fig. 3-6(e)); however, the weight loss of 

3CF was mostly attributed to C-S-H because 3CF did not show any AFt and AFm 

phases in XRD at 28 days, while the weight loss of 3SF included that of the AFm 

phase. Thus, C-S-H formed more significantly in 3CF than 3SF at 28 days, which is 

likely related to the greater strength of 3CF (~44.6 MPa) than 3SF (~17.3 MPa) at 

28 days.  

Similar to the XRD results, a strong DTG peak of katoite near 300 − 420 °C 

was present only in 3CF. Sepulcre-Aguilar and Hernández-Olivares (2010) and 

Guerrero et al. (2009) reported that because of the conversion of low-density 

hydration products (such as AFt and AFm) into higher density cubic katoite, capillary 
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porosity could increase in the long-term hydration process, resulting in decreased 

strength; however, MacDowell et al. (1992) mentioned that the formation of katoite 

in the initial reaction could make the hardened matrix denser because it formed 

directly during the reaction process. Similarly, in this study, the generation of katoite 

could be one of the causes of strength enhancement of 3CF.  

Around 400 °C, the weight losses corresponded to Ca(OH)2 (Alahrache et al., 

2016; Song et al., 2018). The greatest amount of Ca(OH)2 formed in 3CF at 1 day 

but vanished after 3 days, while in the other samples, Ca(OH)2 was still clearly 

present after 3 days. Thus, the DTG results are consistent with the XRD results, 

which support the fastest formation of C-S-H in 3CF.  
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(a) 

 
(b) 

  
(c) 

Fig. 3-6 TG/DTG curves of hardened pastes at 1, 3, and 28 days: (a) Control, (b) 3CF, (c) 

3SF, (d) 3PF, and (e) comparison of four samples at 28 days 
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(d) 

 
(e) 

Fig. 3-6 (cont.) TG/DTG curves of hardened pastes at 1, 3, and 28 days: (a) Control, (b) 

3CF, (c) 3SF, (d) 3PF, and (e) comparison of four samples at 28 days 
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3.3.4 27Al MAS-NMR spectroscopy 

27Al MAS-NMR spectra of raw FA and hardened samples at 28 days are shown 

in Fig. 3-7. Since raw FA was the only source of aluminum (Al), all spectra were 

standardized to have the same area as the raw FA. As shown in Fig. 3-7, the spectrum 

of each hardened sample showed three different coordinate states of aluminum: 

tetrahedral coordinate Al (Al(IV)) at ~60 ppm, pentahedral coordinate Al (Al(V)) at 

~30 ppm, and octahedral coordinate Al (Al(VI)) near ~0 ppm. 

The raw FA had the first broad asymmetric peak centered at ~50 ppm composed 

of overlapped signals of Al(IV) and Al(V), while the second peak at ~0 ppm was 

assigned to Al(VI). 

When compared to the spectrum of raw FA, all samples after activation showed 

significantly reduced peaks of Al(IV) around 20−60 ppm, which indicates 

considerable dissolution of the raw FA. The shift of Al(IV) peaks to higher ppm was 

mainly due to Al substituting for Si in C-S-H (near 70 ppm) and the formation of 

AFm phases (near 60 ppm) (Richardson et al., 2016; Skibsted et al., 2017). The 

formation of an AFm phase was also responsible for the peaks of Al(VI) at ~10 ppm 

(Andersen et al., 2003; Skibsted et al., 1993). Consistent with the XRD and TG 

results, a relatively small peak of AFm was observed in 3CF, while strong peaks were 

present in 3SF and 3PF. 

When Ca(HCOO)2 was added (i.e., 3CF), strong signals of Al(IV) near 60−70 

ppm and Al(VI) near 13 ppm were observed. These peaks were attributed to the 

significant formation of katoite in 3CF (Frías Rojas, 2006; Pena et al., 2008), given 

that there was no AFm (Al(IV) at ~60 ppm) and AFt (Al(VI) at ~13 ppm) in 3CF at 

28 days. In addition, more Al substitution of C-S-H was induced when Ca(HCOO)2 

was added.  
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Fig. 3-7 27Al MAS NMR spectra for 28-day samples 

 

 

3.3.5 Mercury intrusion porosimetry 

Total porosities and pore size distributions at 3 and 28 days were examined 

using MIP (see Fig. 3-8 and Table 3-3). The pores in this study were classified into 

capillary pores below 5 μm and air voids near 100 μm. In general, as the total 

porosity and overall pore size of a solid increase, its mechanical strength decreases; 

however, capillary pores smaller than 50 nm are significantly less detrimental to the 

strength of cementitious materials than other pore sizes (Mehta and Monteiro, 2006). 

In this study, all formate compounds produced measurable reductions in porosity and 

overall pore size when incorporated, resulting in improved strengths. 

As shown in Table 3-3, 3CF showed the smallest average pore diameter of all 

samples on all days, while 3SF displayed the smallest porosity on all days. Given 

that the strength of 3CF was considerably greater than that of 3SF on all days, overall 

pore size was more important than porosity in determining strength; these results 

align with earlier studies (Mehta and Monteiro, 2006). 

Total porosity and pore size decreased with curing time in the control, 3CF, and 

3SF, while 3PF showed increased porosity from 35.4% at 3 days to 37.7% at 28 days. 
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In 3PF, although the air void increase near 100 μm could be due to an accidental 

incorporation of air during mixing, the pore-size increase in the range of 0.1−0.4 μm 

indicates the possible formation of cracks over time. This crack formation could have 

reduced the strength development of 3PF to some extent. 

From this results (see Fig. 3-9), pore distribution, not the total porosity, is a 

better criterion for evaluating the strength characteristics. In particular, total porosity 

and pore sizes decreased in Control, 3CF, and 3SF with curing time, while 3PF 

showed the increase of porosity (35.4% at 3 days to 37.7% at 28 days). This pore 

volume increase in 3PF might indicate a formation of cracks over time; although the 

increased pores were small than 50 nm, since there are also some pores larger than 

50 nm, it is considered that the strength was adversely affected. Thus, low strength 

development of 3PF could be explained by increase of pore volume. 
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(a) 

 
(b) 

 
(c) 

Fig. 3-8 Pore size distribution of hardened pastes at 3 and 28 days: (a) Control, (b) 3CF, (c) 

3SF, (d) 3PF, and (e) comparison of four samples at 28 days 
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(d) 

 
(e) 

Fig. 3-8 (cont.) Pore size distribution of hardened pastes at 3 and 28 days: (a) Control, (b) 

3CF, (c) 3SF, (d) 3PF, and (e) comparison of four samples at 28 days 
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(a) 

 
(b) 

Fig. 3-9 Relationship between pore characteristics from MIP and compressive strength: (a) 

total porosity, (b) average pore diameter 

 

Table 3-3 Measured total porosities and average pore size for hardened pastes 

Samples 
Total porosity (%) Average pore diameter (nm) 

3 days 28 days 3 days 28 days 

Control 42.2 39.9 42.1 35.5 

3CF 37.5 34.7 13.5 9.4 

3SF 32.8 26.9 31.8 22.4 

3PF 35.4 37.7 35.6 28.3 
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3.4 Concluding remarks 

In this study, the influences of Ca(HCOO)2, NaHCOO, and KHCOO as new 

additives on the strength development and microstructure of CaO-activated FA 

binders were investigated using compressive strength tests, XRD, TG/DTG, 27Al 

MAS-NMR, and MIP analyses. The results showed that the addition of Ca(HCOO)2 

was significantly more effective in increasing the strength of a CaO-activated FA 

binder system than the addition NaHCOO or KHCOO, which did not show notable 

increases in strength. The increased strength observed when Ca(HCOO)2 was added 

was primarily due to (1) the significant increase in C-S-H formation and (2) the 

considerable reduction in overall pore size. The detailed conclusions are summarized 

as follows: 

The influence of formate addition on the strength of CaO-activated FA was 

dependent on the formate compound’s cation type (Ca, Na, or K). The addition of 

Ca(HCOO)2 to CaO-activated FA produced not only 2.5 – 4.6 times higher early 

strength compared to the sample that only used CaO activation but also the greatest 

28-day strength of 52 MPa. The addition of NaHCOO and KHCOO, meanwhile, had 

little effect on strength. 

The XRD and TG/DTG results showed that the major reaction products of all 

samples were C-S-H, katoite, calcite, and Ca(OH)2. Adding Ca(HCOO)2 induced fast 

Ca(OH)2 consumption, a result likely due to the increased degree of pozzolanic 

reactions, which led to fast C-S-H formation. In particular, significantly more C-S-

H was formed which is related to the greatest strength when Ca(HCOO)2 was added 

than when NaHCOO and KHCOO were added.  

The initial formation of katoite could make the hardened matrix denser, 
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resulting in enhanced strength. 

The NMR results indicated that the addition of Ca(HCOO)2 not only led to the 

significant formation of more katoite but also induced significant Al substitution of 

C-S-H.  

The MIP results showed that all the formate compounds reduced overall pore 

size and porosity. Although the use of Ca(HCOO)2 did not produce the smallest 

porosity, it did induce the smallest pore size among the formate compounds. Given 

that using Ca(HCOO)2 produced the greatest strength, reducing overall pore size was 

significantly more important than porosity in determining strength in this study. 
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Chapter 4. Influence of Magnesium Formate on CaO-

Activated Fly Ash binders 

4.1 Introduction 

The addition of magnesium formate [Mg(HCOO)2] in lime-activated FA system 

can be expected to achieve significant strength improvement without durability 

problems caused by harmful ions (e.g., chloride, sulfate ions). The formate 

compounds, commonly used as chemical admixtures (e.g., set accelerator, corrosion 

inhibitor, and deicer) in OPC, shortened initial setting time and promoted early 

strength by reacting with C3A and C3S, which are related to formation of hydration 

products (e.g., Al2O3-Fe2O3-tri (AFt), Al2O3-Fe2O3-mono (AFm) phases, and C-S-H 

(Singh and Abha, 1983; Steven, 1983).  

The adding MgO to OPC showed abilities to not only sequester significant 

quantities of CO2 (Dung and Unluer, 2018), but compensate for the natural shrinkage 

of OPC during hydration (Chongjiang, 2005). Recently, it enhanced the strength by 

formation of the voluminous hydrotalcite-like phase when mainly acted as an 

activator with ground granulated blast-furnace slag (GGBFS) (Burciaga-Díaz and 

Betancourt-Castillo, 2018; Gu et al., 2014; Haha et al., 2011). Lee and van Deventer 

(2002) reported that the addition of small amounts of MgO shortened not only setting 

time by providing heterogeneous nucleation centers in the initial paste solution, but 

enhanced compressive strength of OPC.  

While the effect of the magnesium compounds has been reported on the reaction 

with OPC and GGBFS, no studies on the behavior of magnesium compounds (i.e., 

Mg(HCOO)2 and MgO) in lime-activated FA system have been investigated; thus, 
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the effect of these compounds as additives in the lime-activated FA on strength 

enhancement and microstructure need to be investigated. 

In this paper, the influence of Mg(HCOO)2 on the CaO-activated Class F fly 

ash system as potential additives to significantly improve strength was investigated, 

and it was compared to that of MgO to more understand the role of formate in 

magnesium salt in improving strength. To this end, various tests were carried out: 

compressive strength test, inductively coupled plasma-optical emission spectrometer 

(ICP-OES), powder X-ray diffraction (XRD), thermogravimetry (TG), solid-state 

27Al and 29Si magic-angle spinning nuclear magnetic resonance (MAS-NMR) 

spectroscopy, as well as mercury intrusion porosimetry (MIP). 
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4.2 Materials and test methods 

The raw FA was obtained from Hadong coal-fired power plant in South Korea. 

To identify properties of the material, X-ray fluorescence (XRF) spectrometer (LAB 

CENTER XRF-1800, Shimadzu, Japan), a laser diffraction particle size analyzer 

(HELOS with a RODOS dispersing unit, Sympatec, Germany) and a high-power X-

ray diffractometer (XRD) (D/MAX 2500V/PC, Rigaku, Japan) were used. 

The oxide chemical compositions from XRF are tabulated in Table 4-1. The 

result of oxide composition (SiO2 + Al2O3 + Fe2O3 > 70 %) showed the 

characteristics of general class F fly ash in accordance with American Society for 

Testing and Materials (ASTM) C618 (2017b). 

Table 4-1 Oxide composition of raw FA from XRF spectroscopy 

Oxide Content (wt.%) 

SiO2 51.68 

Al2O3 28.37 

Fe2O3 6.56 

CaO 4.93 

K2O 1.95 

MgO 1.47 

Na2O 1.45 

TiO2 1.15 

SO3 1.09 

P2O5 0.93 

SrO 0.20 

BaO 0.07 

MnO 0.05 

ZnO2 0.01 
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For internal standard semi-quantitative analysis, the corundum (standard 

reference material 676a from the National Institute of Standards and Technology, 

crystalline alumina 99.02 % ± 1.11 %) was added to raw FA powder as an internal 

standard. The measured XRD patterns of raw FA taken with a Cu-Kα beam (λ = 

1.5418 Å) within a range of 2θ = 5 - 60° are shown in Fig. 4-1. The numbers attached 

in reference patterns in Fig. 4-1 indicate the numbers of ICDD PDF-2 for each phase 

The results of semi-quantitative analysis using the reference intensity ratio (RIR) 

method with the PANalytical X’pert HighScore Plus software (2012) are included 

with reference patterns in the International Center for Diffraction Data (ICDD) PDF-

2 database (2000) and the Inorganic Crystal Structure Database (ICSD) (Allmann 

and Hinek, 2007); raw FA contains 10.8 % of quartz (SiO2, ICDD PDF-2 no. 01-089-

8936), 10.0 % of mullite (Al4.8Si1.2O9.6, ICDD PDF-2 no. 01-079-1275), 2.4 % of 

iron oxide (Fe3O4, ICDD PDF-2 no.01-088-0315), and 76.8 % of amorphous phase. 

 

Fig. 4-1 XRD analysis for raw fly ash with reference diffraction patterns 

Quartz (01-089-8936)

Iron Oxide (98-003-5001)

Mullite (01-079-1454)

Corundum (98-002-4851)

Quartz: ~10.8 wt.%

Mullite: ~10.0 wt.%

Iron oxide: ~2.4 wt.%

Amorphous: ~76.8 wt.% 

Measured XRD patterns of raw fly ash

Reference patterns

Position [°2Theta] (Copper (Cu))
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The characteristics of particle size analysis for FA are presented in Fig. 4-2. The 

median particle size (D50) of the raw FA was 15.28 μm, similar to those in previous 

studies (Jeon et al., 2015; Suh et al., 2017). 

 

Fig. 4-2 Particle size analysis of raw fly ash from laser diffraction 

 
In this study, calcium oxide (CaO) (Daejung Chemicals, Korea) was used as a 
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CaO-activated FA binder was composed of 85 wt.% of FA and 15 wt.% of CaO with 

reference to the previous studies (Shi and Day, 2000a, 2000b). The numbers in front 

of sample labels indicate weight percentage of each magnesium compound in the 

CaO-activated FA binder. The water-to-binder (w/b) ratio was determined as 0.32, 

which produced proper workability, for all pastes. 

 

Table 4-2 Mix proportion of paste samples 

Sample 

Binder 

(wt.%) 

Additive 

(wt.%) w/b  

ratio 

Test conducted 

FA CaO MO MF C *I **pH X T M N 

CF 

85 15 

- - 

0.32 

● ● ● ● ● ● ● 

2CFMO 2 - ● ● ● ● ● ●  

4CFMO 4 - ●       

6CFMO 6 - ● ● ● ● ● ● ● 

8CFMO 8 - ● ● ● ● ● ●  

2CFMF - 2 ● ● ● ● ● ●  

4CFMF - 4 ●       

6CFMF - 6 ● ● ● ● ● ● ● 

8CFMF - 8 ● ● ● ● ● ●  

Note. FA: fly ash, MO: MgO, MF: Mg(HCOO)2, C: compressive strength test, I: ICP-OES, 

X: XRD, T: TG, M: MIP, N: NMR, w/b: water-to-binder ratio, ●: type of test conducted. 
*, **: Ionic concentrations and pH values were measured for the diluted samples with w/b = 

2.0. 

Curing condition: 60 °C under 95% RH. 
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To produce hardened samples, CaO, FA and each magnesium compound (i.e., 

MgO and Mg(HCOO)2) were dry-mixed for 1.5 min before adding water. After then, 

deionized water was added in the mixture, and mixed for 5 min more in accordance 

with ASTM C305 (2014). The freshly mixed pastes were cast into 50 mm × 50 mm 

× 50 mm brass cubic molds for compressive strength, and into cylindrical molds 

having a diameter of 2.54 cm and a height of 2.54 cm to prepare for MIP samples. 

All samples were cured at 60 °C under 95% relative humidity. After 24 h of curing, 

the samples were demolded, and then cured continuously under the same curing 

condition until testing. 

Compressive strength tests were performed at 1, 3, 7 and 28 days of curing. The 

strengths for each sample were determined as average value for triplicate samples. 

After the compressive strength testing, the pieces of broken sample were collected 

and finely ground to prepare powder samples for the XRD, TG, solid-state 27Al and 

29Si MAS-NMR, and ICP-OES measurements. The cylindrical hardened pastes were 

cut into 5 mm × 5 mm × 5 mm cubic samples for MIP experiments using a precision 

saw (IsoMet 1000, Buehler, Illinois, USA). The prepared samples for microstructure 

analyses were immersed in isopropanol to stop a further hydration (Beaudoin and 

Tamtsia, 2004). The immersed samples were dried in a desiccator to remove any 

remaining solvent from the samples before being tested (Zhang and Scherer, 2011). 

Using ICP-OES (700-ES, Varian, US) and pH meter (HI 3320, HANNA 

Instruments Inc., Italy), temporal changes of ionic concentrations (Si, Al, Ca, and 

Mg) and pH values of diluted samples (w/b = 2.0) were measured, respectively, to 

indirectly investigate the influence of magnesium compounds (i.e., MgO and 

Mg(HCOO)2) on pore solutions for each sample within 24 h, given that Song and 

Jennings (Song and Jennings, 1999) demonstrated that the ionic concentrations and 

pH values of the diluted samples were not significantly different from those of 

extracted solutions. The fresh mixtures were agitated by a heating magnetic stirrer 
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for 24 h at 60 °C for chemical analysis. During the agitation process, the samples 

were kept sealed to prevent evaporation of water and carbonation by the CO2 present 

in ambient air. Before testing, all the samples were vacuum-filtered to separate out 

the aqueous phase. 

Using a high-power X-ray diffractometer (D/MAX 2500V/PC, Rigaku, Japan), 

the XRD patterns for 3, and 28-day samples were taken with Cu-Kα radiation (λ = 

1.5418 Å) within range of 2θ = 5 − 60°. Measured XRD patterns were analyzed using 

PANalytical X’pert HighScore Plus software (2012) with the ICDD PDF-2 database 

(2000) and the ICSD (Allmann and Hinek, 2007). 

TG for 28-day samples were examined using SDT Q600 (TA instruments, USA) 

with an alumina holder. The heating temperature ranged from ambient temperature 

to 1,000 °C with a heating rate of 10 °C/min in a nitrogen atmosphere. 

Total porosity and pore size distribution for 28-day samples were measured 

using MIP (AutoPore IV 9500, Micrometrics, USA) under a pressure range from 

0.0007 to 414 MPa. 

Solid-state MAS-NMR experiments were carried out for the 28-day samples 

with a 400 MHz Advance II+ Bruker Solid-state NMR instrument, which were 

equipped with a magnetic field strength of 9.4 T and ZrO2 4 mm rotors at an ambient 

temperature. Under conditions of proton decoupling with a 30° pulse, 29Si and 27Al 

MAS-NMR spectra were collected at pulse repetition delays of 100 and 3 s, 

respectively, for quantitative analysis with a spinning rate of 10 kHz and 14 kHz. 

The recorded chemical shift of spectra 29Si and 27Al were, respectively, referenced 

relative to tetramethylsilane (TMS) and 1 M AlCl3 (aq.) at 0.0 ppm. The 

quantification of NMR results was performed by non-linear least-square fits using 

the software “DMFIT” developed by Massiot et al. (2002).  
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4.3 Results and discussion 

4.3.1 Compressive strength 

The results of compressive strength tests for all hardened samples are presented 

in Fig. 4-3. The strengths for all samples increased with curing time. Given the 

strength results, the presence of magnesium compounds (i.e., MgO and Mg(HCOO)2) 

was beneficial in increasing strength of CaO-activated FA binder, but extent of 

strength increase was different; the use of Mg(HCOO)2 was significantly more 

increased than that of MgO. 

The addition of a small quantity of Mg(HCOO)2 resulted in a significant 

increase over 40 MPa in both early and 28-day strength, while increasing the amount 

of Mg(HCOO)2 more than 2 wt.% had little benefit for the extent of strength 

enhancement although CFMF samples exhibited 3.2 - 3.8 times higher strength at 28 

days than CF.  

One possible cause of the substantial strength improvement in the CFMF 

samples is that because the solubility of Mg(HCOO)2 (Balarew et al., 2001; Rumble, 

2017) is much higher than that of MgO (Dung and Unluer, 2018), and thus, in this 

study, addition of Mg(HCOO)2 would not only promote reaction generating C-S-H, 

but supply sufficient Mg ions that were readily available for reaction products such 

as hydrotalcite, or hydrotalcite-like phases, given that increased amount of 

hydrotalcite (or hydrotalcite-like phases) contributes to strength enhancement of 

binder matrix because the matrix is densified as the pore is filled by the hydrotalcite 

(Burciaga-Díaz and Betancourt-Castillo, 2018; Gu et al., 2014; Haha et al., 2011). 
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Fig. 4-3 Compressive strength test results of hardened pastes 

 

 

4.3.2 Pore solution analysis 

The pH in the filtrated solution from diluted paste samples (w/b = 2.0) within 7 

days was shown in Fig. 4-4. Regardless of the amount of MgO added, the pH values 

of CFMO samples were constant ranging from 12.6 to 12.7, which were similar to 

those of CF. When Mg(HCOO)2 was added (i.e., CFMF samples), the pH values 

were lower than those of CF and CFMO samples. In particular, 6CFMF showed the 

lowest pH of 12.05 at 8 h, while 2CFMF exhibited a high pH ranging from 12.4 to 

12.5. From the pH results, the decreased pH values of CFMF samples seem to be 

due to consumption of OH− in pore solution to dissolve FA and produce reaction 

products. 

The addition of MgO and Mg(HCOO)2 did not likely promote the dissolution 

of FA compared to the sole use of CaO without any additive because CF showed the 

highest (or at least equivalent) degree of ionic concentrations of Si and Al in Fig. 4-5 

(a) and (b).  

In CF, the measured ionic concentration of Ca was measured 12.4 mmol/L (Fig. 
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4-5). As the solubility product constant (Ksp) of Ca(OH)2 at 25 °C in the aqueous 

phase is 4.68 × 10-6 (IUPAC, 1992), the possible maximal concentration of Ca is 

calculated as ~10.5 mmol/L in a saturated aqueous solution of Ca(OH)2 at 25 °C. 

Although interaction with other ions in CF cannot be ignored, the result still implies 

that the measured concentration of Ca in CF was near the potentially maximal 

concentration.  

When Mg(HCOO)2 was added, the use of Mg(HCOO)2 greatly increased the 

concentration of Ca (e.g., at 6 – 8 wt.% of Mg(HCOO)2, more than 25 times the Ca 

concentration of CF), while the pH was reduced as the weight of Mg(HCOO)2 

increased. Because the main activator, CaO, was the biggest source of Ca in this 

study, the increase of Ca ions possibly indicates a significant increase of the 

solubility of CaO; this might sound contradictory to the reduction of pH because 

CaO generally converts to Ca(OH)2 in water, which increases pH. However, it should 

be noted that a large portion of CaO was likely converted to Ca(HCOO)2 after 

reacting with Mg(HCOO)2, and Mg(OH)2 was synthesized instead of Ca(OH)2 in 

pore solutions (i.e., CaO (or Ca(OH)2) + Mg(HCOO)2 ↔ Ca(HCOO)2 + Mg(OH)2); 

thus, Ca ions increased due to the increase of Ca(HCOO)2 because Ca(HCOO)2 is 

significantly more soluble than CaO (Rumble, 2017), and pH was reduced because 

a portion of Ca(OH)2 was reduced by generating Mg(OH)2, which is considerably 

less soluble than Ca(OH)2 (Rumble, 2017). In an earlier study (Bellmann and Stark, 

2009), a similar behavior was observed in the low pH activation using additional 

soluble compounds (pH = 11.8 – 12.2), which yielded significant strengths. 

Fig. 4-5 demonstrates that the addition of MgO little influenced the pH of 

samples likely because MgO rapidly precipitated in a form of Ma(OH)2, which had 

a very low solubility (IUPAC, 1992; Rumble, 2017), in pore solutions; regardless of 

the amount of MgO added, the pH values of the samples were relatively constant 

ranging from 12.6 to 12.7, which were very similar to that of the sample without any 

additives. 
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(a)                             (b)           

 
                    (c)                             (d) 

 
(e)                             (f) 

Fig. 4-4 Temporal changes in pH values of diluted sample mixtures (w/b = 2.0) within 7 

days: (a)-(b) CF, (c)-(d) CFMO, and (e)-(f) CFMF 
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(a) 

 
(b) 

  
(c) 

Fig. 4-5 Ionic concentrations of (a) Si, (b) Al, (c) Ca, (d) Mg, and (e) measured pH of 

diluted sample mixtures (w/b = 2.0) at 24 h and 7 days with magnesium compounds added 
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(d) 

 
(e) 

Fig. 4-5 (cont.) Ionic concentrations of (a) Si, (b) Al, (c) Ca, (d) Mg, and (e) measured pH 

of diluted sample mixtures (w/b = 2.0) at 24 h and 7 days with magnesium compounds 

added 
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Fig. 4-6 Reaction between 15g CaO and 6g Mg(HCOO)2 in 200g distilled water 

 

 

 

4.3.3 X-ray diffraction analysis 

The XRD patterns of 3, and 28-day hardened samples are presented in Fig. . 

The patterns were analyzed using X’Pert Highscore Plus software (PANalytical, 

2012) with the ICDD PDF-2 (ICDD, 2000) and the ICSD (Allmann and Hinek, 2007) 

database. In Fig. 4-7, the numbers in parentheses indicate ICDD PDF-2 and ICSD 

data numbers for identified phases, and the reference patterns of original phases in 

raw fly ash are not provided as the phases of the raw FA were provided in Fig. 4-1. 

In all samples, C-S-H was significantly generated from the reaction of CaO with 

amorphous phase of fly ash, similarly to pozzolanic reaction; C-S-H is principally 

responsible for strength development of various cementitious system (e.g., portland 

cement, lime-activated fly ashes) (Shi and Day, 2000a, 2000b) although it is not 

easily identified in XRD due to its amorphous nature. In this study, to identify C-S-
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H, the XRD pattern of fully hydrated β-dicalcium silicate (C2S), reported by Taylor 

(Taylor, 1997), was referred after removing reflections of Ca(OH)2. 

Portlandite (Ca(OH)2), calcite (CaCO3), and AFm phases (monosulfate 

(Ca4Al2(SO4)(OH)12·6H2O) or monosulfite (Ca4Al2O6SO3·11H2O)) were also 

commonly observed as reaction products. In addition, katoite 

(Ca2.93Al1.97(Si0.64O2.56)(OH)9.44), which was often reported in previous studies of 

lime-activated FA (Biernacki et al., 2001), was found in the CF and CFMF samples. 

In this study, calcite possibly formed from atmospheric carbonation of CaO or 

formed portlandite during curing process (Burciaga-Díaz and Betancourt-Castillo, 

2018; Gu et al., 2014). 

Hydrotalcite-like phase was found when samples had Mg sources (i.e., MgO 

and Mg(HCOO)2). Hydrotalcite (Mg6Al2CO3(OH)16·4H2O) is a magnesium-bearing 

reaction product with a layered double hydroxide structure that has been frequently 

identified in various cementitious systems with magnesium compounds (Gu et al., 

2014; Haha et al., 2011). However, in this study, the reference patterns for 

hydrotalcite did not precisely match the related reflections of this study, and similar 

poor matches were also reported in previous studies (Jeon et al., 2015; Jeong et al., 

2016a; Jeong et al., 2017), which indicated that hydrotalcite might show slightly 

different patterns when it formed in different synthesizing conditions (Taylor, 1997); 

thus, hydrotalcite-like phase is more suitable identification for these reflections. 

In the samples with MgO, brucite (Mg(OH)2) largely formed possibly from the 

reaction between MgO and water (MgO + H2O → Mg(OH)2) and it remained at 28 

days, while, in the samples with Mg(HCOO)2, brucite was hardly found (Fig. 4-7(b) 

and (c)).  

When 2% of Mg(HCOO)2 was added to CaO-activated FA (see Fig. 4-7(c)), 

monosulfite appeared rather than monosulfate, given that sulfite ions are often 

observed when sulfuric sources are available in cementitious system (Lagosz and 
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Malolepszy, 2003; Motzet and Pöllmann, 1999). The small amount of Mg(HCOO)2 

in this study likely induced the formation of monosulfite at 3 days by generating 

sulfite ions (SO3
2−). In previous studies (Manohara et al., 2010), monovalent anions 

such as formate ions (HCOO−) are exchangeable for SO4
2− in AFm phases such as 

monosulfite and monosulfate, resulting in forming analogues of those phases; 

however, in this study, no reference pattern for monosulfite in the 2CFMF matching 

the measured patterns was found in the PDF-2 database because these AFm phases 

containing HCOO− (i.e., formate-AFm) formed in this study might be a solid solution 

instead a pure phase where it is substituted by other ions. 

When more than 2% of Mg(HCOO)2 was used (i.e., 6CFMF, 8CFMF), the 

reflections at 12.83°, 17.05°, 21.46°, 25.91°, and 28.32° (↓ in Fig. 4-7(c)) of 

unknown phase, which was likely to be Mg-Al-Si-OH phase, were observed. It was 

discussed in more detail in the further section. 
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(a)                                (b) 

Fig. 4-7 XRD patterns of the hardened pastes at 3, and 28 days: (a) CF, (b) CFMO, and (c) 

CFMF; ↓: possibly Mg-Al-Si-OH phase 
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 (c) 

Fig. 4-7 (cont.) XRD patterns of the hardened pastes at 3, and 28 days: (a) CF, (b) CFMO, 

and (c) CFMF; ↓: possibly Mg-Al-Si-OH phase 
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4.3.4 Thermogravimetric analysis 

The TG and differential thermogravimetry (DTG) curves of the CF, CFMO, and 

CFMF samples for 28 days are presented in Fig. 4-8. Note that TG/DTG results of 

CF were added for comparison with those of the samples with magnesium 

compounds. 

The weight losses attributed to dehydration or decomposition of reaction 

products, and relative weight losses were approximately compared using their DTG 

peaks. The TG/DTG results were consistent with the XRD results. Each phase was 

identified according to previous studies (Alahrache et al., 2016; Bakolas et al., 2006; 

Burciaga-Díaz and Betancourt-Castillo, 2018; Carmona-Quiroga and Blanco-Varela, 

2013; Dung and Unluer, 2018; Gu et al., 2014; Haha et al., 2011; Motzet and 

Pöllmann, 1999; Qoku et al., 2017; Schöler et al., 2015; Taylor, 1997). Although the 

previous studies show different decomposition temperature range, even at the same 

phase, as the TG results may be affected by changes in instrument setting and sample 

conditions, these studies are still beneficial for readers to recognize the exact 

temperature range of decomposition. 

For all the samples, significant weight losses below 200 °C, attributed to 

dehydration of C-S-H and AFm phases, were commonly observed (Bakolas et al., 

2006; Taylor, 1997). Weight losses near 80 °C were mainly attributed to the 

dehydration of AFt, which of DTG peaks were overlapped with dehydration 

temperature of C-S-H and AFm phase from 85 to 130 °C (Carmona-Quiroga and 

Blanco-Varela, 2013; Qoku et al., 2017). Katoite showed a distinct weight loss at 

320 °C (Taylor, 1997). The samples containing magnesium compounds presented 

relatively broad hump of DTG around 350 °C, related to hydrotalcite-like phase (or 

hydrotalcite). At temperature near 380 and 400 °C, weight losses corresponded to 

brucite and portlandite, respectively (Alahrache et al., 2016; Dung and Unluer, 2018; 
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Schöler et al., 2015). 

Portlandite in CF, and portlandite and brucite in CFMO samples still remained 

at 28 days, while the greatest amount of portlandite was almost consumed in CFMF 

samples in curing age. The DTG peak reduction of portlandite was consistent with 

the XRD results, which showed directly relationship between portlandite 

consumption and reaction products, resulting in strength development. 

In particular, 2CFMF did not show thermogravimetric characteristics of 

monosulfite, which of dehydration of main layer begins above 260 °C (Motzet and 

Pöllmann, 1999), but exhibit the similar DTG peak as that of monosulfate. This result 

supported the mismatch between measured and reference XRD patterns of formate-

AFm phases that formate-AFm phase, which was analogous to XRD patterns of 

monosulfite, was generated in this study. In 6CFMF and 8CFMF, the two DTG peaks, 

which were expected to be an unknown phase, were appeared sharply near 305 °C; 

however, these peaks did not indicate formate-reduction in formate-AFm (Iyi et al., 

2008; Manohara et al., 2010) or decomposition of Mg(HCOO)2 (Canning and 

Hughes, 1973). In addition, the unknown phase generated from addition of excessive 

formate content was not effective in improving 28-day strength, which was 

consistent with XRD results. 

From the XRD and TG results, the unknown phases were likely to be a talc-like 

phase (Nied et al., 2016; Vespa et al., 2018). Talc (Mg3Si4O10(OH)2) is one type of 

crystalline magnesium silicate hydrates. The structure of talc has a sheet-like 

structure, and thus the interlayer spacing of a talc-like phase could be changed 

depending on the ratio of MgO/SiO2 and its water content (Nied et al., 2016). After 

Mg(HCOO)2 was significantly dissolved, the dissolved magnesium ions were 

possibly used to form the talc-like structural phase rather than other common 

reaction products such as hydrotalcite or brucite given that reflection patterns of 

those products were nearly absent from the XRD results. Since the formation of talc-
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like phases increased strength in previous studies (Murat and Attari, 1991; Unluer 

and Al-Tabbaa, 2015), its formation in this study also seems to have contributed to 

the strength improvement.  

The total weight losses up to 200 °C, corresponding to mainly C-S-H and AFm 

phases, in CFMF samples were higher, indicating that those samples generated more 

reaction products such as than those in the CF and CFMO samples, and this could 

explain the significantly greater increase in strength of CFMF samples at 28 days. 

However, 8CFMF indicated that the addition of an excessive amount of Mg(HCOO)2 

interfered with the further production of reaction products, so that the strength could 

no longer be increased. 
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(a) 

 
(b) 

Fig. 4-8 TG/DTG curves of hardened pastes at 28 days: (a) CFMO samples, (b) CFMF 

samples 
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4.3.5 29Si and 27Al MAS-NMR spectroscopy 

The spectra of 29Si MAS-NMR are presented for raw FA and 28-day samples 

with 6% of each magnesium compound added in Fig. 4-9 and Fig. 4-10. The 

observed 29Si resonances were analyzed using the Qn(mAl) classification; the 

superscript n indicates the number of neighboring tetrahedral SiO4 linked to a 

specified SiO4 tetrahedron, and m indicates the number of Al substitutions at the 

nearest Si tetrahedra (Andersen et al., 2006; L’Hôpital et al., 2015). Because the 29Si 

NMR spectra for this study did not show any clearly separated peaks, the typical 

peak positions were located before the area of each peak was fitted by using a 

Gaussian function and by referring to similar past NMR studies for alkali-activated 

FA/C-S-H/tobermorite] to deconvolute the spectra (Myers et al., 2015; Puertas and 

Fernández-Jiménez, 2003). 

The raw FA NMR spectra (see Fig. 4-10(a)) illustrated fairly broad asymmetric 

resonance profiles, situated in the chemical shift of −121 to −80 ppm, representing 

the amorphous phase of fly ashes. The peak area of −108 ppm tends to roughly 

increase with the content of Si as well as quartz in fly ash. As the content of Si is 

inversely proportional to the 28-day averaged compressive strengths of samples, a 

higher intensity of −108 ppm may imply a lower fly ash reactivity (Oh et al., 2014; 

Oh et al., 2015). Activated samples were significantly reduced from quartz 

peak %area of raw fly ash, and especially its %area of 6CFMF was significantly 

more reduced than that of CF and 6CFMO. 

The major reaction product for CF, 6CFMO, and 6CFMF is C-S-H rather than 

geopolymer and magnesium silicate hydrates (M-S-H) because the 29Si NMR peaks 

related to C-S-H [i.e., Q2(0Al), Q2(1Al), and Q1(0Al) for dreierketten chain] have 

significantly grown, while the peaks for the network-forming Si atoms [i.e., Q4(mAl); 
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m = 0 to 4] have either remained similar or decreased (Andersen et al., 2003; Jeon et 

al., 2015; L’Hôpital et al., 2015; Taylor, 1997).  

In previous studies, the presence of Q3 signals in higher quantities between −92 

and −98 ppm indicates the formation of talc-like structure (Bernard et al., 2017a; 

d'Espinose de la Caillerie et al., 1995; Nied et al., 2016) (see grey area in Fig. 4-10) 

and katoite (Frías et al., 2013; Rivas Mercury et al., 2007); however, as for 6CFMF, 

in this study, it is difficult to distinguish between the various aluminosilicate phases 

in the raw FA and the Q3 signals corresponding to talc-like structure and katoite 

mixed therein, and it is not remarkable in actual 29Si MAS-NMR results. Since too 

little magnesium compounds was added to account for the production of talc-like 

structure and katoite, it is better to consider only the spectra associated with C-S-H 

when small amount of magnesium compounds was added to the CaO-activated FA. 
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(a) 

 
(b) 

 
(c) 

Fig. 4-9 29Si MAS NMR spectra for 28-day samples: (a) Raw FA, (b) CF, (c) CFMO, (d) 

CFMF 
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(d) 

Fig. 4-9 (cont.) 29Si MAS NMR spectra for 28-day samples: (a) Raw FA, (b) CF, (c) 

CFMO, (d) CFMF 

 

 

 

Fig. 4-10 29Si MAS NMR spectra for 28-day samples 
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27Al MAS-NMR spectra of raw FA and hardened samples at 28-day are shown 

in Fig. 4-11. Because the raw FA was the sole source of aluminum, all of the spectrum 

was normalized to have the equivalent area as the raw FA. The spectrum of each 

hardened sample showed three different coordinate sates of aluminum: tetrahedral 

coordinate Al (i.e., Al(IV)) at ~60 ppm, pentahedral coordinate Al (i.e., Al(V)) at ~30 

ppm, and octahedral coordinate Al (i.e., Al(VI)) near ~0 ppm as shown in Fig. 4-11. 

Raw FA has the first broad asymmetric peak centered at ~50 ppm composed of 

overlapped signals of Al(IV) and Al(V), while the second peak at ~0 ppm is assigned 

to Al(VI). 

When compared to spectrum of the raw FA, all the samples after activation 

showed significantly reduced peaks of Al(IV) from 20 to 60 ppm, which 

corresponded to the release of Al from raw FA. The Al(IV) peaks shifted to higher 

ppm mainly due to incorporation Al in C-S-H at ~70 ppm and formation of AFm 

phases at ~60 ppm (e.g., monosulfate and formate-AFm) (Richardson et al., 2016; 

Skibsted et al., 2017). In particular, the Q2(1Al) aluminate site of 6CFMF was 

relatively higher than that of the other samples, consistent with 27Al MAS-NMR 

results. 

The formation AFm phases were also responsible for the strong peaks of Al(VI) 

centered at ~10 ppm (Andersen et al., 2003, 2006; Jeong et al., 2016a; Jeong et al., 

2017); a relatively small resonance assigned to AFm phase was observed in 6CFMF, 

while the relatively strong peaks were presented in 6CFMO, consistent with XRD, 

and TG results. The peaks near 13 ppm in the CF were attributed to ettringite. 

When Mg(HCOO)2 was added (i.e., 6CFMF), remarkable signals of Al(IV) near 

60 − 70 ppm were observed, possibly due to generating a new signal of Al(IV) in 

katoite (Rivas Mercury et al., 2007); since it is analogous to Al(IV) signal in AFm 

phase at ~60 ppm, it should be confirmed from XRD and TG results. 
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Fig. 4-11 27Al MAS NMR spectra for 28-day samples 
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volume decreased as the amount of MgO was increased.  

Most pores in CFMF samples were significantly smaller than 50 nm at 28 days 

in contrast to those in CF and CFMO samples with widely distributed in the range 

of 0.002 – 3.0 μm. Particularly, when 6% of Mg(HCOO)2 was added (i.e., 6CFMF), 

the average pore diameter significantly reduced with a substantial decrease in total 

porosity, supporting significant development of strength up to 28 days; however, 

when added more than 6% of those additives, the total pore volume at 28 days was 

rather increased. From this result, pore structures such as total porosity and average 

pore size are better criteria for evaluating the strength characteristics, as reported 

(Mehta and Monteiro, 2006). 
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(a) 

 
(b) 

Fig. 4-12 Pore size distribution of hardened pastes at 28 days: (a) CFMO, and (b) CFMF 

samples 
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6CFMF 28.2 13.7 

8CFMF 36.8 12.5 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.001 0.01 0.1 1 10 100 1000

L
o
g

 d
if

fe
r
e
n

ti
a
l 

in
tr

u
s
io

n
 (

m
L

/g
)

Pore size diameter (μm)

50nm

Capillary pores

Air voids

2CFMO at 28 days

6CFMO at 28 days

8CFMO at 28 days

CF at 28 days

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.001 0.01 0.1 1 10 100 1000

L
o
g

 d
if

fe
r
e
n

ti
a
l 

in
tr

u
s
io

n
 (

m
L

/g
)

Pore size diameter (μm)

50nm

Capillary pores

Air voids

2CFMF at 28 days

6CFMF at 28 days

8CFMF at 28 days

CF at 28 days



Chapter 4. Influence of Magnesium Formate on CaO-Activated Fly Ash binders 

 108 

 

 

 

4.4 Concluding remarks 

In this study, the influences of MgO and Mg(HCOO)2 as new additives for the 

strength development and microstructural characteristics of CaO-activated fly ash 

binder were investigated using compressive strength tests, ICP-OES, XRD, TG, 29Si 

and 27Al MAS-NMR, and MIP analyses. Consequently, the addition of Mg(HCOO)2 

was significantly effective on the strength increase of the CaO-activated fly ash 

binder system, which is primarily due to the significant increase in the (1) formation 

of C-S-H, and (2) pore size reduction from early stages, while MgO was not 

significantly advantageous for strength improvement. The detailed conclusions are 

summarized as follows: 

The presence of magnesium compounds (i.e., MgO and Mg (HCOO)2) was 

effective in increasing the strength of CaO-activated FA binders, and the use of 

Mg(HCOO)2 significantly improved strength, showing over 40 MPa at 28 days, 

rather than that of MgO. However, excessive addition of these magnesium 

compounds was not effective in enhancing the strength. 

From the pH values and ionic concentrations in the initial reaction, the addition 

of Mg(HCOO)2 reduced the pH due to the increase of dissolved Ca2+ ions and 

consumption of OH− ions to dissolve Si and Al in the FA, or to form reaction products 

such as C-S-H and AFm phases. 

In XRD and TG, main reaction products in all samples with magnesium 

compounds were C-S-H, portlandite, calcite, hydrotalcite, and AFm phases. When 

Mg(HCOO)2 was added, portlandite was significantly consumed for production of a 

large amount of reaction products, resulting in strength improvement. 
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From the 29Si MAS-NMR results, major reaction product for all samples is C-

S-H showing the sites of Q2(0Al), Q2(1Al), and Q1(0Al) for dreierketten chain related 

to C-S-H formation. These Q1 and Q2 sites of samples with Mg(HCOO)2 were further 

increased than only CaO-activated FA. The XRD and TG results supported that the 

reaction product related to the actual Mg was predominantly talc-like phase rather 

than hydrotalcite or hydrotalcite-like phase; however, because too little magnesium 

compounds was added to account for the production of talc-like structure and katoite, 

it is better to consider only the spectra associated with C-S-H when small amount of 

magnesium compounds was added to the CaO-activated FA. 

The 27Al MAS-NMR results indicate that the addition of Mg(HCOO)2 not only 

led to the formation of katoite and Al substitution of C-S-H but also stimulated the 

most substantial dissolution of raw FA. 

From the MIP results, in process of curing ages, the use of Mg(HCOO)2 

significantly reduced the average pore size to less than 50 nm, while the hardened 

samples with MgO contained pores larger than 50 nm, which were detrimental to 

strength enhancement. However, excessive addition of Mg(HCOO)2 rather increased 

the total pore volume at 28 days, which could be detrimental to strength properties. 
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Chapter 5. Cation-Dependent Effects of Nitrates on 

CaO-Activated Fly Ash Binders 

5.1 Introduction 

Generally, nitrate compounds, such as calcium nitrate (Ca(NO3)2) and sodium 

nitrate (NaNO3), mainly act as a non-chloride chemical admixture for OPC (e.g., set 

accelerator (Aggoun et al., 2008; Chikh et al., 2008), corrosion inhibitor (Ann et al., 

2006; Berke and Hicks, 2004), and anti-freeze additive (Çullu and Arslan, 2014; 

Karagol et al., 2015)). In particular, Ca(NO3)2 has been widely used in practice 

compared to NaNO3. The addition of these nitrates in OPC forms calcium aluminum 

nitrate hydrates after substituting for sulfate ions in calcium aluminum monosulfate 

hydrates (Asaga et al., 2006; Balonis et al., 2011; Dumm and Brown, 1996; Renaudin 

et al., 2000); both hydrates are Al2O3-Fe2O3-mono (AFm) phases (Taylor, 1997). The 

presence of nitrates could change the layer spaces of AFm phases, resulting in 

changing their unit volumes (Balonis et al., 2011). 

Many earlier studies have investigated the influences of nitrates in OPC systems 

(Aggoun et al., 2008; Ann et al., 2006; Berke and Hicks, 2004; Chikh et al., 2008; 

Çullu and Arslan, 2014; Karagol et al., 2015); however, few studies have been 

conducted on the behavior of nitrates in a lime-activated fly ash system. Hill and 

Daugherty (Hill and Daugherty, 1996) studied the effect of Ca(NO3)2 on the 

hydration process of Class C fly ash; however, in their study, as there was no 

activating chemical (e.g., NaOH, CaO), which is essential to generate a strength 

comparable to OPC, only the chemical aspects were investigated without 

determining the strength. Thus, the role of nitrate compounds as additives in lime-
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activated fly ash must be investigated because the nitrate compounds could be highly 

effective additives to improve the strength development of lime-activated fly ash. 

This study investigated the effects of Ca(NO3)2 and NaNO3 as potential 

additives to significantly improve the strength of a CaO-activated Class F fly ash 

system through a compressive strength test, inductively coupled plasma-optical 

emission spectrometer (ICP-OES), pH measurement, X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), mercury intrusion porosimetry (MIP), and solid 

state 27Al magic-angle spinning nuclear magnetic resonance (MAS-NMR) 

spectroscopy. 
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5.2 Materials and test methods 

Class F fly ash (FA) was obtained from Hadong power plant in the Republic of 

Korea. The material was assessed using an X-ray fluorescence (XRF) spectrometer 

(LAB CENTER XRF-1800, Shimadzu, Japan), a laser diffraction particle size 

analyzer (HELOS with a RODOS dispersing unit, Sympatec, Germany), and a high-

power X-ray diffractometer (XRD) (D/MAX 2500V/PC, Rigaku, Japan). 

The oxide chemical compositions from XRF are listed in Table 5-1. In 

accordance with ASTM C618 (2017b), the results of oxide composition (SiO2 + 

Al2O3 + Fe2O3 > 70 %) verified that the FA was Class F FA. The particle size 

distribution of FA is presented in Fig. 5-1, which shows a specific surface area of 

0.79 cm2/g and a median particle size (D50) of 16.96 μm, similar to those in previous 

studies (Jeon et al., 2015; Oh et al., 2014; Suh et al., 2017). 

Table 5-1 Oxide composition of raw FA from XRF spectroscopy 

Oxide Content (wt.%) 

SiO2 51.5 

Al2O3 22.2 

Fe2O3 9.6 

CaO 6.5 

K2O 1.8 

MgO 1.7 

Na2O 1.7 

TiO2 1.3 

SO3 1.3 

P2O5 1.3 

SrO 0.4 

BaO 0.2 

MnO 0.1 

ZnO2 0.1 
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Fig. 5-1 Particle size analysis of raw FA from laser diffraction 

 
The XRD pattern of the raw FA is shown in Fig. 5-2, which was taken by a Cu-

Kα beam (λ = 1.5418 Å) within a range of 2θ = 5 − 60°. Crystalline alumina (Al2O3, 

standard reference material 676a from the National Institute of Standards and 

Technology, 99.02% ± 1.11%) was added to the raw FA for a semi-quantitative phase 

analysis. The numbers attached in the reference patterns in Fig. 5-2 indicate the 

numbers of ICDD PDF-2 for each phase. The semi-quantitative analysis using the 

reference intensity ratio (RIR) method with the PANalytical X’pert HighScore Plus 

program (2012) and the International Center for Diffraction Data (ICDD) PDF-2 

database (2000) was conducted to identify the phases of the raw FA. The results 

showed that the raw FA contained about 13.6% of quartz (SiO2), 14.0% of mullite 

(Al2.3Si0.7O4.85), and 2.5% of iron oxide (Fe2O3), and 70.0% of amorphous phase. 
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Fig. 5-2 XRD analysis for raw FA with reference diffraction patterns 

 
The FA was activated using analytical grades of calcium oxide (CaO) (Daejung 

Chemicals, Korea). Note that CaO activation for the FA is more effective than 

Ca(OH)2 because the addition of CaO causes a faster early strength gain, promoting 

pozzolanic reactions and a higher strength development at a later age, although the 

heat evolved from the hydration of CaO may be dangerous while mixing the lime-

activated FA (Shi, 1993). For this reason, CaO was used in this study. 

Two types of nitrates were used for FA: calcium nitrate (Ca(NO3)2) (Sigma 

Aldrich, US) and sodium nitrate (NaNO3) (Showa, Japan). In this study, Ca(NO3)2 

and NaNO3 are denoted by CN and SN, respectively. Three types of mixtures were 

prepared as follows: (1) CaO + FA (denoted CF); (2) CaO + FA + Ca(NO3)2 (denoted 
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CFCN); and (3) CaO + FA + NaNO3 (denoted CFSN). The sample CF was a control 

sample used to compare the measured data with CFCN and CFSN. 

In the detailed mixture proportions shown in Table 5-2, 85 wt.% of FA and 15 

wt.% of CaO were dry-mixed for a CaO-activated FA binder, following previous 

studies (Jeon et al., 2015; Shi and Day, 2000a, 2000b; Suh et al., 2017). The quantity 

of nitrate compounds as chemical additives was determined as 5 wt.% of the binder 

with reference to earlier study (Hill and Daugherty, 1996). The water-to-binder (w/b) 

ratio was determined as 0.3 for all samples; this value provided adequate workability. 

Table 5-2 Mix proportion of paste samples 

Sample 
Binder (wt.%) Nitrate additives (wt.%) w/b 

ratio 
Curing condition 

FA CaO Ca(NO3)2 NaNO3 

CF 

85 15 

- - 

0.3 60 °C, 95% RH CFCN 5 - 

CFSN - 5 

 

Each nitrate additive was dry-mixed with a CaO-activated FA binder for 1.5 

min before adding water. Deionized water was added to the dry-mixed powder and 

mixed for 5 min according to ASTM C305 (2014). The mixed pastes were cast in 50 

mm × 50 mm × 50 mm cubic molds to prepare hardened pastes for compressive 

strength. All samples were cured at 60 °C and 95% relative humidity for 24 h. After 

24 h, the samples were demolded and then continuously cured in the same curing 

condition until testing. 

Compressive strength tests were conducted at 3, 7, 28, and 91 days of curing. 

For each sample, strength was determined as an average value of triplicate samples. 

After strength testing, the fractured pieces were collected and were grounded for 

material characterization, such as XRD, TG, and MAS-NMR. To prevent further 

hydration, a solvent-exchange method was followed by drying under an ~60 cmHg 

vacuum (Zhang and Scherer, 2011). 
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ICP-OES (iCAP 7400 Duo, Thermo Fisher Scientific Inc., US) and a pH meter 

(HI 3320, HANNA Instruments Inc., Italy) were used to measure ionic 

concentrations of dissolved elements (Si, Al, Ca, and Na) and pH values, respectively, 

of diluted paste samples (w/b = 2.0) to indirectly investigate the influence of 

Ca(NO3)2 and NaNO3 on pore solutions for each sample within 24 h given that Song 

and Jennings (Song and Jennings, 1999) demonstrated that the ionic concentrations 

and pH values of diluted samples were not significantly different from those of 

extracted solutions. The fresh mixtures were agitated by a magnetic stirrer for 24 h 

at 60 °C for chemical analysis. For ICP-OES, at 0.5 h, 1 h, and 24 h of agitation, 

small fractions of mixtures were diluted 1:20 by mass with 2% HNO3 solution for 

quantifying the concentrations of Al, Si, Ca, and Na contents (Caruso et al., 2017). 

A powder XRD analysis for hardened samples was carried out to identify 

mineralogical phases using a high-power X-ray diffractometer (D/MAX 2500V/PC, 

Rigaku, Japan) with a Cu-Kα beam (λ = 1.5418 Å) within a range of 2θ = 5 − 60° at 

room temperature. Measured patterns of hardened samples were analyzed using 

PANalytical X’pert HighScore Plus software (2012) with the ICDD PDF-2 database 

(2000) and the Inorganic Crystal Structure Database (ICSD) (Allmann and Hinek, 

2007). 

The TG analysis was conducted at 3, 28, and 91 days using SDT Q600 (TA 

instruments, USA) with an alumina pan within a range from ambient temperature to 

1,000 °C at a heating rate of 10 °C/min in a nitrogen gas environment. 

Pore size distributions of hardened pastes were measured at 3, 28, and 91 days 

using MIP (AutoPore IV 9500, Micrometrics, USA) under a pressure range from 0.1 

to 60,000 psi (0.0007 to 414 MPa). The 5 mm × 5 mm × 5 mm cubic samples were 

used for measurements and were immersed in isopropanol from 2 to 10 days with a 

solvent/sample weight ratio of 240:1 to prevent a further reaction (Feldman and 

Beaudoin, 1991). The immersed samples were dried in a vacuum desiccator to 
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remove any remaining solvent from the samples (Aligizaki, 2006). 

MAS-NMR experiments were carried out for the 3, 28, and 91-day samples 

using a 400 MHz Advance II + Bruker Solid-state NMR instrument with a magnetic 

field strength of 9.4T and ZrO2 4 mm rotors at an ambient temperature. Under the 

conditions of proton decoupling with a 30° pulse, 27Al MAS-NMR spectra were 

collected at pulse repetition delays of 3s for quantitative analysis with a spinning rate 

of 14 kHz. The recorded chemical shift spectra 27Al were referenced relative to 1 M 

AlCl3 (aq.) at 0.0 ppm. 
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5.3 Results and discussion 

5.3.1 Compressive strength 

The compressive test results are summarized in Fig. 5-3. The sample with 

Ca(NO3)2 (i.e., CFCN) showed a significantly improved early strength, which was 

more than four times greater than that of the sample without any additive (i.e., CF) 

at 3 days. Unlike the other samples (i.e., CF and CFSN), the strength of CFCN 

notably increased to a large extent at 91 days. Overall, CFCN presented 

approximately a 3 − 4 times higher strength than CF during the entire curing period; 

however, the use of NaNO3 produced an even 40% lower early strength than that of 

the CF at 3 days, although after 7 days, it created a 35 − 65% greater strength than 

that of CF at each curing day. Thus, given the strength results of this study, the 

influence of nitrates on the mechanical strength of a CaO-activated FA system is 

likely dependent on the type of cation (i.e., Ca vs. Na) in the nitrate additives. 

 

Fig. 5-3 Compressive strength test results of hardened pastes 
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5.3.2 Pore solution analysis 

Fig. 5-4 and Fig. 5-5 show the pH values and temporal changes of the ionic 

concentrations (i.e., Si, Al, Ca, and Na) of diluted paste samples (w/b = 2.0) within 

24 h, respectively. Note that the orders of the concentration units of Ca and Na were 

much larger than those of Si and Al. In this study, Si and Al ions could only be 

released from FA, while Ca and Na ions were mostly released from the dissolution 

of the activator and additives because FA contained relatively low quantities of Ca 

and Na, as shown in Table 5-1.  

When FA was activated only with CaO (i.e., CF), the concentrations of Si and 

Al were the lowest at 0.5 h among all samples, which is consistent with the lowest 

pH values until 0.5 h, and thus, the use of CaO alone did not significantly promote 

the dissolution of FA; it is worth noting that the Si and Al concentrations 

continuously increased with time until 24 h because this implies that Si and Al ions, 

released from FA, did not actively participate in reaction products formation. 

The use of Ca(NO3)2 (i.e., CFCN) notably increased the dissolution of FA (i.e., 

Si and Al) with a high pH (~12.4) at 1 h compared to CF. In particular, the Si and Al 

concentrations of CFCN were nearly twice as high as those of the other samples (i.e., 

CF and CFSN); however, thereafter (i.e., 24 h), unlike the other samples, the 

concentrations of these ions significantly decreased, and this significant reduction 

likely indicates a more rapid formation of reaction products (e.g., C-S-H), which 

would explain the greatest early strength gain of CFCN among the samples at 3 days 

(see Fig. 5-3). 

It is also worth noting that the Ca concentration significantly increased when 

Ca(NO3)2 was added compared to that of CF. It is well known that the solubility of 

Ca(NO3)2 is relatively high among nitrate compounds (O'Neil, 2013; Rumble, 2017). 
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However, given that the added content of Ca(NO3)2 was only one-third of the content 

of CaO in the mixture proportion (see Table 5-2), the Ca concentration in CFCN was 

markedly high. Thus, this result indicates that the presence of Ca(NO3)2 considerably 

enhanced the dissolution degree of the main activator (i.e., CaO) resulting in the 

relatively high pH over 12.3. Thus, the use of CaNO3 was significantly advantageous 

in achieving early high strengths as Ca(NO3)2 plentifully generated Ca ions that were 

readily available for C-S-H formation.  

Given that CFSN showed the lowest early strength among the samples (see Fig. 

5-3), although the use of NaNO3 also promoted the release of Si and Al from FA 

within 0.5 h, the dissolved Si and Al ions were not likely used to produce reaction 

products (e.g., C-S-H), and after 0.5 h, these concentrations did not notably change 

compared to those in samples with Ca(NO3)2. In addition, the concentration of Ca 

was increased compared to that of CF. Although the concentration of Na was 

noticeably high, the high Na concentration was not related to NaOH given that the 

reaction of CaO with NaNO3 hardly produces NaOH because the reaction (i.e., CaO 

+ H2O  Ca(OH)2 and Ca(OH)2 + 2NaNO3  Ca(NO3)2 + 2NaOH) is not 

spontaneous as the change of Gibbs free energy in this reaction is positive. 

 

Fig. 5-4 Temporal changes in the pH values of diluted sample mixtures (w/b = 2.0) within 

24 hours 
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(a) 

 
(b) 

 
(c) 

Fig. 5-5 The concentrations of Si, Al, Ca, and Na ions: (a) CF, (b) CFCN, and (c) CFSN 
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5.3.3 X-ray diffraction analysis  

The XRD patterns of hardened pastes with different ages were analyzed using 

X’Pert Highscore Plus software (2012) with the ICDD PDF-2 database (2000) and 

the ICSD (Allmann and Hinek, 2007) (see Fig. 5-6). Note that the reference patterns 

of phases from raw FA are not included in this figure, as the pattern of the raw FA is 

provided. 

In all samples, in addition to the original phases of the raw FA, C-S-H, calcite 

(CaCO3), and monosulfate (Ca4Al2(SO4)(OH)12·6H2O) were commonly found as 

reaction products, while katoite (Ca3Al2O6·6H2O), often reported in previous studies 

on lime-activated FA (Biernacki et al., 2001; Shi, 1998), was found only in CF on all 

days. 

The pozzolanic reaction between CaO and FA occurred in all samples, resulting 

in C-S-H formation, which is similar to previous studies (Mehta and Monteiro, 2006; 

Shi and Day, 2000a, 2000b), although it is difficult to clearly distinguish C-S-H in 

XRD. To identify the C-S-H phase, the XRD pattern of C-S-H measured by Taylor 

(Taylor, 1997), which had a broad hump of reflection at 28 − 33°, was used after 

removing the reflections of calcium hydroxide along with the reference pattern of C-

S-H in the ICDD PDF-2 database (ICDD PDF-2 no. 00-033-0306). 

In all samples at 3 days, Ca(OH)2 was clearly identified, as it mostly formed 

from the reaction between CaO and water [i.e., CaO + H2O  Ca(OH)2], but its peak 

intensities decreased with the progress of the curing days thereafter. Additional 

decreases in the peak intensities of Ca(OH)2 over time were observed in CFCN and 

CFSN due to more C-S-H. In particular, as for CFCN, Ca(OH)2 most rapidly 

disappeared, and most peaks vanished after seven days; however, for CF, the peak 

intensities of Ca(OH)2 only slightly changed over time after seven days. Given that 
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a more rapid consumption of Ca(OH)2 in a pozzolanic reaction generally indicates a 

faster C-S-H formation, the most rapid C-S-H formation likely occurred in CFCN in 

this study, which is consistent with the trend of the strength testing results. 

An Al2O3-Fe2O3-mono (AFm) phase was identified in all samples, which 

showed the same XRD patterns of the AFm phase at all days. Despite the low SO3 

content in FA (1.3 wt.% in Table 5-1), the AFm phase matched with the reference 

pattern of calcium monosulfoaluminate hydrate (Ca4Al2(SO4)(OH)12·6H2O; 

hereafter, monosulfate), although the peaks of monosulfate in CF mostly vanished 

after 7 days. 
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(a)                              (b) 

Fig. 5-6 XRD patterns of hardened pastes: (a) CF, (b) CFCN, and (c) CFSN 
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(c) 

Fig. 5-6 (cont.) XRD patterns of hardened pastes: (a) CF, (b) CFCN, and (c) CFSN 
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When Ca(NO3)2 and NaNO3 were added, despite no increase in SO3, the 

samples showed strong peaks of the AFm phase until 91 days. There are two possible 

explanations for this observation. First, as the use of Ca(NO3)2 and NaNO3 increased 

the degree of the dissolution of FA, resulting in a higher release of SO3 from the FA, 

more monosulfate possibly formed. Second, it is worth noting that previous studies 

(Asaga et al., 2006; Taylor, 1997) reported that monovalent anions (i.e., NO3
−) from 

Ca(NO3)2 and NaNO3 are exchangeable for SO4
2− in monosulfate; however, in this 

study, no reference pattern of nitrate-AFm phases accurately matched the measured 

patterns because nitrate-AFm formed in this study might be a solid solution instead 

a pure phase where it is substituted by other ions (see Fig. 5-7). In Fig. 5-7, the dotted 

grey lines indicate the reference patterns of monosulfate (ICDD PDF-2 no. 00-050-

1607). Still, Dumm and Brown (1996) reported that analogous XRD reflections 

could be observed between nitrate-AFm phases when their hydration states were 

similar, even if their monovalent anions were different. Thus, given that the unit cell 

size of the nitrate-AFm phase could change with varying relative humidity and 

temperature because water content can be changed in the interlayer spaces of the 

AFm phase, the CFCN and CFSN samples in this study could have nitrate-AFm 

phases that had similar hydration states to that of monosulfate. Additional details are 

provided in Section 5.3.4. 
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Fig. 5-7 The reference patterns of monosulfate and nitrate-AFm phases 

 

 

 

5.3.4 Thermogravimetric analysis 

The results of the TG and differential thermogravimetry (DTG) for the CF, 

CFCN, and CFSN at 3, 28, and 91 days are presented in Fig. 5-8, and each phase 

was identified based on previous studies (Bakolas et al., 2006; Balonis et al., 2011; 
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All the samples showed weight losses below 200 °C, which were attributed to 

the dehydrations of C-S-H and AFm phases. At all days, CF showed the smallest 

DTG peaks in this temperature range, while CFCN exhibited the strongest DTG 

peaks among the samples. Although CFSN showed relatively weaker DTG peaks 

than those of CFCN until 28 days, they displayed almost the same size DTG peaks 

at 91 days. 

The weight losses in the temperature range from 380 to 450 °C corresponded to 

the dehydration of Ca(OH)2. While CF still contained a significant amount of 

Ca(OH)2 at 28 days, CFCN and CFSN lost most Ca(OH)2 before 28 days. Although 

in DTG, Ca(OH)2 already disappeared in CFCN at 3 days, unlike the XRD result, 

the overall trend in the weight change of Ca(OH)2 in DTG over time was 

significantly consistent with that of the XRD result. Thus, it is likely that the 

Ca(NO3)2 addition accelerated C-S-H formation by more rapidly consuming 

Ca(OH)2. 

 

  
(a) 

Fig. 5-8 TG/DTG curves of hardened pastes at 3, 28, and 91 days: (a) CF, (b) CFCN, and 

(c) CFSN 
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(b) 

 
(c) 

Fig. 5-8 (cont.) TG/DTG curves of hardened pastes at 3, 28, and 91 days: (a) CF, (b) CFCN, 

and (c) CFSN 
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these nitrate compounds likely suppressed the katoite formation and resulted in the 

increased nitrate-AFm formation, similarly reported by Falzone et al. (2015); 

however, no study has reported that the formation of nitrate-AFm contributed to the 

strength enhancement. 

The greatest weight loss of CFCN up to 1,000 °C at 3 days indicated a greater 

mass of reaction products than CF and CFSN at 3 days, and this may explain the 

significantly greater increase in the strength of the CFCN at 3 days; however, at 91 

days, the total weight loss of CFSN also became highly similar to that of CFCN 

despite their considerable strength differences. Thus, in this study, even if the same 

quantity of reaction products was eventually produced in two samples at 91 days, it 

seems that a much larger increase in strength was obtained when more reaction 

products were produced before 3 days. 

 

 

 

5.3.5 27Al MAS-NMR spectroscopy 

The results of the 27Al MAS-NMR of raw FA and hardened pastes at 91 days 

are shown in Fig. 5-9. Because raw FA was the only source of aluminum, all spectra 

were normalized to have the same areas as that of raw FA for direct comparison. In 

general, three different coordinate states of aluminum were identified: 4-fold 

coordinated Al (i.e., Al(IV)) at ~ 60 ppm, 5-fold coordinated Al (i.e., Al(V)) at ~ 30 

ppm, and 6-fold coordinated Al (i.e., Al(VI)) near ~ 0 ppm, as illustrated by the grey 

shaded areas in Fig. 5-9 (Schüth et al., 2002). 

Regarding the raw FA, the first broad asymmetric peak centered at ~50 ppm 

consisted of overlapped signals of Al(IV) and Al(V), while the second peak at ~0 

ppm was assigned to Al(VI). 

After activation, all the samples showed reduced Al(IV) near 20 − 60 ppm when 
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compared to that of raw FA, and this corresponds to the release of Al from the FA. 

In particular, the most significant reduction of Al(IV) was observed when Ca(NO3)2 

was added (i.e., CFCN), indicating that Ca(NO3)2 was most effective in dissolving 

FA in this study. 

In addition, the Al(IV) peaks shifted to the left after activation, which was 

mainly caused by the Al substitution of C-S-H and the formation of AFm (Brus et 

al., 2016; Richardson et al., 2016). 

The strong peaks of Al(VI) around 10 ppm were attributed to the formation of 

the AFm phases (Andersen et al., 2003; Skibsted et al., 1993), and no peaks of the 

Al2O3-Fe2O3-tri (AFt) phases (e.g., ettringite) were observed. The strongest intensity 

of the Al(VI) signal from CFCN indicated that the largest amount of AFm was 

produced in CFCN. This result is also consistent with the XRD and TG results. 

  

 

Fig. 5-9 27Al MAS NMR spectra for 91-day samples 
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5.3.6 Mercury intrusion porosimetry 

The MIP results at 3, 28, and 91 days are presented in Fig. 5-10. In this study, 

pores were grouped into capillary pores smaller than 5 μm and air voids near 100 

μm. The pore volume and pore size distribution of a hardened paste are important 

indicators that are significantly related to its mechanical strength; in particular, 

capillary pores smaller than 50 nm are known to be much less detrimental to the 

strength of cementitious materials (Mehta and Monteiro, 2006). 

The CFCN showed the smallest values in total porosity and average pore 

diameter among the samples at all days, and this was greatly consistent with the 

strength results; however, the CFCN sample displayed the largest volumes of air 

voids compared to the other samples for all days. Given the highest strength of CFCN, 

these air voids were not significantly harmful to the strength, as has often been 

observed in previous studies (Jeong et al., 2016b; Mehta and Monteiro, 2006; Yum 

et al., 2017).  

Even at 3 days, the CFCN sample showed almost the same pore size distribution 

as that of 91 days. At 3 days, except for air voids, most pores were smaller than 50 

nm in this sample, while those of CF and CFSN were widely distributed in the range 

of 0.02-0.5 μm. This result supports the highest early strength of CFCN at 3 days. 

In this study, total pore volume and pore sizes generally decreased in CF and 

CFCN with curing time, while CFSN showed a gradual increase of porosity (39.0% 

at 3 days to 42.8% at 91 days). This porosity increase in CFSN might indicate a 

gradual formation of cracks over time; however, as most of the increased pores were 

smaller than 50 nm (see Fig. 5-10(c)), the average pore size of CFSN rather 

decreased with curing time (i.e., pore size refinement (Mehta and Monteiro, 2006)). 

Thus, the strength was not significantly affected by this pore volume increase. 
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(a) 

 
(b) 

 
(c) 

Fig. 5-10 Pore size distribution: (a) CF, (b) CFCN, (c) CFSN, and (d) comparison of four 

samples at 28 days 
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(d) 

Fig. 5-10 (cont.) Pore size distribution: (a) CF, (b) CFCN, (c) CFSN, and (d) comparison of 

four samples at 28 days 

 

 
Table 5-3 Measured total porosities and average pore size for hardened pastes. 

Samples 
Total porosity (%) Average pore diameter (nm) 

3 days 28 days 91 days 3 days 28 days 91 days 

CF 43.4 42.0 41.1 33.1 24.0 20.9 

CFCN 39.0 40.7 42.8 28.2 21.2 20.4 

CFSN 38.4 39.7 34.9 13.3 13.2 12.8 

 

 

 

5.3.7 Scanning electron microscopy 

Fig. 5-11 presents the backscattered electron (BSE) images for the polished 

samples at 91 days. In SEM-BSE mode, the area brightness of an image is usually 

determined by the average atomic number of the area (Famy et al., 2002). Appendix. 

A provides more detailed EDS results. 

The remarkable characteristics of the CF were observed compared to the CFCN 

and CFSN. The CF showed a porous matrix (black region) with a large amount of 

unreacted fly ash particles (see Fig. 5-11(a)-(b)). The reaction products (dark gray or 

light gray regions) were loosely distributed between the unreacted fly ash particles 
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(light round solids) found in various sizes. The CF contained a large number of small 

unreacted fly ash particles, although small fly ash particles tend to be dissolved more 

easily than large ones during activation. This means that the raw fly ash particles 

were less dissolved when CaO alone was used.  

However, CFCN and CFSN showed a high degree of matrix density with 

several morphologies; partially dissolved fly ash particles but which maintain their 

spherical shape and reaction products (see Fig. 5-11(c)-(f)), similar to earlier studies 

(Fernández-Jiménez et al., 2005; Jeon et al., 2015). The overall brightness of the 

reaction products was much brighter than that of the CF, presenting that the matrix 

was compactly filled with the reaction products. 

To identify the reaction products, an elemental spot analysis was performed on 

area filled with light gray products. The results of EDS spot analysis on the locations 

in Fig. 5-11(b), (d), and (f) (see × with number) are tabulated in Table 5-4. 

The extent of fly ash dissolution could be determined by the average values of 

Mg/Si and Fe/Si ratio, because the only source of Mg and Fe in this study was a raw 

fly ash. In Table 5-5, the average values of Mg/Si and Fe/Si ratio were significantly 

increased with the addition of Ca(NO3)2, showing that Ca(NO3)2 noticeably 

promoted the dissolution of the fly ash. 

Similarly, the average Ca/Si was greater in the following order: CFCN > CFSN 

> CF; the average Ca/Si ratio of CFCN was 1.23, indicating the presence of C-S-H, 

generally referred in previous studies (Famy et al., 2002; Taylor, 1997). A somewhat 

higher average Al/Si ratio of 0.53 may be explained that C-S-H was partially 

substituted by dissolved Al from raw fly ash (García Lodeiro et al., 2010), which was 

supported by 27Al MAS-NMR result. Elemental ratios consistent with AFm phase 

did not present in reaction products between fly ash particles, because regions large 

enough for accurate microanalysis on polished surfaces are rarely of pure AFm phase 

(Taylor, 1997). Thus, from the BSE images, it cannot be said that AFm phase filled 
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the pores as reaction products. Instead, the addition of Ca(NO3)2 promoted the 

reaction of C-S-H formation and filled the pores between fly ash particles, which 

could be a major cause of strength improvement. 

 
(a)                                (b) 

 
(c)                                (d) 

 
(e)                                (f) 

Fig. 5-11 SEM-BSE images of polished sections of 91-day curing samples: (a)-(b) CF, (c)-

(d) CFCN, (e)-(f) CFSN; ×: location of EDS spot analysis 
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Table 5-4 Results of EDS spot analysis 

Sample 
Average atomic % of each points  

Na Mg Al Si Ca Fe 

CF 1.2 (0.6) 1.9 (0.9) 26.2 (6.6) 49.5 (6.4) 15.4 (4.8) 4.9 (2.5) 

CFCN 1.8 (0.8) 1.5 (0.4) 16.9 (2.2) 32.1 (3.0) 39.0 (4.1) 9.7 (1.6) 

CFSN 1.8 (1.0) 1.3 (0.4) 19.2 (3.0) 41.2 (4.9) 28.1 (3.4) 8.4 (1.6) 

Note that ( ) indicates standard deviation. 

 

Table 5-5 Atomic ratio of reaction products 

Sample 
Atomic ratio of reaction products 

Na/Si Mg/Si Al/Si Ca/Si Fe/Si 

CF 0.02 (0.01) 0.04 (0.02) 0.54 (0.15) 0.32 (0.11) 0.10 (0.06) 

CFCN 0.06 (0.03) 0.05 (0.01) 0.53 (0.08) 1.23 (0.20) 0.31 (0.07) 

CFSN 0.04 (0.02) 0.03 (0.01) 0.48 (0.14) 0.70 (0.17) 0.21 (0.06) 

Note that ( ) indicates standard deviation. 
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5.4 Concluding remarks 

In this paper, the effects of Ca(NO3)2 and NaNO3 as new additives for the 

strength and microstructural development of a CaO-activated FA binder were 

investigated based on the results of compressive strength tests, ICP-OES, XRD, 

TGA, and 27Al MAS-NMR. The results showed that the use of Ca(NO3)2 was greatly 

beneficial in the strength improvement of the CaO-activated FA system, which is 

primarily due to the significant increase in the (1) dissolution degree of FA, (2) 

formation of C-S-H, and (3) pore size refinement from early days, while NaNO3 was 

not markedly advantageous in increasing strength. The detailed conclusions are 

summarized as follows: 

The influence of nitrates on strength in CaO activation for FA was dependent 

on the type of cation (i.e., Ca vs. Na) in nitrate additives. Compared to the sample 

with only CaO activation, a small addition of Ca(NO3)2 produced three to four times 

higher strengths at all curing days, while the use of NaNO3 yielded an even 40% 

lower early strength at 3 days, although it created a 35 − 65% greater strength after 

7 days. 

From the ICP-OES and pH measurements, at a very early stage (particularly at 

1 h), the addition of Ca(NO3)2 not only supplied additional Ca ions, but also 

considerably increased the dissolution of Si and Al ions from FA, and thus, the 

presence of Ca(NO3)2 contributed to more C-S-H formation resulting in a higher 

early strength gain; however, although the use of NaNO3 also increased the 

dissolution of FA to some extent, it was much less advantageous in improving the 

early strength compared to the use of Ca(NO3)2. 

In XRD and TG, the major reaction products in all samples were C-S-H, 
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Ca(OH)2, and AFm phases. In particular, when nitrate compounds were added, 

nitrate-AFm phases were generated. Ca(OH)2 was the most rapidly consumed over 

time when Ca(NO3)2 was added, which is possibly due to the fastest formation of C-

S-H, leading to the greatest early strength increase along with the formation of 

nitrate-AFm. 

In TG, unlike the early days, at 91 days, there was little difference in the TG 

curve between the use of Ca(NO3)2 and NaNO3, despite the large difference in 

strength development. Thus, to obtain a greater strength, more formation of reaction 

products (e.g., C-S-H) at early days (e.g., before 3 days) seemed to be more important 

than the total quantity of the reaction products at later days (e.g., 91 days) in this 

study. 

The NMR results indicate that the addition of Ca(NO3)2 not only led to the 

formation of a large amount of the AFm phase but also induced the most substantial 

dissolution of FA.  

In MIP, at all curing days, the addition of Ca(NO3)2 produced the smallest 

values of total porosity and average pore diameter. Even at 3 days, it generated 

almost the same pore size distribution to that of 91 days. At 3 days, except for air 

voids, most pores were smaller than 50 nm in this sample; however, those of the 

other samples were widely distributed in the range of 0.02-0.5 μm. The MIP results 

are consistent with the strength testing results. 

In this study, unlike the other samples, the gradual increase of porosity over 

time was observed when NaNO3 was added, possibly indicating a gradual formation 

of nanometer-sized cracks over time. 
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Chapter 6. Influence of Magnesium Nitrate on CaO-

Activated Fly Ash Binder 

6.1 Introduction 

The addition of magnesium nitrate (Mg(NO3)2) in lime-activated FA system can 

be expected to achieve significant strength improvement without durability problems 

caused by harmful ions (e.g., chloride, sulfate ions). The adding MgO to OPC 

showed abilities to not only sequester significant quantities of CO2 (Dung and Unluer, 

2018), but compensate for the natural shrinkage of OPC during hydration 

(Chongjiang, 2005). Recently, it enhanced the strength by formation of the 

voluminous hydrotalcite-like phase when mainly acted as an activator with ground 

granulated blast-furnace slag (GGBFS) (Burciaga-Díaz and Betancourt-Castillo, 

2018; Gu et al., 2014; Haha et al., 2011). 

The nitrate compounds, commonly used as chemical admixtures (e.g., set 

accelerator, corrosion inhibitor, and deicer) in OPC, shortened initial setting time and 

promoted early strength by reacting with C3A and C3S, which are related to formation 

of hydration products (e.g., Al2O3-Fe2O3-tri (AFt), Al2O3-Fe2O3-mono (AFm) phases, 

and C-S-H (Balonis et al., 2011; Dumm and Brown, 1996; Renaudin et al., 2000; 

Rosskopf et al., 1975)). Lee and Deventer (2002) reported that the addition of small 

amounts of Mg(NO3)2 shortened not only setting time by providing heterogeneous 

nucleation centers in the initial paste solution, but enhanced compressive strength of 

OPC. 

While the effect of the magnesium compounds has been reported on the reaction 

with OPC and GGBFS, no reports about the reaction using those compounds of lime-
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activated FA binder system were found. Hill and Daugherty (1996) only studied the 

effect of nitrates on the hydration process of Class C fly ash; however, in their study, 

as there was no activating chemical (e.g., NaOH, CaO), which is essential to generate 

a strength comparable to OPC, only the chemical aspects were investigated without 

determining the strength. 

In this paper, the effect of Mg(NO3)2, as potential additive to significantly 

improve strength of CaO-activated Class F fly ash system was investigated. 

Considering practical application for lightweight mortar, in addition, expanded 

perlite (EP) and expanded vermiculite (EV) were added in developed binders.  

Previous researchers (Abidi et al., 2015; Chung et al., 2015; Kramar and 

Bindiganavile, 2013) reported that as the mixing ratio of EP and EV increased, the 

porosity increased and the thermal conductivity decreased, which was suitable for 

use as thermal insulation. 

Perlite is a volcanic glass containing 65 – 75% of SiO2, and 2 – 5% of H2O. The 

characteristic property of perlite is that if it is exposed to rapid heating temperature 

of 900 – 1,200 °C, it increases its volume by 4 – 20 times. This happens because 

perlite includes bound water, which expands during heating, according to the well-

known popcorn effect, and adopts the form of a porous swollen material. Due to the 

numerous tiny voids of EP, the volcanic rock becomes light, and acquires unique 

thermal and sound proofing properties. Therefore, it is used in many commercial 

applications, such as construction, thermal, and acoustic insulation, agriculture, and 

horticulture. These properties make it one of the most suitable candidates to prepare 

lightweight mortars for thermal energy storage in buildings.  

Vermiculite is a hydrous silicate mineral that is classified as a phyllosilicate, 

and when heated, it can greatly expand. Exfoliation occurs when the mineral is 

sufficiently heated, and the effect is routinely produced in commercial furnaces. 

Vermiculite is formed by the weathering or hydrothermal alteration of biotite or 



Chapter 6. Influence of Magnesium Nitrate on CaO-Activated Fly Ash Binder 

 142 

phlogopite (Abhat, 1983). Vermiculite is a safe inert material, because when heated, 

it expands up to 30 times its original volume. The exfoliation process converts the 

dense flakes of ore into light-weight porous granules, which contain innumerable 

minute air layers. The EV is light, and clean to handle. Also, it has high insulation 

value, acoustic insulation properties, and is absorbent to a wide range of liquids. The 

EV is a lightweight material that is porous, inexpensive, ecologically harmless, and 

non-toxic. Therefore, vermiculite has been used in applications such as insulation 

materials in buildings. 

 To this end, the various tests and analyses were carried out: compressive 

strength test, specific gravity, inductively coupled plasma-optical emission 

spectrometer (ICP-OES), X-ray diffraction (XRD), thermogravimetric analysis 

(TGA), solid-state 27Al and 29Si magic-angle spinning nuclear magnetic resonance 

(MAS-NMR) spectroscopy, as well as mercury intrusion porosimetry (MIP).  
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6.2 Materials and Test methods 

The raw FA was obtained from Hadong coal-fired power plant in South Korea. 

The properties of the raw material were identified by using a laser diffraction particle 

size analyzer (HELOS with a RODOS dispersing unit, Sympatec, Germany), X-ray 

fluorescence (XRF) spectrometer (LAB CENTER XRF-1800, Shimadzu, Japan), 

and a high-power X-ray diffractometer (XRD) (D/MAX 2500V/PC, Rigaku, Japan). 

The particle size distribution of raw FA was shown in Fig. 6-1. The mean 

particle size (D50) of the raw FA was 15.3 μm, which was not significantly different 

from those in earlier studies (Jeon et al., 2015; Suh et al., 2017). 

 

Fig. 6-1 Particle size distributions for raw fly ash 

 
The oxide compositions raw FA, EP, and EV from XRF are tabulated in Table 

6-1. In accordance with American Society for Testing and Materials (ASTM) C618 

(2017b), the oxide compositions (SiO2 + Al2O3 + Fe2O3 > 70%) and LOI (2.11%) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.1 1 10 100 1000

0

20

40

60

80

100

F
r
e
q
u

e
n

c
y

Particle diamiter(μm)

C
u

m
u

la
ti

ve
 

d
is

tr
ib

u
ti

o
n

 
(%

)

Cumulative distribution

Distribution density (log.)



Chapter 6. Influence of Magnesium Nitrate on CaO-Activated Fly Ash Binder 

 144 

showed the characteristics of typical class F fly ash. In EP, oxide compositions of 

silica (SiO2) and alumina (Al2O3) accounted for the majority, given that content of 

SiO2 was predominantly more than 75%, and Al2O3 accounted for 16%. In the case 

of EV, unlike EP, significant oxide composition of MgO (28.1%) was confirmed. 

These lightweight aggregates such as EP and EV were reported to occupy the volume 

of the matrix without reacting with the binder matrix. 

 

 
Table 6-1 Oxide composition of raw FA, EP, and EV from XRF spectroscopy 

Oxide 

Content (wt.%) 

Raw FA 
Expanded 

Perlite (EP) 

Expanded 

Vermiculite (EV) 

SiO2 52.01 75.3 40.8 

Al2O3 22.91 16.0 12.3 

Fe2O3 8.95 0.46 6.26 

CaO 6.35 0.58 3.10 

MgO 1.82 0.15 28.1 

Na2O 1.77 3.37 1.11 

K2O 1.69 3.91 5.69 

TiO2 1.25 0.05 0.94 

SO3 1.21 0.01 0.03 

P2O5 1.19 0.03 0.80 

SrO 0.33 0.01 0.02 

BaO 0.24 0.00 0.04 

MnO 0.07 0.03 0.04 

ZnO2 0.06 0.01 0.01 
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Fig. 6-2 XRD analysis for raw fly ash with reference diffraction patterns 

 

For semi-quantitative analysis, the corundum (standard reference material 676a 

from the National Institute of Standards and Technology, crystalline alumina 99.02% 

± 1.11%) was added to raw FA powder as an internal standard. The measured XRD 

patterns of raw FA taken with a Cu-Kα beam (λ = 1.5418 Å) within a range of 2θ = 

5 − 60° are shown in Fig. 6-2. Numbers attached in reference patterns indicate the 

numbers of ICDD PDF-2 for each phase. The results of semi-quantitative analysis 

using the reference intensity ratio (RIR) method with the PANalytical X’pert 

HighScore Plus software (2012) are included with reference patterns in the 

International Center for Diffraction Data (ICDD) PDF-2 database (ICDD, 2000) and 

the Inorganic Crystal Structure Database (ICSD) (Allmann and Hinek, 2007); raw 
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FA contains 10.8% of quartz (SiO2, ICDD PDF-2 no. 01-089-8936), 10.0% of mullite 

(Al4.8Si1.2O9.6, ICDD PDF-2 no. 01-079-1275), 2.4% of iron oxide (Fe3O4, ICDD 

PDF-2 no.01-088-0315), and 76.8% of amorphous phase.  

In this study, calcium oxide (CaO) (Daejung Chemicals, Korea) was used as a 

main activator for FA, rather than Ca(OH)2, because addition of CaO into FA 

increases the early and subsequent strengths by stimulating chemical reactions, even 

though hydration heat of CaO may be dangerous for workers during mixing of the 

CaO-activated fly ash. 

Magnesium nitrate (Mg(NO3)2 (Junsei, Japan) was used for CaO-activated FA. 

In this study, four types of mixture were prepared as follows: (1) CaO + FA (denoted 

CF); (2) CaO + FA + Mg(NO3)2 (denoted CFMN); (3) CaO + FA + Mg(NO3)2 + 

expanded perlite (denoted CFMFEP); and (4) CaO + FA + Mg(NO3)2 + expanded 

vermiculite (denoted CFMFEV). The sample CF was designed to compare with 

CFMN samples. 

The detailed mixture proportions are listed in Table 6-2. For all the samples, the 

CaO-activated FA binder was composed of 85 wt.% of FA and 15 wt.% of CaO with 

reference to the previous studies (Shi and Day, 2000a, 2000b). The numbers in front 

of ‘CFMN’, ‘EP and EV’ indicate weight percentage of each Mg(NO3)2 and 

aggregate in the CaO-activated FA binder, respectively. The water-to-binder (w/b) 

ratio were determined as 0.32, which produced proper workability, for all pastes. 

Two types of w/b ratios, which are 0.32 and 0.52, were considered for all mortar with 

EP and EV. The EP and EV were kept in water for 30 min so that they can absorb 

enough water and do not affect the w/b ratio. 
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Table 6-2 Mix proportion of paste samples 

Groups Sample 

Binder 

(wt.%) 

Additive 

(wt.%) 

Aggregate 

(wt.%) w/b 
Test conducted 

FA CaO MN EP EV C *I **pH X T M N S SG 

Pastes 

CF 

85 15 

- - - 0.32/0.52 ● ● ● ● ● ● ● ●  

2CFMN 2 - - 

0.32 

● ● ● ● ● ●    

4CFMN 4 - - ●         

6CFMN 6 - - ● ● ● ● ● ● ● ●  

8CFMN 8 - - ● ● ● ● ● ●    

Mortars 

6CFMN20EP 

85 15 6 

20 - 

0.32/0.52 

●       ● ● 

6CFMN40EP 40 - ●        ● 

6CFMN60EP 60 - ●        ● 

6CFMN80EP 80 - ●       ● ● 

6CFMN20EV - 20 ●       ● ● 

6CFMN40EV - 40 ●        ● 

6CFMN60EV - 60 ●        ● 

6CFMN80EV - 80 ●       ● ● 

Note. FA: fly ash, MN: Mg(NO3)2, EP: expanded perlite, EV: expanded vermiculite, w/b: water-to-binder wt. ratio, C: compressive strength 

test, I: ICP-OES, X: XRD, T: TG, M: MIP, N: NMR, S: SEM, SG: specific gravity under saturated dried (SSD) and absolute dried (AD) 

conditions, ●: type of test conducted. 
*, **: Ionic concentrations and pH values were measured for the diluted samples with w/b = 2.0. 

Curing condition for all samples: 60 °C, 95% RH. 
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To produce hardened samples, CaO, FA and Mg(NO3)2 were dry-mixed for 1.5 

min before adding water. After then, deionized water was added in the mixture, and 

mixed for 5 min more in accordance with ASTM C305 (2014). The freshly mixtures 

were cast into 50 mm × 50 mm × 50 mm brass cubic molds for compressive strength, 

and into cylindrical molds having a diameter of 2.54 cm and a height of 2.54 cm to 

prepare for MIP and SEM samples. All samples were cured at 60 °C under 95% 

relative humidity. After 24 h of curing, the samples were demolded, and then cured 

continuously under the same curing condition until testing. 

Compressive strength tests were performed for 1, 3, 7 and 28-day hardened 

paste samples, and for 7-day mortar samples. The strengths for each sample were 

determined as average value for triplicate samples. For hardened paste samples after 

the compressive strength testing, the pieces of broken sample were collected and 

finely ground to prepare powder samples for the XRD, TG, solid-state 29Si and 27Al 

MAS-NMR. The cylindrical hardened pastes were cut into 5 mm × 5 mm × 5 mm 

cubic samples for MIP measurements and 2-mm thick plate samples for SEM 

observation using a precision saw (IsoMet 1000, Buehler, Illinois, USA). The 

prepared samples for microstructure analyses were immersed in isopropanol to stop 

a further hydration (Beaudoin and Tamtsia, 2004). The immersed samples were dried 

in a desiccator to remove any remaining solvent from the samples before being tested 

(Zhang and Scherer, 2011). 

Using ICP-OES (700-ES, Varian, US) and pH meter (HI 3320, HANNA 

Instruments Inc., Italy), temporal changes of ionic concentrations (Si, Al, Ca, and 

Mg) and pH values of diluted samples (w/b = 2.0) were measured, respectively, to 

indirectly investigate the influence of Mg(NO3)2 on pore solutions for each sample 

within 24 h, given that Song and Jennings (1999) demonstrated that the ionic 

concentrations and pH values of the diluted samples were not significantly different 

from those of extracted solutions. The fresh mixtures were agitated by a heating 
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magnetic stirrer for 24 h at 60 °C for chemical analysis. During the agitation process, 

the samples were kept sealed to prevent evaporation of water and carbonation by the 

CO2 present in ambient air. Before testing, all the samples were vacuum-filtered to 

separate out the aqueous phase. 

Using a high-power X-ray diffractometer (D/MAX 2500V/PC, Rigaku, Japan), 

the XRD patterns for 3, and 28-day samples were taken with Cu-Kα radiation (λ = 

1.5418 Å) within range of 2θ = 5 − 60°. Measured XRD patterns were analyzed using 

PANalytical X’pert HighScore Plus software (2012) with the ICDD PDF-2 database 

(2000) and the ICSD (Allmann and Hinek, 2007). 

TG for 3, and 28-day samples were examined using SDT Q600 (TA instruments, 

USA) with an alumina holder. The heating temperature ranged from ambient 

temperature to 1,000 °C with a heating rate of 10 °C/min in a nitrogen atmosphere. 

Total porosity and pore size distribution for 3 and 28-day samples were 

measured using MIP (AutoPore IV 9500, Micrometrics, USA) under a pressure range 

from 0.0007 to 414 MPa. 

Solid-state MAS-NMR experiments were carried out for the 28-day samples 

with a 400 MHz Advance II+ Bruker Solid-state NMR instrument, which were 

equipped with a magnetic field strength of 9.4 T and ZrO2 4 mm rotors at an ambient 

temperature. Under conditions of proton decoupling with a 30° pulse, 29Si and 27Al 

MAS-NMR spectra were collected at pulse repetition delays of 100 and 3 s, 

respectively, for quantitative analysis with a spinning rate of 10 kHz and 14 kHz. 

The recorded chemical shift of spectra 29Si and 27Al were, respectively, referenced 

relative to tetramethylsilane (TMS) and 1 M AlCl3 (aq.) at 0.0 ppm. The 

quantification of NMR results was performed by non-linear least-square fits using 

the software “DMFIT” developed by Massiot et al (2002). 

Microstructures for 28-day samples were observed using FE-SEM (Hitachi S-
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4800, Hitachi, Japan) with EDS analysis in BSE mode. The 2-mm thick plate 

samples were mounted by using epoxy resin and were polished with an Ecomet 250 

Grinder-Polisher with an AutoMet 250 Power head (Buehler Ltd., Evanston, IL). The 

samples were coated with osmium before SEM observation. 

Specific gravities (SG) in saturated surface dry (SSD) and absolute dry (AD) 

condition for 7-day mortar samples were measured. At each day, to estimate the SG 

in SSD, the samples were kept at room temperature with 60% relative humidity for 

24 h, and then the PVC wrappings on the samples were removed in accordance with 

ASTM C127 (2015). When the surfaces of the samples were sufficiently dried, SG 

values were measured. Then, for the SG in AD, after completely removing all 

moisture from the SSD measured samples in a ventilation-drying oven at 105 °C for 

48 h in accordance with ASTM C1693 (2017), the SG values were recorded. 
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6.3 Results and discussion 

6.3.1 Compressive strength 

The results of compressive strength tests for all hardened samples are presented 

in Fig. 6-3. The strengths for all samples increased with curing time. Further, the 

samples with Mg(NO3)2 showed higher strength than CF, only activated with CaO. 

The use of Mg(NO3)2 was beneficial in increasing strength of CaO-activated FA 

binder. The strengths noticeably increased with addition of Mg(NO3)2 up to 6 wt.% 

showing the highest strength among the samples over 50 MPa at 28 days, while the 

strength decreased when 8 wt.% of Mg(NO3)2 was added. Thus, no more than 6 wt.% 

of Mg(NO3)2 should be added in CaO-activated FA binder. 

 

 

Fig. 6-3 Compressive strength test results of hardened pastes 
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One possible cause of the substantial strength improvement in the CFMN 

samples is that because the solubility of Mg(NO3)2 (Balarew et al., 2001; Rumble, 

2017) is very high, and thus, in this study, addition of Mg(NO3)2 would not only 

promote chemical reaction generating C-S-H, but supply sufficient Mg ions that 

were readily available for reaction products such as hydrotalcite, or hydrotalcite-like 

phases, given that increased amount of hydrotalcite (or hydrotalcite-like phases) 

contributes to strength enhancement of binder matrix because the matrix is densified 

as the pore is filled by the hydrotalcite (Burciaga-Díaz and Betancourt-Castillo, 2018; 

Gu et al., 2014; Haha et al., 2011). 

 

6.3.2 Pore solution analysis 

The pH in the filtrated solution from diluted paste samples (w/b = 2.0) within 

24 h was shown in Fig. 6-4. When Mg(NO3)2 were added (i.e., CFMN samples), the 

pH values were lower than those of CF. The pH values of 6CFMN and 8CFMN 

significantly decreased to below 12.3 up to 24 h; however, the pH of 2CFMN was 

over 12.4, remaining constant over time. From the pH results, the decreased pH 

values of CFMN samples seems to be due to consumption of OH− in pore solution 

to dissolve FA and produce reaction products.  

The pH and the ionic concentrations (i.e., Si, Al, Ca, and Mg) of diluted sample 

mixtures at 24 h was presented in Fig. 6-5. In this study, only Si and Al ions could 

be released from FA, while Ca and Mg ions were almost released from the 

dissolution of the activator (i.e., CaO) and additive (i.e., Mg(NO3)2) because FA 

contained a relatively small amount of Ca and Mg, as shown in Fig. 6-5. 

From the Si and Al ionic concentrations, the use of Mg(NO3)2 significantly 

promoted dissolution of FA even in small amounts of Mg(NO3)2 addition. 

Additionally, from the concentration of Ca, the addition of 6% Mg(NO3)2 led to the 

noticeable dissolution of Ca(OH)2 (CaO + H2O  Ca(OH)2). Since the activator CaO 
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is the only source of Ca2+ ions, even though there is very little in the FA, it could be 

seen that the 6% of Mg(NO3)2 catalyzed the reaction of CaO. Furthermore, the pH 

significantly decreased due to the increase of dissolved Ca2+ ions and consumption 

of OH− ions to dissolve Si and Al in the FA, or to form reaction products such as C-

S-H, AFm phases, and hydrotalcite (or hydrotalcite-like phase). Thus, these ionic 

concentrations and pH values were likely to be associated with initial strength. 

 

Fig. 6-4 Temporal changes in pH values of diluted sample mixtures (w/b = 2.0) within 24 h 

 

 

Fig. 6-5 The pH values and ionic concentrations of diluted samples mixtures (w/b = 2.0) at 

24 h 
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6.3.3 X-ray diffraction analysis 

The XRD patterns of 3, and 28-day hardened samples are presented in Fig. 6-6. 

The reflection patterns were analyzed using X’Pert Highscore Plus software (2012) 

with ICDD PDF-2 database (2000) and ICSD (Allmann and Hinek, 2007). The 

numbers in parentheses indicate ICDD PDF-2 and ICSD data numbers for identified 

phases. In Fig. 6-6, the reference patterns of original phases in raw fly ash are not 

provided, as pattern of the raw FA is provided in Fig. 6-1.  

The C-S-H, portlandite (Ca(OH)2, ICDD PDF-2 no. 00-084-1267), calcite 

(CaCO3, ICDD PDF-2 no. 01-072-1937), hydrotalcite (Mg6Al2CO3(OH)16·4H2O, 

ICDD PDF-2 no. 00-022-0700), and AFm phases such as monosulfate 

(Ca4Al2(SO4)(OH)12·6H2O, ICDD PDF-2 no. 01-050-1607) were commonly 

observed as reaction products, while katoite (Ca2.93Al1.97(Si0.64O2.56)(OH)9.44, ICDD 

PDF-2 no. 01-077-1713), often reported in previous studies on lime-activated FA 

(Biernacki et al., 2001), was found in CF. Particularly, the presence of calcite can be 

derived from the raw CaO and the carbonation of the formed portlandite (Burciaga-

Díaz and Betancourt-Castillo, 2018; Gu et al., 2014). 

In all samples, chemical reaction mainly occurred, resulting in C-S-H 

generation, which has the most important influence on the strength development in 

cementitious system (e.g., OPC, lime-activated fly ashes) (Shi and Day, 2000a, 

2000b) although it is difficult to observe crystalline of C-S-H in XRD patterns. To 

identify C-S-H, the XRD pattern of fully hydrated β-C2S as measured by Taylor, 

which has broad hump at 28 − 33°, was used after removing the reflections of 

Ca(OH)2 along with the reference pattern of C-S-H in ICDD PDF-2 database (ICDD 

PDF-2 no. 00-033-0306). 

Portlandite (Ca(OH)2), produced by the reaction of CaO with water (i.e., CaO 
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+ H2O  Ca(OH)2), was clearly identified after addition of water to the binder 

mixture, and the XRD peak intensities decreased with curing days thereafter. The 

reflection peaks of portlandite in CF decreased at 28 days, but not all of them 

disappeared, which was consistent with low strength development, while those in 

CFMN samples were noticeably consumed in early ages. 

Hydrotalcite is a magnesium-bearing reaction product with a layered double 

hydroxide structure that has been frequently identified in various cementitious 

systems with magnesium compounds (Gu et al., 2014; Haha et al., 2011). In this 

study, the reference patterns for hydrotalcite did not precisely match those of the 

reflection patterns, even when a relatively large amount of magnesium slats was 

added. Similar poor matches were also reported in previous studies (Jeon et al., 2015; 

Jeong et al., 2016a; Jeong et al., 2017), given that hydrotalcite may show slightly 

different patterns when it forms in different synthesizing conditions (Taylor, 1997).  

The use of Mg(NO3)2 showed the reflection patterns similar to the reference 

patterns of monosulfate. Portlandite was not significantly reacted with 

aluminosilicate phases when 2% of Mg(NO3)2 was added, while it noticeably 

vanished when added more than 6%, which is related to early strength improvement 

due to the increased amount of reaction products. 

In previous studies (Balonis et al., 2011; Manohara et al., 2010), monovalent 

anions such as nitrate ions (NO3
−) from nitrates are exchangeable for SO4

2− in AFm 

phases such as monosulfate, resulting in forming analogues of those phases; however, 

in this study, no reference pattern for monosulfate in the CFMN samples matching 

the measured patterns was found in the PDF-2 database because these AFm phases 

containing NO3
− ions (nitrate-AFm phases) formed in this study might be a solid 

solution instead a pure phase where it is substituted by other ions. Still, given that 

the unit cell size of the nitrate-AFm phases could change with varying relative 

humidity and temperature because water content can be changed in the interlayer 
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spaces of the AFm phase (Dumm and Brown, 1996; Manohara et al., 2010; Renaudin 

et al., 2000), the CFMN samples in this study could have those AFm phases that had 

similar hydration states to that of monosulfite and monosulfate. 

 

 
(a)                                (b)    

Fig. 6-6 XRD patterns of the hardened pastes at 3, and 28 days: (a) CF, and (b) CFMN 

samples 
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6.3.4 Thermogravimetric analysis 

The TG and differential thermogravimetry (DTG) curves of the CF and CFMN 

samples for 3, 28 days are presented in Fig. 6-7. 

The weight losses attributed to dehydration or decomposition of reaction 

products, and relative weight losses were approximately compared using their DTG 

peaks. The TG/DTG results were consistent with the XRD results. Each phase was 

identified according to previous studies (Alahrache et al., 2016; Bakolas et al., 2006; 

Carmona-Quiroga and Blanco-Varela, 2013; Qoku et al., 2017; Schöler et al., 2015; 

Taylor, 1997). Although the previous studies show different decomposition 

temperature range, even at the same phase, as the TG results may be affected by 

changes in instrument setting and sample conditions, these studies are still beneficial 

for readers to recognize the exact temperature range of decomposition. 

For all the samples, significant weight losses below 200 °C, attributed to 

dehydration of C-S-H and AFm phases, were commonly observed (Bakolas et al., 

2006; Taylor, 1997). Weight losses near 80 °C were mainly attributed to the 

dehydration of AFt, which of DTG peaks were overlapped with dehydration 

temperature of C-S-H and AFm phase from 85 to 130 °C (Carmona-Quiroga and 

Blanco-Varela, 2013; Qoku et al., 2017). Katoite showed a distinct weight loss at 

320 °C (Taylor, 1997). The samples containing magnesium compounds presented 

relatively broad hump of DTG around 350 °C, related to hydrotalcite-like phase (or 

hydrotalcite). At temperature near 380 and 400 °C, weight losses corresponded to 

portlandite, respectively (Alahrache et al., 2016; Schöler et al., 2015). 

Portlandite in CF still remained at 28 days, while the greatest amount of 

portlandite was almost consumed in CFMN samples in curing age, and then 

eventually vanished over time. The DTG peak reduction of portlandite was 
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consistent with the XRD results, which showed directly relationship between 

portlandite consumption and chemical reaction, resulting in strength development. 

The CFMN samples showed significant weight losses at 270 °C, which 

correspond to the dehydroxylation and nitrate-reduction of the nitrate-AFm phase 

according to previous studies (Balonis et al., 2011; Hill and Daugherty, 1996; 

Renaudin et al., 2000). Thus, the AFm phases in CFMN samples from the XRD 

results were likely a nitrate-AFm phase rather than a monosulfate. In addition, given 

the XRD and TG results in this study, these nitrate compounds likely suppressed the 

katoite formation and resulted in the increased nitrate-AFm formation, similarly 

reported by Falzone et al. (Falzone et al., 2015); however, no study has reported that 

the formation of nitrate-AFm contributed to the strength enhancement. Particularly, 

6CFMN showed the highest DTG peak of C-S-H, resulting in the highest strength 

result. 

The total weight losses up to 1000 °C in CFMN samples at 3 days were higher, 

indicating that those samples generated more reaction products than the CF, and this 

could explain the significantly greater increase in early strength of those samples at 

3 days. In addition, 8CFMN demonstrated that the addition of an excessive amount 

of Mg(NO3)2 interfered with the further production of reaction products, so that the 

strength could no longer be increased, or the strength could be reduced. 
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(a)                                

 
(b) 

Fig. 6-7 TGA/DTG curves of hardened pastes: (a) 3, and (b) 28 days 
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6.3.5 29Si and 27Al MAS-NMR spectroscopy 

The spectra of 29Si MAS-NMR are presented for raw FA, CF, and 6CFMN for 

28 days in Fig. 6-8. The observed 29Si resonances were analyzed using the 

Qn(mAl) classification; the superscript n indicates the number of neighboring 

tetrahedral SiO4 linked to a specified SiO4 tetrahedron, and m indicates the number 

of Al substitutions at the nearest Si tetrahedra (Andersen et al., 2006; L’Hôpital et 

al., 2015). Because the 29Si NMR spectra for this study did not show any clearly 

separated peaks, the typical peak positions were located before the area of each peak 

was fitted by using a Gaussian function and by referring to similar past NMR studies 

for alkali-activated FA/C-S-H/tobermorite] to deconvolute the spectra (Myers et al., 

2015; Puertas and Fernández-Jiménez, 2003). 

The NMR spectra of raw FA illustrated fairly broad asymmetric resonance 

profiles, situated in the chemical shift of −121 to −80 ppm, representing the 

amorphous phase of fly ashes. In Fig. 6-9, the peak area of −108 ppm tends to 

roughly increase with the content of Si as well as quartz in fly ash. Note that change 

of integrated peak area of −108 ppm is highlighted in Fig. 6-9. As the content of Si 

is inversely proportional to the 28-day averaged compressive strengths of samples, 

a higher intensity of −108 ppm may imply a lower fly ash reactivity (Oh et al., 2014; 

Oh et al., 2015). Activated samples were significantly reduced from quartz peak% 

area of raw fly ash, especially magnesium compounds added samples were more 

reduced than only CaO-activated FA. 

The major reaction product for CF and 6CFMN is C-S-H rather than 

geopolymer and M-S-H because the 29Si NMR peaks related to C-S-H [i.e., Q2(0Al), 

Q2(1Al), and Q1(0Al) for dreierketten chain] have significantly grown, while the 

peaks for the network-forming Si atoms [i.e., Q4(mAl); m = 0 to 4] have either 

remained similar or decreased. Theoretically, silicate tetrahedra bonded in silicate 
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chains can either be situated at the chain ends (Q1(0Al); signal at −78 ppm ± 2 ppm) 

or in the middle (Q2(0Al), signal at −85 ppm ± 2 ppm). If tetrahedral aluminum is 

incorporated into the silicate chain as a bridging tetrahedron, an additional peak can 

be seen at −82 ppm ± 2 ppm (Q2(1Al)) (Andersen et al., 2003; Dombrowski et al., 

2007; Jeon et al., 2015; L’Hôpital et al., 2015; Richardson, 1999; Taylor, 1997). 

Considering that raw FA is highly heterogeneous mixtures of various phases and 

even the activated ashes are not fully reacted (Fernández-Jiménez et al., 2005), the 

component phases after activation may produce slightly different peak positions for 

the same Qn(mAl) environment. For all activated samples at 28 days, the sites 

Q1(0Al), Q2(1Al) and Q2(0Al) increased, indicating higher formation of C-(A)-S-H 

gel. Among them, the sites of 6CFMF and 6CFMN were further increased and 

coincided with the strength results at 28 days. 

In previous studies, the presence of Q3 signals in higher quantities between −92 

and −97 ppm indicates the formation of pure M-S-H (Bernard et al., 2017a; Bernard 

et al., 2017b; Nied et al., 2016); however, in this study, it is difficult to distinguish 

between the various aluminosilicate phases in the raw FA and the Q3 signals 

corresponding to the M-S-H mixed therein, and it is not remarkable in actual 29Si 

MAS-NMR results. From the XRD and TG results, the reaction product related to 

the actual Mg was predominantly hydrotalcite or hydrotalcite-like phase rather than 

M-S-H.  
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(a)                                              

 
(b) 

 

(c) 

Fig. 6-8 29Si MAS NMR spectra for 28-day samples: (a) Raw FA, (b) CF, and (c) CFMN 
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Fig. 6-9 Direct comparison between before and after activation of fly ashes in 29Si MAS 

NMR spectra 

 

 
27Al MAS-NMR spectra of raw FA and hardened samples at 28-day are shown 
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corresponded to the release of Al from raw FA. The Al(IV) peaks shifted to higher 

ppm mainly due to incorporation Al in C-S-H at ~70 ppm and formation of AFm 

phases at ~60 ppm (e.g., monosulfate, nitrate-AFm, and formate-AFm) (Brus et al., 

2016; Richardson et al., 2016; Skibsted et al., 2017). In particular, the Q2(1Al) 

aluminate site of 6CFMN was relatively higher than that of the other samples, 

consistent with 27Al MAS-NMR results. 

The formation of hydrotalcite (or hydrotalcite-like phases) and AFm phases 

were also responsible for the strong peaks of Al(VI) centered at ~10 ppm (Andersen 

et al., 2003, 2006; Jeong et al., 2016a; Jeong et al., 2017); the relatively strong peaks 

were presented in 6CFMN, consistent with XRD, and TG results. The peaks near 

~13 ppm in the CF were attributed to ettringite. 

 

Fig. 6-10 27Al MAS NMR spectra for 28-day samples 
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6.3.6 Mercury intrusion porosimetry 

Total porosity and pore size distribution for the 3 and 28-day hardened samples 

were measured by using MIP (see Fig. 6-11, Fig. 6-12 and Table 6-3).  

In this study, the pores were classified into capillary pores smaller than 5 μm 

and air voids near 100 μm. Pore size distribution is known to be a better way to 

evaluate the strength properties of hardened pastes than other void properties. In 

particular, capillary pores smaller than 50 nm are much less vulnerable to the strength 

of cementitious materials (Mehta and Monteiro, 2006).  

Total porosity in CF increased due to the presence of capillary pores larger than 

1 μm, while average pore size decreased from 33.3 nm to 26.5 nm. From the strength 

results in CF, the pore size reduction dominantly affected strength development. 

Unlike CF, most pores in CFMN samples were significantly smaller than 50 nm 

at both 3 and 28 days in contrast to those in CF with widely distributed in the range 

of 0.002 – 3.0 μm. Particularly, when 6% of Mg(NO3)2 was added (i.e., 6CFMN), 

the average pore diameter significantly reduced with a substantial decrease in total 

porosity, supporting significant development of strength up to 28 days; however, 

when added more than 6%, the total pore volume at 28 days was rather increased. 

From this result, pore structures such as total porosity and average pore size are better 

criteria for evaluating the strength characteristics, as reported Mehta and Monteiro 

(2006).  

Fig. 6-12 showed porosity distributions of hardened pastes at 3 and 28 days. 

The ratio of macropores decreased when Mg(NO3)2 was added into CaO-activated 

FA. When 2% of Mg(NO3)2 was added, the ratio of macropore decreased about 50% 

and the ratio of mesopore increased 20% over time. In particular, when 6% of 

Mg(NO3)2 was added, the ratio of mesopore and micropore significantly decreased 
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by more than 50%, resulting in remarkable strength enhancement. On the other hand, 

8% of excess Mg(NO3)2 addition increased the ratio of macropore more than 3 times 

over time, given that Mg(NO3)2 addition over 6% prevented the binder from 

becoming dense. 

 

 

 
(a) 

 
(b) 

Fig. 6-11 Pore size distribution of hardened pastes at (a) 3 and (b) 28 days 
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Fig. 6-12 Porosity distribution of hardened pastes at 3 and 28 days 

 

 

 

Table 6-3 Measured total porosities and average pore size for hardened pastes 

Samples 
Total porosity (%) Average pore diameter (nm) 

3 days 28 days 3 days 28 days 

CF 35.2 37.0 33.3 26.5 

2CFMN 40.9 40.6 28.0 19.4 

6CFMN 37.6 25.5 12.9 15.2 

8CFMN 38.0 32.8 13.2 15.1 
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(a) 

 
(b) 

Fig. 6-13 Relationship between pore characteristics and compressive strength; (a) total 

porosity verse compressive strength, (b) average pore diameter verse compressive strength 
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6.3.7 Scanning electron microscopy 

Fig. 6-14 presents the backscattered electron (BSE) images for the polished 

samples at 28 days. In SEM-BSE mode, the area brightness of an image is usually 

determined by the average atomic number of the area (Famy et al., 2002).  

The remarkable characteristics of the CF were observed compared to the 

6CFMN. The CF showed a porous matrix (black region) with a large amount of 

unreacted fly ash particles (see Fig. 6-14(a)-(b)). The reaction products (dark gray or 

light gray regions) were loosely distributed between the unreacted fly ash particles 

(light round solids) found in various sizes. The CF contained a large number of small 

unreacted fly ash particles, although small fly ash particles tend to be dissolved more 

easily than large ones during activation. This means that the raw fly ash particles 

were less dissolved when CaO alone was used. 

However, 6CFMN showed a high degree of matrix density with several 

morphologies; partially dissolved fly ash particles but which maintain their spherical 

shape and reaction products (see Fig. 6-14(c)-(d)), similar to earlier studies 

(Fernández-Jiménez et al., 2005; Jeon et al., 2015). The overall brightness of the 

reaction products was much brighter than that of the CF, presenting that the matrix 

was compactly filled with the reaction products. 

To identify the reaction products, an elemental spot analysis was performed on 

area filled with light gray products. The results of EDS spot analysis on the locations 

in Fig. 6-15(a), (b) (see × with number) are tabulated in Table 6-4. More detailed 

results of EDS spot analysis were given in the Appendix A. 

The extent of fly ash dissolution could be determined by the average values of 

Al/Si ratio, because the only source of Al in this study was a raw fly ash. In Table 

6-4, the average value of Al/Si ratio was significantly increased with the addition of 
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Mg(NO3)2, showing that Mg(NO3)2 noticeably promoted the dissolution of the fly 

ash. The average Ca/Si ratio of 6CFMN was 1.53, indicating the presence of C-S-H, 

generally referred in previous studies (Famy et al., 2002; Taylor, 1997). A somewhat 

higher average Al/Si ratio of 0.41 may be explained that C-S-H was partially 

substituted by dissolved Al from raw fly ash (García Lodeiro et al., 2010), which was 

supported by 27Al MAS-NMR result. Elemental ratios consistent with AFm phase 

did not present in reaction products between fly ash particles, because regions large 

enough for accurate microanalysis on polished surfaces are rarely of pure AFm phase 

(Taylor, 1997). Thus, from the BSE images, it cannot be said that AFm phase filled 

the pores as reaction products. Instead, the addition of Mg(NO3)2 promoted the 

reaction of C-S-H formation and filled the pores between fly ash particles, which 

could be a major cause of strength improvement. 

 
(a)                                (b) 

 
(c)                                (d) 

Fig. 6-14 SEM-BSE images (×500) of CF and 6CFMN at 28 days: (a) and (b) CF; (c) and 

(d) 6CFMN 

KBSI-DAEGU 20.0kV x500 YAGBSE 100μm KBSI-DAEGU 20.0kV x500 YAGBSE 100μm

KBSI-DAEGU 20.0kV x500 YAGBSE 100μm KBSI-DAEGU 20.0kV x500 YAGBSE 100μm
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(a)                                (b) 

Fig. 6-15 Enlarged (×5000) SEM-BSE images at 28 days: (a) CF, and (b) 6CFMN, ×: 

location of EDS spot analysis 

 

Table 6-4 Results of EDS spot analysis 

Sample 
Average atomic % of each point  

Mg/Si Al/Si Ca/Si 
Mg Al Si Ca 

CF 
2.56 

(1.15) 

13.09 

(6.14) 

52.66 

(9.27) 

31.69 

(5.70) 

0.05  

(0.03) 

0.27  

(0.17) 

0.64  

(0.23) 

6CFMN 
30.65 

(6.09) 

9.83 

(2.06) 

24.39 

(5.89) 

35.13 

(6.58) 

1.34  

(0.43) 

0.41 

(0.07) 

1.56  

(0.66) 

Note that ( ) indicates standard deviation. 

  

KBSI-DAEGU 20.0kV x5.00k YAGBSE 10μm KBSI-DAEGU 20.0kV x5.00k YAGBSE 10μm
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6.3.8 Its application 

Considering practical application for lightweight mortar, for 6CFMN with the 

highest compressive strength result, lightweight mortar was made by adding 

expanded perlite (EP) and expanded vermiculite (EV) (see Fig. 6-16). EP 

morphology (see Fig. 6-16(a)) is characterized by extensive surface open porosity, it 

is stable at high temperatures, as its softening point exceeds 1000 °C, it is cheap and 

it is chemical inert. Morphology of EP (see Fig. 6-16(b)) is characterized by the 

increase in volume between the various layers reflecting the accordion shaped 

structure. 

 
(a)                                 (b) 

Fig. 6-16 SEM images of (a) EP, and (b) EV 

 

6.3.8.1 Compressive strength, specific gravity, and water absorption 

The compressive strength and specific gravity under absolute dried (AD) and 

surface saturated dried (SSD) conditions were measured by increasing lightweight 

aggregate (EP and EV) to binder ratio from 20% to 80%. Two types of w/b ratios 

were considered: 0.32 and 0.52.  

As a result of the strength test (see Fig. 6-17), the strength decreased with the 
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addition of EP and EV. When w/b ratio was 0.32, the strength was about 13 MPa 

when 20% of EP or EV were mixed, and decreased to 4 MPa when 80% of them 

mixed. When w/b ratio increased to 0.52, the compressive strength of samples mixed 

with 20% of aggregates was 5 – 7 MPa, and finally decreased to 2 MPa when 80% 

of EP and EV were mixed. In particular, the samples with a w/b ratio of 0.32 had a 

much higher strength loss when lightweight aggregate was added, but those with a 

w/b ratio of 0.52 were smaller than samples with a w/b ratio of 0.32. 

 

Fig. 6-17 Compressive strength of 6CFMN with different addition of EP and EV 

 
The specific gravity and water absorption were measured for 7-day samples 

(see Fig. 6-18), and the results are summarized in Table 6-5. Similar to the strength 

results, the SG decreased with the addition of EP and EV.  

The test results demonstrated that the SGs of hardened pastes in AD were 

similar to the oven dried SGs of commercial autoclaved aerated concrete (AAC) (= 

~0.65 – 0.75), given that the sample mixed with 40% of EP or EV not only obtained 

a significant strength of 4 – 6 MPa, but also a low value of absolute dried SG of 0.7 

– 0.8 within the scope of SGs in AAC standard. 

The higher w/b ratio clearly produced a smaller SG value in SSD and AD. In 

particular, the difference between SGs in SSD and those in AD rapidly increased 
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when w/b ratio increased from 0.32 to 0.52, given that since the absorption rate of 

EV is higher, the amount of evaporation of moisture in absolute drying seems to be 

more.  

Water absorption (WA) is an important aspect of the binder because it is related 

to the durability of the structure and greatly influenced by the pore structure. (Castro 

et al., 2011; Henkensiefken et al., 2009; Sabir et al., 1998). The water absorption was 

calculated using the measured specific gravities (i.e., water absorption (%) = (SSD - 

AD) / AD × 100). The results of water absorption (see Fig. 6-19) showed that as the 

amount of aggregate increased in binder, the rate of absorption of mortar increased 

sharply, given that because EP and EV were very porous materials, they could have 

high water content. Similar to the SG results, the w/b value significantly affected the 

water absorption. 
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(a) 

 
(b) 

Fig. 6-18 Specific gravities of mortars with different addition of LWAs: (a) SSD, (b) AD 

 
Fig. 6-19 Water absorption of 6CFMN samples with different addition of LWAs 
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Table 6-5 Measured data of specific gravity (SSD, AD) and water absorption 

Sample 
Specific gravity (saturated surface dried, SSD) (standard deviation) 

w/b = 0.32 w/b = 0.52 

6CFMN 1.76 (0.012) 1.56 (0.010) 

6CFMN20EP 1.44 (0.016) 1.33 (0.021) 

6CFMN40EP 1.31 (0.016) 1.18 (0.024) 

6CFMN60EP 1.21 (0.008) 1.11 (0.007) 

6CFMN80EP 1.06 (0.007) 1.01 (0.021) 

6CFMN20EV 1.43 (0.008) 1.19 (0.015) 

6CFMN40EV 1.32 (0.020) 1.09 (0.027) 

6CFMN60EV 1.22 (0.015) 1.01 (0.006) 

6CFMN80EV 1.19 (0.023) 0.93 (0.009) 

Sample 
Specific gravity (absolute dried, AD) (standard deviation) 

w/b = 0.32 w/b = 0.52 

6CFMN 1.20 (0.008) 1.11 (0.015) 

6CFMN20EP 1.05 (0.015) 0.89 (0.018) 

6CFMN40EP 0.92 (0.014) 0.72 (0.022) 

6CFMN60EP 0.83 (0.007) 0.67 (0.005) 

6CFMN80EP 0.70 (0.004) 0.55 (0.015) 

6CFMN20EV 1.06 (0.007) 0.79 (0.016) 

6CFMN40EV 0.92 (0.008) 0.71 (0.016) 

6CFMN60EV 0.80 (0.011) 0.58 (0.006) 

6CFMN80EV 0.76 (0.013) 0.54 (0.009) 

Sample 
Water absorption (%) (standard deviation) 

w/b = 0.32 w/b = 0.52 

6CFMN 46.31 (1.152) 41.25 (1.400) 

6CFMN20EP 37.38 (0.632) 54.46 (0.860) 

6CFMN40EP 42.75 (0.328) 63.48 (1.794) 

6CFMN60EP 46.16 (0.253) 66.68 (0.800) 

6CFMN80EP 52.71 (0.332) 82.92 (1.522) 

6CFMN20EV 34.99 (0.206) 50.61 (1.472) 

6CFMN40EV 43.02 (1.697) 52.34 (1.246) 

6CFMN60EV 52.23 (0.873) 73.47 (1.242) 

6CFMN80EV 56.73 (1.657) 41.79 (4.365) 
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6.3.8.2 Scanning electron microscopy 

Fig. 6-20 to 6-23 showed BSE images of lightweight mortars, which were 

mixed with 6CFMN binder and lightweight aggregates (i.e., EP, EV), and EDS 

analysis results. Samples filled with aggregates of 20% and 80% of the binder (i.e., 

6CFMN20EP, 6CFMN80EP, 6CFMN20EV, 6CFMN80EV) were considered. To 

identify if the aggregates and binder boundaries were reacting, an elemental spot and 

line analysis were performed on area across reaction products and lightweight 

aggregates. The atomic wt.% of EDS analysis in enlarged BSE images (see × with 

number) are illustrated in Fig. 6-20 to 6-23. More detailed results of EDS spot and 

line-scan analysis were given in the Appendix A. 

The void in the EP was not filled by reaction products (black region), and the 

aggregate and the binder were not reacted existing almost independently, given that 

EDS analysis results showed that atomic wt.% of Al and Si were rapidly changed at 

the boundary between the EP and the reaction products (see Fig. 6-20(e),(f), and Fig. 

6-21(d)). The atomic wt.% of Ca was relatively increased in the reaction products 

such as C-S-H and AFm phases, whereas the that of Si and Al were higher in EP and 

FA. 

Unlike 6CFMN20EP and 6CFMN80EP, it is very vague to distinguish between 

binder matrix and aggregate boundaries (see Fig. 6-22 and 6-23). Remarkable thing 

is that FA particles in the layer space (black region) of the EV remained unreacted 

and remained intact, given that EV does not react with the binder matrix. If the EV 

and binder reacted to produce a new reaction product or ITZ, then a distinctive 

strength change should have occurred that was different from strength results of 

6CFMN20EP and 6CFMN80EP, but the strength results were not different from the 

case of incorporating EP.  
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(a)                                 (b) 

 
(c)                                 (d) 

 
(e)                                 (f) 

Fig. 6-20 BSE images of 6CFMN20EP: (a) ×500, (b) ×2k, (c) ×5k, (d) ×10k, (e) EDS 

results of (c) ×5k BSE image, and (f) EDS analysis results of (d) ×10k BSE image 
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(a)                                 (b) 

 
(c)                                 (d) 

Fig. 6-21 BSE images of 6CFMN80EP: (a) ×500, (b) ×2k, (c) ×5k, and (d) EDS analysis 

results of (c) ×5k BSE image 
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(a)                                 (b) 

 
(c)                                 (d) 

 
(e)                                 (f) 

Fig. 6-22 BSE images of 6CFMN20EV: (a) ×500, (b) ×2k, (c) ×5k, (d) ×10k, (e) EDS 

results of (c) ×5k BSE image, and (f) EDS analysis results of (d) ×10k BSE image 
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(a)                                 (b) 

  
(c)                                 (d) 

Fig. 6-23 SEM-BSE images of 6CFMN80EV: (a) ×300, (b) ×500, (c) ×5k, and (d) EDS 

analysis results of (c) ×5k BSE image 
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6.4 Concluding remarks 

In this study, the influences of Mg(NO3)2 as new additives for the strength 

development and microstructural characteristics of CaO-activated fly ash binder 

were investigated using compressive strength tests, ICP-OES, XRD, TG, 29Si and 

27Al MAS-NMR, and MIP analyses. Consequently, the addition of Mg(NO3)2 was 

significantly effective on the strength increase of the CaO-activated fly ash binder, 

which is primarily due to the significant increase in the (1) formation of C-S-H, and 

(2) pore size reduction from early stages. Considering practical application for 

lightweight mortar, lightweight mortar containing lightweight aggregates such as EP 

and EV showed low SG and proper strength to satisfy commercial ALC. The detailed 

conclusions are summarized as follows: 

The presence of Mg(NO3)2 was effective in increasing the strength of CaO-

activated FA binders, and the use of Mg(NO3)2 significantly improved strength, 

showing 40~50 MPa at 28 days, rather than that of only CaO-activated FA. However, 

excessive addition of these magnesium compounds was not effective in enhancing 

the strength.  

From the pH values and ionic concentrations in the initial reaction, the addition 

of Mg(NO3)2 reduced the pH due to the increase of dissolved Ca2+ ions and 

consumption of OH− ions to dissolve Si and Al in the FA, or to form reaction products 

such as C-S-H and AFm phases. 

In XRD and TG, main reaction products in all samples with magnesium 

compounds were C-S-H, portlandite, calcite, hydrotalcite, and AFm phases. In 

particular, the addition of Mg(NO3)2 induced the formation of nitrate-AFm phase. 

When Mg(NO3)2 were added, portlandite was significantly consumed for the 
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generation of reaction products, resulting in strength improvement. 

From the 29Si MAS-NMR results, major reaction product for all samples is C-

S-H showing the sites of Q2(0Al), Q2(1Al), and Q1(0Al) for dreierketten chain related 

to C-S-H formation, not Q3 signals corresponding to the M-S-H formation. These Q1 

and Q2 sites of hardened samples with Mg(NO3)2 were further increased than only 

CaO-activated FA. The XRD and TG results supported that the reaction product 

related to the actual Mg was predominantly hydrotalcite or hydrotalcite-like phase 

rather than M-S-H. 

The 27Al MAS-NMR results indicate that the addition of Mg(NO3)2 not only led 

to the formation of a large amount of the AFm phase and hydrotalcite but also 

stimulated the most substantial dissolution of raw FA. 

From the MIP results, in process of curing ages, the use of Mg(NO3)2 

significantly reduced the average pore size to less than 50 nm, while the hardened 

samples with CaO solely contained pores larger than 50 nm, which were detrimental 

to strength enhancement. However, excessive addition of these compounds rather 

increased the total pore volume at 28 days, and even affected the increase in pore 

size. Thus, pore structures were better criteria for evaluating the strength.  

The SEM images supported that the addition of Mg(NO3)2 promoted the 

formation of reaction products such as C-S-H formation, and densely formed the 

binder matrix. 

For lightweight mortar considering practical application, the strength decreased 

with the addition of EP and EV. Similar to the strength results, the SG decreased with 

the addition of EP and EV, given that the SGs of hardened pastes in AD were similar 

to the oven dried SGs of commercial autoclaved aerated concrete. From SEM/EDS 

analyses, the voids in the EP and EV were not filled by reaction products, and the 

aggregate and the binder were not reacted existing almost independently, given that 
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EDS analysis results showed that atomic wt.% of Al and Si were rapidly changed at 

the boundary between the EP, EV and the reaction products 
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Chapter 7. Conclusion 

One-part alkali-activated fly ash binders, which are hardened by simply adding 

water, were successfully developed by using lime-type activators and various 

chemical compounds. Mechanical performance and microstructural characteristics 

of those binders were investigated with various experimental techniques. 

The influence of formate addition on the strength of CaO-activated FA was 

dependent on the formate compound’s cation type (Ca, Mg, Na, or K), given that the 

addition of Ca(HCOO)2 and Mg(HCOO)2 were significantly more effective in 

increasing the strength of a CaO-activated FA binder system than the addition 

NaHCOO or KHCOO, which did not show notable increases in strength. The 

addition of Ca(HCOO)2 Mg(HCOO)2 to CaO-activated FA produced not only higher 

early strength compared to the sample that only used CaO activation but also the 

greatest later strength over 40 – 50 MPa, while the addition of NaHCOO and 

KHCOO had little effect on strength enhancement. Ca(HCOO)2 and Mg(CHOO)2 

addition induced significant Ca(OH)2 consumption, a result likely due to the 

increased degree of pozzolanic reactions, which led to more C-S-H formation related 

to the strength enhancement. The initial formation of katoite could make the 

hardened matrix denser, resulting in enhanced strength. The addition of Ca(HCOO)2 

and Mg(HCOO)2 not only led to the significant formation of more katoite but also 

induced significant Al substitution of C-S-H. All the formate compounds reduced 

overall pore size and porosity. Although the use of Ca(HCOO)2 did not produce the 

smallest porosity, it did induce the smallest pore size among the formate compounds. 

Given that using Ca(HCOO)2 produced the greatest strength, reducing overall pore 

size was significantly more important than porosity in determining strength. The 
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increased strength observed when Ca(HCOO)2 was added was primarily due to the 

significant increase in C-S-H formation and the considerable reduction in overall 

pore size. The use of Mg(HCOO)2 significantly reduced the average pore size to less 

than 50 nm, while the hardened samples with MgO contained pores larger than 50 

nm, which were detrimental to strength enhancement. However, excessive addition 

of Mg(HCOO)2 rather increased the total pore volume, which could be detrimental 

to strength properties. 

Likewise, the use of Ca(NO3)2 and Mg(NO3)2 were greatly beneficial in the 

strength improvement of the CaO-activated FA system, which is primarily due to the 

significant increase in the dissolution degree of FA, formation of C-S-H, and pore 

size refinement from early days, while NaNO3 was not markedly advantageous in 

increasing strength. Compared to the sample with only CaO activation, a small 

addition of Ca(NO3)2 and Mg(NO3)2 produced three to four times higher strengths at 

all curing days, while the use of NaNO3 yielded an even lower early strength. At a 

very early stage, the addition of Ca(NO3)2 and Mg(NO3)2 not only supplied 

additional Ca ions, but also considerably increased the dissolution of Si and Al ions 

from FA, and thus, the presence of Ca(NO3)2 and Mg(NO3)2 contributed to more C-

S-H formation resulting in a higher early strength gain; however, although the use of 

NaNO3 also increased the dissolution of FA to some extent, it was much less 

advantageous in improving the early strength compared to the use of those 

compounds. The major reaction products in all samples were C-S-H, portlandite, and 

AFm phases. In particular, when nitrate compounds were added, nitrate-AFm phases 

were generated. Ca(OH)2 was the most rapidly consumed over time when Ca(NO3)2 

and Mg(NO3)2 were added, which is possibly due to the fastest formation of C-S-H, 

leading to the greatest early strength increase along with the formation of nitrate-

AFm. To obtain a greater strength, more formation of reaction products (e.g., C-S-

H) at early days (e.g., before 3 days) seemed to be more important than the total 

quantity of the reaction products at later days. The addition of Ca(NO3)2 and 
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Mg(NO3)2 not only led to the formation of a large amount of the AFm phase but also 

induced the most substantial dissolution of FA. At all curing days, the addition of 

Ca(NO3)2 and Mg(NO3)2 produced the smallest values of total porosity and average 

pore diameter, consistent with the strength testing results. Unlike the other samples, 

the gradual increase of porosity over time was observed when NaNO3 was added, 

possibly indicating a gradual formation of nanometer-sized cracks over time. 

Lightweight mortar was successfully produced by mixing expanded perlite (EP) 

and expanded vermiculate (EV) into the developed binder. The mortar samples 

showed great lightweightness and strength to satisfy ASTM of AAC. However, it 

seems that EP and EV did not chemically contribute to strength because they did not 

form an interfacial transition zone (ITZ) between matrix and aggregates or react with 

the binder matrix. 

The developed one-part alkali-activated binders made from industrial by-

products can contribute significantly to CO2 emissions reduction in the cement and 

construction industries. Along with these environmental benefits, economic benefits 

by reusing a significant amount of industrial byproducts currently being reclaimed 

could be achieved. Finally, the results of this study are of academic value that will 

contribute to the expansion of related research fields, since the basic principles of 

the new binder system can be applied to different by-products. 

However, FA has very low reproducibility because of its chemical composition, 

kind of crystal phase, particle size, etc., and its chemical reactivity cannot be known 

by chemical analysis. In addition, if the FA as a raw material is changed, a hardened 

material may not be produced under the existing experimental conditions, even 

though a hardened binder matrix is produced in this study. Since the FA has very 

different characteristics and is heterogeneous depending on the coal combustion 

method, coal characteristics, discharge timing, storage conditions, etc., it is 

necessary to calculate the blending ratio based on the accurate quantitative 
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characteristic evaluation. This is the most important factor in commercialization of 

actual technology and future research is needed.
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Table 7-1 Summary of test results 

Binder 

Precursor Fly ash 

Activator CaO 

Chemical  

compounds 
- Ca(HCOO)

2
 NaHCOO KHCOO Mg(HCOO)

2
 MgO Ca(NO

3
)

2
 NaNO

3
 Mg(NO

3
)

2
 

Strength - ↑↑↑ ↑ ↑ ↑↑↑ ↑ ↑↑↑ ↑ ↑↑↑ 

Pore 

structures 

Porosity - ↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ 

Pore size - ↓↓↓ ↓ ↓ ↓↓↓ ↓ ↓↓↓ ↔ ↓↓↓ 

Reaction 

products 

Main 
reaction 

products 

C-S-H C-S-H C-S-H C-S-H C-S-H C-S-H C-S-H C-S-H C-S-H 

- - - - 
Talc-like 

phase 
- - - - 

AFt Ettringite - - - - - - - - 

AFm Monosulfate Monosulfite Monosulfite Monosulfite Monosulfite Monosulfate 
Nitrate-

AFm 

Nitrate-

AFm 
Nitrate-AFm 

Calcium 

aluminate 
hydrates 

Katoite Katoite Katoite Katoite Katoite - - - - 

Ca  

source 
Ca(OH)

2
 - Ca(OH)

2
 Ca(OH)

2
 - Ca(OH)

2
 - Ca(OH)

2
 - 

Mg 

source 

- - - - - Mg(OH)
2
 - - - 

- - - - - 
Hydrotalcite-

like phase 
- - 

Hydrotalcite-

like phase 

Impurities Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite 
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Appendix A. BSE/EDS results  

A.1 Cation-Dependent Effects of Nitrates on CaO-Activated 

Fly Ash Binders 

A.1.1 CF 

 
 

Spot Na Mg Al Si Ca Fe Na/Si Mg/Si Al/Si Ca/Si Fe/Si 

1 1.78 3.44 29.25 46.02 13.27 6.25 0.04 0.07 0.64 0.29 0.14 

2 0.55 0.67 35.51 49.02 13.43 0.82 0.01 0.01 0.72 0.27 0.02 

3 1.15 0.61 28.83 52.68 14.39 2.32 0.02 0.01 0.55 0.27 0.04 

4 0.79 1.72 22.33 51.61 18.89 4.66 0.02 0.03 0.43 0.37 0.09 

5 0.33 1.75 24.85 40.85 17.58 5.63 0.01 0.04 0.61 0.43 0.14 

6 0.34 2.1 32.93 52.84 9.5 2.29 0.01 0.04 0.62 0.18 0.04 

7 1.61 3.24 28.4 42.03 16.38 8.34 0.04 0.08 0.68 0.39 0.20 

8 1.94 2.25 29.87 47.07 9.71 9.14 0.04 0.05 0.63 0.21 0.19 

9 1.19 1.41 17.07 47.69 27.01 5.63 0.02 0.03 0.36 0.57 0.12 

10 2.05 1.42 13.4 64.71 14.23 4.19 0.03 0.02 0.21 0.22 0.06 

Mean 1.17 1.86 26.24 49.45 15.44 4.93 0.02 0.04 0.54 0.32 0.10 

Stdev. 0.62 0.90 6.56 6.40 4.80 2.52 0.01 0.02 0.15 0.11 0.06 
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A.1.2 CFCN 

 
 

Spot Na Mg Al Si Ca Fe Na/Si Mg/Si Al/Si Ca/Si Fe/Si 

11 1.14 0.88 18.20 33.07 36.67 10.05 0.03 0.03 0.55 1.11 0.30 

12 2.00 2.01 19.92 35.87 31.33 8.87 0.06 0.06 0.56 0.87 0.25 

13 2.67 1.02 14.13 28.81 40.24 13.13 0.09 0.04 0.49 1.40 0.46 

14 1.92 1.35 20.04 35.35 31.97 9.37 0.05 0.04 0.57 0.90 0.27 

15 0.37 1.25 15.45 32.33 40.17 10.42 0.01 0.04 0.48 1.24 0.32 

16 1.07 1.41 14.14 31.97 42.01 9.40 0.03 0.04 0.44 1.31 0.29 

17 1.67 1.88 19.53 26.88 40.62 9.41 0.06 0.07 0.73 1.51 0.35 

18 1.46 1.88 16.06 29.26 41.33 10.01 0.05 0.06 0.55 1.41 0.34 

19 3.48 2.14 15.22 31.82 40.93 6.41 0.11 0.07 0.48 1.29 0.20 

20 1.75 1.40 16.37 36.06 44.30 10.12 0.05 0.04 0.45 1.23 0.28 

Mean 1.75 1.52 16.91 32.14 38.96 9.72 0.06 0.05 0.53 1.23 0.31 

Stdev. 0.82 0.41 2.21 2.96 4.07 1.56 0.03 0.01 0.08 0.20 0.07 
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A.1.2 CFSN 

 
 

Spot Na Mg Al Si Ca Fe Na/Si Mg/Si Al/Si Ca/Si Fe/Si 

21 0.99 0.77 21.40 39.35 31.08 6.41 0.03 0.02 0.54 0.79 0.16 

22 2.40 1.38 14.54 44.02 31.46 6.19 0.05 0.03 0.33 0.71 0.14 

23 3.16 0.74 21.09 43.83 21.60 9.59 0.07 0.02 0.48 0.49 0.22 

24 3.06 1.17 18.95 42.23 27.23 7.36 0.07 0.03 0.45 0.64 0.17 

25 0.06 1.45 24.63 30.94 31.95 10.98 0.00 0.05 0.80 1.03 0.35 

26 1.36 1.06 16.42 46.72 26.39 8.04 0.03 0.02 0.35 0.56 0.17 

27 1.21 1.35 17.41 45.85 25.06 9.13 0.03 0.03 0.38 0.55 0.20 

28 2.14 2.12 19.37 36.82 30.07 9.47 0.06 0.06 0.53 0.82 0.26 

Mean 1.80 1.26 19.23 41.22 28.11 8.40 0.04 0.03 0.48 0.70 0.21 

Stdev. 1.01 0.41 2.97 4.95 3.43 1.57 0.02 0.01 0.14 0.17 0.06 
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A.2 Influence of Magnesium Formate on CaO-Activated Fly 

Ash Binders 

A.2.1 CF 

 
 

Spot Mg Al Si Ca Mg/Si Al/Si Ca/Si 

1 2.03 12.11 52.91 32.95 0.04 0.23 0.62 

2 2.89 6.51 60.64 29.96 0.05 0.11 0.49 

3 2.19 5.15 66.10 26.56 0.03 0.08 0.40 

4 1.67 5.89 67.93 24.51 0.02 0.09 0.36 

5 1.75 8.15 38.73 51.37 0.05 0.21 1.33 

6 1.85 15.80 43.44 38.90 0.04 0.36 0.90 

7 1.47 18.76 52.03 27.75 0.03 0.36 0.53 

8 2.31 7.92 61.56 28.21 0.04 0.13 0.46 

9 6.11 4.34 64.16 25.39 0.10 0.07 0.40 

10 3.69 5.07 65.42 25.83 0.06 0.08 0.39 

11 1.37 5.57 66.13 26.93 0.02 0.08 0.41 

12 0.97 10.12 58.14 30.77 0.02 0.17 0.53 

13 0.87 11.99 55.48 31.66 0.02 0.22 0.57 

14 2.32 15.01 50.96 31.71 0.05 0.29 0.62 

15 2.14 14.21 52.69 30.96 0.04 0.27 0.59 

16 4.21 28.75 38.49 28.55 0.11 0.75 0.74 

17 3.14 25.43 41.51 29.92 0.08 0.61 0.72 

6
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2122
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18 3.37 20.34 46.43 29.87 0.07 0.44 0.64 

19 3.69 18.76 44.97 32.58 0.08 0.42 0.72 

20 3.74 19.94 43.56 32.75 0.09 0.46 0.75 

21 1.23 18.73 48.59 31.45 0.03 0.39 0.65 

22 3.13 16.69 36.62 43.57 0.09 0.46 1.19 

Mean 2.56 13.09 52.66 31.69 0.05 0.27 0.64 

Stdev. 1.13 6.04 9.11 5.60 0.03 0.16 0.22 
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A.2.2 6CFMN 

 
 

Spot Mg Al Si Ca Mg/Si Al/Si Ca/Si 

23 25.54 12.31 26.09 36.06 0.98 0.47 1.38 

24 31.71 8.80 30.75 28.74 1.03 0.29 0.93 

25 30.00 9.15 31.22 29.63 0.96 0.29 0.95 

26 18.61 10.67 41.87 28.85 0.44 0.25 0.69 

27 25.51 12.82 25.38 36.30 1.00 0.50 1.43 

28 24.51 14.87 28.08 32.53 0.87 0.53 1.16 

29 29.32 11.81 25.20 33.67 1.16 0.47 1.34 

30 39.04 8.71 19.52 32.72 2.00 0.45 1.68 

31 41.15 8.62 19.47 30.76 2.11 0.44 1.58 

32 33.59 9.97 25.89 30.55 1.30 0.39 1.18 

33 40.72 7.90 21.02 30.36 1.94 0.38 1.44 

34 38.35 8.79 20.88 31.97 1.84 0.42 1.53 

35 33.28 9.86 23.21 33.65 1.43 0.42 1.45 

36 23.41 6.18 14.58 55.83 1.61 0.42 3.83 

37 29.85 7.76 20.06 42.33 1.49 0.39 2.11 

38 26.35 7.67 19.96 46.02 1.32 0.38 2.31 

39 31.16 9.52 23.61 35.71 1.32 0.40 1.51 

40 27.41 11.54 28.46 32.59 0.96 0.41 1.14 

41 28.23 10.51 22.23 39.03 1.27 0.47 1.76 

42 35.35 9.16 20.25 35.24 1.75 0.45 1.74 

Mean 30.65 9.83 24.39 35.13 1.34 0.41 1.56 

Stdev. 5.94 2.00 5.74 6.42 0.42 0.07 0.64 
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A.2.3 6CFMN20EP 

A.2.3.1 ×5k 

 

 
 

Spot Mg Al Si Ca Mg/Si Ca/Si Al/Si 

1 0.00 0.92 2.91 0.24 0.00 0.08 0.32 

2 0.11 2.98 15.54 0.14 0.04 0.01 0.19 

3 0.29 2.6 10.42 1.54 0.11 0.15 0.25 

4 0.27 1.69 3.54 2.32 0.16 0.66 0.48 

5 0.32 9.43 11.79 0.32 0.03 0.03 0.80 
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A.2.3.3 ×10k 

 

 
 

Spot Mg Al Si Ca Mg/Si Ca/Si Al/Si 

1 0.08 4.40 22.08 0.19 0.02 0.01 0.20 

2 0.21 3.68 17.31 0.93 0.06 0.05 0.21 

3 0.33 3.72 15.98 1.91 0.09 0.12 0.23 

4 0.68 5.53 19.71 7.03 0.12 0.36 0.28 

5 0.51 2.58 7.48 7.21 0.20 0.96 0.34 

6 1.05 2.9 6.19 5.26 0.36 0.85 0.47 
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A.2.4 6CFMN80EP 

 

 
 

Spot Mg Al Si Ca Mg/Si Ca/Si Al/Si 

1 0.34 5.09 16.13 0.47 0.07 0.03 0.32 

2 0.03 0.57 3.10 0.83 0.05 0.27 0.18 

3 0.12 0.65 3.02 2.09 0.18 0.69 0.22 

4 0.15 1.27 5.16 1.79 0.12 0.35 0.25 

5 0.00 2.79 16.71 1.01 0.00 0.06 0.17 

6 0.03 2.95 14.51 0.59 0.01 0.04 0.20 

7 0.11 3.48 18.66 0.17 0.03 0.01 0.19 
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A.2.5 6CFMN20EV 

A.2.5.1 ×5k 

 

 
 

Spot Mg Al Si Ca Mg/Si Ca/Si Al/Si 

1 1.03 9.44 8.18 2.60 0.11 0.32 1.15 

2 0.90 3.43 6.00 12.08 0.26 2.01 0.57 

3 1.72 6.46 7.66 22.15 0.27 2.89 0.84 

4 4.87 2.95 7.63 3.29 1.65 0.43 0.39 

5 5.73 3.40 12.80 3.77 1.69 0.29 0.27 

6 5.26 2.48 8.03 1.34 2.12 0.17 0.31 
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A.2.5.2 ×10k 

 

 
 

Spot Mg Al Si Ca Mg/Si Ca/Si Al/Si 

1 0.65 3.82 10.18 7.36 0.17 0.72 0.38 

2 1.37 2.09 8.03 9.67 0.66 1.20 0.26 

3 5.6 2.84 9.21 2.42 1.97 0.26 0.31 

4 5.6 2.94 10.82 2.95 1.90 0.27 0.27 

5 5.07 2.38 7.70 1.27 2.13 0.16 0.31 

6 6.43 2.97 9.65 1.55 2.16 0.16 0.31 
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A.2.6 6CFMN80EV 

 

 
 

Spot Mg Al Si Ca Mg/Si Ca/Si Al/Si 

1 1.36 2.87 2.72 1.33 0.47 0.49 1.06 

2 3.10 1.49 4.52 1.01 2.08 0.22 0.33 

3 5.06 1.95 7.63 0.81 2.59 0.11 0.26 

4 5.57 1.76 6.73 0.46 3.16 0.07 0.26 

5 3.74 1.22 4.35 0.41 3.07 0.09 0.28 

6 4.09 1.52 5.33 0.69 2.69 0.13 0.29 

7 1.47 0.59 2.33 0.18 2.49 0.08 0.25 
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초   록 

 

알칼리 활성화된 물질 (Alkali-activated materials, AAM)은 시멘트 

생산에서 발생하는 이산화탄소 (CO2) 배출을 제한하고, 산업 현장의 

폐기물을 유용한 제품으로 제조하여 일반 포틀랜드 시멘트 (OPC)의 

잠재적 대안으로 인정받고 있다. 그러나, 기존의 알칼리 활성화 과정은 

고농축의 알칼리성 용액을 제조하고 이를 결합재에 첨가하는 두 단계 

(two-part)로 구성되며, 용액의 높은 pH와 비경제성으로 인해 안전 및 

비용 문제가 발생한다. 따라서 시멘트처럼 결합재에 물만 첨가하면 

경화될 수 있는 “one-part” AAM의 개발은 기존 two-part AAM보다 

현장타설 및 프리캐스트 콘크리트 분야에서 더 큰 잠재력을 가질 수 

있다. One-part AAM은 플라이애시와 같은 알루미노실리케이트계 물질, 

고체 알칼리 활성화제 및 첨가제로 구성되며, 결합재의 반응성을 

촉진하기 위해 고온에서 제조 될 수 있다. 이 논문은 플라이애시를 

바탕으로 한 one-part AAM에 대해 기계적 및 물리적 특성, 강도 발현 

메커니즘, 반응 생성물의 관점에서 논의하였다. 

고로슬래그 활성화에 주로 사용되는 생석회 (CaO) 및 소석회 

(Ca(OH)2)와 같은 석회 활성제는 기존 알칼리 활성제보다 덜 위험하고 

경제적이므로 이를 플라이애시 활성화에 사용할 수 있다. 석회 활성화된 

플라이애시는 주요 반응생성물로 칼슘실리케이트계 수화물 (C-S-H)을 

생성하며, 이는 OPC의 주요 반응생성물과 유사하다. 그러나 석회 

활성제가 다른 첨가제 없이 단독으로 사용될 경우, 압축강도는 

플라이애시의 낮은 반응성으로 인해 OPC의 압축 강도보다 상당히 낮다. 
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따라서, 플라이애시의 반응성를 촉진시키고 석회 활성화된 플라이애시 

결합재의 강도를 확보하기 위해 적절한 첨가제를 논의할 필요가 있다. 

기존에는 석회 활성화제에 황산나트륨 (Na2SO4), 염화칼슘 (CaCl2), 

염화나트륨 (NaCl) 등과 같은 추가적인 화합물을 첨가하여 기계적 

특성을 개선하였으나, 이러한 물질들은 염화 이온 또는 황산 이온을 

포함하여 염해 및 황산염 침투로 인한 철근 부식과 같은 내구성 문제를 

일으킬 수 있으므로 사용을 지양해야 한다. 따라서 OPC에 필적하는 

우수한 성능을 발휘할 수 있고 동시에 염화 및 황산 이온을 포함하지 

않는 보다 효과적인 첨가제의 제안이 필요하다. 

실제로, 포름산염 및 질산염은 경화 촉진제, 부식 방지제 또는 

제빙제와 같은 역할로써 OPC의 혼화제로 주로 사용되고 있다. 

포름산염과 질산염 사용이 OPC에 미치는 영향에 대한 수많은 연구에도 

불구하고, 이 화합물들이 석회 활성화된 플라이애시 결합재의 강도와 

반응생성물에 어떤 영향을 미치는지에 대한 연구는 수행된 사례가 없다. 

따라서 석회 활성화된 플라이애시 결합재의 첨가제로서 포름산염 및 

질산염의 역할을 조사할 필요가 있다. 

제안된 화합물을 사용하여 개발된 석회 활성화된 플라이애시 

결합재의 기계적 특성을 파악하고 미세구조 분석을 통해 강도발현 

메커니즘을 규명하였다. 압축 강도, 비중, 흡수율 등의 기계적 특성을 

알아보고, X 선 형광 분광법 (XRF), 유도결합플라즈마 분광분석기 (ICP-

OES), pH 측정, X-선 회절 (XRD), 열중량 분석 (TGA), 수은 압입법 (MIP), 

27Al 및 29Si 핵 자기 공명 분광법 (MAS-NMR), 에너지 분산분광분석 

(EDS)을 이용한 주사전자현미경 (SEM) 등을 이용하여 미세구조 분석을 

수행하였다. 
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본 연구에서는 포름산 칼슘 (Ca(HCOO)2), 포름산 마그네슘 

(Mg(HCOO)2), 포름산 나트륨 (NaHCOO), 포름산 칼륨 (KHCOO), 총 네 

가지 포름산염이 각각 CaO-활성화된 플라이애시의 강도에 미치는 

영향에 대해 분석하였다. 실험 결과, Ca(HCOO)2 및 Mg(HCOO)2의 첨가는 

C-S-H 형성을 증가시키고 공극 크기를 현저히 감소시켜 결합재 강도를 

증가시켰으며, 특히 반응 초기에 활성화제인 CaO의 용해를 촉진시켜 

강도 향상에 영향을 주었다. 더불어, 초기 카토이트 (katoite) 생성 역시 

결합재 내 매트릭스를 더욱 조밀하게 하여 강도 향상에 기여하였다. 

반면, NaHCOO 또는 KHCOO의 첨가는 플라이애시의 용해에는 도움이 

되지만 주요 활성화제인 CaO의 추가 용해를 억제하여 강도 증진에 

효과적이지 않았다. 

질산 칼슘 (Ca(NO3)2), 질산 마그네슘 (Mg(NO3)2), 질산 나트륨 

(NaNO3)의 질산염을 첨가하여 CaO-활성화된 플라이애시 결합재의 강도 

증진 및 미세구조 특성을 조사하였다. Ca(NO3)2 및 Mg(NO3)2의 첨가는 

초기반응에서 플라이애시의 용해도 증가, C-S-H 형성 촉진 및 공극 

크기의 현저한 감소로 인해 결합재의 강도 향상에 크게 기여하였다. 

그러나, NaNO3의 첨가는 플라이애시의 용해를 촉진하였으나 강도 향상에 

크게 기여하지 않았다. 

실제 산업 적용을 고려하여, 경량 골재인 팽창 진주암 및 팽창 

질석을 CaO-Mg(NO3)2-활성화된 플라이애시 결합재에 혼입하여 경량 

모르타르 경화체를 개발하였다. 팽창 진주암 및 팽창 질석이 결합재 

매트릭스와 화학적으로 반응하여 추가적인 반응생성물과 천이영역 

(interfacial transition zone, ITZ)을 형성하지는 않았으나, 우수한 강도 및 

낮은 비중을 나타내어 상업용 경량블록 기준을 만족하였다. 
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개발된 One-part 석회 활성화된 플라이애시 결합재는 시멘트 및 

건설 산업에서 CO2 배출 감소에 크게 기여할 수 있다. 이러한 환경적 

이익과 함께, 현재 재이용되는 상당량의 산업 부산물을 재사용함으로써 

경제적 이익도 얻을 수 있다. 마지막으로, 이 연구의 결과로부터 기본 

원리가 다른 부산물에 적용하여 새로운 결합재를 개발할 수 있으므로 

관련 연구 분야의 확장에 기여할 학문적 가치가 있다.  

그러나 본 연구에서 사용된 산업부산물, 즉 플라이애시는 화학 조성, 

결정상의 종류, 입자 크기 등에 따라 화학 반응이 변화하기 때문에 

재현성이 매우 낮다. 또한, 높은 강도를 보인 플라이애시 결합재일지라도 

주 재료인 플라이애시가 다른 재료로 변경되면 동일한 실험 조건 하에서 

경화되지 않을 수 있다. 플라이애시는 석탄 연소 방식, 석탄 특성, 

배출시기, 저장 조건 등에 따라 특성이 매우 다르고 이질적이기 때문에 

정확한 정량적 특성 평가를 바탕으로 혼합비를 계산할 필요가 있다. 

이것은 실제 기술의 상용화에서 가장 중요한 요소이며 향후 추가적인 

연구가 필요하다. 

 

주요어 : 플라이애시; 무시멘트 결합재; 미세구조; 석회 활성화제; 

포름산염; 질산염; 팽창 진주암; 팽창 질석 
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