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Chapter 1  Introduction 

1.1  Background 

1.1.1  Supplementary cementitious materials in alkali activation 

The primary component, Portland cement, in making concrete needs large amounts of 

raw materials and energy. Tremendous efforts have been made to develop substitute materials 

that can act as new binder systems in concrete [1,2]. The use of supplementary cementitious 

materials (SCMs) to partially replace cement has been going on for a few decades, including 

fly ash (FA), ground granulated blast furnace slag (GGBS), silica fume (SF), metakaolin (MK), 

limestone, fine glass powder, etc [3–6]. 

However, SCMs cannot hydrate on their own. As a result, SCMs can only replace 

cement to a limited extent to assure satisfactory performance. Alkaline solution can 

alternatively be used to activate Si/Al-rich SCMs to create a cementless binder. These latter 

binders can be broadly categorized into two groups: 1) geopolymer, which has a three-

dimensional silicoaluminate structure, FA (low calcium fly ash), SF, and MK are activated to 

create the commonly used geopolymers [7–9]. 2) High calcium alkali-activated materials 

(AAM), which mostly contains C−A−S−H gel. FA (Class C), GGBS, and steel slag are 

calcium-rich slags that are activated to create high calcium alkali activated binders [10–14].  

Alternative binders undergo complex physical and chemical changes during the 

process of alkali activation. To broaden the application of SCMs, the fundamental analysis of 

raw materials is necessary to be characterized. Simultaneously, the performance of AAMs is 

important to investigate including chloride binding capacity, heavy metal ions leaching, 

efflorescence, etc [15–17]. Those properties are closely related to the reaction products of 

AAMs. Particularly, the secondary reaction product of NaOH activated GGBS, layered double 

hydroxides (LDHs), showed a superior capacity for chloride, sulfate, and heavy metal ions 

absorption [18]. LDHs in binders have the properties for binding heavy metal and anions in 

their structure. Previous studies investigated the effect of synthetic LDHs on the AAMs matrix 

by external addition [19,20]. The synthesis of LDHs is a complicated process, which limits the 

application of LDHs [21,22]. Here, we introduce the concept of in-situ formation of LDHs in 

AAMs. Sodium aluminate (NaAlO2) activation has been proposed as a special method to 

achieve the promotion of the in-situ formation of LDHs in the AAMs system, enhancing the 

capacity of chloride, sulfate, and heavy metal ions absorption. 

1.1.2  Current AAMs system 

In the AAMs system, the composition of reaction products is determined by the 

precursors and activator. To discuss the AAMs, the chemistry of AAMs binder is essential to 

first classify these systems according to the types of gel that dominate the structures. Fig. 1.1 

shows the process and reaction products of AAMs. The composition of reaction products will 

be discussed in detail. 
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Fig. 1.1 Process and reaction products of alkaline activation of a solid aluminosilicate precursor. 

High-calcium systems react according to the left-hand (blue) pathway, with the nature of 

secondary products determined by Mg content, whereas low-calcium systems react according 

to the right-hand (green) pathway. For each type of precursor, hydroxide activation tends to 

increase the ratio of crystalline to disordered products compared with silicate activation [23]. 

1.1.2.1 Alkali activated ground granulated blast furnace slag 

The composition of ground granulated blast furnace slag (GGBS) consists of a large 

amount of glassy Cao-SiO2-Al2O3-MgO [24]. Nowadays, GGBS is the mainly used precursor 

in the AAMs system, meanwhile, an alkaline solution is needed to accelerate the hydrolysis of 

aluminosilicate particles [24]. 

Greenberg et al. [25] reported that calcium silicate hydrates (C−(A)−S−H ) did not 

form in the solution which had a pH value lower than 9.5. Thus, the alkali activation of slag 
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has a threshold pH value to start the reaction process and generate the C−(A)−S−H  gel. The 

previous study [26] has reported that the pH value of the mixing solution should be higher than 

11.5 to effectively activate the GGBS. Hence, three types of activators can be used to activate 

the GGBS: Ⅰ. Alkaline hydroxides (e.g. NaOH, KOH, Ca(OH)2), Ⅱ. Alkaline salt (e.g. Na2SiO3, 

Na2CO3), and Ⅲ. Blended activator (e.g. NaOH + Na2SiO3). The reaction products of alkali 

activated GGBS show different compositions that are affected by the types of activators. 

Alkaline hydroxides activated GGBS 

The amorphous phases of calcium silicate hydrates (C−S−H) and calcium 

aluminosilicate hydrates (C−A−S−H) are the main reaction products of alkaline hydroxides 

activated GGBS [27,28]. While, hydrotalcite, one type of Layered Double Hydroxides (LDHs), 

is the secondary reaction product in sodium hydroxide activated GGBS [29–31]. There are 

several types of Mg-Al layered double hydroxides not only hydrotalcites [32]. For example, 

quintinite is sometimes detected in AAMs. And Mg-Al LDHs can also be partly amorphous 

i.e. not detectable with XRD. 

Alkaline salt activated GGBS 

Normally, sodium silicate is often used as an alkaline salt to activate GGBS [33]. 

Moreover, the deprotonating process of sodium silicate can keep a constantly high pH 

environment due to its buffering effect and provide soluble silica resources during the reaction 

process [34]. Here, the reaction products of sodium silicate activated slags are C−(A)−S−H, 

hydrotalcite (at low silicate modulus), and stratlingite (at low silicate modulus) [35,36]. 

Recently, sodium carbonate has received great attention for activating the GGBS due 

to its low environmental footprint [37]. The reaction process is quite different from that of 

sodium silicate, since CO3
2-  reacts with the  dissolved Ca2+ in GGBS to form the CaCO3 

precipitation and OH-, yielding an increased pH value and then activating GGBS [38]. The 

dominant reaction products of sodium carbonate activated GGBS are C−(A)−S−H, calcite, 

hydrotalcite, and a small amount of gaylussite and akermanite [38,39]. 

Sodium sulfate is also another eco-friendly activator [40]. C−(A)−S−H, ettringite, and 

hydrotalcite can be found in the reaction products of the sodium sulfate activated GGBS 

[40,41]. 

Hybrid activator activated GGBS 

The solution of sodium hydroxide and sodium silicate is widely utilized in AAMs [42]. 

The addition of sodium hydroxide in the solution shows the role of silicate modulus (Ms) 

modification [43]. The primary reaction product is C−(A)−S−H, which is the same as the 

sodium silicate activated slag. However, the content of hydrotalcite decreases with the 

increased Ms, because the soluble silicate competes with the Mg2+ reacting with Al, the soluble 

silicate will preferentially react with Al to form C−A−S−H at low MgO content AAMs matrix 

[43,44]. Adversely, it is reported that in the high MgO and low soluble silicate systems, Mg2+ 
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will preferentially form hydrotalcite by reacting Al with Mg until all Mg has been exhausted 

[45,46]. 

Recently, the hybrid activator of sodium carbonate and sodium hydroxide has captured 

attention by a large number of researchers [47]. With the increased dosage of sodium carbonate 

in sodium hydroxide, the relatively longer setting time, higher 28d compressive strength, and 

lower drying shrinkage are found. Moreover, sodium hydroxide compensates for the early 

strength of sodium carbonated activated GGBS [48]. Likewise, the reaction products are 

mainly C−(A)−S−H, hydrotalcite, calcite, and a small amount of gaylussite [48]. The reaction 

products of sodium carbonate and sodium silicate activated slag are C−(A)−S−H, calcite, and 

a small amount of chabazite [49]. 

In addition, sodium sulfate and sodium hydroxide activator are studied by Ye et al. 

[50]. C−(A)−S−H, hydrotalcite, and ettringite are the primary crystalline formation.  

1.1.2.2 Alkali activated fly ash 

Fly ash (FA) particles are normally glassy and spherical, which need a sufficient 

alkaline environment to start the hydrolysis of aluminosilicate particles and the 

geopolymerization [51]. FA raw materials are composed of SiO2, Al2O3, Fe2O3, and CaO. 

Furthermore, FA is divided into low-calcium fly ash (LCFA) and high-calcium fly ash (HCFA) 

according to the calcium content [52]. Alkaline hydroxides and silicate solutions are most often 

utilized to activate FA [53].  

Alkali activated LCFA and HCFA 

Alkali activated LCFA prefers to form sodium aluminosilicate hydrates (N−A−S−H) 

as the primary amorphous reaction product, as well as a minority of sodalite-group and 

cancrinite-group crystalline phases [54–56]. Meanwhile, a small amount of quartz and mullite 

remains in the alkali activated FA. Here, sodalite-group and cancrinite-group crystalline phases 

are regarded as zeolite-like phases. 

Alkali activated HCFA exhibits a different composition of the reaction products. 

Compared to the alkali activated LCFA, the iron-containing silicate hydrogarnet 

(Ca3AlFe(SiO4)(OH)8) can be found among the reaction products. On the contrary, the zeolite-

like phases develop poorly in the reaction products of alkali activated HCFA, due to the high 

amount of calcium participation [52]. 

1.1.2.3 Alkali activated metakaolin 

Metakaolin (MK), calcined from natural kaolin, mainly consists of Al2O3 and SiO2 [57]. 

The Al2O3 inside the MK shows high reactivity because of the thermal dehydroxylation of 

kaolinite. The energetic Al-O-Al bonds are easy to react in a highly alkaline environment [58]. 

Sodium hydroxide and sodium silicate activated MK shows the similar reaction products, to 

some extent, the alkali activation of MK is similar to those of LCFA geopolymers [53]. The 
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predominant reaction products of alkali activated MK are N−A−S−H, C−(A)−S−H  gel, and 

zeolite-like crystalline phases [59–61]. 

1.1.2.4 Alkali activated blended precursors 

Blended matrices range from GGBS/FA [62], GGBS/MK [63], MK/FA [64] binary 

systems to a variety of other binary and ternary systems including silica fume [65], waste glass 

powder [66], red mud [67,68] and rice husk ash [69,70]. 

The reaction products of the blended matrices are complex, the initial compositions of 

the blended precursors can be changed by different mix designs. But the dominant amorphous 

gels are still C(N)−A−S−H, C−S−H, and the coexistence of those gels [71]. Similarly, the 

hybrid C(N)−A−S−H gel can also be found in the reaction products of AAMs by scanning 

electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS) [71]. Moreover, the 

crystalline phases include hydrotalcite-like phases, zeolite-like phases, and some other 

amounts of crystalline phases. It is worth mentioning that the hydrotalcite-like phases and 

zeolite-like phases normally do not exist simultaneously.  

1.1.2.5 Compositions of reaction products in different AAMs systems 

The primary phases of reaction products in the main trend research are listed in Table 

1.1. The primary amorphous phases and crystalline phases are picked up to present the physical 

and chemical chloride stabilization in the following sections. 

Table 1.1 Primary phases of reaction products in different AAMs systems. 

Precursors GGBS FA MK Blended precursors 

Primary amorphous 

phases 
C−A−S−H N−A−S−H N−A−S−H C(N)−A−S−H 

Primary crystalline 

phases 

Hydrotalcite-like 

phases, 

Ettringite, 

Stratlingite, 

Calcite  

Zeolite-like 

phases, 

Calcite 

Zeolite-like 

phases 

Hydrotalcite-like 

phases or  

Zeolite-like phases 
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1.1.3  NaAlO2 activation 

1.1.3.1 Reaction products 

In this thesis, the process of sodium aluminate (NaAlO2) activation has been 

investigated comprehensively. Unlike the current of AAMs system, the NaAlO2 activation 

shows different reaction kinetics and reaction products compared to NaOH, Na2SiO3, and 

Na2CO3 activation.  

Sodium aluminate activator was also investigated to generate more ettringite and 

calcium silicate hydrate (C−(A)−S−H ) in slag and cement system [72], increasing strength. 

Liu et al. [18] observed that sodium aluminate activation can promote C(N)−A−S−H and in-

situ formation of LDHs via elevated Al(OH)
4

–
 in the pore solution, improving the 

microstructure of the activated matrix. With the increase of sodium aluminate participation, 

N−A−S−H gel can be found as well. Simultaneously, the zeolite formation in sodium aluminate 

activation has been reported [73], it is normally companied by N−A−S−H gel formation. 

LDHs can be represented as [M(1-x)
2+ Mx

3+(OH)2](An–)x
n⁄ ·zH2O, where M represents a 

metallic skeletal ion (e.g., Mg or Al) and A
n–

 represents an interlamellar anion (e.g., SO4
2– or 

Cl
–
), where various combinations of M2+/M3+ can be used [74]. However, their formation 

during the alkali activation of GGBS is rather limited. As mentioned, the sodium aluminate 

activator provides extra Al(OH)
4

–
, which significantly influences the in-situ formation of LDHs. 

The mechanism of how the Al(OH)
4

-
 influences in-situ synthetic LDH and gel formation in 

sodium aluminate activation is unknown. Furthermore, the different phase assemblages of the 

sodium aluminate activated matrix affect the microstructure and final performance. It is 

important to understand the role of sodium aluminate in activation system. 

1.1.3.2 Microstructure and performance of activated matrix 

The microstructure evolution is influenced by the formation of amorphous and 

crystalline phases. The porosity of AAMs matrices is related to primary and secondary reaction 

products. It is hard to make connections between porosity and reaction products. Generally, 

with the increasing Al participation in matrices, the C−A−S−H gel and hydrotalcites increase, 

and the porosity may be improved by the formation of these phases. Meanwhile, the N−A−S−H 

gel and zeolites favor forming in the low-calcium matrices, so the porosity can be improved 

by extra Al participation as well. An in-depth analysis of the NaAlO2 activated matrix will be 

discussed in the main body of this study in terms of microstructure evolution. 

As discussed in previous sections, the extra Al(OH)
4

–
 promotes the reaction process, 

resulting in a denser microstructure, further enhancing strength. Besides, the promoted 

amorphous gels and in-situ formed LDHs improve the capacity of chloride, sulfate, and heavy 

metal ions absorption. A detailed description and analysis are presented in the following 

chapters.  
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1.2  Motivation and objective 

Last decades, supplementary cementitious materials have been widely studied to be 

valorized in building materials. By introducing a strategy of alkali activation, these SCMs can 

be utilized as a cementless binder. As mentioned above, GGBS is used as the main precursor 

in this research. The promotion of LDHs, secondary reaction products of activated slag, can 

enhance the capacity of chloride, sulfate, and heavy metal ions absorption. The concept of in-

situ formation of LDHs is investigated via sodium hydroxides, sodium silicate, and sodium 

aluminate activation. The NaAlO2 activation is explored comprehensively to achieve the in-

situ formation of LDHs. Therefore, the promotion of in-situ formed LDHs in NaAlO2 activated 

slag can be the potential approach to mitigate the chloride penetration and leaching issue of 

municipal solid waste incineration bottom ash (MSWI BA). To realize all, the objective of this 

thesis is as follows: 

• Investigating the effect of MgO, Mg-Al-NO3 LDH and calcined LDH-CO3 (CLDH) 

on chloride resistance of alkali activated fly ash and slag blends, which provides a 

comprehensive understanding of in-situ formed LDHs and external added LDHs on 

the chloride penetration in the matrix. 

• Exploring the NaAlO2 activation mechanism, moreover, revealing the role of Al-O 

tetrahedra in the in-situ formation of LDHs. 

• Further exploring the NaAlO2 activation mechanism via thermodynamic modelling 

and predicting the leaching pattern of incorporated MSWI BA in NaAlO2 activated 

slag. 

• Investigating the mechanism of MgO modified NaAlO2 activated slag and MSWI 

BA, revealing the impact of Mg2+ on the in-situ formation of LDHs and leaching 

behavior. 

• Reusing waste glass in alkali activated slag and fly ash, investigating the effect of 

waste glass on reaction process and chloride resistance. 

• Investigating the NaAlO2 activated slag and waste glass, revealing the mechanism of 

how NaAlO2 mitigates the efflorescence behavior of the alkali activated waste glass 

matrix. 

1.3  Outline of the thesis  

This research framework is presented in Fig. 1.2. The contents of the chapters are 

briefly introduced in the following paragraphs. 

Chapter 2 investigates the different effects of MgO, nitrate intercalated LDHs, and 

calcined LDH-CO3 on the chloride resistance of the alkali activated fly ash and slag (AAFS) 

binder. The reaction heat flow, reaction products, pore structures, mechanical properties, and 

chloride resistance of AAFS incorporated with MgO, LDHs, and CLDHs are investigated. 

Furthermore, the mechanism to form the LDH in AAFS affected by MgO and CLDH is 

analyzed. Ordinary Portland Cement (OPC) based samples are also used as comparison to the 

AAMs samples. The respective contributions to enhance the chloride resistance of the three 

admixtures are evaluated. 
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Fig. 1.2 Outline of the thesis. 

Chapter 3 investigates the mechanism of how the Al(OH)
4

-
 influences in-situ synthetic 

LDH and gel formation in sodium aluminate activated slag (SAAS), and the consequent 

chloride absorption performance. The changes in pH value and ions in the pore solution of 

SAAS paste were tested to reveal the behavior of Al(OH)
4

-
 in sodium aluminate that affects the 

Mg-Al LDH and gel formation at different curing ages. The reaction heat flow, reaction 

products as well as microstructure were determined to understand the activation process. A 

reaction mechanism was proposed to give an insight into the promotion of in-situ formed LDH 

and gels by sodium aluminate activator. 

Chapter 4 presents the sodium aluminate activated slag and bottom ash (SAASB) by 

modelled and experimental approaches. The hardened pastes were evaluated including 

mineralogy, thermogravimetric analysis, pore structure, mechanical property, and leaching 

behavior. Importantly, thermodynamic modelling of the reaction process had been simulated 

and validated based on the analysis of isothermal calorimetry data. Then, the prediction of 

heavy metal binding capacity was simulated based on the thermodynamic modelling on a time 

scale. The new insights are revealed in terms of thermodynamic modelling of sodium aluminate 

activated slag and bottom ash as well as environmental impact. 

Chapter 5 reveals the influence of Mg2+ on LDHs and gel formation in MgO–NaAlO2-

activated GGBS/BA (MSAASB), with special attention to the leaching behavior. The pH and 

alkali-metal ions in the pore solution of the MSAASB were characterized. The reaction 

products and microstructures were determined, and the leaching of potentially toxic elements 

as well as the compressive strengths were tested. Based on the results, the influence of Mg2+ 

on the reaction products and leaching behavior is discussed. These research findings contribute 

to maximizing Mg–Al LDH formation in situ and its binding to leaching ions. 
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Chapter 6 explores the chloride transport mechanism of alkali activated slag/fly 

ash/waste glass blends. The reaction heat flow is determined to study the reaction kinetics, 

meanwhile, the reaction products are characterized. The microstructure, mechanical 

performance, and chloride diffusion are investigated. Furthermore, the chloride transport in the 

pore structure is discussed based on the experimental results. The addition of waste glass is 

proven to enhance the chloride resistance of AAMs. 

Chapter 7 uses sodium aluminate to activate the slag and waste glass improving the 

resistance toward efflorescence. The sodium hydroxides and their hybrid activator were used 

as the control group. The reaction products of SAASG were determined by Quantitative X-ray 

diffraction (QXRD), thermogravimetry (TG), and Fourier Transform InfraRed spectroscopy 

(FTIR). The gel structure was characterized by nuclear magnetic resonance (NMR). The 

microstructure was assessed by Scanning electron microscopy (SEM). Importantly, the 

efflorescence behavior and compressive strength of paste samples were evaluated as well. A 

mechanism of efflorescence behavior was proposed to give insight into stabilizing Na+ 

leaching by crosslinked C(N)−A−S−H formation. 

Chapter 8 summarizes the important results of this research and recommends further studies.  
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Chapter 2  Effect of MgO, Mg-Al-NO3 LDH and calcined LDH-CO3 on 

chloride resistance of alkali activated fly ash and slag blends 

 

 

 

 

 

The mechanism of layered double hydroxides (LDHs) formation with the addition of 

magnesium oxide (MgO), the LDHs reconstruction of calcined layered double hydroxides 

(CLDHs) and the effect of externally added synthetic LDHs in alkali-activated materials 

(AAMs) system are important factors influencing the chloride resistance of AAMs. The 

objective of this research is to investigate the different effects of MgO, Nitrate intercalated 

LDH (Mg-Al-NO3 LDH) and Calcined natural LDH-CO3 on the alkali activated fly ash and 

slag blends (AAFS) in terms of chloride resistance. Mg-Al-NO3-LDH was successfully 

synthesized with the co-precipitation method. CLDH was obtained by thermal treating natural 

Mg-Al-CO3 LDH. The reaction heat flow and reaction products of the AAFS were tested by 

isothermal calorimetry and X-ray diffraction (XRD), respectively. The microstructure of the 

AAFS was characterized by the nitrogen sorption tests (BET) and mercury intrusion 

porosimetry (MIP). The compressive strength of AAFS was also tested. Non-steady-state 

migration (NSSM) was applied to determine the chloride resistance of AAFS. Ordinary 

Portland Cement (OPC) samples were also studied for comparative purpose. The results of the 

calorimeter test showed that the MgO, Mg-Al-LDH, and CLDH delayed the time to reach the 

reaction peak (TRRP) for 3.9%, 11.2%, and 9.2%, respectively. The MIP results illustrated that 

mesopores and micropores of AAFS were refined by the three admixtures. The NSSM results 

indicated that CLDH can significantly improve the chloride resistance of AAFS binder 

compared to the samples containing MgO and Mg-Al-NO3 LDH. The different influences of 

MgO, Mg-Al-NO3 LDH and CLDH are compared in this chapter.  

 

 

 

 

This chapter is partially published elsewhere: 

T. Liu, Y. Chen, Q. Yu, J. Fan, H.J.H. Brouwers, Effect of MgO, Mg-Al-NO3 LDH and calcined LDH-CO3 on chloride 

resistance of alkali activated fly ash and slag blends. Construction and Building Materials 250 (2020). 

doi:10.1016/j.conbuildmat.2020.118865.  
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2.1  Introduction 

Numerous military and civilian concrete structures exposed to the marine environment 

face the risk of chloride corrosion [75]. Chloride penetration into reinforced concrete can cause 

local destruction of the passive layer, leading to localized corrosion. Consequently, the 

usability and load-bearing capacity decreases, even the failure of the structure could occur. 

Facing a large amount of chloride ingress problems, approximately 3.4% of the global GDP 

($2.5 Trillion USD) is spent each year to prevent, mitigate, and repair the infrastructure damage 

due to chloride-induced corrosion [76]. As we can see from Fig. 2.1, remarkable chloride 

ingress problems are universal worldwide [77]. The corrosion problems of offshore concrete 

structures lead to an urgent demand for the research about the chloride resistance of the AAMs. 

The effect of the alkaline environment in AAMs on passivate steel bars may be very important 

in improving the durability of the reinforced concrete structure. Meanwhile, the use of by-

product in AAMs also meet the demand for sustainable development worldwide. To solve these 

issues, many methods were developed to prevent chloride penetration. Table 2.1 lists studies 

on chloride resistance. 

 

Fig. 2.1 Cost of corrosion related to GDP in different countries [77]. 

Recently, Layered double hydroxides (LDHs) are widely investigated for their ability to 

absorb undesired anions in aqueous solution [78]. LDHs are one of the primary reaction 

products in alkali activated slag. The skeleton of LDHs contains a divalent metal ion and a 

trivalent metal ion, for example, Mg2+ and Al3+ [79]. The interlayer of LDHs has the capability 

of binding the anions in AAMs, for instance, chloride ions and sulfate ions. The interlayer 

anion can exchange with other anions and the affinity order of anion is characterized by Costa 

[80] as: 

CO3
2- > SO4

2- > OH- > F- > Cl
- > Br- > NO3

-  (2-1) 
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Thus, the amount of Mg-Al-NO3
- -LDH influences the chloride resistance in the silicate 

matrix, because the NO3
-  can exchange the Cl

-
 in the chloride environment. Xu et al. [81] 

prepared the Mg-Al-NO3
- -LDH and Mg-Al-NO2

- -LDH by the co-precipitation method,  

Table 2.1 Durability investigations of AAMs in terms of chloride resistance.  

Standards Precursors Activators Admixtures Remarks Year Ref. 

ASTM 

C1202 
Slag NaOH+ Na2O.rSiO3 Phosphoric acid 

Dosage of Na2O and H3PO4 of additional mixture 

optimize the properties and durability of samples. 
2012 [82] 

ASTM 

C1202 

Slag+Metak

aolin 
NaOH+ Na2O.rSiO3 - 

Increased metakaolin contents and higher activator 

concentrations decrease the water sorptivity and 

chloride permeability. 

2012 [83] 

ASTM 

C1202 
Slag NaOH+ Na2O.rSiO3 

Nano-silica, 

Micro-silica 

The micro-silica admixture increases the chloride 

resistance, hut the nano-silica shows the opposite 

results. 

2017 [84] 

ASTM 

C1202 

Slag+Fly 

Ash 
Na2O.rSiO3 - 

The chloride resistance sequence of the different 

precursors: Slag>OPC>Fly Ash. 
2018 [85] 

ASTM 
C1202 

Slag+Fly 
Ash 

NaOH+ Na2O.rSiO3 MgO 
The increasing incorporation of MgO promotes 
hydrotalcite formation and chloride resistance. 

2018 [86] 

ASTM 

C1543 

Slag+Fly 

Ash 
Na2O.rSiO3 - 

The surface area of production gel increases with 

the fly ash inclusion, and the chloride sorption is 

increased. 

2013 [87] 

ASTM 

C1556 

Slag+Fly 

Ash 
NaOH+ Na2O.rSiO3 - 

Fly ash mortars are much more susceptible to the 

chloride environment than the OPC mortars. 
2016 [88] 

ASTM 

C1556 

Slag+Fly 

Ash 

NaOH+ Na2O.rSiO3 

or KOH+ 

Na2O.rSiO3 

- 

High calcium content increases the chloride 

resistance, but the high alkali concentration has the 

opposite effect. 

2018 [89] 

ASTM 

C1556 
Fly Ash 

NaOH+ 

Na2O.rSiO3+ 

Na2Si2O5 

- 
The chloride diffusion resistance of the FA-based 

concrete is very low. 
2019 [90] 

NT Build 

443 
Slag NaOH+ Na2O.rSiO3 - 

The relationships of chloride diffusion factors are 

related to water soluble chloride. 
2019 [91] 

NT Build 

443 

Slag+Fly 

Ash 
NaOH+ Na2O.rSiO3 - 

The pH value affects the chemical and physical 

chloride binding capacity from the long-term 

chloride exposure. 

2019 [92] 

NT Build 

492 
Slag NaOH+ Na2O.rSiO3 - The increasing Ms promotes the chloride resistance. 2013 [93] 

NT Build 

492 
Slag Na2CO3 CLDH 

The CLDH admixture enhances the chloride 

binding capacity of the sodium carbonate activated 

slag 

2017 [94] 

NT Build 
492 

Slag+Fly 
Ash 

NaOH+ Na2O.rSiO3 - 
The increase of Ms and decrease of fly ash content 

reduce the chloride diffusion due to the 

optimization of microstructure. 

2019 [95] 

and both Mg-Al-LDHs exhibited excellent chloride removal and corrosion inhibition capacities. 

Qu et al. [96] reported that the finer particle size of the Ca-Al-NO3
-
-LDH enhanced the chloride 

resistance of the cement matrix, which is attributed to both the physical barrier effect of the 

increased tortuosity and chemical binding capacity of the LDHs. Regardless of the references 

mentioned above, the synthesis pH of LDH, flow rates, temperature, pressure conditions partly 

contribute to the property of the final product [97]. However, few literature reports the 
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externally added synthetic LDHs in AAMs pertaining to chloride resistance [76]. Thus, there 

are still largely unknown areas in terms of LDHs applied in AAMs matrix to promote the 

chloride resistance. The influence of the synthetic and externally added LDHs in AAMs needs 

to be deeply investigated. 

Magnesium oxide (MgO) is introduced in the AAMs to deal with the chloride ingress 

problem, because the MgO content in the silicate system influences the formation of LDHs in 

the AAMs matrices, thus improving chloride resistance [86]. High contents of MgO (higher 

than 8 wt.%) increase the formation of the hydrotalcite-like phase and decrease the C–S–H 

phase. Consequently, the chemical binding capacity increases by more LDHs content but the 

physical binding capacity decreases by the less C–S–H gel [98]. With the addition of MgO 

in AAMs, it is hard to control the content of LDHs formation, because the reaction is affected 

by many parameters, e.g. the two metal ions molar ratio [99]. Therefore, further investigations 

are needed for a desirable control of MgO content in AAMs to increase the chloride binding 

capacity.  

The calcined layered double hydroxides (CLDHs) can be calcined from the natural 

hydrotalcite (Mg-Al-CO3 LDH) and rebuild the layered double structure in the high alkaline 

system [100]. Sato et al. [101] investigated the effect of CLDH on the cement concrete structure, 

the results of the rapid chloride penetration test showed that the CLDH promoted the chloride 

binding capacity due to the reconstruction of a LDH-like phase in the cementitious matrix (Fig. 

2.2). The utilization of the CLDH in the sodium carbonate activated slag exhibited a higher 

chloride resistance than the reference samples without CLDH incorporation [102]. Because 

CLDH rebuilds the LDH-like phase to absorb the chloride ion and increases the chemical 

chloride bin-ding capacity. Therefore CLDHs has the potential to act as an effective chloride  

Mg-Al-A   LDHs

Interlayer water dehydrated 

phase (140-180 )

Anion grafting phase (240-

260 )

Mg-Al double oxides (500-

600 )

Step 1

Calcination

Step 2

Reconstruction

n-

Spinel (MgAl2O4) + MgO 

(>600 )
Step 3

A  +H2On-

 

Fig. 2.2 Calcination and reconstruction of LDHs. 
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adsorbent in AAMs matrix. The CLDH content promotes the LDH-like phase formation, 

thereby affecting the chloride binding capacity of AAMs. As mentioned above, there were 

studies about applying CLDHs in sodium carbonate activated slag, but very limited researches 

about CLDHs applied in alkali activated slag and fly ash. Consequently, investigations on 

chloride adsorption of CLDHs are needed to understand the influence of the CLDHs dosage in 

alkali activated slag and fly ash. 

The MgO and CLDH influence the LDH formation in AAMs, and externally added 

LDHs can play the role of filler and chemical absorbent in AAMs, thereby affecting the 

chloride resistance of AAMs. Therefore, the objective of this research is to investigate the 

different effects of MgO, nitrate intercalated LDHs and calcined LDH-CO3 on chloride 

resistance of the AAFS binder. The reaction heat flow, reaction products, pore structures, 

mechanical properties and chloride resistance of alkali activated fly ash and slag incorporated 

with MgO, LDHs, and CLDHs are investigated. Furthermore, the mechanism to form the LDH 

in AAFS affected by MgO and CLDH is analyzed. The Ordinary Portland Cement (OPC) based 

samples are also used as the comparison to the AAMs samples. The respective contributions 

to enhance the chloride resistance of the three admixtures are evaluated. 

2.2  Experiments 

2.2.1  Starting Materials  

Fly ash (FA), ground granulated blast-furnace slag (GGBS) and ENCI Portland Cement 

CEM Ⅰ 52.5 R were utilized in this research. The chemical compositions were determined by 

X-ray fluorescence (XRF), as shown in Table 2.2. 

Table 2.2 Chemical composition of the FA, GGBS, and Cement. 

Composition MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Fe2O3 Cl LOI*（%） 

FA 1.1 25.6 53.9 2.9 1.6 5.4 1.5 7.9 0.1 3.8 

GGBS 9.0 13.1 31.2 5.2 0.3 39.1 1.4 0.7 0.1 1.0 

Cement 1.8 3.9 16.6 4.1 0.2 69.5 0.3 3.7 0.1 0.7 

*LOI = loss on ignition at 1000℃ 

The activator used in this research was a mixture of sodium hydroxide and sodium 

silicate solution. The SiO2/ Na2O molar ratio was 1.5. The composition of the sodium silicate 

is shown in Table 2.3. 

Table 2.3 Chemical composition of the sodium silicate. 

 SiO2 Na2O H2O 

Wt. % 27.7% 8.4% 63.9% 

https://en.wikipedia.org/wiki/Ground_granulated_blast-furnace_slag
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The MgO utilized in this chapter was Magnesia 291 (provided by the MAGNESIA 

GERMANY) with a purity of 96%. The reactivity of the MgO was tested by the reaction time 

with acetic acid following [103]. The reaction time was 19.86 seconds, which was defined as 

a medium active magnesia. The specific surface area of the MgO was 51.39 m2/g and Fig. 2.3 

showed the crystalline pattern of MgO. 

 

Fig. 2.3 X-ray diffractogram of MgO 

A B

N2

Water lock

C

Protective gas

Container

pH meter
 

Fig. 2.4 Illustration of Mg-Al-LDHs-NO3 synthesis. 

Mg-Al-NO3 LDH was prepared by a co-precipitation method [96]. Solution A 

containing Mg (NO3)2·6H2O and Al (NO3)3·9H2O with Mg/Al molar ratio of 3.0 ([Mg2+] + 

[Al3+] = 1.0 mol/L) and solution B containing 1.75 mol/L NaOH and 0.75 mol/L NaNO3 was 

simultaneously dripped into 50 ml deionized water in a 500 mL container with magnetic 

stirring under N2 atmosphere. The pH value of the solution was maintained at 11.0 ± 0.5. 

Afterward, the resulting suspension was aged at 65 °C for 24 h in a thermostatic bath. The final 

precipitate was filtered, thoroughly washed, and dried at 75 °C for 24 h. The set-up of the Mg-

Al-NO3 LDHs synthesis is shown in Fig. 2.4. 

CLDH was calcined from the natural hydrotalcite (LDH-CO3) (BeanTown Chemical) 

with a heating rate of 5 °C /min and kept at 550 °C for 3h. Then the material was cooled 

naturally in the furnace to 105 °C before it was moved to a sealed centrifuge tube and kept in 

a desiccator under vacuum. The characteristic peaks of the LDH and CLDH are presented in 

Fig. 2.5, showing the crystalline patterns of the LDH and CLDH. The feature peaks of LDH 
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are situated at 13.6°(2 theta), while the feature peaks of the CLDH were situated at 41.2°, 51.3°, 

and 75.6°(2 theta). Fig. 2.5(d) illustrates that the CLDH shows the non-homogeneity state, 

which proves that the double layered structure collapsed to the non-rule layered structure. 

 

(a) (b) 

  

(c) (d) 

  

Fig. 2.5  (a) X-ray diffractogram of LDH-NO3; (b) X-ray diffractogram of CLDH; (c) SEM of 

LDH NO3; (d) SEM of CLDH. 

2.2.2  Sample preparation 

MgO, LDHs, and CLDHs replaced 2 wt. % and 4 wt. % of the alkali activated binder, 

which are described as modified samples. GGBS / FA mass ratio is 7:3 (see the sample ID in 

Table 2.4). The starting raw materials were mixed with the designed proportion in the mortar 

mixer following the preparation procedure suggested by EN 196-1 [104]. Paste samples were 

cast in the steel molds (40 mm × 40 mm × 40 mm) followed by the vibration. All the mortar 

samples were cast in the Ø 100 mm × 200 mm cylinder mold followed by the vibration.  
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All the samples were warped in plastic film to prevent moisture losses under 20 ℃ until 

the specific days for testing. 

Table 2.4 Formulations of the pastes and mortars using different additions.  

Sample ID 

Binder 

Sand Na2O/Binder W/B* 

GGBS FA MgO LDH(NO3) CLDH Cement 

P-A0 70 30 - - - - - 7% 0.4 

P-M2 68.6 29.4 2 - - - - 7% 0.4 

P-M4 67.2 28.8 4 - - - - 7% 0.4 

P-L2 68.6 29.4 - 2 - - - 7% 0.4 

P-L4 67.2 28.8 - 4 - - - 7% 0.4 

P-C2 68.6 29.4 - - 2 - - 7% 0.4 

P-C4 67.2 28.8 - - 4 - - 7% 0.4 

P-OPC - - - - - 100 - - 0.4 

M-A0 70 30 - - - - 300 7% 0.4 

M-M2 68.6 29.4 2 - - - 300 7% 0.4 

M-M4 67.2 28.8 4 - - - 300 7% 0.4 

M-L2 68.6 29.4 - 2 - - 300 7% 0.4 

M-L4 67.2 28.8 - 4 - - 300 7% 0.4 

M-C2 68.6 29.4 - - 2 - 300 7% 0.4 

M-C4 67.2 28.8 - - 4 - 300 7% 0.4 

M-OPC - - - - - 100 300 - 0.4 

* W/B = Water/Binder mass ratio (where binder is defined as FA + GGBS + MgO/LDH/CLDH)  
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2.2.3  Characterization 

X-ray diffractometry 

X-ray diffractometry (XRD) was performed by using a Bruker D4 Phaser instrument 

with Co-Kα radiation (40kV, 30mA). The powdered specimens were measured with a step size 

of 0.05° from 5° to 80° 2θ, and a counting time of 1s/step. 

Isothermal calorimetry 

The heat flow of the samples by different precursors was measured by an isothermal 

calorimeter set at 20℃ (TAM AIR Calorimetry). It was noteworthy that the initial 4-6 minutes 

after mixing could not be measured due to the sample preparation procedure and the initial 0.5-

1h of the heat flow data could be inaccurate because of the instability of apparatus disturbed 

by the loading process. The results were normalized by the mass of the solid, excluding the 

water amount.  

Nitrogen physisorption test 

The nitrogen sorption test was conducted by TriStar Ⅱ 3020, Micromeritics. The pore 

size distribution was determined by the Barett, Jonyer, and Halenda (BJH) method [105] from 

the desorption branch. Before the test, paste samples were ground to powder and the samples 

were immersed in the 2-propanol for 24h to stop the hydration process, then dried to constant 

weight with liquid nitrogen at the age of 28 days. 

Mercury intrusion porosimetry 

The samples for the mercury intrusion porosity (MIP) analysis were selected from 

mortars, with the dimensions of 3-5 mm each side. The selected samples were immersed in  2-

propanol for 24h to halt the hydration process and then put in the vacuum drying oven for 3 

days in order to remove all the pore water. The MIP tests were conducted by using a 

Micromeritics Autopore 9600 Mercury Porosimeter. 

Compressive strength 

After 28 days of curing, the strength of the samples was determined according to EN 

196-1 [104]. The samples were centered on the platens of the machine. Subsequently, the load 

was increased smoothly at the rate of 2400 N/s over the entire load application until the fracture 

load. 

Non-steady-state migration experiments 

The Ø 100×200 mm cylindrical mortars were used and cut into 50 ± 2mm thick slice 

from the central portion. The cylindrical samples were put in the vacuum container for vacuum 

treatment for 3 hours with the pressure in the range of 10-50 mbar (1-5kPa), and then the 

samples were immersed in the saturated Ca(OH)2 solution for 18±2 hours. Subsequently, the 

non-steady-state migration (NSSM) experiments were carried out according to the NT Build 

492 [106].  

AgNO3 was used to reveal the chloride penetration depths. The non-steady-state 

migration coefficient is calculated by [106]: 
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Dnssm=
0.0239(273+T)L

(U-2)t
(xd-0.0238√

(273+T)L·xd

U-2
) (2-2) 

Where: 

D𝑛𝑠𝑠𝑚: non-steady-state migration coefficient, ×10-12 m2/s; 

𝑈: the absolute value of the applied voltage, V; 

𝑇: the average value of the initial and final temperatures in the anolyte 

solution, ℃; 

𝐿: the thickness of the specimen, mm; 

𝑥𝑑: the average value of the penetration depths, mm; 

𝑡: test duration, hour. 

The scheme of the NSSM test set up is shown in Fig. 2.6 

10 % (wt.) NaCl

0.3 M NaOH

+

-
U

 

Fig. 2.6 NSSM test set-up. 

2.3  Results and discussion 

2.3.1  Reaction kinetics 

The reaction process of AAFS (shown in Fig. 2.7(a)) can be generally classified into 

three stages [107,108]: (a) destruction–coagulation; (b) coagulation–condensation; (c) 

condensation–crystallization. The normalized hydration heat flows of different samples are 

shown in Fig. 2.7(b). The MgO, LDHs and CLDHs addition exhibit a prolonged dormant 

period and the time to reach the reaction peak (TRRP) of the investigated mixture ranged from 

10-15 hours (shown in Fig. 2.8).  
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The primary differences between OPC pastes and AAFS pastes are obvious. The 

normalized hydration heat peak of the AAFS binder is 75.9% smaller than that of the OPC 

binder, comparing to the P-OPC and the P-A0 (Fig. 2.8). It is clear from Fig. 2.8 that increasing 

the MgO, LDHs and CLDHs content slightly prolong the TRRP. 

Due to the high MgO content in the P-M2 and P-M4 (higher than 8 wt. %), the high 

MgO systems can preferentially form hydrotalcite by reacting Al with Mg [98], and the 

hydration heat shows the prolonged TRRP. As shown in Fig. 2.7(b) and Fig. 2.8, the P-M2 and 

P-M4 extend the TRRP at 3.2% and 3.9% comparing to the P-A0, respectively. Firstly, MgO 

dissolves in the solution and releases Mg2+; Then, the free Mg2+ reacts with the OH- in the 

alkaline environment precipitating the Mg(OH)2 and decreasing slightly the pH value. 

Consequently, the MgO addition increases the TRRP and delays the hydration process slightly. 

Meanwhile, the increased MgO content has a slight effect on TRRP in the high MgO (higher 

than 8 wt. %) and Al2O3 (higher than 14 wt. %) blended system [109].  

The addition of LDHs in the geopolymer pastes shows a slight prolonged TRRP and 

decreased heat peak. The P-L2 and P-L4 exhibit the 7.2% and 11.2% delay comparing to the 

P-A0 reference, respectively. Firstly, the nitrate ion in the LDH releases some NO3
- , and the 

OH- in the AAFS matrix partly exchange with NO3
- , resulting in the pH value decrease of the 

AAFS matrix. Thus, it delays the TRRP. Secondly, the agglomeration of LDH materials can 

also extend the TRRP in AAFS matrix. Therefore, the incorporation of LDH exhibit a decrease 

in TRRP and reaction heat peak. 

(a) (b) 

  

Fig. 2.7  Normalized reaction heat flow (a. hydration process of AAFS pastes; b. AAFS and 

OPC pastes). 
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Fig. 2.8 Heat peak and TRRP of AAFS and OPC pastes. 

Ke et al. [102] utilized the CLDHs to expedite the reaction kinetics of the different 

Na2CO3 activated blast furnace slags. The CLDHs was associated with the removal of 

dissolved CO3
2- from the fresh cement, yielding a rise in the pH value, and the potential seeding 

effects. While the CLDHs in sodium silicate and sodium hydroxide activated fly ash and slag 

system demonstrate the opposite effect, the CLDHs react with OH-, forming the LDH-OH and 

yielding a decrease in the pH value, consequently prolonging the TRRP. Therefore, the TRRP 

prolongs 0.81 hours (P-C2) and 1.19 hours (P-C4) comparing to the reference group P-A0 

(shown in Fig. 2.8), which extends the TRRP 6.2% and 9.2%, respectively. 

2.3.2  Reaction products 

The XRD patterns of the samples show that the primary hydration products of AAFS 

binder are C−(A)−S−H and hydrotalcite-like phase. 

Fig. 2.9(a) and (b) show the crystalline phases in all the AAFS samples exhibit the same 

reaction products at 3 curing days and 28 curing days, respectively. Comparing Fig. 2.9(a) and 

(b), the 3-day crystalline products of AAFS are practically consistent with the 28-day 

crystalline products. The primary AAFS crystalline products are formed in the initial 3 days. 

However, the OPC samples show the peak changes between 3 days and 28 days, which 

illustrates that the hydration still goes on after 3 days. 

The main characteristic peak of hydrotalcite is identified at 13.6° from Fig. 2.9(a) and 

Fig. 2.9(b). However, Ke et al. [110] reported the main peak of the XRD pattern for a similar 

hydrotalcite-like phases after filtration was centered at 11.6°. The shift in the hydrotalcite-like 

peak can be attributed to the partial carbonation of the LDH. 

Periclase is identified in specimens prepared with MgO addition (P-M2 and P-M4), 

which indicated that the MgO is not fully reacted with slag to form LDH. However, according 
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to the previous study [86], the content of LDH formed from MgO in AAFS binder has the 

potential to grow over time, due to the solid state reaction of MgO in alkali activated cement. 

(a) (b) 

  

Fig. 2.9 XRD patterns of AAFS and OPC pastes at (a) 3 days; (b) 28 days. 

The XRD patterns of P-L2, P-L4, P-C2, and P-C4 demonstrate almost the same intensity 

of LDHs. The characteristic peak of the CLDH phase is not found either in 3-day or 28-day 

XRD patterns, while the peak of the hydrotalcite-like phase appears, proving the CLDH 

completes the reconstruction process in AAFS to form the LDH. 

Combining Fig. 2.9(a) and Fig. 2.9(b), the MgO and CLDH participate in the LDH 

formation in the AAFS matrix. Meanwhile, the externally added LDH can remain in the AAFS 

matrix. The three admixtures show the same results in the AAFS matrix in terms of the 

crystalline products. 

2.3.3  Pore structure 

As seen in Fig. 2.10(a), the OPC pastes obtain the most mesopores (20 to 50 nm) and 

macropores (50 to 100 nm) and the lowest micropores. Meanwhile, the AAFS pastes are also 

the highest in mesopores and the lowest in micropores and macropores, as shown in Fig. 

2.10(b). The amount of the mesopores is nearly the same for all the AAFS pastes, which are 

quite different from the mesopores in OPC pastes. OPC pastes show a larger pore size than 

those of AAFS pastes. 

Fig. 2.10(b) shows the pore size distribution of AAFS pastes incorporating 2 wt.% and 

4 wt.% MgO, LDH and CLDH. It shows the porosity slightly increases from the reference 

sample P-A0 to samples containing 2 wt.% and 4 wt.% MgO and CLDH. Furthermore, the 

porosity decreases with the LDH addition. Therefore, the pore size distribution is slightly 

improved by the LDH addition, and the microstructure is refined. 

The pore size distribution results of mortars from the MIP measurement are shown in 

Fig. 2.11. It is obvious that the pore size distribution of OPC mortars mainly situates between 



24 

the 10-100 nm (mesopores), which are consistent with the BJH method results shown in Fig. 

2.10(a).  

(a) (b) 

  

Fig. 2.10 Pore size distribution of AAFS and OPC from nitrogen sorption results (a. 

AAFS and OPC pastes; b. AAFS without OPC pastes). 

The AAFS mortars are the highest in mesopores and the lowest in macropores. As 

described in Fig. 2.11(b), the addition of MgO (M-M2 and M-M4) increases the total volume 

of the macropores comparing to the reference M-A0. However increasing the content of MgO 

can reduce the macropores of AAFS mortars, which forms a small amount of the Mg(OH)2 to 

fill the pores and corresponds well with the reference [111,112]. 

(a) (b) 

  

Fig. 2.11  Pore size distribution of AAFS and OPC mortars from MIP results (a. AAFS 

and OPC mortars; b. AAFS mortars). 
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Fig. 2.12(a) and Fig. 2.12(b) show the cumulative porosity and the total porosity of 

AAFS and OPC samples. The total porosity of OPC mortars (20.01%) is much higher than the 

M-A0 mortars (3.969%). 

(a) (b) 

  

Fig. 2.12  (a) Cumulative porosity of AAFS and OPC mortars from MIP results; (b) 

Porosity of AAFS and OPC mortars from MIP results. 

The porosity of AAFS decreases with the increasing MgO dosage, which is generally in 

agreement with the BJH method result (Fig. 2.10(b)). The LDH admixture in the AAFS 

samples also shows a slight influence on the porosity, but the 2 wt.% and 4 wt.% replacement 

of the fly ash and slag exhibit little difference in terms of the porosity (4.64% and 4.57%, 

respectively). However, comparing the porosity of P-A0, the incorporation of 2 wt.% and 4 

wt.% CLDH (M-C2 and M-C4) has a positive correlation on total porosity, increasing up to 

4.35% and 4.87%, respectively. 

In general, the incorporation of MgO, LDH, and CLDH have slight effects on total 

porosity, while the unreacted MgO and small amount of the Mg(OH)2 function as a filler in the 

AAFS matrix. The LDH and CLDH admixtures have a slight effect on the microstructures. 

The AAFS mortars exhibit almost the same porosity, ranging from 3.96% to 4.93%. 

Combining the nitrogen sorption results and MIP measurement results, the pore size of 

AAFS mortars mainly range from 3-10 nm (mesopores), while the pore size of OPC mortars 

mainly widely situate from 10-100nm (both mesopores and macropores) The total porosity of 

the AAFS mortars are from 3.96% to 4.93%, while the OPC mortars is around 20.01%. 

2.3.4  Compressive strength 

Fig. 2.13(a) shows the compressive strength of the AAFS and OPC pastes at the curing 

age of 3, 7 and 28 days. Fig. 2.13(b) shows the relative strength of blended pastes at 3, 7 and 

28 days compared to the AAFS (P-A0). The increasing trend of compressive strength shows 

that the strength of AAFS samples may continue to increase after the 28-day curing time, due 
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to the incorporation of fly ash with a slow pozzolanic reactivity. These observed trends are 

related to the XRD results shown in Section 2.3.2, and also in agreement with [113,114].  

(a) (b) 

  

Fig. 2.13  (a) Compressive strength of AAFS and OPC pastes; (b) Relative compressive 

strength of AAFS and OPC pastes. 

The compressive strength increases with the increasing content of the MgO of 7 and 28 

days, and this agrees with previous researches [115–117]. P-M2 and P-M4 exhibit higher 

compressive strength than other samples, up to 96.75 MPa and 103.58 MPa at 28 days curing 

age, respectively. The increase in relative strength for increased MgO content is attributed to 

the total content of MgO. Hwang et al. [117] reported that the content of MgO at 12 wt. % 

(including the MgO inside binder material) in alkali activated slag showed the highest 

compressive strength. As the MgO dosage increased in P-M2 and P-M4, the compressive 

strength increases. The observed results agree with the mesopores distribution in Section 2.3.3, 

the increased MgO content decreases the macropores and porosity that leads to the higher 

compressive strength. 

Increasing the dosage of LDH in AAFS shows a slight decrease in compressive strength 

at 28 days, compared to the reference sample (P-A0). According to [118], the strength of the 

concrete samples gradually decreased with the increasing content of LDH. Meanwhile, the 

macropores of LDH samples increased with the rising dosage of LDH in Section 2.3.3, the 

obtained compressive strength is consistent with these results. 

The compressive strength development of CLDH addition in AAFS exhibits the same 

trend with LDH addition samples, namely the CLDH addition in AAFS slightly declines the 

compressive strength. Furthermore, P-C2 and P-C4 show the same compressive strength level 

with P-L2 and P-L4, at the 28 days curing age, respectively. The observed results are in 

agreement with [119], who reported that the CLDH content higher than 1wt. % resulted in the 

reduction of compressive strength. 
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2.3.5  Chloride migration 

The results of the NSSM experiments are shown in Table 2.5 and Fig. 2.14. The OPC 

reference illustrates the highest coefficient Dnssm among all mortar specimens. Meanwhile, the 

AAFS reference (M-A0) also shows the highest coefficient Dnssm in all AAFS mortars, 

excluding the samples with 2 wt.% LDH replacement (M-L2). Fig. 2.14(b)shows the 

relationship between replacing materials content and chloride migration coefficients. With the 

increasing replacement content, the MgO, LDH and CLDH mortars show the decreasing trend 

of the coefficient. In general, the incorporation of MgO, LDH, and CLDH increases the 

chloride resistance of AAFS mortars. 

As one can see from Fig. 2.14, the MgO admixture decreases the chloride migration 

coefficient. The chloride binding capacity is due to (1) the LDH phase in the AAFS [45,86,120] 

and (2) pore size distribution [66,121,122]. On the one hand, the XRD pattern (in Section 2.3.2) 

shows that the hydrotalcite phase is formed in the AAFS samples, which can increase the 

chloride binding capacity. The MgO is a significant resource to form the LDH, and the chloride 

migration coefficient proves that the MgO addition enhances the hydrotalcite formation and 

then promotes the chloride resistance of AAFS [86]. The results in Table 2.5 illustrates that the 

coefficient Dnssm of M-A0, M-M2, and M-M4 are 5.42, 4.68 and 4.55 ×10-12 m2/s, respectively. 

The chloride migration coefficient declines by 13.7% (sample M-M2) and 16.1% (sample M-

M4), compared to the reference sample M-A0. On the other hand, the pore size distributions 

have a large effect on the chloride resistance of the AAMs samples with supplementary 

cementitious materials (SCMs), especially the mesopores and macropores significantly affect 

the permeability of concrete. The relationship between microstructure and permeability is 

investigated by many researchers [95,123]. As we can conclude from Section 2.3.3 that the 

increasing MgO content leads to more LDH formation, resulting in more chloride binding. 

Thus, the observed results are consistent with the NSSM test. 

Fig. 2.14(a) and (b) also show the nitrate intercalated LDH incorporation in the AAFS 

matrix in terms of the chloride resistance. Comparing M-L2 and M-L4 to M-A0, the chloride 

migration coefficient of M-L2 is higher than the reference M-A0 at 7.2%, while the coefficient 

of M-L4 is lower than the reference sample at 17.2%. The obtained results indicate that the 

nitrate intercalated LDH has a remarkable increase in the chloride binding capacity of AAFS. 

The slight increase in the M-L2 coefficient is possibly due to the high applied voltage during 

the NSSM test. Spiesz et al. [124] reported that the coefficient Dnssm was nearly 10% larger for 

samples under the 60V than the samples under the lower voltages (35V and 47.5V). Generally, 

the dosage of the nitrate intercalated LDH has a direct influence on the chloride resistance of 

the AAFS matrix, Fig. 2.14(b) shows that the chloride resistance of samples is sensitively 

related to the increasing LDH dosage. 

The CLDH incorporation has the highest contribution to chloride binding capacity in 

the AAFS matrix as shown in Fig. 2.14(a) and (b). The coefficient of M-C2 and M-C4 is lower 

than M-A0 at 24.2% and 46.9%, respectively. Obviously, the CLDH illustrates the higher 

chloride resistance than the MgO and LDH addition. This phenomenon may be attributed to 

the filler effect of LDH formation from CLDH on the AAFS mortars, and the microstructures 

also prove that the mesopores and macropores decrease as the CLDH content increased. The 

CLDH also absorbing a lot more of the water in the mix and giving an effectively lower w/b 

ratio as it rehydrates. Meanwhile, the mesopores and macropores results are consistent with 
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the observed chloride penetrations in the AAFS matrix. The CLDH addition in AAFS has the 

lowest mesopores and macropores, thus CLDH contributes to the highest chloride resistance 

in all the AAFS samples in this chapter. 

Table 2.5 Chloride migration coefficients calculated from the NSSM test in the mortar at 28 

days curing age.  

Sample ID M-A0 M-M2 M-M4 M-L2 M-L4 M-C2 M-C4 M-OPC 

Chloride migration coefficient (×10-12 m2/s) 5.4 4.7 4.6 5.8 4.5 4.1 2.9 7.6 

Applied voltage (V) 30 24.9 15.2 20.3 30.0 20.3 30.1 25.1 

Time duration (hours) 19 17 20 17 23 24 23 23.5 

Thickness of sample (mm) 52.5 49 49.5 45.5 50.2 47.5 48 50 

xd (mm) 10.3 7.0 5.3 7.4 10 7.2 7.0 14 

(a) (b) 

  

Fig. 2.14 (a) Chloride migration coefficients of AAFS and OPC mortars; (b) The 

relationship between replacing materials content and chloride migration coefficient. 

2.4  Conclusions 

In this paper, the reaction heat flow, reaction products, microstructure, compressive 

strength, and chloride resistance of alkali activated fly ash and slag blends with the addition of 

MgO, LDH and CLDH are studied. The different effects of the MgO, Mg-Al-NO3 LDH and 

CLDH incorporation are evaluated. The three admixtures in AAFS are proved to enhance the 

mechanical property, chloride resistance, and microstructure. According to the experimental 

results, the following conclusions can be drawn: 

• The MgO, LDH and CLDH admixtures delay the time to reach the reaction peak 
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(TRRP) in the AAMs matrix up to 3.9%, 11.2%, and 9.2%, respectively. The MgO 

admixture first forms Mg(OH)2 precipitation, while the LDH-NO3 and CLDH absorb 

the OH-. Therefore, all three admixtures slightly decrease the pH value in the AAFS 

matrix and prolong the time to the reaction peak (TTRP). 

• MgO promotes the formation of the in-situ growth of LDH phase, and the CLDH 

completes the LDH-reconstruction process in AAFS. Meanwhile, the externally 

added LDH-NO3 remains in the AAFS matrix. The LDHs phase influenced by the 

three admixtures shows the partial carbonation in the AAFS matrix, and the 

carbonation results in the shift of LDH-NO3 characteristic peak from 11.6° to 13.6° 

(2 theta). 

• The microstructures of AAFS are refined by the inner filler effect with unreacted 

MgO and a small amount of Mg(OH)2. The MgO shows the highest refinement on 

mesopores and macropores. While the LDH-NO3 and CLDH admixtures have a 

limited effect on the microstructure. 

• The increased MgO and CLDH content result in the higher compressive strength in 

AAFS, which is related to the mesopores refinement. While the LDH admixture 

shows limited influence on the compressive strength. 

• MgO, LDH-NO3, and CLDH improved the chloride resistance of the AAFS matrix. 

The CLDH shows the highest chloride binding capacity and enhancement.  
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Chapter 3  In-situ formation of layered double hydroxides (LDHs) in 

sodium aluminate activated slag: The role of Al-O tetrahedra 

 

 

 

 

 

Alkali activated materials (AAMs) have gained great attention as a new low-carbon binder. 

However, their durability performance, e.g. chloride ingress resistance, still needs further 

improvement. This chapter attempts to enhance the chloride binding of AAMs by activating 

slag with sodium aluminate with the aim to promote the in-situ formation of layered double 

hydroxides (LDHs). The evolution of pH and ions in the pore solution, reaction products and 

microstructure were determined to investigate the dynamic activation process. Results show 

that the sodium aluminate stabilizes the pH environment at around 12.7 during the curing ages. 

The Mg-Al-LDH with higher Al-O tetrahedra (denoted as Al(OH)
4

-
 ) contents is promoted, 

enhancing the chloride absorption capacity. A new reaction mechanism is proposed to describe 

the activation process. This chapter reveals that the extra Al(OH)
4

-
 in a relatively low pH 

environment prevents the competition between Mg2+  and Si-O tetrahedra to react with 

Al(OH)
4

-
, promoting the formation of LDH and C(N)−A−S−H simultaneously.  
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3.1  Introduction 

Alkali activated materials (AAMs) have shown to be a promising alternative to 

Portland cement. However, its long-term performance, as well as the involved mechanisms 

under different exposure environments, are still not well understood. Many efforts have been 

spent on enhancing the chloride resistance of AAMs, but the effects are limited [76,125,126]. 

Besides, the high pH of AAMs also showed hazardous which limits their practical application 

[127]. The effect of amorphous gels and the crystalline phases in the hardened cementitious 

materials are investigated pertaining to chloride resistance [19,20]. Layered double hydroxides 

(LDHs), one of the secondary reaction products of alkali activated ground granulated blast-

furnace slag (GGBS), can absorb the anions, e.g. chloride ion, in the matrix [128]. The 

incorporation of ex-situ synthetic LDHs in the AAMs systems has been investigated and the 

LDHs showed high effectiveness in terms of chloride binding [21,129]. However, external-

added LDHs absorb a large amount of water during the casting, which limits the total content 

of external LDHs in the AAMs matrix [96]. Besides, the costly and complicated synthesis 

process also highly limits the external LDHs application in the AAMs matrix to tackle the 

chloride ingress issue [21,22]. Moreover, promoting the in-situ formation of LDHs to replace 

the external-added LDHs AAM has not been well addressed. 

Chloride ingress is one of the most prominent issues in AAMs. The chloride resistance 

is influenced by chemical binding through reaction products and physical absorption via pores 

and reaction products [76]. From the aspect of reaction products, the incorporation of ex-situ 

synthetic LDHs shows a virtuous performance of chloride resistance attributed to physical 

absorption (major contribution) and chemical binding (minor contribution) of chloride ions 

[20,21,129]. Xu et al. [81] synthesized Mg-Al-NO3-LDH and Mg-Al-NO2-LDH, finding that 

the chloride binding and corrosion resistance are increased by both LDHs additions. Qu et al. 

[96] reported that smaller particle size of Mg-Al-NO3-LDH  improved the microstructure, 

meanwhile, the LDH material promoted the chemical chloride binding capacity of the matrix. 

Moreover, Ke et al. [130] examined the chloride removal by Mg-Al and Ca-Al LDHs in the 

simulated pore solution of alkali activated slag cement and found that the chloride binding was 

due to ion exchange and surface adsorption. At the same time, the chloride uptake was sensitive 

to pH change in the pore solution. Mundra et al. [131] simulated the chloride transport in AAMs 

and found that the Ca-Al LDH increased in the low MgO system while the Mg-Al LDH 

increased in the high MgO system. Both Ca-Al and Mg-Al LDH postpone the chloride ingress 

and increase chloride resistance. Besides, it is also worth mentioning that the Mg-Al LDH 

shows better chloride binding capacity than Ca-Al LDH. However considering the water 

absorption of LDHs during casting, the content of LDHs in the AAMs system is usually lower 

than 4 wt. % of binder as otherwise the large water demand would compromise other properties 

[21,96], which significantly limits the chloride binding capability of AAMs. Ye [22] reported 

the autogenous formation and the behaviors of nitrite- and nitrate-intercalated LDHs in 

Portland cement-metakaolin-dolomite (OPC-MK-DM) blends. While the author attempted to 

increase the autogenous formation of AFm (Ca–Al LDHs), the results suggested that the 

incorporation of  NO2
-  and NO3

-  harmed the evolution of microstructure despite the NO2
-  and 

NO3
-  anions preferably occupied the interlayer space of LDHs phases. Also, the increase of 

OPC replacement ratio from 30% to 45% in the ternary OPC-MK-DM systems lowered the 

degree of reaction and amount of reaction products. Therefore, the amount of LDHs phases 
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was limited. Consequently, the autogenous formation of LDHs contributed little impact to the 

chloride binding capacity. These studies reveal that the chemical binding of chloride ions in 

AAMs is intensively affected by the amount of LDHs [21,99]. Thereby, the increase of in-situ 

formed LDHs in the AAMs could increase the chloride binding capacity. It is thus hypothesized 

that the increase of in-situ synthetic LDHs has a high potential for a remarkable increase in the 

chloride resistance of AAMs. 

The skeleton of LDHs consists of two metal ions, one is a divalent cation (e.g. Mg2+), 

and the other one is a trivalent cation (e.g. Al3+) [132]. The concentration of aluminate (one 

type of normal trivalent metallic ions in LDH) in the pore solution of the AAMs matrix is one 

of the most important factors influencing the crystallization of the LDHs [133]. Meanwhile, 

the condition of Mg-Al LDH crystallization requires a relatively lower pH environment 

(ranging from 9~11) than the normal alkali activated solution [132]. Thus, the sodium 

aluminate solution, in this research, is hypothetically introduced as an activator to control (1) 

the Al-O tetrahedra (hereafter denoted as Al(OH)
4

-
) concentration and (2) a relatively low pH 

value in the pore solution of the AAM matrix to enhance the in-situ formed LDHs. Thereby, 

the comprehension of the mechanism of in-situ formed LDHs in AAMs is critical to understand 

how the sodium aluminate promotes the formation of LDHs. Moreover, the Al(OH)
4

-
 

participates in the process of gel formation. However, the mechanism of how the sodium 

aluminate affects the formation of calcium (sodium) aluminosilicate hydrates (C(N)−A−S−H) 

phases still remains poorly understood. 

To discuss it further, the other physical aspects of chloride resistance, e.g. the lower 

porosity and more complex tortuosity of the microstructure in the AAMs matrix, in general, 

contribute to decreasing the chloride penetration. The complex distribution of pore diameter 

ranges and pore connections have a huge effect on ions' transport property [134]. Gel formation 

is the important factor influencing the evolution of microstructure, while the content of Si-O 

and Al-O tetrahedra, pH value, and other ions in the pore solution influence the gel formation. 

Under a given alkali content, the SiO2 to Na2O molar ratio improves the microstructure 

evolution at the early stage [135], benefiting the transport parameters and enhancing the 

chloride resistance of AAMs [136]. Similarly, the Al2O3 to Na2O molar ratio also influences 

the gel formation, affecting the pore evolution [137]. The Al2O3 mainly comes from the solid 

precursors, while the proposed sodium aluminate activator providing a large amount of 

Al(OH)
4

-
 could directly participate in the reaction [138]. The sodium aluminate activator was 

also investigated to generate more ettringite and calcium silicate hydrate (C−S−H ), resulting 

in the strength increase [72]. The formation of more gel refines the microstructure, increasing 

the physical chloride binding ability. Therefore, the sodium aluminate is hypothetically an 

appropriate activator, as it can provide both (1) available Al-O tetrahedra and (2) a low pH 

environment for the LDH and gel formation, because the extra Al(OH)
4

-
 could prevent 

competition between LDH and gel capturing Al(OH)
4

-
 during the process of reaction. The 

mechanism of how the Al(OH)
4

-
 in sodium aluminate activator promotes the formation of 

LDHs and gels remains unknown in alkali activated slag system. More specifically, there is 

insufficient understanding about how ions changes of pore solution explains the phases 

evolution and in-situ formed LDHs and gel. 
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This chapter investigates the mechanism of how the Al(OH)
4

-
 influences in-situ 

synthetic LDH and gel formation in sodium aluminate activated slag (SAAS), and the 

consequent chloride absorption performance. The changes of pH value and composition in the 

pore solution of SAAS paste were analysed to reveal how Al(OH)
4

-
 affects the Mg-Al LDH 

and gel formation at different curing ages. The reaction heat flow, reaction products as well as 

microstructure were determined to understand the activation process. A reaction mechanism 

was proposed to give an insight into the promotion of in-situ formed LDH and gels by sodium 

aluminate activator. 

3.2  Experiment 

3.2.1  Materials and sample preparations 

Ground granulated blast-furnace slag (GGBS) was used in this chapter. The chemical 

compositions were determined by X-ray fluorescence (XRF), as shown in Table 3.1. The  

Table 3.1 Chemical compositions and physical properties of GGBS. 

Chemical 

composition 

MgO Al2O3 SiO2 SO3 K2O CaO TiO2 MnO Fe2O3 LOI* 

(1000℃) 

Particle 

density 

(g/cm3) 

Specific 

surface area 

(m2/g) 

GGBS (wt. %) 8.5 13.2 30.7 2.8 0.3 42.1 1.6 0.4 0.4 1.3 2.9 0.3 

*LOI = loss on ignition at 1000 ℃ 

crystalline structure was determined by X-ray diffraction, as shown in Fig. 3.1(a). The particle 

size distribution (PSD) of the powder feedstocks was determined by laser granulometry, using 

a Master Sizer laser granulometry with an open measuring cell. The preparation of the powders 

was done by wet dispersion in deionized water. The particle size distribution is shown in Fig. 

3.1(b), with the average particle size (d50) of 16 μm. 

The GGBS was activated by sodium hydroxides and sodium aluminate solutions, 

respectively (see the sample IDs in Table 3.2). The starting raw materials were mixed with the 

designed proportion in a Hobart mixer following the preparation procedure suggested by EN 

196-1 [139]. The pastes were cast in the Ø 45 mm × 55 mm cylindrical plastic mold followed 

by vibration. All the pastes were sealed and cured at the ambient temperature until the specified 

curing ages. 

The detailed information about the preparation of the used activators is presented as follows. 

The analytical grade sodium hydroxide pellets (99% purity) were dissolved in deionized water 

to prepare the sodium hydroxide (NH) solution for the Ref-NH samples, and the sodium 

hydroxide activator was prepared 24 hours before applications. The analytical grade sodium 
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aluminate pellets were dissolved in deionized water to prepare the sodium aluminate (NA) 

solution for the NA2 to NA4 samples, while the sodium aluminate activator was prepared 6 

hours before applications. 

(a) (b) 

  

Fig. 3.1 (a) X-ray diffractogram of GGBS; (b) Particle size distribution of GGBS.  

Table 3.2 Formulations of the paste samples. 

Sample ID GGBS (g) NaAlO2 (wt. %) NaOH (wt. %) Na2O/Binder (wt. %) W/B* 

NA2 100 5.3 - 2 0.4 

NA2.5 100 6.6 - 2.5 0.4 

NA3 100 7.9 - 3 0.4 

NA3.5 100 9.3 - 3.5 0.4 

NA4 100 10.6 - 4 0.4 

Ref-NH 100 - 5.2 4 0.4 

* W/B = Water/Binder mass ratio  

 

3.2.2  Testing methods 

Cold water extraction 

The ground powder from pastes was utilized to measure the ions and the pH value of 

the pore solution by Cold water extraction (CWE) at specific curing ages (3, 7, 14, and 28 

days). 50g of powder was mixed with 50g of deionized water and shaken for 5 mins (5-min 
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leaching procedure) [140,141]. The suspension was then filtrated by a filter syringe. Previous 

studies showed no remarkable uptake of ions by the filter [141]. Finally, the rapid leachate was 

diluted 10 times with deionized water. The obtained diluted solutions were acidified with 

HNO3 to prevent the precipitation, and then the solutions were analyzed for Al, Si, Mg, and 

other heavy metal ions using Inductively coupled plasma-optical emission spectrometry (ICP-

OES). During the acidification HNO3 process, precipitation of Al(OH)3 might occur. However, 

when sufficient HNO3 is applied in the ICP testing solution, the precipitation disappears. Na 

and Ca were analyzed by diluted solution, using Ion chromatography (IC). 

Based on the IC and ICP-OES results, the content of elements was calculated as follow: 

 X = [X]
CWE

∙
mw105+madd

msample

 (3-1) 

where X is the free cation content in the samples (mmol/L). [X]CWE is the concentration 

of the element in the filtrate obtained after CWE (mmol/L), determined by IC or ICP. mw105 is 

the mass of evaporable water at 105 ℃ in the samples (see Table 3.3). madd is the mass of 

deionized water that is added during the 5-min rapid leaching process, and msample is the mass 

of the sample (g). 

 γ[OH-]
CWE

 = 10 pH
CWE

 - 14  (3-2) 

Where pHCWE is the pH value in the filtrate obtained after CWE, γ is the activity 

coefficient at the testing moment. [OH-]CWE is the OH- concentration calculated by the pHCWE 

after the CWE. 

 [OH-] = [OH-]
CWE

∙
mw105+madd

msample

 (3-3) 

Where [OH-] is the real OH- concentration in the pore solution of the samples. Overall, 

the pH value of the pore solution could be calculated with Eq.3-4, by combining the Eqs. 3-2 

and 3-3. 

 pH =  pH
CWE

 + log
mw105+madd

msample

 (3-4) 

Using the CWE method to determine the pH and ions concentration has a limitation, 

but it has been proved that this method could obtain a relatively good estimate to predict the 

state of pore solution [140]. 
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Table 3.3 Amount of evaporable water at 105 °C (i.e. free water) in the mortar samples 28 

days after casting, mw105 measured after oven-drying. 

 
Before drying (g) After drying (g) mw105 (g) mw105+madd

msample

 

NA2 49.9 38.9 11.1 1.2 

NA2.5 50.0 39.6 10.5 1.2 

NA3 49.9 40.1 9.8 1.2 

NA3.5 50.0 40.6 9.5 1.2 

NA4 50.1 40.2 9.8 1.2 

Ref-NH 50.3 40.4 9.9 1.2 

The measurement accuracy of alkali metal cations (i.e. Na+, K+, and Ca2+) using CWE 

has been proved in a previous study [140]. To evaluate the deviation of Al(OH)
4

-
, Si(OH)4, and 

Mg2+ concentrations by CWE, a separate 5-min leaching test of raw GGBS powder was carried 

out under different pH values of the alkali leaching solution. The test results are shown in Table 

A7. When the pH is lower than 13, the metal ions of Al(OH)
4

-
, Si(OH)4, and Mg2+ from GGBS 

will not influence the pore solution leaching results, therefore the deviation of ions’ 

concentrations could be neglected in this chapter. 

pH value of pore solution at the early stage 

The pH value of the pore solution was determined by a pH meter in the slurry state of 

the pastes. The paste samples were cast in the plastic bottles, and the pH value of the slurry 

was determined at 5 minutes, 1 hour, 3 hours, 6 hours, and 24 hours. 

Isothermal calorimetry 

The heat flow of the samples activated by different activators was measured by 

isothermal calorimetry set at 20 ℃ (TAM AIR Calorimetry). It should be noted that the values 

measured during the initial 45 minutes might slightly deviate as it takes time to stabilize the 

inner measurement environment. The results were normalized by the mass of the solids.  

X-ray diffractometry 

X-ray diffractometry (XRD) was performed by using an Endeavor instrument with Co-

Kα radiation (40kV, 30mA). The pressed powdered specimens were measured with a step size 

of 0.05° and a counting time of 1s/step, from 10° to 90° 2θ. 
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Thermogravimetry 

The thermogravimetric (TG) test was conducted by using an STA 449 F1 instrument, 

at a heating rate of 10 ℃/min, to samples of ≈ 100 mg. Experiments were carried out from 

40 ℃ to 1000 ℃, and during the test process, N2 was used as the carrier gas. Before the test, 

the pastes were ground to powder. Then the powder samples were immersed in 2-propanol for 

24 hours to stop the hydration process. Subsequently, the powder samples were dried in an 

oven at 60 ℃ for 3 days to remove the remaining free water and stored in the sealed plastic 

bag. 

Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) analysis was performed using a Varian 

670-IR spectrometer with a wavelength range of 400 to 4000 cm-1 with a resolution of 1 cm-1. 

 

Nitrogen physisorption test 

The nitrogen physisorption tests were conducted by TriStar Ⅱ 3020, Micromeritics. 

The pore size distribution was determined by the Barett, Jonyer, and Halenda (BJH) method 

[105] from the desorption branch. Before the test, paste samples at the age of 28 days were 

ground to powder and the samples were immersed in the 2-propanol for 24h to stop the reaction 

process, then dried to constant mass. 

Chloride absorption test 

An accelerated experimental approach was used to study the chloride absorption of 

SAAS samples. The chloride absorption tests were performed with 0.1 mol/L NaCl solution to 

the samples with a particle size < 4 mm at the liquid to solid ratio of 2/1. In this accelerated 

chloride absorption test, the contact time between the solid material and the NaCl leachate was 

24 hours. 5g of paste powder and 10g of deionized water were placed in a plastic bottle, and 

24-hour shaking was performed on a shaking table (which is for the leaching test) with 200 

rpm. After the shaking procedure, the eluate was filtrated through a 0.45 μm filter and analyzed 

for remaining chloride ions in the eluate by using Ion chromatography (IC). The ion 

chromatography (Dionex 1100) is equipped with an ion-exchange column AS9-HS (2×250 

mm). The absorbed chloride ions could be calculated by comparing the original NaCl solution. 

This non-standard leaching-absorption testing method is adopted from a previous study 

[142]. The hydrated gels and hydrotalcite in the reaction products can absorb the chloride ion 

during the shaking process. The results could generally evaluate the ability of chloride 

absorption of paste samples. 
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3.3  Results analysis  

3.3.1  Evolution of pore solution 

3.3.1.1 Variation of pH value  

Previous studies indicated the significance of the pH value of pore solution on the 

reaction of AAMs [143–145]. According to Paudel et al. [146], the pH value of pore solution 

in the AAMs decreases with the curing ages, which is attributed to the process of reaction that 

consumed much of OH- in the pore solution. In this chapter, the evolution of the pH value of 

pore solution in the SAAS paste samples is obtained by the Cold Water Extraction (CWE) 

method. The sodium hydroxides activated GGBS was selected as a reference to compare with 

the sodium aluminate activated GGBS at the specific curing ages. Fig. 3.2 shows the pH value 

variation of pore solution in the SAAS paste samples at an early stage (5 mins, 1 hour, 3 hours, 

6 hours, and 24 hours, by pH meter directly) and later stage (3, 7, 14, and 28 days, by CWE).  

(a) (b) 

  

Fig. 3.2 Variation of pH value in the pore solution of AAMs: (a) Early stage; (b) After 3 

days. 

Fig. 3.2(a) shows that all the samples exhibit, generally, the decreasing trend of pH 

value during the early stage, which is due to the dissolution of slag that consumes a large 

amount of OH-. The Ref-NH shows the highest pH value while NA2 is the lowest among the 

samples, which represents the alkalinity of the samples. The pH at 6 hours and 24 hours of Ref-

NH is tested by CWE because of the fast hardening of the paste which makes it impossible to 

directly test its pH with the pH meter. However, the pH changes of SAAS pore solutions exhibit 

a more gradual decrease than the Ref-NH, especially NA3.5 and NA4. 

As can be seen in Fig. 3.2(b), the Ref-NH shows the decrease of pH value along with 

the sample ages, ranging from 13.06 (3 days) to 12.53 (28 days). The cause of the pH decrease 
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is that the formation of amorphous gel (C−A−S−H as mentioned in Section 3.3.3.1) and 

crystalline phases (Hydrotalcites and gibbsite as mentioned in Section 3.3.3.1) consumes the 

OH- continually in the pore solution. However, the pH value in the pore solution of SAAS 

paste samples shows a different trend. After decreasing at the early age, the pH value slightly 

increases from the age of 3 days to the age of 7 days, and then keeps relatively stable at further 

curing ages, around 12.7. The NaAlO2 shows buffering effect at late stages in the pore solution 

of SAAS samples. Thereby, the pH value of the pore solution remains at different sample ages. 

Furthermore, it is worth mentioning that the higher the Na2O content in the SAAS matrix, the 

higher the initial pH value of the pore solution of SAAS pastes till the Na2O content of 3.5% 

(i.e. NA3.5). This can be explained by the limitation of NaAlO2 hydrolysis. 

3.3.1.2 Variation of ions  

Fig. 3.3 presents the concentrations of Al, Si, Na, Ca, and Mg (hereafter denoted as 

[Al], [Si], [Na], [Ca], and [Mg] respectively) in the pore solution (unit mmol/L) of SAAS pastes 

as the function of time at 3, 7, 14 and 28 days. The detailed pore solution data are listed in 

Appendix A Table A1~Table A6. It is noted that [Na] and [Ca] were determined by the IC, 

while the rest of the ions were determined by the ICP-OES. 

There is a strong variation of [Al] during the curing ages in NA samples, while the Ref-

NH maintained the [Al] stably in the entire curing period (shown in Fig. 3.3(a)). NA2 shows 

firstly an increasing trend of [Al] from 3 days to 7 days, then a remarkable decrease appeared 

after 7 days. The relatively lower pH value of pore solution in NA2 at 3 days, compared to that 

at the later curing period, results in the large content of unconsumed Al. In the meantime, the 

alkaline environment in the pore solution keeps breaking the Al-O bond from GGBS, 

consequently an increase in Al(OH)
4

-
 is resulting. Subsequently, more and more Al(OH)

4

-
 ions 

interact with Si(OH)4 under the relatively higher pH value, compared to that at the early curing 

period, around 12.7, thus the [Al] declines with the curing ages. Thus NA2 shows a slow 

activation rate. However, unlike NA2, the [Al] keeps decreasing sharply in NA2.5, NA3, 

NA3.5, and NA4, attributed to the relatively higher pH values of the pore solution in these 

mixtures compared to that of NA2 that promotes the reaction between 3 and 7 days. However, 

NA2 remains insufficient pH of the pore solution in this period. According to the previous 

study [147], the increase of Na2O content (NaOH activated slag) will not lead to an obvious 

variation of [Al] in the pore solution. On the contrary, the increase of Na2O content in SAAS 

pastes directly introduces a great quantity of [Al] in the pore solution. The difference between 

NaOH and NaAlO2 activated systems is obviously due to the diverse content of aluminate 

participation. At the same time, the Ref-NH shows that all the [Al], dissolved from GGBS, is 

under 3 mmol/L during the testing period. By the comparison of NA4 and Ref-NH, the 

difference of [Al] can be attributed to the extra aluminate content and pH value of the pore 

solution. With a higher pH environment of Ref-NH than that of NA4 before 3 days, the 

Al(OH)
4

-
 is easier to be consumed to form gels (e.g. C−A−S−H gel) or crystalline phases (e.g. 

hydrotalcite) [148]. It is worth mentioning that the [Al] shows a similar concentration level 

after 28 days among the SAAS and reference samples, ranging from 2 to 3 mmol/L. This 

indicates that Al(OH)
4

-
 in the pore solution is largely consumed during the activation process. 
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(a) (b) 

  

(c) (d) 

  

(e)  

 

 

Fig. 3.3 Cation variation of pore solution in SAAS at different curing times: a) [Al]; b) [Si]; 

c) [Na]; d) [Ca]; e) [Mg]. 
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The [Si] of NA2 and NA2.5 shows a hill-like trend and the peaks of concentration appeared at 

14 days. Likewise, the trends of [Si] in NA3, NA3.5, and NA4 are the same, whereas the peaks 

show at 7 days (shown in Fig. 3.3(b)). The Si(OH)4 in pore solution is completely originated 

from the GGBS, thereby the time to the peak reflects the rate of slag dissolution and the 

subsequent Si-O consumption, namely the activation process. Instantaneously, the [Si] in Ref-

NH shows a low concentration (< 0.53 mmol/L) during the curing period, which represents the 

consummation of activation before 3 days. This is attributed to the high content of Na2O and 

pH value of pore solution in the NA samples that promotes gelation and crystallization.  

There is a remarkable variation of [Na] during the testing period in all samples. The 

[Na] decreased remarkably with time among the samples (shown in Fig. 3.3(c)). For the sodium 

aluminate activated system, the initial period of up to 3 days shows the extensively high [Na]. 

Simultaneously, the [Na] increased with the increase of Na2O content. However, comparing 

the NA4 with Ref-NH, the two mixtures with the equivalent Na2O content show a huge 

difference of [Na]. The Na+ is consumed largely before 3 days in Ref-NH, while the SAAS 

samples show a delay in the activation of Na+ with other ions in the following period (7 days 

to 14 days). During 7 days to 14 days, the [Na] of SAAS decreases to the concentration around 

100 mmol/L, and the [Al] declines to the concentration below 3 mmol/L, at the same time, the 

[Si] remains at a low concentration. The changes of these ions reflect the process of activation 

between Na+, Al(OH)
4

-
, and Si(OH)4.  

The [Ca] of SAAS shows a valley-like trend along with the curing time, and all the 

bottoms appeared at 7 days (shown in Fig. 3.3(d)). However, the [Ca] in Ref-NH increases 

with the curing time and reaches its peak (0.3040 mmol/L) at 14 days, and subsequently, 

decreases to 0.2689 mmol/L at 28 days. For SAAS samples, the Ca2+ is remarkably consumed 

under the relatively stable pH environment along with the curing time to form  

Ca-based gels. Combining with [Al] and [Si], the Ca2+ reacts with Al(OH)
4

-
 before 14 days 

tremendously, which leads to a remarkable decrease of [Al] as well. After 14 days, the Si(OH)4, 

OH-, and Na+ show lower values. The combination between Si(OH)4, OH-, Na+, and Ca2+ to 

form solid reaction products had dropped. It may lead to the compensation of Ca2+ under the 

alkali environment in the pore solution. Thereby, the valley-like trend of [Ca] appears in the 

pore solution, finally reaching a similar level among all samples. For the Ref-NH, the activation 

of Ca2+ is mainly concentrated before 3 days, thus the Ca2+ continually increases with the 

curing time. The low concentrations of [Al] and [Si] in Ref-NH after 3 days confirm that the 

activation has been transferred from a high rate of reaction to a low rate of it within the first 3 

days. It may be associated with that the access of hydroxyl to the unreacted slag is inhibited by 

the reaction products around slag grains. 

Mg2+ is dissolved from GGBS under the alkaline environment, and the concentration 

ranges from 0 to 0.0012 mmol/L (shown in Fig. 3.3(e)). The large content Al(OH)
4

-
 reacts with 

Mg2+ preferentially to form hydrotalcite, thereby the [Mg] remains at a low concentration 

during the curing time. The excessive Al(OH)
4

-
 ions in the pore solution prevent the 

competition between Si(OH)4 and Mg2+ to form gels and hydrotalcite, respectively.  
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Overall, the [Al] shows a remarkably decreasing trend, generally, along the curing ages 

in the pore solution, which is associated with activation and the LDH formation process. 

Similarly, the [Na] declines with the curing time obviously, relating to the process of activation. 

The [Si] increases at early ages providing Si(OH)4 and decreases after 7 days. The [Ca] 

decreases at the early ages reacting with dissolved Si(OH)4, and rises after 7 days.  

In addition, the [B], [Cu], [Fe], [Ga], [Li], [Se], and [V] showed lower than 0.2 mmol/L 

during the testing time, and details are shown in the Appendix A Table A1~Table A6. 

3.3.2  Reaction kinetics 

Fig. 3.4 shows the normalized reaction heat flow and cumulative reaction heat release 

of the SAAS pastes. A remarkably higher reaction heat flow and cumulative reaction heat 

release from the Ref-NH than the other SAAS pastes is observed. Generally, the higher the 

equivalent Na2O content in the SAAS, the higher the reaction heat flow, the higher cumulative 

reaction heat release, and the earlier reaction heat peak could be obtained. 

(a) (b) 

  

Fig. 3.4 (a) Normalized reaction heat flow of SAAS; (b) Cumulative reaction heat release of 

SAAS. 

As can be seen from Fig. 3.4(a), with the increasing equivalent Na2O content in the 

SAAS, the time to the first peak is decreased. However, the NA4 exhibits a delay at the time 

to the first peak compared to NA3.5. From NA2 to NA3.5, the pH value of the pore solution 

increases with the Na2O content at the early activation period, thus the time to the first peak 

decreases and the peak height raises. The first peak height of NA3.5 and NA4 are close to each 

other, which is in agreement with their similar pH value of pore solution. The first peak is 

mainly about the small amount of Calcium Aluminum Silicate Hydrate (C−A−S−H) gel and 

gibbsite formation (see Fig. 3.5(a)). The reason is that the pH environment around 13 (see 

Section 3.3.1.1) is suitable for gel formation at the beginning 6 hours. The large amount of 

OH- is consumed subsequently, resulting in the pH decrease that slows down the reaction. 
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Moreover, the extra Al hinders the activation at the early stage [149], and the total induction 

period of SAAS shows around 280 hours. But the Al will be consumed after 14 days, which is 

also shown in Fig. 3.3, and the extra Al in NA4 could generate more zeolites and N−A−S−H 

gels (mix with zeolites formation). Because in this period, the Na+ and Al(OH)
4

-
 are consumed 

remarkably, thereby the long-term performance is improved by the increase of Na2O content. 

Although the extra aluminate extends the induction period of SAAS, there is still a large 

amount of Si(OH)4 in the pore solution of SAAS, thereby the entire activation process of NA2.5 

-NA4 finished after 14 days, and new phases are formed in this period. Because of the low 

alkaline environment, the steady stage of NA2 appeared after 14 days to reach the low rate of 

reaction state. Combining Sections 3.3.1.1 and 3.3.1.2, a stable pH at around 12.7 and [Al] 

around 3 mmol/L in the pore solution represent it reaching the low rate of reaction stages of 

SAAS. The [Al] of Ref-NH at 3 days is 2.7838 mmol/L, so it has already finished the activation 

process. 

Fig. 3.4(b) illustrates the trend that with a higher aluminate content in the matrix, the 

cumulative heat release is increased. Specifically, the comparison between Ref-NH and NA4 

shows that the cumulative heat release of NA4 pastes is remarkably lower than Ref-NH. Since 

the content of Na2O is the same, the difference in heat release can be attributed to the pH value 

of the early state in the pore solution. NA4 exhibits a relatively lower pH value than Ref-NH. 

So, the small amount of OH- ions in NA4 reflects the delay in the formation of early reaction 

products. Thereby the reaction heat is influenced by the pH to a great extent, showing low heat 

release at the early state. Further, the pH value of the pore solution is affected by the 

concentration of Al(OH)
4

-
 in the SAAS pastes, resulting from the hydrolysis of NaAlO2, which 

is the resource of the alkali in the SAAS pastes at early curing age. The higher NaAlO2 content, 

the higher pH at early stage. Simultaneously, the difference of pH leads to the different 

concentrations of elements in the pore solution, it may also influence the heat release of the 

reaction at the early stage. Overall, lower heat release of NA4 is observed than that of Ref-NH. 

3.3.3  Reaction products 

3.3.3.1 X-ray diffraction 

Fig. 3.5(a) and (b) show the XRD patterns of the NaOH activated GGBS (reference 

sample) and SAAS pastes at 2 hours and 28 days, respectively. The following phases are 

recognized at the first 2-hour of reaction in Fig. 3.5(a): zeolite (JCPDS-ICDD 00-016-0339), 

gibbsite (JCPDS-ICDD 00-024-0217), and Calcite (CaCO3, JCPDS-ICDD 01-086-2343). The 

dissolved Ca2+ from GGBS reacts with excessive Al from the activator to form zeolite and 

gibbsite, which leads to the fast coagulation of the paste samples. Along the early stage of the 

paste reaction, the pH environment decreases continually because of 1) the consumption of the 

OH- ions in the pore solution to form zeolite and gibbsite, and 2) the dissolution of slag. 

The following phases are recognized at 28 days in Fig. 3.5(b): calcium silicate hydrate 

(C−S−H) (Tobermorite, JCPDS-ICDD 00-006-0010), zeolite (JCPDS-ICDD 00-016-0339), 

hemicarboaluminate (C-A-C̅-H) (JCPDS-ICDD 00-036-0129), zeolite A (Zeolite, JCPDS-

ICDD 00-039-0222), calcite (CaCO3, JCPDS-ICDD 01-086-2343), and hydrotalcite 
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((Mg0.67Al0.33(OH)2)(CO3)0.165(H2O)0.48, JCPDS-ICDD 01-089-5434). The main reaction 

products of Ref-NH identified are C−(A)−S−H , zeolite, Calcite, and Hydrotalcite, which is in 

agreement with our previous study [150]. The main reaction products of SAAS pastes are 

zeolite, Zeolite A, hemicarboaluminate, Calcite, and Hydrotalcite. Due to the incorporation of 

the extra Al in the activator in NA2 ~ NA4, the activated systems favor to form zeolite instead 

of C−(A)−S−H  with the increasing Al/Si ratio [23,151]. Meanwhile, the 

(a) (b) 

  

Fig. 3.5 XRD patterns of the SAAS pastes at (a)2 hours, (b) 28 days. 

excessive Al(OH)
4

-
 in the activator promotes the reaction with the dissolved Si(OH)4 from slag 

and Na+ in the activator, leading to the formation of more zeolites and sodium aluminum 

silicate hydrates (N−A−S−H) gels [152]. From the XRD results (Fig. 3.5(b)), the intensity of 

the zeolite peak becomes stronger when more Al is involved. At the same time, the peak 

intensity of zeolite and hemicarboaluminate increases with the increase of sodium aluminate 

content. However, the intensity of zeolites shows an increasing trend, thus the N−A−S−H gel 

may also increase with the increase of zeolites. While in the Ref-NH, the dissolved Al(OH)
4

-
 

is from slag, reacting with the Ca2+ and Si(OH)4 to form C−(A)−S−H  and zeolite, because Ca2+ 

has higher charges than Na+ which is earlier to participate in the gel chain. In addition, with a 

higher content of sodium aluminate, the intensity of hydrotalcite shows an increasing tendency. 

Besides interacting with Ca, Na, and Si to form amorphous gels, Al also reacts with Mg to 

form extra hydrotalcite, and these two processes happen simultaneously.  

To conclude, the increased sodium aluminate content promotes the formation of 

zeolites, N−A−S−H, and hydrotalcite, but decreases the formation of zeolite. The small amount 

of calcite may be due to the slight carbonation of samples. 

3.3.3.2 Thermogravimetric analysis  

The results of thermogravimetric analysis (TGA) for the reference paste and SAAS 

pastes at 28-day curing time are presented in Fig. 3.6. As seen in Fig. 3.6(a), the mass of 
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samples is continuously decreasing during the temperature range from 40 ℃ to 1000 ℃. 

Specifically, the main mass losses of bound water from C−(A)−S−H , C−A−S−H, and 

N−A−S−H gels were about 5.54%, 6.43%, 7.62%, 8.46%, 9.25%, and 8.18% in NA2 to Ref-

NH, respectively, within the ranges of 100-300 ℃ [153–155]. The higher water losses in the 

ranges 

(a) (b) 

  

Fig. 3.6 (a) Thermogravimetry (TG) curves of SAAS at 28 days; (b) Differential 

thermogravimetry (DTG) curves of SAAS at 28 days. 

represented the higher content of gel formation, which is attributed to the higher Al(OH)
4

-
 in 

the pore solution thanks to its promotion of gelation. As shown in Fig. 3.6(a) and Table 3.4, 

the mass losses of second-largest peaks are about 1.42%, 1.66%, 1.81%, 2.12%, 2.34%, and 

2.33% in NA2 to Ref-NH, respectively, within the ranges of 300-400 ℃ [154]. While the 

decomposition of hydrotalcite has two steps [132], the first one (150-250°C) corresponds to 

the loss of the interlayer water, the second peak (250-450°C) arises from the decomposition of 

the hydroxide layers and carbonate anion. Thus, the decomposition of the gels may overlap the 

first peak of hydrotalcite decomposition. Specifically, these second-largest peaks on DTG 

curves (Fig. 3.6(b)) are assigned to the relative content of Mg-Al hydrotalcite decomposition. 

It is seen that the higher content of hydrotalcite appears with a higher aluminate content. 

According to Section 3.3.1.1, the pH environments of SAAS are closer than that of Ref-NH to 

the condition of hydrotalcite formation (pH 9~11) during the reaction period. It is worth 

mentioning that the main reaction period of Ref-NH is before 3 days and the pH value of the 

pore solution is around 13.1. While the reaction period of SAAS is between 7 days and 14 days, 

the pH value of the pore solution is around 12.5 ~ 12.7. Meanwhile, the excessive Al(OH)
4

-
 

interacts with the Mg2+ dissolved from GGBS to form more hydrotalcite. A slight content of 

calcite is found in all samples, which is due to the slight carbonation of the samples during the 

curing [156]. The TG results agree well with the observation of XRD analysis. The phases after 

800 °C are caused by the recrystallization of new phases under high temperatures: 1) gehlenite 

(majority) is formed by the C−A−S−H under high-temperature heating [157]; 2) the small 
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amount of Merwinite observed is originated from the activated GGBS [158]; 3) monticellite is 

also generated by the activated GGBS in a relatively low content [159] (see details in Fig. A1).  

Table 3.4 Relatively mass losses of gel and LDHs. 

Sample ID Mass losses of gel (wt. %) Mass losses of LDHs (wt. %) 

NA2 5.5 1.4 

NA2.5 6.4 1.7 

NA3 7.6 1.8 

NA3.5 8.5 2.1 

NA4 9.3 2.3 

Ref-NH 8.2 2.3 

 

3.3.3.3 Fourier-transform infrared spectroscopy  

The FTIR spectra of SAAS pastes, Ref-NH paste, and raw GGBS are presented in Fig. 

3.7. The broadest peaks of SAAS pastes are located at 944 to 955 cm-1, which are associated 

with the Si-O tetrahedra. The stretching vibrations of the Si-O tetrahedra represent the different 

number of bridging oxygen atoms. More specifically, the Si-O-Si bonds are due to the typical 

aluminosilicate chains containing C−S−H/C−A−S−H, or N−A−S−H type gels formed in the 

alkali activated GGBS. The reaction products tend to form Al-rich structures with the 

increasing aluminate content in the matrices. For all the spectra, the bands at around 1646 and 

3392 cm-1 are attributed to the bending and stretching vibrations of bound water molecules, 

respectively. Similarly, the bands at around 666, 1415, and 1473 cm-1 in all samples are due to 

the presence of carbonate with different vibration modes: ν2[CO3]2- for 666 cm-1, and ν2[CO3]2- 

for 1415 and 1473 cm-1 [160]. These carbonate phases are partly from hydrotalcite, partly from 

calcite, and partly from other carbonated phases, which is consistent with the XRD results (Fig. 

3.5(b)). 

Furthermore, a more distinctive effect of sodium aluminate on the main band shifts can 

be observed in the zoom-in graph of Fig. 3.7. An increase of the main band wavenumber is 

found in the higher sodium aluminate content in the matrices. It is known that the shifts of 

characteristic peaks of Si-O stretch are a notable feature of alkali activation, namely reaction, 

at around 950 cm-1 [161]. A higher aluminate content increases the amount of available 

Al(OH)
4

-
 at the entire reacting period, which has a major influence on the activation process, 

and it is also in agreement with the dissolved Al in the pore solution presented in Section 
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3.3.1.2. The Al(OH)
4

-
 in the pore solution inhibits the dissolution process of Si(OH)4, but the 

Si-O stretch is shifted because under the relatively high pH environment, the dissolved Si(OH)4 

in the pore solution would react with Al(OH)
4

-
 immediately, forming the Al-rich geopolymer. 

Generally, the high Al(OH)
4

-
 in the pore solution promotes the activation process. 

 

Fig. 3.7 FTIR spectrum of SAAS, Ref-NH, and GGBS. 

3.3.4 Microstructure 

Fig. 3.8 shows the pore size distribution of SAAS samples at 28 curing days by nitrogen 

sorption test. From the nitrogen sorption test, the mesopore (2 – 50 nm) and partial macropore 

(50 ~ 200 nm) can be observed. 

Fig. 3.8(a) represents the cumulative pore volume of SAAS paste samples. As can be 

seen, the total pore volume of samples declines with the increased content of sodium aluminate. 

Especially, mesopores are the primary pores in the microstructure. The NA2.5 ~ NA4 have a 

lower cumulative pore volume (partial mesopore ranging from 27 to 50 nm) than the Ref-HN, 

while the cumulative pore volume of NA2 is higher than the reference sample. For NA2.5 to 

NA4, the refinement of pore structure is attributed to the higher amounts of gels (C−A−S−H / 

N−A−S−H) filling in the capillary pores, which is also in line with the TG results. Thereby, 

the matrices tend to be more compacted and have a higher capacity to prevent water penetration 

and ion transport, e.g. chloride ion. 

The pore size distribution of SAAS is illustrated in Fig. 3.8(b). Among the samples, 

the peaks of the void are concentrated at around 20 ~ 30 nm, namely mesopores. It is attributed 

to the gelation of C−A−S−H / N−A−S−H, the gel grew to intertwine and crosslinked to fill the 
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mesopores, which results in the decrease of the volume of mesopores with the higher sodium 

and aluminate contents. While the NA2 has the highest peak at around 70 nm, the second peak 

is consistent with the other samples. From Sections 3.3.1.1 and 3.3.1.2, the low alkalinity of 

NA2 and slow consumption of Al(OH)
4

-
 in the pore solution resulted in the low content of 

gelation, consequently, poor microstructure. The content of gel formation is relatively lower 

than the others, therefore increasing the total pore volume in the matrix. 

(a) (b) 

  

Fig. 3.8 (a) BJH adsorption cumulative pore volume of SAAS at 28 days; (b) Pore size 

distribution of SAAS from BJH adsorption dV/dlog(w) pore volume at 28 days. 

3.3.5 Chloride absorption 

Fig. 3.9(a) presents the chloride concentration in the remaining solution after 24-hour 

contact with the SAAS pastes, and the original liquid is the 0.1 mol/L NaCl solution. Fig. 3.9(b) 

presents the normalized content of chloride absorption by the SAAS pastes, corresponding to 

the results shown in Fig. 3.9(a).  

As seen in Fig. 3.9(a), all the samples show a remarkable decrease of Cl
-
 concentration 

in the remaining liquid, compared to the reference NaCl solution. Similarly, the NA3, NA3.5, 

and NA4 illustrate the distinctively high chloride absorption at 1.7, 1.9, and 1.9 mg chloride/g 

paste, respectively, with an increase up to 32%, 46.1%, and 48.4%, compared to the Ref-NH 

(1.3 mg chloride/g paste). Compared to NA3, the NA3.5 and NA4 have higher 

C−A−S−H/N−A−S−H contents, they show a noticeable increase of chloride absorption than 

that of NA3 up to 10.7% and 12.4%, respectively. Moreover, the content of hydrotalcite in 

NA4 is also higher than that of Ref-NH, which leads to a higher ability to absorb chloride ions 

by both ion exchange and surface stabilization. Besides, a lower content of mesopores, 

generally higher chloride resistance [21], therefore the lower volume of part mesopore (27 ~ 

50 nm) in NA3, NA3.5, and NA4 than Ref-NH improve the chloride absorption. 
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However, the NA2 and NA2.5 show slightly lower chloride absorption at 1.2 and 1.2 

mg chloride/g paste, respectively, both lower than the Ref-NH up to 7.7%,. Simultaneously, 

the content of gels and hydrotalcite of NA2 and NA2.5 are relatively lower than the Ref-NH, 

which decreases the chloride absorption. 

(a) (b) 

  

Fig. 3.9 (a) Chloride concentration in the remaining solution after 24-hour shaking of the 

SAAS pastes; (b) Contents of chloride absorption in the SAAS pastes. 

3.4  Discussions 

Understanding the changes in the pore solution upon different ions and pH is critical 

regarding understanding the mechanisms of LDH and gel formation along the curing period. 

In this chapter, the role of Al(OH)
4

-
 provided by sodium aluminate was investigated to 

understand how it influences the formation of in-situ formed LDH and gels. The CWE was 

used to determine the dynamic ion changes (including Al, Si, Na, Mg, Ca, etc.) in the pore 

solution. 

3.4.1  Effect of Al(OH)
4

-  on LDH formation 

3.4.1.1 Comparison of Al(OH)
4

-  profiles from CWE with LDH profiles from TGA  

In Fig. 3.10, the Al(OH)
4

-
 profiles determined by CWE at 3, 7, 14, and 28 curing days 

are compared to the LDH profiles at 28 curing days determined by TGA. The concentration of 

Al(OH)
4

-
 in Ref-NH remains at a low level from 3 days to 28 days, thus the dissolved Mg2+ 

reacts with dissolved Al(OH)
4

-
 from GGBS to form the LDH. The concentration of Al(OH)

4

-
 in 

the SAAS pastes exhibits a declining trend with the curing time, especially after 14 days. With 

a higher content of Al(OH)
4

-
 in the pore solution of SAAS, more LDHs are formed, which is 

consistent with the declining trend of Mg2+  concentration. It can be seen that the LDH 
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formation is controlled by the content of available Al(OH)
4

-
 in the pore solution. The 

formations of gel (Al(OH)
4

-
 interacting with Si(OH)4) and LDH (Al(OH)

4

-
 interacting with 

Mg2+) show no priority under the high amount of Al(OH)
4

-
 in the pore solution. Here, the 

Al(OH)
4

-
 in NA2 goes up before 7 days, which is different from the other mixes. Because the 

Al dissolved from slag may not be consumed under the low pH environment of the NA2 pore 

solution, an increase of Al(OH)
4

-
 is observed, but the other pastes have sufficient alkalis to 

consume Al(OH)
4

-
 forming LDH, zeolites, and gels. 

From this aspect, the key point promoting the in-situ formed LDH is to control the 

competition between Mg2+ and Si(OH)4 to react with Al(OH)
4

-
. In Fig. 3.11, the mechanism of 

NaAlO2 activated slag is proposed based on the dynamic Al(OH)
4

-
 concentration in the pore 

solution to promote the LDH and gel formation. In the NaAlO2 activated slag, the extra free 

Al(OH)
4

-
 from the activator prevents the competition between Mg2+ and Si(OH)4 reacts with 

Al(OH)
4

-
 in the pore solution. Consequently, the LDH (Mg2+  

 

Fig. 3.10 The comparison of Al(OH)
4

-
 profiles (3, 7, 14, 28 days) from CWE with LDH 

profiles (28 days) from TGA. 
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Fig. 3.11 Mechanism of NaAlO2 activated slag. 

reacts with Al(OH)
4

-
) and gels (Si(OH)4 reacts with Al(OH)

4

-
) are generated simultaneously. It 

is shown that the high concentration of Al(OH)
4

-
 in the pore solution avoids the competitive 

mechanism, in other words, to achieve the promotion of in-situ formed LDH. While in the 

NaOH activated slag, the Al(OH)
4

-
 dissolves from slag, which will react with Si(OH)4 and Ca2+ 

(also dissolved from slag) to form C−A−S−H, thus Al(OH)
4

-
 might be insufficient to react with 

Mg2+ to form LDH at the same time. 

3.4.1.2 Comparison of the Mg2+  and Al(OH)
4

-
 profiles with pH in pore solution from 

CWE on LDH formation 

In Fig. 3.12, the concentrations of the Mg2+ and Al(OH)
4

-
 are presented with the pH 

value in the pore solution. The NA3.5 and NA4 show the similar pH value and the 

concentrations of Mg2+and Al(OH)
4

-
 at the entire curing times, while the NA4 shows that more 

Mg2+and Al(OH)
4

-
 have been consumed to form LDH and gels at 28 days. Moreover, NA2 has 

a low pH value of around 12.5, while NA4 shows a pH of about 12.7 during the entire reaction 

period. All the pH values are relatively lower than that of the Ref-NH at the early stage of the 

reaction. LDH is observed in the Ref-NH at the early state, however, the LDH in NA2 and 

NA4 is shown only after 14 days.  
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Fig. 3.12 The variation of pH, Mg2+ and Al(OH)
4

-
 in the pore solution. 

It should be noted that the solubility of Mg2+ is another primary reason for the LDH 

formation. When the pH of the pore solution is between 12.5 ~ 12.7, the Al(OH)
4

-
 favors 

reacting with Mg2+ to form LDH. Thus, the pH controlling (around 12.5-12.7) is another key 

point to achieve the promotion of in-situ formed LDH. 

To discuss it further, the Mg/Al molar ratio shows an increasing trend along with curing 

time in SAAS, which is attributed to the pH increase in the matrix and the available Mg2+ is 

increased and favors to form more LDH in the suitable pH environment. The in-situ formed 

LDH may also be influenced by the changes of the Mg/Al molar ratio in the pore solution. The 

extra Mg2+ further accelerates the LDH formation and the process of reaction in SAAS systems. 

3.4.2  Effect of pH, Na+ , Ca2+ , Si(OH)4 and Al(OH)
4

-  on C(N)−A−S−H 

formation 

Fig. 3.13 represents the concentrations of Na+ , Ca2+, Si(OH)4, and Al(OH)
4

-
 with pH 

value in the pore solution from CWE profile, comparing with C(N)−A−S−H formation from 

TGA results. The most obvious discrepancy is the two different competing groups of ions 1) 

Na+ and Ca2+, 2) Si(OH)4, and Al(OH)
4

-
. The molar ratio of Na+/Ca2+ continually decreases 

with the curing age. Simultaneously, the molar ratio of Si(OH)4/ Al(OH)
4

-
 gradually increases 

to the same level at the end of curing age, around 0.15 to 0.27. Compared to the C(N)−A−S−H 
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formation, the Al participates mostly in the reaction, and the amorphous gels increase 

obviously with the content of Na+ and Al(OH)
4

-
. It is worth mentioning that the pH conditions 

of zeolite and N−A−S−H growth ranged from 9.5 to higher than 12, therefore the pH 

environment of all SAAS samples is suitable for the formation of zeolite and N−A−S−H gel. 

Meanwhile, the stable pH values and tremendous  

 

Fig. 3.13 The variation of pH, Na+ , Ca2+, Si(OH)4, and Al(OH)
4

-
 in the pore solution and 

C(N)−A−S−H formation. 

Na+ content in SAAS samples lead to the formation of more zeolite, as observed in the XRD 

patterns. Among the samples, the Na+/Ca2+ ratio and Si(OH)4/ Al(OH)
4

-
 ratio change obviously 

between 7 days and 14 days, which represents the formation of C(N)−A−S−H at this period in 

the sodium aluminate activating system. The extra Na+ and Al(OH)
4

-
, especially Al(OH)

4

-
 ions, 

dominate the reaction in the entire testing age. The C−A−S−H and N−A−S−H gels are 

promoted by the extra available Al(OH)
4

-
 in the pore solution to undergo the reaction of SAAS. 
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Moreover, when the pH environment is sufficient for the gelation, the extra Al in the pore 

solution inhibits the dissolved Si from GGBS, so it can postpone the partial Al reacts with Si 

up to 7 to 14 days, while the reaction of the sodium hydroxide system has reached the low rate 

of reaction before 3 days. Eventually, the ratio of Si(OH)4/ Al(OH)
4

-
 ended at around 0.25 

(average results), with a low concentration of Si(OH)4 (around 0.62 mmol/L) and Al(OH)
4

-
 

(around 2.49 mmol/L), which indicates it reaching a low rate of reaction. 

Fig. 3.14 proposes the process of sodium aluminate activation, the pH environment of 

the pore solution has a significant effect on the final products. In the beginning, the pH value 

of the pore solution is relatively low, the Ca2+ is easier to keep soluble in the pore solution. 

Consequently, dissolved Ca2+ participates in the activation process with Si(OH)4, Al(OH)
4

-
, 

and OH-, thus the C−A−S−H is generated. However, the amount of free Ca2+ declines in the 

pore solution when the pH rises higher than 12.5. It is associated with its pH-dependent 

solubility. Then the Na+ is captured by the Si(OH)4, Al(OH)
4

-
, and OH-forming N−A−S−H gel 

and zeolite. The synergistic effect of pH, Na+ , Ca2+ , and Al(OH)
4

-
, transforms the final 

products from C−A−S−H dominated to N−A−S−H dominated in the SAAS system. Eventually, 

the N−A−S−H gel and zeolite became the dominant reaction products in the SAAS system. 

 

Fig. 3.14 Synergistic effect of pH, Na+ , Ca2+, Si(OH)4, and Al(OH)
4

-
 in the pore solution 

of SAAS. 

3.5  Conclusions 

This chapter attempts to deepen the understanding of sodium aluminate activated 

ground granulated blast-furnace slag (SAAS), with the aim of enhanced chloride absorption 

ability by promoting the in-situ formed LDHs through the alkali activation. This chapter shows 

that the sodium aluminate activator provides a relatively low pH environment and extra 
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Al(OH)
4

-
, to facilitate the in-situ formation of hydrotalcites (LDHs). Moreover, the low pH 

activation shows the potential to tackle the issue of the high pH of the AAMs to human health 

which significantly limits its engineering applications. The following detailed conclusions can 

be drawn: 

• The sodium aluminate activated slag results in the preferred in-situ formed LDHs. 

Simultaneously, with a higher sodium aluminate content, the content of gels in the 

SAAS is promoted. Thereby, the chloride binding capacity is enhanced by the 

promoted generation of reaction products (LDHs and gels).  

• The sodium aluminate provides the extra Al(OH)
4

-
 in the pore solution, which lessens 

the competition between Si(OH)4, and Mg2+  capturing Al(OH)
4

-
. It confirms the 

hypothesis of this chapter that the extra Al could promote the content of in-situ 

formed LDHs and gels simultaneously.  

• The proposed low pH activation of SAAS between 12.5 and 12.7 is desired to 

promote the in-situ formation of Mg-Al LDH. Along with the curing ages, the 

increase of pH value in the pore solution of SAAS transfers the primary reaction 

products from C−A−S−H to N−A−S−H and zeolites.  

• The ratio of Si(OH)4/ Al(OH)
4

-
, stabilizes at around 0.25, with a low concentration 

of Si(OH)4 (around 0.62 mmol/L) and Al(OH)
4

-
 (around 2.49 mmol/L), representing 

the SAAS reaching the low rate of reaction state. 
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Chapter 4  NaAlO2 activated slag and MSWI bottom ash: Simulation 

and experimental analysis of leaching behavior 

 

 

 

 

 

The long-term leaching behavior of municipal solid waste incineration bottom ash 

(MSWI BA) is one of the severe issues limiting its practical application as a secondary 

cementitious material. This chapter aims to investigate the influence of MSWI BA on NaAlO2 

activated slag in terms of the reaction process, furthermore, to predict the leaching behavior by 

a novel thermodynamic model. The hardened sodium aluminate activated slag and bottom ash 

(SAASB) pastes were evaluated by mineralogy, microstructure, strength, and leaching analysis. 

The heat flow of SAASB up to 28 days was determined to investigate the reaction kinetics. 

Moreover, the quantification of calorimetric data was coupled with selective dissolution to 

obtain the reaction degree. The thermodynamic modelling was carried out, considering the raw 

materials chemistry and activator used. Furthermore, the heavy metal ions binding capacity of 

the matrices was simulated. The calorimetric results show the metastable period in the SAASB 

system, corresponding to the gibbsite formation. The modeled C(N)−A−S−H and hydrotalcite 

content decrease with the higher BA incorporation. The C(N)−A−S−H, hydrotalcite, and 

zeolite A (as a function of time) primarily contribute to the uptake of heavy metal ions. 

 

 

 

 

 

The chapter is partially from the following article: 

T. Liu, Y. Tang, K. Schollbach, J.L. Stapper, H.J.H. Brouwers, Q. Yu, NaAlO2 activated slag and MSWI bottom ash: 

Simulation and experimental analysis of leaching behavior. (In progress)  
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4.1  Introduction 

Municipal solid waste incineration bottom ash (MSWI BA) (denoted as BA) is 

compositionally close to the lithosphere, therefore its reuse as a building material or for civic 

application is hypothesized to be compatible with geological compositions [162]. Last decade, 

incorporation of BA into the Ordinary Portland cement (OPC) system [163,164] or alkali 

activated materials (AAMs) system [162,165] were investigated. However, BA is regarded as 

one problematic residue due to its leaching issue of various heavy metal ions [166]. It may 

result in serious harm to both human health [167] and water supplies [168]. To date, the 

utilization of BA remains a severe leaching issue as a building material [169]. 

In BA blended OPC or AAMs matrix, the hydration products, e.g. amorphous gels 

(C−S−H/C(N)−A−S−H) and layered double hydroxides (LDHs), can physically or chemically 

absorb heavy metal ions [162,164,165]. The framework structure of amorphous gels acquires 

a net negative charge. It is balanced by the cations (e.g. Ca2+) which can be replaced by heavy 

metal ions, e.g. Cs+. Besides, the amorphous gels can also physically absorb heavy metal ions 

by surface absorption [164]. Likewise, LDHs have been observed to possess superior heavy 

metal binding capacity by surface absorption [20]. Simultaneously, the interlayer sites of LDHs 

can be occupied by anions (e.g. Cl
-
and SO4

2-), resulting in a high chemical binding capacity of 

LDHs [170]. However, the high pH of the pore solution is well known in both OPC and AAMs 

systems. Some metal species in some heavy metal ions display an oxyanionic leaching pattern. 

High pH of the pore solution leads to higher leaching of these ions, for instance, Mo tend to 

leach out in a high alkaline environment [171]. To realize the objectives above, the promotion 

of gels and LDHs formation by using sodium aluminate as activator has been proposed [18]. 

Sodium aluminate was reported as a relatively low pH activator properly providing the extra 

Al−O tetrahedra (denoted as Al(OH)
4

-
) to increase the in-situ formation of gels and LDHs [18]. 

Chen et al. [172] reported that extra Al(OH)
4

-
 from sodium aluminate activator led to the 

inhibition of the early-phase hydration reaction, consequently, a delay in setting time could 

result. Moreover, Phair et al. [173] reported that the utilization of sodium aluminate activation 

promoted either 4- or 6-coordinate Al depending on the [OH−]/[Al] confirming by 27Al NMR. 

It resulted in equivalent or greater strength to that obtained with sodium silicate in fly ash-

based geopolymer. Even though, the reaction process of sodium aluminate activation still lacks 

sufficient investigations. Moreover, understanding the reaction processes requires knowledge 

of thermodynamics, as it offers an estimation of the reaction process and phase assemblage 

during the reaction. 

The thermodynamic modelling of NaOH, Na2SiO3, and Na2CO3 activated slag has been 

developed recently [174,175]. To explicitly account for the structurally integrated Al and Na 

into C−S−H, Myers et al. [175] suggested a calcium-alkali aluminosilicate hydrate ideal solid 

solution model (CNASH_ss) for the first time. Then they used it to predict the chemistry of 

C(N)−A−S−H in alkali-activated slag. Several researchers also applied the CNASH_ss model 

to predict alkali activated slag via different activator types [174,176,177]. The primary reaction 

products of NaAlO2 activated slag were reported as C(N)−A−S−H gels [18], thus the 

CNASH_ss model would be suitable for the modelling of NaAlO2 activation. However, the 

NaAlO2 activator has never been investigated by thermodynamic modelling, which limits the 
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NaAlO2 application. To study the reaction process of NaAlO2, it is necessary to establish the 

thermodynamic modelling of NaAlO2 activation. Zuo et al. [174] reported that the quantified 

reaction kinetics of NaOH activation to establish the modelling. More importantly, the 

thermodynamic modelling of NaAlO2 activated materials should be further utilized to predict 

its long-term performance (e.g. leaching issue). Liu et al. [178] investigated the solidification 

of phosphogypsum using cemented paste backfill via experimental and numerical simulation. 

The simulated leaching profiles of phosphorus was revealed in terms of different pH 

environment. Besides, the leaching behavior and long-term environmental impact of cement-

solidified municipal solid waste incineration fly ash were investigated under acid rain scenarios 

[179]. The different control mechanisms of heavy metal ions were established. However, there 

is no literature about the heavy metal ions binding capacity as a function of the reaction process 

by using modelling of NaAlO2 activation. The use of modelling results can give a long-term 

perspective on the reaction product assemblages, further influencing the leaching behavior. 

Therefore, coupling thermodynamic modelling and experimental analysis of NaAlO2 activation 

are urgent to be investigated. Furthermore, the analysis of modelling results to predict the long-

term leaching behavior is vital to be explored innovatively. 

The study of sodium aluminate activated slag and bottom ash (SAASB) had thoroughly 

been investigated both in modelled and experimental approaches. The hardened pastes were 

evaluated including mineralogy, thermogravimetric analysis, pore structure, mechanical 

property, and leaching behavior. Importantly, thermodynamic modelling of the reaction 

process had been simulated and validated based on the analysis of isothermal calorimetry data. 

Then, the prediction of heavy metal binding capacity was simulated based on the 

thermodynamic modelling in a time scale. The new insights are revealed in terms of 

thermodynamic modelling of sodium aluminate activated slag and bottom ash as well as 

environmental impact.  

4.2  Experiments and methods 

4.2.1  Characterization of GGBS and MSWI BA 

Ground granulated blast-furnace slag (GGBS) and municipal solid waste incineration 

bottom ash (MSWI BA) (denoted as BA) were used in this chapter. The chemical compositions 

of GGBS and BA were determined by X-ray fluorescence (XRF), as shown in Table 4.1. The 

particle size distribution (PSD) of GGBS and BA was determined by laser granulometry, 

coupled with Master Sizer laser granulometry with an open measuring cell. The raw GGBS 

and BA powder was dispersed in deionized water. The PSD results of GGBS and BA are 

illustrated in Fig. 4.1(a) with the median sizes (d50) of 13.32 μm and 12.05 μm, respectively. 

Municipal solid waste incineration bottom ash (MSWI BA) is a primary residue during 

the incineration process of municipal solid waste. MSWIBA is compositionally close to the 

lithosphere. The crystalline phases of GGBS and BA were determined by X-ray diffraction, 

and the quantitative phase composition of GGBS and BA was determined by Rietveld analysis 

performed with the TOPAS software, version 4.2 from Bruker [180], as shown in Fig. 4.1(b) 

and (c). It can be seen from Fig. 4.1(c) that small amounts of calcite and gehlenite also present 
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in GGBS, and 6 wt.% quartz, 6 wt.% diopside, and some other crystalline phases in BA. The 

detailed compositions are presented in Table 4.2. 

Table 4.1 Chemical compositions and physical properties of GGBS and MSWI BA. 

Chemical 

composition 
GGBS (wt.%) MSWI BA (wt.%) 

Chemical 

composition 
GGBS (wt.%) MSWI BA (wt.%) 

Na2O - 5.9 CaO 37.2 16.8 

MgO 8.9 1.9 TiO2 1.4 - 

Al2O3 13.0 8.6 Fe2O3 0.7 12.6 

SiO2 34.2 50.1 Cl 0.1 0.4 

P2O5 - 0.5 Other 0.2 1.6 

SO3 4.1 0.6 LOI* (1000℃) 1.323 5.382 

K2O 0.3 1.1 
Particle density 

(g/cm3) 
2.947 2.512 

*LOI = Loss on ignition at 1000℃ 

To further characterize the property of raw materials, the FTIR and TG-DTG analyses 

had been performed. Fig. 4.1(d) shows the FTIR of GGBS and BA. The bands at around 874 

cm-1 and 1487 cm-1 in the slag are due to the small amount of calcite [18]. The O−H stretching 

at 3371 cm-1 is shown in both solid materials, corresponding to water [181]. The bond of 

absorbed water also shows at 1631 cm-1 in BA. Similarly, the vibration at 1437 cm-1 is due to 

calcite in the bottom ash. The bottom ash exhibits bridge Si−O bonds at 778 cm-1, 796 cm-1, 

and 1011 cm-1, respectively. Those bonds are mainly from akermanite, quartz, and glass phases 

[182]. 

It can be seen from Fig. 4.1(e) and (f), that there is around 1% of mass loss from GGBS 

mainly due to the loss of moisture and a small amount of calcite. A slight peak at around 650 °C 

can be observed in Fig. 4.1(f). The mass loss of TGA is in line with the loss on ignition (LOI). 

In the meantime, the mass loss of BA occurs between 0 and 500 °C and is consistent with the 

loss of moisture water and residual organic compositions, e.g. cellulose, within this 

temperature range [183]. The peak of mass loss at around 650 °C is due to the decomposition 

of calcium carbonates [184]. The mass loss of TG is slightly lower than the LOI of BA. It may 

due to oxidation reactions (organic matter) [185]. 

Table 4.3 presents the leaching of potentially toxic elements (PTEs), sulfates, and 

chlorides from the raw GGBS and MSWI BA in order to estimate the potential environmental 

impact of the studied materials from their activated matrix. The limits are established by Dutch 

Soil Quality Regulation [186] regarding the acceptance of emission requirements for inorganic  
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Fig. 4.1 (a) Particle size distributions of GGBS and BA; (b) XRD patterns of GGBS 

and BA; (c) Quantification of GGBS and BA; (d)FTIR of GGBS and BA; (e) TG of 

GGBS and BA; (f) DTG of GGBS and BA. 
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Table 4.2 Compositions of raw materials. 

Mineral compound Chemical formula GGBS (wt.%) MSWI BA (wt.%) #PDF-reference 

Amorphous contents - 97.5 77.7 - 

Akermanite Ca2Mg(Si2O7) 0.0 2.7 01-083-1815 

Albite NaAlSi3O8 0.0 0.8 00-003-0451 

Calcite CaCO3 1.4 2.5 01-072-1937 

Cristobalite SiO2 0.0 0.2 01-077-1317 

Diopside CaMgSi2O6 0.0 5.9 01-071-1495 

Gehlenite Ca2Al(Al,Si)2O7 1.1 0.0 00-025-0123 

Halite NaCl 0.0 0.7 00-001-0993 

Magnetite Fe3O4 0.0 2.5 03-065-3107 

Quartz SiO2 0.0 5.8 01-083-0539 

 

Table 4.3 Leaching of raw GGBS and MSWI BA (Limits from Dutch Soil Quality Decree 

[186]). 

Elements (mg/L) GGBS MSWI BA Limit Elements (mg/L) GGBS MSWI BA Limit 

Al 1.985 42.810 - Mo 0.007 0.732 1 

B 0.058 0.815 - Ni 0.000 0.009 0.44 

Ba 0.075 0.138 22 Sb 0.006 0.401 0.32 

Cr 0.030 0.036 0.63 Sr 1.317 1.170 - 

Cu 0.002 1.083 0.9 V 0.017 0.003 1.8 

Fe 0.015 0.000 - Cl- 36.2 3354.4 616 

Li 0.120 0.175 - SO4
2- 155 7303.3 1730 

Mg 0.056 0.393 - pH* 11.68 11.41 - 

*pH is the pH of the leachate 

parameters. The values for GGBS are well below the limit for PTEs, sulfates, and chlorides. 

However, the leaching of BA shows that Cu, Sb, Cl
-
, and SO4

2- are above the legislation limit. 
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Meanwhile, the leaching of Mo in BA is close to the limit. Specifically, sorption or 

precipitation regulates the fate of Cu and Mo in leachate. Through sorption and precipitation, 

it joins up with calcareous compounds [187,188]. The solubility of Sb shows the oxyanionic 

pattern and increases with the pH of the aqueous environment [189]. Meanwhile, the leaching 

of Cl
-
 and SO4

2- is less pH dependent relating to their availability in the raw materials [190]. 

4.2.2  Sample preparation  

The paste samples were mixed with different GGBS / BA mass ratios. Samples with 

added BA relative to binder (GGBA+BA) of 5, 10, 15, 20, and 25 wt.% were prepared (denoted 

as BA0, BA5, BA10, BA15, BA20, and BA25). The alkali activator with equivalent 3 wt.% 

Na2O was prepared by stirring the specific amount of sodium aluminate powder in deionized 

water. The sodium aluminate activator was prepared 6 hours before the pastes mixing. The 

detailed mix design of the pastes is listed in Table 4.4. In order to evaluate the mechanical 

properties of SAASB, standard mortar samples were cast with a binder (GGBS+BA) to sand 

mass ratio of 1/3 [191]. 

All the samples were warped in plastic film to prevent moisture losses under 20 ℃ until 

the specific days for testing. 

Table 4.4 Mix design of the pastes. 

Sample 

ID 
w/b* 

NaAlO2 

(wt.%) 

Equivalent Na2O 

(wt.%)  

GGBS 

(wt.%) 

BA 

(wt.%) 

BA0 

0.5 7.9 3 

100 0 

BA5 95 5 

BA10 90 10 

BA15 85 15 

BA20 80 20 

BA25 75 25 

*w/b = water to binder (GGBS + BA) mass ratio 

 

 

 



64 

4.2.3  Methods  

X-ray diffractometry 

X-ray diffractometry (XRD) was performed by using the Bruker D4 Phaser instrument 

with Co-Kα radiation (40kV, 30mA). The pressed powdered specimens were measured with a 

step size of 0.05° and a counting time of 1s/step, from 10° to 90° 2θ. 

Quantification of X-ray diffractometry 

Quantification of X-ray diffractometry (QXRD) was prepared by adding an internal 

standard (Si powder), which was obtained from Siltronix, France. In the XRD sample, 10 wt.% 

internal standard was added in the paste samples. Then, the mixed paste sample was milled by 

the ball mill at level 3 speed for 15 mins. For the quantification of mineral phases in the samples, 

Rietveld analysis was performed with the TOPAS software, version 4.2 from Bruker [180]. 

Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) analysis was performed by using a 

Varian 670-IR spectrometer with a wavelength range of 400 to 4000 cm-1 with a resolution of 

1 cm-1. 

Thermogravimetry 

The thermogravimetric (TG) test was conducted by using the STA 449 F1 instrument, 

at a heating rate of 10 ℃/min, with a sample weight of ≈ 100 mg. The 7-day and 28-day paste 

samples were used for TG tests. Experiments were carried out from 40 ℃ to 1000 ℃, during 

the test process, N2 gas was used as the protection gas. 

Nitrogen physisorption test 

The nitrogen physisorption tests were conducted with a TriStar Ⅱ 3020, Micromeritics. 

The pore size distribution was carried out by the Barett, Jonyer, and Halenda (BJH) method 

from the absorption branch [21]. Before the test, the 28-day paste samples were ground to 

powder and the samples were immersed in the 2-propanol for 24h to stop the hydration process, 

then dried to constant mass under 60 ℃ for 3 days. 

Mechanical testing 

After 28 days of curing, the compressive strength of the samples was determined 

according to EN 196-1 [191]. The sample size is 40×40×160 mm. The samples were centered 

on the platens of the machine. Subsequently, the load was increased smoothly at the rate of 

2400 N/s over the entire load application until the fracture load. 

After 28 days of curing, the flexural strength of the samples was also determined 

according to EN 196-1. The prism was placed in the testing machine with one side face on the 
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supporting rollers and with its longitudinal axis normal to the supports. The distance between 

supports was 100 mm ± 0.5 mm. The load was applied vertically by means of the loading roller 

to the opposite side face of the prism, at the same time the load was increased smoothly at the 

rate of 50 ± 10 N/s until fracture. 

Isothermal calorimetry 

The heat flow of the samples by different mixes was measured by isothermal 

calorimetry set at 20 ℃ (TAM AIR Calorimetry) for 28 days. The results were normalized by 

the mass of the total solid and solution.  

Selective dissolution 

The selective dissolution method was applied to analyze the reaction degree of SAASB 

pastes. The paste samples were ground and then dissolved in salicylic acid (5 Vol%) in ethanol. 

1 g of 28-day powder was added to 250 mL of salicylic acid solution. The suspension was 

stirred for 2 hours and filtered by using a 2 μm filter paper. The insoluble residues were washed 

by the ethanol until the neutral pH is reached, then dried to the constant mass. All the 28-day 

powdered samples were treated by the same way to obtain the final reaction degree of samples. 

Selective dissolutions were repeated 3 times for each mix. The salicylic acid desolves 

the structure of C(N)−A−S−H gels and other reacted phases, leaving only the unreacted 

precursors (insoluble residue). 

Quantification of reaction degree 

Alkali-activated slag undergoes multiple distinct reaction phases that are regulated by 

diverse reaction mechanisms, similar to the hydration of Portland cement. Initial dissolution, 

induction, acceleration/deceleration, and stable periods are all common parts of the reaction 

process of alkali-activated slag. However, the sodium aluminate (NaAlO2) activation has a 

unique metastable state. This will be discussed in the Reaction kinetics section. In the different 

reaction stages of sodium aluminate activation, the Ginstling-Brounshtein equation can be used 

to quantify the reaction kinetics as follow [192]. 

kt = 1-
2

3
α-(1-α)

2
3 (4-1) 

Where k is the apparent diffusion coefficient; t is the reaction time; α is the reaction 

degree of the reactant at time t. 

The calorimetric responses of sodium aluminate activated GGBS and BA can be 

described by coupled reaction degree of two reactants as follow.  

α = Pα1+(1-P)α2 (4-2) 
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Where α1 and α2 are the reaction degrees of GGBS and BA at time t, respectively; P is 

the weight percentage of GGBS in the matrix. 

However, the heat release from the calorimeter exhibits different mechanism-

controlled reaction kinetics from the diffusion controlled reaction kinetic. To describe the 

reaction process of sodium aluminate activated GGBS and BA, a reaction grade N was 

introduced into the Ginstling-Brounshtein equation. Then this empirical equation can be 

expressed as follows:  

kt = [1-
2

3
α-(1-α)

2
3]

N

 (4-3) 

Where k is the diffusion coefficient of SAASB. Then the linear forms are: 

1

N
ln k + 

1

N
ln t = ln [1-

2

3
α-(1-α)

2
3] (4-4) 

Thermodynamic modelling 

The CNASH model proposed by Myers et al. [175] was used in the chapter to simulate 

the main reaction product of NaAlO2 activated GGBS/BA. In the calculations of Myers et al., 

Fe was neglected due to low content in the slag. In this chapter, a small amount of ferro-

glaucophane (iron-containing phase) was observed originating from Fe in the raw BA. It was 

applied in thermodynamic modelling. Simultaneously, the dawsonite was also detected in the 

drying sample after hydration stoppage. So, the dawsonite was also introduced in the modelling 

part. Further discussion will be presented in Section 4.3.3. 

The phase compositions as determined in XRD (dawsonite, zeolite A, and ferro 

glaucophane) are introduced in the modelling. The thermodynamic properties of these end 

members are needed to supplement the database of C(N)−A−S−H by Myers et al. [175]. Table 

4.5 presents the thermodynamic properties of the end members used in the modelling 

simulations.  

The thermodynamic modelling for BA0 ~ BA25 was carried out in O2 (1g) and CO2 

(1g) atmosphere at 20 ℃, 1 bar using GEM-Selektor V3 (https://gems.web.psi.ch/). The 

thermodynamic database as described in [196], is based on an updated version of CEMDATA 

18.1. The GEM-Selektor was used for thermodynamical simulation of alkali activated slag, 

and the findings were in good agreement with the experimental data. In the NaAlO2 activated 

slag system, the effect of bottom ash may therefore be further examined.  

In thermodynamic modelling, the dissolution of slag was assumed that SiO2, CaO, 

Al2O3, MgO, Fe2O3, H2S, and K2O were employed in normalized amounts without TiO2 and 

Cl. Because the amounts of TiO2 and Cl are very limited. Similarly, the Na2O, SiO2, CaO, 

https://gems.web.psi.ch/
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Al2O3, MgO, Fe2O3, H2S, and K2O were employed in normalized amounts of bottom ash 

without P2O5 and Cl. 

Table 4.5 Thermodynamic properties of the end members were used in the thermodynamic 

modelling simulations. The reference state is 298.15 K and 1 bar. 

End member 

𝑉0 ∆𝑓𝐺0 ∆𝑓𝐻0 𝑆0 𝐶𝑝
0 

Ref 

[cm3/mol] [kJ/mol] [kJ/mol] [J/mol] [J/mol] 

5CA 57.3 −2491 −2293 163 177 [175] 

INFCA 59.3 -2551 -2343 154 181 [175] 

5CNA 64.5 −2569 −2382 195 176 [175] 

INFCNA 69.3 −2667 −2474 198 180 [175] 

INFCN 71.1 −2642 −2452 186 184 [175] 

T2C 80.6 −2721 −2465 167 237 [175] 

T5C 79.3 −2780 −2517 160 234 [175] 

TobH 85.0 −2831 −2560 153 231 [175] 

M4A-OH-LDH 21.9 -6358 -7160 549 648 [175] 

M6A-OH-LDH 30.5 -8023 -9007 675 803 [175] 

M8A-OH-LDH 39.2 -9687 -10853 801 958 [175] 

NaAlCO3(OH)2 (Dawsonite) 58.5 -1786 -1964 132 142 [193] 

Zeolite 4A 3913.6 -18716 -197840 35810 12490 [194] 

Ferro glaucophane 272.5 -220.5 -320.7 541.2 643.9 [195] 

One-stage batch leaching test  

The batch leaching tests were performed with demineralized water on material with a 

particle size < 4 mm and at the L/S-ratio of 10 l/kg (EN12457 part 2) [197]. In both the one-

stage batch leaching tests, the contact time between the solid material and the leachate was 24 

hours. After the leaching test, the eluate was filtered through a 0.45 μm filter and analyzed for 

a wide range of parameters. 

For each test material, 20 eluates were obtained. In total 60 eluates were analyzed for 

a broad spectrum of the parameter using inductively coupled plasma-optical emission 

spectrometry (ICP-OES). All the eluates were analyzed for Ca, K, Na, Ba, Mg, As, Cd, Cr, Cu, 

Ni, Pb, Zn, Al, and Mo. The Cl and SO4 were analyzed by Ion Chromatography (IC) 
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4.3  Results and discussion 

4.3.1  Evaluation of hardened pastes 

4.3.1.1 X-ray diffraction 

Fig. 4.2 presents the XRD patterns and phase assemblages of SAASB samples cured for 7 and 

28 days, with different proportions of BA. It can be seen in Fig. 4.2(a), that the reaction 

products are not obvious at 7 days. The presence of gibbsite is mainly due to the extra Al(OH)
4

-
 

(from activator). Combined with Fig. 4.2(c), the gibbsite content decreases with the increase 

of BA incorporation. However, the meionite (Ca4Al6Si6O24CO3 #PDF 00-014-0191) and 

dawsonite (NaAlCO3(OH)2 #PDF 00-014-0191) gradually increase with the BA contents in the 

matrix. Because the carbonate ions are mainly from BA, which can promote the formations of 

meionite and dawsonite in an Al-rich alkaline environment [198,199]. Nevertheless, it should 

be noted that there is also a possibility that the dawsonite is formed during the drying process 

of hydration stoppage [193]. Because the elevated temperature and free CO2 in the drying oven 

can transfer gibbsite to dawsonite. This will be further explained in section 4.3.3. 

Simultaneously, the increase of BA quantity in BA0 ~ BA25 leads to the rising contents of 

akermanite (Ca2Mg[Si2O7]), calcite (CaCO3), and magnetite (Fe3O4), and quartz (SiO2) in the 

activated matrix. These are all from unreacted BA phases The wuestite from raw BA powder 

only has a very small proportion in the activated matrices, which can be neglected. 

Fig. 4.2(b) illustrates the reaction products of SAASB at 28 days. The assemblage of 

the phases at 28 days is exhibited in Fig. 4.2(d). The presence of zeolite A (Na12Al12Si12O48 

27H2O #PDF 00-011-0590) indicates that the large amounts of Na+ and Al(OH)
4

-
 from 

activator react with Si(OH)4  dissolved from GGBS. As shown in Fig. 4.2(d), zeolite A is 

slightly promoted by the incorporation of BA in the matrix. The higher Al/Si ratio in the matrix 

increases the zeolite A formation [200]. The Al is mainly from NaAlO2 activator and the Si 

mainly dissolving from slag. So, the higher BA (less Si from slag) relatively increases the Al/Si 

ration in the pore solution. The hydrotalcite (Mg6Al2CO3(OH)16 4H2O #PDF 00-014-0191) 

declines with the higher incorporation of BA. The more Mg2+ dissolved from slag particles 

reacts with extra Al(OH)
4

-
 (from activator), the more hydrotalcite can be generated. Besides, 

the content of ferro-glaucophane (Na2Fe3Al2Si8O22(OH)2) increases with the BA additions. It 

is due to the iron rich content in the BA, participating in the reaction process. Only small 

amounts of ferro-glaucophane can be observed lower than 0.3 wt.% among the pastes. In 

addition, the calcite (CaCO3) is from both GGBS and BA, while the quartz (SiO2), magnetite 

(Fe3O4), and akermanite (Ca2Mg[Si2O7]) are from BA as mentioned above. These phases 

increase with the BA proportions in the matrix as well. 
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4.3.1.2 Thermogravimetric analysis 

The results of thermogravimetric analysis (TGA) for the BA pastes at 7- and 28-day 

are illustrated in Fig. 4.3 ranging from 40 to 1000 ℃. The mass loss of SAASB at 7 days in 

Fig. 4.3(a) and (b) shows that a higher content of BA leads to a higher moisture loss water in 

BA ranging from 40 ~ 200 ℃ [183]. Because the BA stays unreacted in the initial 7 days. The 

second largest peaks within 200 ~ 400 ℃ are attributed to dawsonite and gibbsite at 7 days. 

The broad peak of dawsonite shows at 320 ℃ [201–203]. At the same time, the decomposed 

peak of the gibbsite appears at around 300 ℃ [204]. The gibbsite is formed because of extra 

(a) (b) 

  

(c) (d) 

  

Fig. 4.2 XRD pattern of SAASB at (a)7 days and (b)28 days. The quantitative XRD 

results of SAASB at (c)7 days and (d)28 days. 
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aluminate from the activator. The higher content of BA in the SAASB results in elevated 

content of organic matter at around 500 ℃ as well [183]. The thermally decomposed peak of 

calcium carbonates exhibits at 700 and 800 ℃ [18]. Those calcium carbonates mainly originate 

from raw BA materials. Generally, those results are in line with QXRD at 7 days. 

(a) (b) 

  

(c) (d) 

  

Fig. 4.3 Mass loss of SAASB at (a) 7; (c) 28 days. DTG of SAASB at (b) 7; (d) 28 

days. 

It can be seen from Fig. 4.3(c) and (d) that the decomposition of gels at 28 days within 

100 ~ 300 ℃. Simultaneously, the decomposition of zeolite A is overlapped by the 

decomposition of C(N)−A−S−H ranging from 100 to 300 ℃. It is worth noting that with the 

higher content of zeolite A in the matrix from BA0 to BA25, the first peak shifts to a slightly 

higher temperature. It is in line with the QXRD results at 28 days. The distinct peaks of 

hydrotalcite, namely layered double hydroxides (LDHs), can be observed. The first peak of 
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LDHs shows at around 250 ℃ representing the first decomposition of bound water in the LDHs. 

The second peak of LDHs shows at around 380 ℃ representing the decomposition of anions 

in the interlayer. The hydrotalcite content declines with elevated BA incorporation in SAASB. 

It is because that a lower slag content leads to less Mg2+ dissolution in the pore solution. 

Therefore, less hydrotalcite can be formed. Furthermore, it can be seen from Fig. 4.3(d) that 

the second peak of LDHs shifts to the lower temperature with the higher BA incorporation. It 

is associated with a slightly different ratio of OH-/CO3
2- in the interlayer of LDHs [205]. LDHs 

with a higher ratio of OH-/CO3
2- tends to decompose at a lower temperature. So, there are more 

OH- intercalated LDHs with the higher BA incorporation. Because BA particle are less reactive 

than slag particle in the alkaline environment. The higher BA in the SAASB consumes less 

OH-  to dissolve the slag particle. Consequently, more OH-  can participate in the LDHs 

formation. 

4.3.1.3 Pore structure 

Fig. 4.4 shows the pore size distribution of SAASB pastes at 28 curing days by nitrogen 

sorption test. From the nitrogen sorption test, the curves show that the pores distribute in the 

range of 2-200 nm, which consists of the gel pores (< 10 nm) and capillary pores (> 10 nm) 

[206].  

(a) (b) 

  

Fig. 4.4 Pore size distribution of SAASB pastes at 28 days (a) Incremental volume; (b) 

Cumulative volume. 

Fig. 4.4(a) illustrates the incremental pore volume of SAASB pastes. There are two 

hump peaks of the pore at 6 and 9 nm among SAASB samples. It is associated with the intrinsic 

pores of C(N)−A−S−H gels. Their pore volume increases with the BA content in the matrix. 

Because less gel formation leads to higher pore volume, which is in line with the TGA results 

in Section 4.3.1.2. Also, there is a broad peak centered at 40 nm among SAASB samples, 

spanning the range from 10 to 50 nm. It is due to the overlapping of C(N)−A−S−H gels 
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resulting in a porous network at capillary pores scale [207]. The volume of capillary pores 

increases with an elevated BA content owing to less gel growing to intertwine and getting 

crosslinked to fill the capillary pores [207]. 

Fig. 4.4(b) exhibits the cumulative pore volume of SAASB pastes. The cumulative 

volume of BA0 shows the lowest pore volume, and the pore volume increases with higher BA 

content (shown in Table 4.6). It is related to the reaction products of C(N)−A−S−H gels as 

mentioned above. It is consistent with variations of amorphous content in QXRD and TGA 

(Section 4.3.1.1). Simultaneously, the average pore diameter increases with BA content as well 

(shown in Table 4.6). Because the lower C(N)−A−S−H gel formation leads to a larger porosity 

by gel overlapping at capillary pores scale within higher BA matrices as mentioned above. 

Table 4.6 The average pore diameters and total pore volumes (between 1.7 ~ 300 nm) of the 

samples. 

Samples Average pore diameter (nm) Total pore volume (cm3/g) 

BA0 16.1 0.09 

BA5 17.0 0.09 

BA10 17.8 0.10 

BA15 18.2 0.10 

BA20 18.6 0.11 

BA25 19.6 0.12 

 

4.3.1.4 Mechanical property 

Fig. 4.5 illustrates the compressive and flexural strengths of SAASB mortars at 7, 28, 

and 56 days. It is obvious to see that the elevated BA proportions result in the lower 

compressive and flexural strengths of mortars. For the BA0 sample, the compressive strength 

is 2.7 ± 0.1 MPa at 7 days, and it increases to 32.1 ± 1.7 MPa and 38.8 ± 0.4 MPa at 28 days 

and 56 days, respectively. The flexural strength is 0.6 ± 0.1 MPa at 7 days, and it increases to 

4.7 ± 0.1 MPa and 5.7 ± 0.1 MPa at 28 days and 56 days, respectively. The dramatic increases 

(from 7 to 28 days) of mechanical properties are due to the formation of C(N)−A−S−H gels at 

around 20 days developing a dense microstructure. After 28 days, the reaction of the sample 

turns to a stable reaction stage, so less development of mechanical property can be observed. 

For BA5 ~ BA25 samples, the development of mechanical property shows the same trend as 

BA0. Besides, the mechanical properties decline with higher BA incorporation. Because the 

BA incorporation decreases the final amorphous gel formation (in line with TGA and 

modelling results) leading to less refined microstructure (in line with N2 sorption results). 
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(a) (b) 

  

Fig. 4.5 Mechanical properties of SAASB mortars at specific curing days (a) 

compressive strength; (b) flexural strength. 

4.3.1.5 Leaching behavior 

Table 4.7 shows the PTEs, sulfates, and chlorides from the SAASB pastes are lower 

than the limits. The limits are established by Dutch Soil Quality Regulation [186] as mentioned 

in Section 4.2.1 about the approval of the inorganic parameters' emission standards. 

It can be seen from Section 4.2.1 that the components in the BA above the limits are 

Cu, Sb, Cl
-
, and SO4

2-. However, the leaching of Cu and Sb in all SAASB pastes are lower than 

the limits. The leaching of Cu and Sb increase with the higher BA input in the SAASB pastes. 

The input waste BA are the main factor influencing the leaching of Cu and Sb. On the other 

hand, the C(N)−A−S−H gels content has the ability to bind heavy metals [208]. From the TGA 

and modelling results, the gel formation from BA0~BA25 shows a declining trend. Thus, the 

heavy metal binding capacity decreases with the BA incorporation. Besides, the LDHs 

formation can bind heavy metal ions as well [209]. 

The leaching of Cl
-
 and SO4

2- show a similar trend with Cu and Sb. They are lower than 

the limits but increase with BA proportions in the matrix. The leaching patterns of Cl
-
 and SO4

2- 

are governed by the solubility control mechanism [210]. Thus, the available Cl
-
 and SO4

2- will 

leach in the aqueous environment along with the gradient of concentration which is less pH 

dependent [210]. 
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Table 4.7 28 days leaching of SAASB. 

Elements (mg/L) BA0 BA5 BA10 BA15 BA20 BA25 Limit 

Al 36.923 38.761 45.445 47.186 7.364 33.604 - 

B 0.676 0.770 0.878 0.872 0.955 1.050 - 

Ba 0.003 0.003 0.005 0.006 0.003 0.003 22 

Cu 0.000 0.021 0.057 0.061 0.054 0.132 0.9 

Fe 0.109 0.162 0.225 0.248 0.040 0.186 - 

Ga 0.046 0.049 0.054 0.056 0.011 0.048 - 

Li 0.057 0.059 0.051 0.048 0.043 0.040 - 

Mg 0.017 0.009 0.010 0.008 0.007 0.004 - 

Mo 0.010 0.054 0.107 0.109 0.161 0.254 1 

Sb 0.001 0.002 0.005 0.013 0.018 0.022 0.32 

Se 0.090 0.074 0.071 0.032 0.032 0.069 0.15 

Sr 0.114 0.102 0.095 0.089 0.075 0.055 - 

V 0.112 0.102 0.115 0.122 0.040 0.140 1.8 

Zn 0.001 0.002 0.009 0.011 0.003 0.002 4.5 

Cl- 26.7 31.7 41.2 49.7 49.8 63.3 616 

SO2-4 274 308 337 341 352 393 1730 

To compare the 28-day leaching results and prediction by thermodynamic modelling, 

the following calculation can be performed. First of all, the elements input from SAASB pastes 

should be determined. As mentioned, the exact amount of PTEs, sulfates, and chlorides inputs 

from the raw GGBS and MSWI BA can be calculated based on the leaching of raw materials 

(shown in Table B4). The Cu, Mo, Sb, sulfates, and chlorides are selected because their 

leaching results are close or higher than the legislation limit. Then, these elements and ions in 

the SAASB pastes can be calculated as follow: 

EleBinder = EleGGBS∙
MGGBS

MGGBS+BA+water+NaAlO2

+ EleBA∙
MBA

MGGBS+BA+water+NaAlO2

 
(4-

5) 
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Where EleBinder is the toxic elements input from SAASB pastes; EleGGBS and EleBA 

are the elements input from raw GGBS and BA, respectively. MGGBS , MBA , and 

MGGBS+BA+water+NaAlO2
 are the weight percentages of GGBS, BA, and SAASB pastes, 

respectively. The toxic elements input in SAASB are calculated listing in Table 4.8. 

Table 4.8 Elements (Cu, Mo, Sb, Cl-, SO
2-

4 ) can be leached out from SAASB. (mg/ g paste). 

Elements input from SAASB 

(mg/g paste) 
BA0 BA5 BA10 BA15 BA20 BA25 

Cu 0.00001 0.00035 0.00070 0.00104 0.00138 0.00172 

Mo 0.00004 0.00027 0.00050 0.00073 0.00096 0.00119 

Sb 0.00004 0.00016 0.00029 0.00041 0.00054 0.00066 

Cl- 0.22921 1.27972 2.33023 3.38074 4.43125 5.48175 

SO4
2- 0.98143 3.24451 5.50759 7.77067 10.03375 12.29683 

Table 4.9 Comparison between 28 days leaching of SAASB and modelled prediction. 

Elements 

(mg/L) 

BA0 BA5 BA10 BA15 BA20 BA25 

Exp.* Pre.** Exp. Pre. Exp. Pre. Exp. Pre. Exp. Pre. Exp. Pre. 

Cu 0 0 0.021 0 0.057 0 0.061 0 0.054 0 0.132 0 

Mo 0.010 0 0.054 0 0.107 0 0.109 0 0.161 0 0.254 0 

Sb 0.001 0 0.002 0 0.005 0 0.013 0 0.018 0 0.022 0 

Cl- 26.7 0 31.7 0 41.2 108 49.7 226 49.8 310 63.3 432 

SO4
2- 274 0 308 0 337 0 341 116 352 221 393 549 

Exp.* = experiment results 

Pre.** = modelled prediction results 

Combining the leaching data in Table 4.8 with the 28-day absorption capacity 

prediction from Fig. 4.11 in Section 4.3.3.2, the leaching results by modelled prediction can be 

calculated as follow: 

Leaching
Prediction

 = (EleBinder − Eleabsorption×1000) ÷ 0.01 (4-6) 
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Where the Leaching
Prediction

 is the final leaching results of modelled prediction (mg/L). 

EleBinder is the toxic elements input from 28-day SAASB pastes (mg/ g paste). Eleabsorption is 

the 28-day absorption capacity of toxic elements (g/g paste) by the calculation of modelled 

prediction in Fig. 4.11. The 0.01 in the equation represents 0.01 L of water when doing the 

leaching test. It is worth noting that the leaching test is performed by 1g SAASB paste and 10 

g deionized water as mentioned in Section 4.2.3. The detailed validation of the modelling is 

discussed in Section 4.3.3. 

The comparison between 28-day leaching of SAASB and modelled prediction are 

listed in Table 4.9. From the comparison, all the leaching predictions of toxic elements are 

close to the experimental results, and the errors are within 1 order of magnitude as well. 

4.3.2  Reaction kinetics  

4.3.2.1 Isothermal calorimetry analysis 

Previous studies reported the reaction heat flow of sodium hydroxides activated slag 

intensively [21], the induction period finished within the initial 10 hours. The acceleration and 

deceleration periods were associated with a high heat release from the nucleation, growth, and 

precipitation of the reaction products [211]. While the sodium aluminate activated slag showed 

a long induction time due to the relatively lower pH value compared to sodium hydroxides 

[18]. In this chapter, different percentages of BA replaced the GGBS in the matrix, to 

investigate the role of MSWI BA in terms of reaction kinetics using isothermal calorimetry. 

Fig. 4.6 illustrates the 28-day normalized reaction heat flow, cumulative reaction heat release, 

time to reach the second exothermic peak (TSP), second peak height (SPH), and the time to 

reach the third exothermic peak (TTP), and the third peak height (TPH). 

As can be seen in Fig. 4.6(a), all the TSP and TTP show the obvious retardation, also, 

the SPHs and TPHs decrease remarkably with the higher substitution of BA in the SAASB 

system. The initial dissolution (Ⅰ) time was associated with the heat released during the initial 

1h, which was due to the dissolution of GGBS. The higher BA contents postpone the initial 

dissolution time. The metastable period (Ⅱ) appears between 1 to 10h among the samples. 

Fig. 4.6(a) illustrates that the higher BA contents lead to the delay of TSP. The SPH is associated 

with gibbsite formation, which is a metastable phase [18,212]. The gibbsite will be 

incorporated into phases like C(N)−A−S−H, zeolite, LDHs, etc. during the further reaction 

process. The metastable period is a unique reaction period differing from the other activators, 

e.g. sodium hydroxides, and sodium silicate. Subsequently, the duration of the induction 

period (Ⅲ) is longer than 461.98 hours. In this period, the high aqueous Al in the pore solution 

hinders the dissolution of Si from GGBS. Thus, the geopolymerization process delays reflect 

in Fig. 4.6(b). The normalized cumulative heat release stays at a low value (< 40 J/g) before 

450 hours among the SAASB samples. In the meantime, the gel layer (from the reaction 

between aluminates and silicates) wraps the GGBS and BA grains resulting in the barrier 

between the anhydrous and aqueous phases. The higher additions of BA postpone the induction 

times because the finer BA grains adhere to the surface of GGBS grains, obstructing the contact 

between activator and amorphous oxides. 
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(a) (b) 

  

(c) 

 

Fig. 4.6 (a) Normalized reaction heat flow of SAASB; (b) Normalized cumulative heat 

of SAASB; (c) TSP, TTP, SPH, and TPH of SAASB. the evolution area and the representative 

vertical dividing lines are shown for BA0. 

The induction stage is followed by the acceleration/deceleration period (Ⅳ), ranging 

from 461.98 to 734.71* hours (* is by linear fitting) among the SAASB pastes. The t4 of BA20 

and BA25 is linear fitting by BA content and evolution time (shown in Table 4.11). The TTP 

and TPH of samples appear in this period. The TTP of BA0 to BA25 are 506h, 549h, 574h, 

603h, 618h, 642h, and later than 666h, respectively. The BA25 shows a 26.8% delay of TTP, 

which is due to the large content of BA. The BA has relatively lower reactivity than GGBS, 

the dissolved ions from BA are slower than that from GGBS, thereby it causes a long delay in 

terms of TSP. The remarkable decrease in TPH is also attributed to the higher BA content, the 

GGBS provides the main reaction heat release, thus lower proportions of GGBS lead to lower 

TPHs. Meanwhile, the pore structure mainly evolves in this period, improving the mechanical 
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properties [213]. Thus, the earlier this period starts, the improved mechanical properties can 

be obtained. It is in line with Section 4.3.1.4. The stable reaction period (Ⅴ) is the slow 

reaction stage showing after 550.99 hours among samples. And the starting time of a stable 

reaction period is delayed by elevated BA participation as well. The gradual reduction of heat 

release represents the reaction process converts to the slow-reaction-rate stage. 

4.3.2.2 Quantification of reaction degree of NaAlO2 activated slag 

Based on the cumulative heat release, the reaction degree of SAASB can be calculated 

as follow. 

α(t)= 
Q(t)

Q
max

 (4-7) 

Where Q(t) is the cumulative heat release at time t, and Q
max

 is the total heat release. 

Combining the selective dissolution and calorimeter heat release at 28 days yielded the total 

heat release. Table 4.10 presents the computed outcomes. In comparison to the previously 

published value of 461 J/g slag [214], the computed total heat release is lower. The relatively 

low heat release by NaAlO2 activation have also been reported elsewhere [18].  

Table 4.10 The residue and reaction degree of SAASB at 28 days. The cumulative heat release 

at 28 days and total heat release of SAASB. 

Sample Residue (g)  α  Q (J/g binder) Qmax (J/g binder) 

BA0 0.69 0.31 127.7 413.2 

BA5 0.69 0.31 118.3 384.0 

BA10 0.72 0.28 114.6 407.7 

BA15 0.75 0.25 111.0 438.9 

BA20 0.75 0.25 101.8 405.5 

BA25 0.76 0.24 93.6 393.3 

The reaction degrees of SAASB are illustrated in Fig. 4.7. It suggests a fast reaction 

process after 400 hours among all samples. It will be further discussed in Section 4.3.3.  
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Fig. 4.7 Reaction degree of SAASB as a function of time. The curves were calculated 

by cumulative heat release and Eq. (4-7). 

The heat evolution rate curve has indicated five reaction stages as discussed in Fig. 4.6 

in Section 4.3.2.1. As seen in Fig. 4.8, the linear relationships between ln[1-2α/3-(1-α)2/3] and 

ln t are regressed at each reaction stage. The slope and intercept of linear regression represent 

1/N and 1/N ln k, respectively. For each reaction stage, the reaction grade (N) and reaction rate 

parameter (k) are calculated as listed in Table 4.11. 

Subsequently, the reaction degree of GGBS and BA need to be computed by coupling 

with the calorimeter results. The reaction degree of slag (α1) at initial dissolution, metastable 

stable period, and induction period can be calculated by coupling with the second peak height 

(SPH) of samples and BA0 (pure slag system) as follow: 

α1=
α

P
∙
SPHBA sample

SPHBA0

 (4-8) 

Where P is the percentage of slag in the matrix, the SPHBA sample is the second peak 

height of BA samples, and SPHBA0 is the second peak height of BA0. Then the reaction degree 

of BA (α2) can be calculated by Eq. 4-2. 
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Fig. 4.8 Linear fits applied to ln[1-2α-(1- α)2/3] versus lnt for SAASB. (x1,y1), (x2,y2), 

(x3,y3), (x4,y4), and (x5,y5) represent initial dissolution period, metastable period, induction 

period, acceleration/deceleration period, and stable reaction period, respectively. The 

fittings of BA20 and BA25 at the stable stage are shown in Appendix Fig. B1 and Table B3. 
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At the same time, the reaction degree of slag (α1) at acceleration/deceleration period 

and stable reaction period can be calculated by coupling with the third peak height (TPH) of 

samples and BA0 (pure slag system) by Eq.4-7: 

α1=
α

P
∙
TPHBA sample

TPHBA0

 (4-9) 

Where P is the percentage of slag in the matrix, the TPHBA sample is the third peak height 

of BA samples, and TPHBA0 is the third peak height of BA0. Then the reaction degree of BA 

(α2) at stable reaction period can be calculated by Eq. 4-2.
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4.3.3  Thermodynamic modelling  

4.3.3.1 Modelled reaction process as a function of time 

Fig. 4.9 exhibits the modelled reaction process of SAASB as a function of time 

analyzing the influence of BA on the chemical and mineralogical composition assemblages. It 

can be seen that a dramatic increase of reaction products appears around 20 days among the 

samples, which is assigned to the acceleration/deceleration period of NaAlO2 activation. 

During the period, the anhydrous phases of SAASB are progressively consumed and 

C(N)−A−S−H gel, hydrotalcite, and zeolite are the main reaction phases formed. Notably, no 

dawsonite phase forms along the reaction process. The calculation of Gibbs free energy implies 

that the Na and Al are taken by the formation of zeolite A. It may be assumed that a large 

amount of dawsonite is formed during the hydration stoppage process. It is transferred from 

the gibbsite combined with CO2 in the drying oven [193]. 

Notably, no C(N)−A−S−H gel is detected by TGA at 7 days, but it exists in the samples 

at 28 days, in conformity with the modelling results presented in Fig. 4.9. Simultaneously, the 

formation of C(N)−A−S−H gel decreases with the BA incorporation at 28-day modelling 

results. Because the higher BA replacement decreases the reaction rate as proved in heat release 

flow.  

Fig. 4.10(a) plots the modelled amounts of hydrotalcite with QXRD results as a 

function of time. For 7-day SAASB pastes, there is a small amount of hydrotalcite formation 

in the modelled results. However, no hydrotalcite is detected by XRD at 7 days. It is probably 

that the low content of hydrotalcite in samples is too weak to be detected. Notably, hydrotalcite 

is clearly evident by XRD at 28 days, and the comparisons show good agreements between the 

modelled results and measured ones at 28 days. The hydrotalcite formation slightly decreases 

with the increased BA content. It is associated with relatively lower dissolved Mg2+ from slag 

resulting in less hydrotalcite formation. 

Similarly, Fig. 4.10(b) illustrates the modelled amounts of zeolite A with QXRD results 

as a function of time. The comparisons show that modelled results are higher than the measured 

ones at 7 and 28 days. For 7 days, a limited amount of zeolite A is observed in XRD, while no 

zeolite A is fitted in QXRD. However, the modelled results illustrate around 2 wt.% of zeolite 

A among the samples. Because the reprecipitated Al layer on the slag or BA surface postpones 

Al(OH)
4

-
 (from activator) reacting with Si(OH)4 (from GGBS). This is not considered in the 

modelling simulation. Consequently, the reaction process of modelling simulation is slightly 

faster than the reality. Thus, the content of zeolite A is slightly overestimated in the modelling 

simulation. Also, the 28-day comparison shows a similar trend, the modelled results are slightly 

higher than the measured ones. However, the higher percentages of BA in the activated matrix 

promote the zeolite A formation as predicted in the modelling simulation. It is in line with the 

QXRD results. 

Regarding gibbsite formation in QXRD results, the content of dawsonite has been 

converted to the same molar weight of gibbsite. Because the dawsonite is transferred from the 
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gibbsite at early reaction age (before acceleration/ deacceleration period) during the hydration 

stoppage process. Fig. 4.10(c) shows the modelled amounts of zeolite A with QXRD results as  

  

  

  

Fig. 4.9 Thermodynamic modelling of SAASB (a) BA0; (b) BA5; (c) BA10; (d) BA15; 

(e) BA20; (f) BA25. The predictions in BA20 and BA25 are originated from the fittings in 

Table 4.11 in terms of stable reaction period. 
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a function of time. As mentioned above, the reprecipitated Al layer on the slag or GGBS surface 

will not participate in the early reaction process. Thereby, less available Al in the real 

experiment decreases the total gibbsite formation compared to the modelled results at 7 and 28 

days. For the 7-day comparison, the higher content of gibbsite formation shows in lower BA 

replacement samples both in the modelled results and measured ones. The elevated BA 

replacement slightly decreases the pH value of pore solution, then less gibbsite formation can 

be observed. It is in line with the leaching pH of raw materials, the pH of GGBS leachate is 

higher than that of BA. For 28-day comparisons, the modelled results are lower than 1wt.% 

and no gibbsite is identified in QXRD results. A large amount of gibbsite redissolves to 

Al(OH)
4

-
 and reacts with Si(OH)4, Ca2+, and Na+ to form C(N)−A−S−H. At the same time, 

hydrotalcite and zeolite formation also consume the redissolved Al(OH)
4

-
 from gibbsite. 

(a) (b) 

  

(c) 

 

Fig. 4.10 Comparison between thermodynamic modelling and QXRD results. 
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4.3.3.2 Prediction of heavy metal ions binding capacity as a function of time 

Based on the leaching of raw materials, the exact amount of PTEs, sulfates, and 

chlorides inputs from the raw GGBS and MSWI BA can be calculated (shown in Table B4). 

Only Cu, Mo, Sb, sulfates, and chlorides are selected. Because these ions are higher or closer 

to the legislation limits as described in Section 4.2.1. Three phases (C(N)−A−S−H, hydrotalcite, 

and zeolite A) in our study can efficiently absorb PTEs, chlorides, and sulfates. The leaching 

prediction of SAASB is based on the immobilizing capacity of the phases. The elements (Cu, 

Mo, Sb, Cl-, SO
2-

4 ) can be immobilized by different phases are listed in Table 4.12. But limited 

literature about the exact uptake of chloride and sulfate ions is available. 

Table 4.12 Elements (Cu, Mo, Sb, Cl-, SO
2-

4 ) can be immobilized by different phases.  

 C(N)−A−S−H Ref Hydrotalcite Ref Zeolite A Ref 

Cu 8.9~10.7 wt.% [215] 10.8 wt% [216] 34.2 wt.% [217] 

Mo - [218,219] 0.9 wt% [220] 1.8 wt. % [221] 

Sb 0.03 wt.% [222] 0.9~1.8 wt.% [223] 0.6 wt.% [224] 

Cl- 0.1~1 wt.%. [225,226] 2.0 wt.% [227] - - 

SO2-

4  3.4 wt.% [226] 9.3~13.5 wt.% [228] - - 

Fig. 4.11 illustrates the PTEs, sulfates, and chlorides binding capacity per gram 

SAASB pastes by thermodynamic modelling as a function of time. In general, the predicted 

binding capacity grows with the formation of reaction products in line with the curing ages. 

Meanwhile, the absorption capacity reaches earlier to its maximum value with the increasing 

content of BA in the SAASB pastes. It is associated with the consumption of GGBS in the 

activation process [163]. The lower GGBS dosage leads to a low rate of the reaction at the 

early stage. Simultaneously, BA contributes limited reaction product formation at the final state 

due to its low reactivity.  

As can be seen, the uptake of Cu shows the highest efficiency along with the curing 

ages in all scenarios. At the beginning 20-day curing period (Fig. 4.11), the limited uptake of 

Cu is due to the low C(N)−A−S−H and zeolite A formation. Notably, the zeolite A primarily 

contributes the Cu absorption by modelling prediction. Because the cage of zeolite A can 

absorb Cu ion significantly [229]. The remarkable increase of Cu absorption capacity shows 

after the acceleration/deceleration period. It is associated with the elevated C(N)−A−S−H gel 

formation. The C(N)−A−S−H gels mainly take charge of the Cu absorption in the long-term 

reaction stage. Besides, the higher slag content (BA0~BA25) in the matrix promotes the 

formation of C(N)−A−S−H gels. Thus, the higher Cu absorption capacity can be observed with 

higher slag participation.  
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Fig. 4.11 PTEs, sulfates,  and chlorides binding capacity of per gram paste by 

thermodynamic modelling as a function of time (a) BA0; (b) BA5; (c) BA10; (d) BA15; (e) 

BA20; (f) BA25. 

The Sb absorption by SAASB pastes also exhibit satisfactory performance as a 

function of time. The higher slag content shows higher Sb uptake, which is associated with 
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higher hydrotalcite formation. Because hydrotalcite performs as the primary Sb uptake phase 

[223]. The Sb absorption capacity also increases with the hydrotalcite formation along the 

curing ages. 

The sulfates and chlorides absorption by SAASB pastes also exhibit increasing trend 

as a function of time. The BA0 shows the highest sulfates and chlorides absorption capacity 

among the SAASB pastes. Because the highest content of hydrotalcite can physically and 

chemically absorb sulfates and chlorides ions in BA0 [18]. The C(N)−A−S−H gel formation, 

increasing with curing ages, also marginally contributes to the physical absorption of sulfates 

and chlorides ions. 

Limited Mo absorption can be observed in all cases (shown Fig. 4.11). The leaching of 

Mo is more sensitive to the pH environment than the formation of reaction products [210]. 

Simultaneously, the leaching of Mo is related to the precipitation of CaMoO4 [230]. Thus, the 

amount of available Ca2+ is important to influence the Mo precipitation as well. 

4.4  Conclusions 

This paper provides a thorough analysis of sodium aluminate activated slag MWSI 

bottom ash (SAASB). The waste solids are characterized. The impact of bottom ash on early 

age reaction, gel chemistry, and microstructure are identified. Moreover, the thermodynamic 

modelling of SAASB is conducted by coupling colorimeter and selective dissolution. Based 

on the findings, the following conclusions can be drawn: 

• Higher bottom ash content promotes the zeolite A formation in SAASB because of 

the increased Al/Si ratio in the matrix. While hydrotalcite formation decreases with 

increased bottom ash incorporations due to less Mg2+ in the pore solution. The 

reaction study by calorimeter reveals the metastable period of SAASB. It is 

associated with gibbsite formation, a metastable phase, at a very early reaction stage. 

It can be detected at 7 days but disappears after 28 days. Simultaneously, the bottom 

ash delays the reaction process of SAASB.  

• Bottom ash negatively influences the development of microstructure, which is 

associated with less C(N)−A−S−H formation. This results in the decreased strength 

of the matrix.  

• The heavy metal leaching complies with Dutch legislation, demonstrating the 

feasibility of utilizing NaAlO2 activation of slag and bottom ash. The leaching 

prediction of toxic elements are close to the experimental results, and the error are 

within 1 order of magnitude. 

• Compared to experimental results, the thermodynamic modelling results slightly 

overestimate the phase content but within 1 order of magnitude. The predicted heavy 

metal ions binding capacity of the matrix shows that the uptake of Cu is related to 

C(N)−A−S−H formation, while the binding capacity of Sb, sulfates, and chlorides 

increases with the hydrotalcite formation along the curing ages. 
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Chapter 5  In-situ formation of layered double hydroxides in MgO–

NaAlO2-activated GGBS/MSWI BA: Impact of Mg2+ on reaction 

mechanism and leaching behavior 

 

 

 

 

 

Leaching problems of municipal solid waste incineration bottom-ash (MSWI BA) have 

been extensively reported in the literature. The outstanding heavy-metal-ion binding capacity 

of layered double hydroxides (LDHs) can potentially address this problem. This chapter aimed 

to investigate the in-situ formation of Mg–Al LDHs in MgO–NaAlO2-activated ground 

granulated blast-furnace slag (GGBS) and BA blends, and the evolution of pH, ions, reaction 

products, microstructure, strength, and leaching behavior were characterized. The results 

indicate that the formation of Mg–Al LDHs is promoted using a higher MgO/NaAlO2 molar 

ratio, which improves the heavy-metal-ion binding capacity. Al(OH)
4

–
 reacts with extra Mg2+ 

ions rather than Ca2+ ions to preferentially form Mg–Al LDHs over Ca–Al LDHs. Meanwhile, 

the extra Mg2+ ions snatch the Al(OH)
4

–
 from Na+, increasing the Mg–Al LDH content and 

reducing the zeolite content. Moreover, the in-situ-formed LDHs absorbed more SO4
2– than Cl

–
. 

 

 

 

 

 

 

 

 

 

 

 

 

The chapter is partially from the following article: 

T. Liu, S. Li, Y. Chen, H.J.H. Brouwers, Q. Yu, In-situ formation of LDHs in MgO-NaAlO2 activated GGBS / MSWI 

BA : The impact of Mg2+ on reaction mechanism and leaching behavior. (Submitted).  
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5.1  Introduction 

Municipal solid waste (MSW) is produced in vast quantities worldwide, and 

incineration reduces the volume of MSW by up to 90%. However, this process results in a 

problematic residue, municipal solid waste incinerated bottom ash (MSWI BA) [231]. MSWI 

BA (denoted hereafter as BA for simplicity) is mainly composed of Ca, Si, and Al [232]. 

Previous studies have demonstrated the potential of BA as a supplementary cementitious 

material [162]. However, various mobile species may leach out during BA utilization, for 

example, antimony (Sb), copper (Cu), molybdenum (Mo), chloride (Cl
–
), and sulfate (SO4

2–), 

thereby contaminating the environment [233]. The reaction products of alkali-activated 

materials (AAMs) and C–S–H gels have active sites to absorb heavy-metal ions [234], 

potentially making them useful for immobilizing heavy-metal ions using BA as a partial 

precursor. However, these gels have shown limited capacity to bind heavy metal ions [235]. 

Layered double hydroxides (LDHs), which are secondary reaction products of alkali-

activated ground granulated blast-furnace slag (GGBS) [236], have been demonstrated to 

possess superior heavy-metal binding capacity [20]. LDHs can be represented as 

[M(1-x)
2+ Mx

3+(OH)2](An–)x
n⁄ ·zH2O, where M represents a metallic skeletal ion (e.g., Mg or Al) 

and A
n–

 represents an interlamellar anion (e.g., SO4
2– or Cl

–
), where various combinations of 

M2+/M3+ can be used [74]. However, their formation during the alkali activation of GGBS is 

rather limited. Enhancing LDH formation in the matrix is a promising method for tackling the 

leaching of harmful BA elements in AAMs [237]. The physical surface adsorption of LDHs 

mainly accounts for its binding capacity [20]. In addition, the hydroxyl groups on the surface 

of LDHs contribute to the coordination of heavy-metal ions [170]. Furthermore, heavy-metal 

ions such as Cu2+ and Cr3+ can intercalate into the framework of LDHs by replacing Mg2+ and 

Al3+ [237]. Xu et al. [81] synthesized and applied Mg–Al–NO3 and Mg–Al–NO2 LDH to 

AAMs and observed an increase in the chloride binding capacity. However, the high water 

absorption of LDHs during casting affects their dosage in cementitious matrices [96,238]. Thus, 

the in-situ generation of LDHs in alkali-activated GGBS/BA binders is preferred. Yang et al. 

[20] used calcined dolomite in sodium-carbonate-activated GGBS to promote the formation of 

hydrotalcite-like phases, which exhibited a potentially high ion-binding capacity. Ye et al. [22] 

investigated the autogenous formation of nitrite- and nitrate-intercalated LDHs. However, the 

final cementitious matrix appeared to contribute little to the chloride binding. Liu et al. [18] 

observed that sodium aluminate activation can promote the in-situ formation of LDHs, 

improving the ion-binding capacity of the activated matrix. However, they also observed a 

relatively slow reaction rate of sodium aluminate activation at an early age, which is in line 

with the results of previous studies [72,239]. The low-pH environment causes a relatively low 

activating efficiency of NaAlO2, especially at an early age. 

The pH of the environment strongly influences the reaction rate. It has also been 

reported that the high-pH environment of AAMs facilitates the leaching of heavy-metal ions. 

Most metal species in BA (e.g., Cu, Zn, and Pb) follow a cationic leaching pattern, and 

increasing the pH of the solution leads to a decrease in the concentration of leached elements 

[240]. However, some heavy-metal ions show an oxyanionic leaching pattern; for example, 

high concentrations of Mo are reached under highly alkaline conditions [171]. At the same 
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time, the leaching of Cl
–
 and SO4

2– is less pH-dependent, and the released amounts are mainly 

availability-controlled [241]. Thus, it can be hypothesized that the relatively low pH of AAMs 

can alleviate the heavy-metal leaching issue [240]. Therefore, activators with a relatively low 

pH can promote the formation of Mg–Al LDHs and reduce leaching issues in AAMs. Here, 

sodium aluminate was introduced as an activator to provide a low-pH environment for the pore 

solution. The extra available Al–O tetrahedra (denoted as Al(OH)
4

–
) from sodium aluminate 

are believed to promote the formation of gels and Mg–Al LDHs [18]. However, Chen et al. 

[172] reported that although a sodium aluminate activator provided extra Al(OH)
4

–
 ions, they 

were coated on the surface of the slag particles. This inhibited the early-phase hydration 

reaction, prolonging the setting time but promoting the formation of highly crosslinked gels in 

the late phase of the hydration reaction, resulting in an improved compressive strength at this 

stage. Yliniemi et al. [242] investigated the influence of activator type, including sodium 

aluminate, on the reaction kinetics, setting time, and compressive strength of alkali-activated 

mineral wool. Sodium aluminate exhibited lower alkalinity than sodium hydroxide and took 

several days to initiate the reaction, although it produced a high compressive strength after 28 

days of curing. Therefore, mitigation methods are required.  

To realize all the aforementioned objectives, that is, (1) the promotion of LDH 

formation in situ, (2) the need for a low-pH environment, and (3) addressing the slow setting 

of sodium aluminate activation, MgO is a promising additive for the alkali activation of 

GGBS/BA. First, it is a divalent cation for Mg–Al LDH formation. Moreover, it can maintain 

the low-pH environment of the pore solution. More importantly, it can promote the early-stage 

strength of sodium-aluminate-activated GGBS/BA (SAASB) [243]. More hydrotalcite could 

be produced by increasing the MgO content. Furthermore, sufficient Mg2+ and Al(OH)
4

–
 (the 

trivalent cation of Mg–Al LDHs) and their ratios are important for the formation of LDHs [46]. 

However, the presence of extra Mg2+ affects the dissolution of the slag particles and results in 

various reaction products [244]. The variation in dissolved ions from the precursors in the pore 

solution is important for understanding the reaction mechanism [245–247]. In addition, the 

microstructure of the matrix is influenced by the MgO content, which purportedly decreases 

the formation of C–A–S–H products with higher Al uptake, high chain length, and a lower 

degree of crosslinking at a later age. These reactions and microstructural developments rely 

greatly on the evolution of the pore solution. However, studies examining the pore-solution 

composition in AAMs have rarely been reported and are rarely reported for alkali-activated 

slag blended with bottom ash [245,247,248]. Moreover, studies investigating the effects of 

Mg2+ (from MgO addition) on the reaction and further leaching behavior lack a comprehensive 

understanding of the MgO–NaAlO2-activated matrix. 

This chapter aims to reveal the influence of Mg2+ on LDHs and gel formation in 

MgO–NaAlO2-activated GGBS/BA (MSAASB), with special attention to the leaching 

behavior. The pH and alkali-metal ions in the pore solution of the MSAASB were characterized. 

The reaction products and microstructures were determined, and the leaching of potentially 

toxic elements as well as the compressive strengths were tested. Based on the results, the 

influence of Mg2+ on the reaction products and leaching behavior is discussed. These research 

findings contribute to maximizing Mg–Al LDH formation in situ and its binding to leaching 

ions. 
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5.2  Methods 

5.2.1  Raw materials and sample preparation  

GGBS and MSWI BA (simplified as BA in the text) were used in this chapter. The 

chemical compositions of GGBS and BA were determined using X-ray fluorescence (XRF) 

spectroscopy, as shown in Table 5.1. Magnesia 291 (96% purity, Magnesia, Germany) was 

used in this chapter. The reactivity of MgO was assessed based on its reaction time with acetic 

acid [103]. Since the reaction time was 18.95 s, it was classified as medium-active magnesia. 

The BET specific surface area of MgO was 50.41 m2/g. The crystalline structures of GGBS, 

BA, and MgO were determined using X-ray diffraction, as shown in Fig. 5.1(a), (b), and (c), 

respectively. 

Table 5.1 Chemical compositions and physical properties of GGBS and MSWI BA. 

Chemical 

composition 
GGBS (wt%) 

MSWI BA 

(wt%) 

Chemical 

composition 
GGBS (wt%) 

MSWI BA 

(wt%) 

Na2O - 5.9 NiO - 0.1 

MgO 9.0  1.9 CuO - 0.3 

Al2O3 13.0  8.6 ZnO - 0.5 

SiO2 31.0  50.1 SeO2 - - 

P2O5 - 0.5 SrO 0.1  0.1 

SO3 5.1  0.6 ZrO2 -  0.1 

K2O 0.3  1.1 Ag2O 0.2  - 

CaO 38.8  16.8 Eu2O3 - 0.1 

TiO2 1.4 - PbO - 0.1 

V2O5 0.1  0.2 Cl 0.1 0.4 

Cr2O3 0.1  0.1 LOI* (1000℃) 1.3 5.4 

MnO 0.3  0.2 
Particle density 

(g/cm3) 
2.9 2.5 

Fe2O3 0.7  12.6 - - - 

*LOI = Loss on ignition at 1000℃ 

The particle-size distributions (PSD) of the powder feedstocks were determined by 

laser granulometry using a Master Sizer laser granulometer with an open measuring cell. The 
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powders were prepared by wet dispersion in ethanol. The PSD of GGBS, BA, and MgO are 

shown in Fig. 5.1(d), with median particle sizes (d50) of 11.8, 11.5, and 9.4 μm, respectively. 

(a) (b) 

  

(c) (d) 

  

Fig. 5.1 XRD patterns of (a) MSWI BA; (b) GGBS; and (c) MgO; (d) Particle size 

distributions of GGBS, MSWI BA, and MgO. 

GGBS and BA were mixed in a 9:1 (GGBS:BA) mass ratio as the solid precursor, 

which was activated by hydroxide and sodium aluminate solutions (see the sample IDs in Table 

5.2). The raw starting materials were mixed in the designated proportion in a Hobart mixer 

following the preparation procedure suggested by EN 196-1 [249]. The pastes were cast in a Ø 

45 mm × 55 mm cylindrical plastic mold and then subjected to vibration. All the pastes were 

sealed and cured at room temperature (20 ℃) until the specified curing ages. The mortars were 

produced by adding a (GGBS + BA)/sand mixture in a ratio of 1:3 by mass. The mortar samples 
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for mechanical testing were cast in a 40 mm × 40 mm × 160 mm prism mold and then subjected 

to vibration as EN 196-1 [250]. 

The activators used in this chapter were sodium hydroxide or sodium aluminate. 

Analytical grade sodium-hydroxide pellets (99% purity) were dissolved in deionized water to 

prepare a solution for the sodium hydroxides activated samples, and the sodium-hydroxide 

activator was prepared 24 h before application. Analytical grade sodium-aluminate pellets were 

dissolved in deionized water to prepare solutions for the NA and MA samples, while the 

sodium aluminate activator was prepared 6 h before application. The additional MgO was 

calculated based on the aluminate in the activator, where MA0.5, 1, 2, and 4 indicate 

MgO/NaAlO2 molar ratios of 0.5, 1, 2, and 4, respectively. 

Table 5.2 Mix design of the pastes. 

Sample 

ID 

w/b 

ratio* 

NaAlO2 

(g) 

NaOH 

(g) 

MgO 

(g) 

Equivalent 

Na2O 

GGBS 

(g) 

BA 

(g) 

NH 0.5 - 3.9 - 3 90 10 

NA 0.5 7.9 - - 3 90 10 

MA0.5 0.5 7.9 - 1.9 3 90 10 

MA1 0.5 7.9 - 3.9 3 90 10 

MA2 0.5 7.9 - 7.7 3 90 10 

MA4 0.5 7.9 - 15.5 3 90 10 

*w/b = water-to-binder mass ratio 

Binder mass= GGBS + BA 

 

5.2.2  Experimental programs  

5.2.2.1 Cold water extraction 

The paste powder was used to measure the cations and pH values of the pore solution 

by cold water extraction (CWE). First, 25 g of powder was mixed with 50 g of deionized water 

and shaken for 5 min (5 min leaching procedure). The suspension was filtered through a filter 

syringe. Previous studies have shown no remarkable uptake of ions by filter [140,141]. Finally, 

the rapid leachate was diluted 10-fold with deionized water. The 25 g diluted solutions were 

acidified with HNO3 to prevent precipitation, and the solutions were analyzed for Na, Ca, Si, 

Al, Mg, Fe, and other heavy-metal ions using inductively coupled plasma optical-emission 

spectrometry (ICP-OES). 



 

95 

Based on the ICP-OES results, the free cation content and pH value of the pore solution 

were calculated as follows: 

 X = [X]
CWE

∙
m105+madd

msample

 (5-1) 

 pH =  pH
CWE

 + log
mw105+madd

msample

 (5-2) 

where X is the free cation content of the pore solution of the sample (mmol/L); [X]CWE 

is the concentration of the element in the filtrate obtained after CWE (mmol/L), as determined 

by ion chromatography (IC) or ICP; m105 is the mass of evaporable water at 105 ℃ in the 

samples (Table 5.3); madd is the mass of deionized water added during the 5 min rapid-leaching 

process; msample is the total weight of the sample (g); and pHCWE is the pH of the filtrate obtained 

after the CWE. Detailed derivations of Eqs. 5-1 and 5-2 can be found in Ref. [18]. 

The CWE technique has a restriction when used to measure pH and ions concentration, 

however it has been demonstrated that this approach can get a reasonably accurate estimate of 

composition of the pore solution. The Na+, K+, Ca2+, Mg2+, Al(OH)
4

–
, and Si(OH)4 had been 

proved in the previous studies [18,140]. 

Table 5.3  Amount of evaporable water at 105 °C or free water in the paste samples after 

casting for 28 days.  

 
Before drying (g) After drying (g) m105 (g)* 

m105+madd

msample

 

NH 25.1 18.6 6.5 2.3 

NA 25.0 18.9 6.1 2.2 

MA0.5 25.3 19.1 6.2 2.2 

MA1 25 19.1 5.9 2.2 

MA2 25 19.4 5.6 2.2 

MA4 25.1 20.1 5.0 2.2 

*The m105 value was measured after oven-drying. 
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5.2.2.2 X-ray diffraction 

X-ray diffraction (XRD) was performed using a Bruker D4 Phaser instrument 

emitting Co-Kα radiation (40 kV, 30 mA). The pressed, powdered specimens were measured 

with a step size of 0.05° and counting time of 1 s/step. The 2θ range was 10–90°. 

5.2.2.3 Quantification of X-ray diffraction 

Quantification of X-ray diffraction (QXRD) was performed by adding an internal 

standard (10 wt% Si powder; Siltronix, France) to the paste samples. Then, the mixed paste 

samples were milled using the XRD mill at level 3 speed for 15 min. For the quantification of 

mineral phases in the samples, Rietveld analysis was performed using TOPAS software 

(version 4.2, Bruker) [180]. 

5.2.2.4 Thermogravimetry 

Thermogravimetric (TG) tests were performed on ≈100 mg samples by using an STA 

449 F1 instrument at a heating rate of 10 ℃/min. Experiments were carried out from 40 ℃ to 

800 ℃, in which N2 was used as the carrier gas. 

5.2.2.5 Nitrogen physisorption test 

Nitrogen physisorption tests were conducted using a TriStar II 3020 (Micromeritics). 

The pore size distribution was carried out using the Barett, Jonyer, and Halenda (BJH) method 

[105] from the desorption branch. Before the test, the paste samples were ground into powder, 

immersed in 2-propanol for 24 h to stop the hydration process, and then dried to constant mass 

at 60 ℃ for 3 d. 

5.2.2.6 SEM mapping and image analysis 

SEM mapping 

The morphologies of the mortar samples at day 28 were analyzed using scanning 

electron microscopy (SEM). The gold-coated specimens were measured under high vacuum at 

an accelerating voltage of 15 kV. The SEM instrument was equipped with a secondary electron 

detector (SED) and energy-dispersive spectrometer (EDS). The SED images were obtained 

simultaneously with the EDS mapping. The distributions of Si, Al, O, Na, Ca, Mg, and C were 

determined using EDS mapping. 

After the SED and EDS mapping images were obtained, a series of image analyses 

was performed. This was divided into two major steps: interfacial transition zone (ITZ) 

determination and quantitative analysis. 
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ITZ determination 

The grayscale is the essential difference in the image that allows the aggregates, 

pores, and reaction products to be distinguished. A typical SEM image of the mortar sample is 

shown in Fig. 5.2a). To distinguish the paste matrix and aggregates, the boundary pixels of the 

aggregates were delineated and labelled (Fig. 5.2b)). Subsequently, the aggregate zone was 

removed, and strip delineations were added in 5 μm increments from the aggregate boundary 

to 20 μm. The grayscale of Fig. 5.2c) was counted, and the overflow point was determined by 

fitting the trends of the grayscale counts (shown in Fig. 5.2f)). The pores region and reaction  

 

Fig. 5.2 Schematic diagram for the aggregate boundary delineation and quantitative analysis 

to determine the ITZ (sample aged for 28 days). 

product region can be identified in Fig. 5.2f). The fitting lines are selected by the edge of pore 

region and the region between pore and reaction product region in the histogram. The overflow 

point represents the pore threshold in the paste matrix. Then, the porosities of the entire paste 

matrix and strip matrices were calculated. When the porosity of the strip part is close to that of 

the entire paste matrix, the ITZ can be determined. For example, the porosity of Part 4 in Fig. 

5.2h) was close to the entire paste matrix, and the porosity of Part 3 is larger than that of Part 

4. The ITZ was then confined to strip parts 1, 2, and 3. This method is recommended in the 

previous studies as well [251,252]. 
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Quantitative analysis of SEM mapping in ITZ 

The elemental distributions of Si, Al, O, Na, Ca, Mg, and C were then quantified in 

the ITZ of each matrix. The MATLAB code for color-proportion determination is provided in 

the Supplementary Material (code 2). The Si/Al, Mg/Al, and Ca/Al atomic ratios were 

calculated, and the porosities of the ITZ and matrix were determined. 

5.2.2.7 One-stage batch-leaching test  

Batch-leaching tests were performed by subjecting a material with a particle size of 

<4 mm and L/S ratio of 10 L/kg to demineralized water (EN12457 part 2 [197]). During the 

one-stage batch-leaching tests, the contact time between the solid material and the leachate was 

24 h. After the leaching test, the eluate was filtered through a 0.45 μm filter and further 

analyzed. 

In each test, the material was analyzed for a broad spectrum of parameters using ICP-

OES. All eluates were analyzed for Ba, Cr, Cu, Mo, Ni, Se, Sb, V, and Zn. Cl– and SO4
2– were 

analyzed using ion chromatography (IC). 

5.2.2.8 Mechanical testing 

After curing for 28 d, the compressive strength of the mortar samples was determined 

according to EN 196-1 [249]. The samples were centered on the plates of the machine. 

Subsequently, the load was increased smoothly at the rate of 2400 N/s over the entire load 

application until the fracture load. 

5.3  Results 

5.3.1  pH and composition of pore solution 

Fig. 5.3 presents the changes in the pH value and ion concentration with respect to 

Al, Si, Mg, Na, and Ca (hereafter denoted as [Al], [Si], [Mg], [Na], and [Ca], respectively) in 

the pore solution of the paste samples at specific curing times of 3, 7, 14, and 28 d. Detailed 

pore-solution data are listed in the Appendix C. The pore solution was dominated by Al(OH)
4

–
 

and Na+ions, whereas much lower concentrations of Si(OH)4, Mg2+, and Ca2+ were observed. 

Fig. 5.3(a) illustrates that only the pH of the NH sample exhibits a distinctive 

decreasing trend with increasing curing age, while the NA and MA samples show stable pH 

values between 12.80 and 12.95 among the curing ages. The pH decrease in the NH sample 

was attributed to the consumption of OH–  by the formation of gels and crystalline phases. 

However, in the sodium-aluminate-activated matrix, sodium aluminate shows a pH-buffering 

effect, and the aluminate continually compensates for OH– upon the formation of gels and 

crystalline phases; consequently, the pH remains at ≈12.9. MA1, MA2, and MA4 showed a 

very slight decrease in pH during the first seven days. Subsequently, the continuous hydrolysis 

of MgO in the pore solution provides Mg2+, promoting the formation of hydrotalcite (Ht). This 
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process was also beneficial for maintaining the pH of the pore solution. Noticeably, with an 

increase in the MgO/NaAlO2 molar ratio, the rate of decrease in pH before the 7 d mark 

increased because the extra MgO accelerated geopolymerization and Ht formation [238]. 

Among the NA and MA samples, a dramatic decrease in [Al] was detected in the 

pore solution with increasing curing time, whereas the NH sample showed a remarkably low 

[Al] in the pore solution after three days (Fig. 5.3(b). The concentration of Al(OH)
4

–
 showed 

an obvious declining trend with increasing MgO/NaAlO2 molar ratio. This can be explained 

by the fact that extra Mg2+  can react with Al(OH)
4

–
 to form more LDHs. In the sodium-

hydroxide-activated system, [Al] remains stable at a low value of ≈2.12 mmol/L after 3 d, 

which is attributed to the intense reaction process within the first 3 d. Low concentrations of 

available Al(OH)
4

–
, Si(OH)4, and Na+ and relatively low-pH environments (compared with the 

initial pH) indicate a low rate of the reaction process [18]. In the sodium-aluminate-activated 

system, the NA sample showed the highest [Al] after 3 d. Al(OH)
4

–
 in the pore solution reacts 

with Si(OH)4, Mg2+, and Ca2+ dissolved from the GGBS. It should be emphasized that the 

extra Al(OH)
4

–
 hampers the dissolution of Si(OH)4 from the raw materials [253]. The dissolved 

Si(OH)4 (from the slag) and extra Al(OH)
4

–
 ions (from the activator) re-adsorb Ca2+ (from the 

slag) at an early stage, reprecipitating on the surface of the raw materials. The reprecipitated 

layer was deposited on the grains of the raw materials, delaying further dissolution of the raw 

materials at an early stage. This resulted in a large amount of Al(OH)
4

–
 remaining in the pore 

solution. MA0.5 and MA1 exhibited a similar trend to that of NA, where [Al] tended to 

decrease with increasing MgO content. LDHs were formed in the reactions of Mg2+ (produced 

in the hydrolysis of MgO) with Al(OH)
4

–
 (provided by the activator). The reactions of NA, 

MA0.5, and MA1 were complete after 14 d. In addition, the [Al] in MA2 indicates that the 

geopolymerization process finishes between days 7 and 14. Moreover, the reaction of MA4 is 

even faster than that of MA2, as reflected by the complete consumption of [Al] within 3–7 d. 

The completion of the MA reaction process can be deduced from the decrease in [Al] to ≈2 

mmol/L. Meanwhile, the higher MgO/NaAlO2 molar ratio accelerated the consumption of 

Al(OH)
4

–
 in the pore solution to form more gels and LDHs. 

[Si] varies widely among the samples subjected to different curing times (Fig. 5.3(c)). 

The [Si] remained low in the NH sample with increasing curing time, which is consistent with 

the change in [Al]. This confirms the low reaction rate. The [Si] in NA, MA0.5, and MA1 

illustrate the hill-like trend with curing time; the [Si] reached a maximum at 7 d and decreased 

to a low value after 14 d. The large amounts of Si(OH)4 were consumed between days 7 and 

14. This represents a high rate of geopolymerization in NaAlO2-activated materials. For MA2, 

[Si] decreased dramatically between days 3 and 14. In addition, the [Si] of MA4 decreased as 

a function of curing time up to 28 d. The decrease in [Si] in MA2 and MA4 occurred earlier 

than that in the other samples, which is due to the extra MgO in the matrix. As mentioned 

above, an excessive Al(OH)
4

–
 content results in a reprecipitated layer. This obstructs the 

dissolution of Si(OH)4 originating from the GGBS. However, the extra MgO can react with the 

extra Al(OH)
4

–
 ions to form hydrotalcite, mitigating the obstruction of Si(OH)4 dissolution. 

Therefore, the addition of MgO accelerated the geopolymerization process and hydrotalcite 

formation during the first 7 d. Meanwhile, MA4 exhibits more obvious [Si] changes in the pore 
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solution over days 3 to 7 than does MA2 during the same timeframe. The noticeably declined 

pH of MA4 indicates higher reaction rates than those of MA2 during this period.  

Fig. 5.3(d) illustrates the changes in [Mg] as a function of the curing age. MA2 and 

MA4 showed a remarkable increase before 14 d, followed by a dramatic decrease after 14 d. 

The other samples exhibited a slight decrease with curing time. NH shows stable [Mg] after 3 

d, which is in agreement with the changes in [Al] and [Si]. The [Mg] of NA, MA0.5, and MA1 

generally decreased with curing time owing to continuous geopolymerization when the Mg2+ 

is consumed to form LDHs, particularly after 14 d. Meanwhile, MA2 showed a high rate of 

reaction between days 7 and 14. Large amounts of hydrotalcite were generated in the reaction 

between Al(OH)
4

–
 and Mg2+  during this period. Similarly, MA4 exhibited a high rate of 

reaction between days 3 and 7 owing to hydrotalcite formation, which occurred earlier than for 

MA2. A higher MgO content accelerated hydrotalcite formation, which is in line with the XRD 

quantification in Section 5.3.2.1. The increases in [Mg] in MA2 (after 7 d) and MA4 (after 3 

d) were due to the dissolution of MgO. The reaction process consumes large amounts of OH−; 

therefore, more MgO dissolves in the pore solution to maintain the pH of the environment 

[254,255].  

A significant decrease in [Na] during the curing of the NA and MA samples was 

observed, while [Na] remained relatively stable in the mixed NH during the curing period 

(shown in Fig. 5.3(e)). NA, MA0.5, and MA1 showed similar declining trends with increasing 

curing time. In addition, the higher the MgO/NaAlO2 molar ratio, the lower the [Na]. Moreover, 

the [Na] in MA2 and MA4 decreased faster than that in NA, MA0.5, and MA1. This indicates 

that Mg2+ accelerated gel formation to consume excessive Na+ in the pore solution. In addition, 

the Na+ in the pore solution of MSAASB showed a variation similar to that of Al(OH)
4

–
, which 

may prove the formation of N–A–S–H during the curing period. 

Fig. 5.3(f) shows that during the curing period, the [Ca] of MSAASB continued to 

increase at a low concentration (below 0.3 mmol/L), while [Ca] in NH remained relatively 

stable (around 0.25 mmol/L). For the MA pastes, the increase in the MgO/NaAlO2 molar ratio 

slightly increased [Ca] in the pore solution. MgO addition maintained the pH of the pore 

solution; consequently, Ca2+ from GGBS can be dissolved under a stable pH environment of 

the pore solution. Therefore, it increased with the curing age.  

Overall, [Al] and [Na] in the pore solution show a remarkable decrease with 

increasing curing age, which is due to the formation of zeolite and N–A–S–H gels. [Si] 

decreases with a higher MgO/NaAlO2 molar ratio during curing, reflecting the consumption of 

Si(OH)4 during the geopolymerization process. Most importantly, the higher MgO content 

compensates for Mg2+  in the pore solution, which accelerates the formation of gels and 

hydrotalcite. Furthermore, the hydrolysis of the extra MgO maintains the pH environment, 

which facilitates the dissolution of Ca2+ from the GGBS, leading to an increase in [Ca] with 

curing age. 
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Fig. 5.3 pH and ion-concentration changes of MSAASB pore solution at different curing 

days: (a) pH, (b) [Al], (c) [Si], (d) [Mg], (e) [Na], and (f) [Ca]. 

(b) 

(c) (d) 

(e) (f) 

(a) 
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5.3.2  Phase evolution of activated pastes 

5.3.2.1 X-ray diffraction 

 The XRD patterns of the 7- and 28-day NaOH-activated slag, SAASB (without 

MgO addition), and MA paste samples are presented in Fig. 5.4(a) and (b). The content of 

calcium silicate hydrate (C–S–H, PDF 00-033-0306), calcium aluminum oxide carbonate 

hydrate (hemi-carboaluminate, denoted as Hc) (Ca4Al2(OH)12[OH(CO3)0.5]∙5.5H2O, PDF 00-

041-0221), and hydrotalcite (denoted as Ht) ((Mg6Al3)CO3(OH)16∙4H2O, PDF 00-014-0191) 

varied significantly. Quartz (PDF 01-079-1906), akermanite (PDF 01-089-0951), magnetite 

(PDF 01-089-0951), and calcite (PDF 01-086-2340) from the BA remained relatively 

unchanged during the curing period. 

The reaction products of the paste at 7 d were highly consistent with those of the 28-

day pastes. A large amount of Mg–Al LDHs and smaller amounts of Zeolite A (sodium 

aluminum silicate hydrate; Na96Al96Si96O384 216H2O, PDF 00-039-0222), and Hc were the 

distinct reaction products of SAASB during the initial 7 d. small amount of zeolite A increased 

with curing time up to 28 d, while a small amount of C–A–S–H also appeared in the reaction 

products. This is attributed to the dissolved Ca2+ derived from GGBS, which then interacts with 

Al(OH)
4

–
 and Si(OH)4 in the pore solution to form C–(A)–S–H under a suitable pH 

environment. In decreasing order, C–S–H, Ht, Hc, and a small amount of zeolite were the 

primary reaction products of MA at days 7 and 28. The Ht content (Mg–Al LDHs) increased 

with a higher MgO/NaAlO2 molar ratio. This was associated with the MgO dissolved in the 

pore solution, and the sufficient Mg2+ and extra Al(OH)
4

–
 (from the activator) accelerated the 

formation of Mg–Al LDHs. It is worth mentioning that a small amount of Hc (Ca–Al LDHs) 

was generated after curing for 7 d, while an increasing MgO/NaAlO2 molar ratio hindered the 

generation of Hc. The solubility of Ht is lower than that of Hc in an aqueous environment 

[205,256]. Simultaneously, Mg2+ can directly dissolve from the extra MgO, whereas Ca2+ 

originates only from the dissolution of slag particles. Mg2+ in the pore solution can reach a 

higher concentration faster than Ca2+; therefore, the precipitation of Ht was easier than that of 

Hc with higher MgO incorporation. The intensity of the zeolite peak decreases remarkably 

with an increase in the MgO/NaAlO2 molar ratio in the matrix. The Al(OH)
4

–
 is prone to react 

with additional Mg2+ instead of Na+, generating Mg–Al LDHs rather than zeolites. This can 

also be explained by the fact that low concentrations of [Al] and [Si] are not beneficial to 

enhancing the crystallinity of sodium aluminosilicate hydrate [257] (here, zeolite). 

Fig. 5.5 shows the quantification of XRD analysis at days 7 and 28 (details are shown 

in Table C6 and Table C7). It is noteworthy that the amorphous component is composed of C–

S–H and C(N)–A–S–H [18]. At day 7, approximately 1.5 wt% Ht was present in the NH paste, 

while 1.1, 1.1, 1.3, 1.7, and 2.5 wt% Ht existed in the NA, MA0.5, MA1, MA2, and MA4 

pastes, respectively. At day 28, 1.7, 1.6, 1.8, 2.1, 2.3, and 3 wt% Ht was detected in the NH, 

NA, MA0.5, MA1, MA2, and MA4 pastes, respectively. Compared with the Ht content in NH 

at 28 d, the NA, MA0.5, MA1, MA2, and MA4 pastes showed Ht increases of up to −5.9, 5.9, 

23.5, 35.3, and 76.5%, respectively. With curing age, Ht increased only slightly in MA0.5 but 

remarkably in MA1, MA2, and MA4. The elevated content of MgO significantly promoted Ht 
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formation owing to the extra supply of Mg2+, which is beneficial for reacting with Al(OH)
4

–
, 

forming more Ht. This result is in agreement with that of a previous study [258]. 

(a) (b) 

  

Fig. 5.4 XRD patterns of MSAASB at (a) 7 and (b) 28 d. 

 

(a) (b) 

  

Fig. 5.5 Quantification of XRD of MSAASB at (a) day 7 and (b) day 28. 

Small amounts (0.04 wt%) of zeolite A formed in the NA samples at day 7 and reached 

0.16 wt% at day 28. This increase is ascribed to more Al(OH)
4

–
 and Si(OH)4 reacting with Na+ 

and OH− ions. At day 7, MA0.5 and MA1 both contained 0.02 wt% zeolite A, which remained 
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in very low proportions at day 28. No zeolite A was observed in the NH, MA2, and MA4 pastes 

at any testing age. It was concluded that MgO in the activating system inhibits the growth of 

zeolite A. 

Calcite, aragonite, and vaterite are three polymorphic forms of calcium carbonate. The 

calcium-carbonate content of the samples range from 2.7 to 4 wt% at day 7. The calcium 

carbonate partly originates from raw BA materials and partly from the carbonation of the 

samples. At day 28, the amount of calcium carbonate in the samples is in the range of 3.1~5.9 

wt%. The slight increase was caused by carbonation. 

5.3.2.2 Thermogravimetric analysis 

Fig. 5.6 illustrates the thermogravimetric (TG) curves and the first derivative of the 

thermogravimetric curves (DTG) as a function of temperature (40 ℃ to 1000 ℃) for the 

different pastes at days 7 and 28. Table 5.4 shows the relatively mass losses of gel and LDHs. 

For the 7-day pastes, the mass loss and DTG changes of NH and MA4, as presented in 

Fig. 5.6(a) and (b), respectively, are the most obvious among the paste samples. The mass 

losses of NH and MA4 at 100~300 ℃ were approximately 6.1 and 7.6 wt%, respectively. This 

was associated with the decomposition of the C(N)–(A)–S–H gels [184]. It is notable that the 

decomposition of Hc [259,260] (at ≈150 ℃) and the first-step decomposition of Ht [261] 

(150~250 ℃) occur in the same temperature range of the gels. Also, zeolite A decomposes 

from 40 ℃ up to 200 ℃ [262], which is overlapped by the decomposition of the gels. The NA, 

MA0.5, MA1, and MA2 samples exhibited mass losses of 5.6, 5.5, 5.8, and 5.6 wt% 

(100~300 ℃), respectively. This was mainly associated with the decomposition of bound water 

in the gels. Simultaneously, small amounts of mass loss result from the decomposition of Hc 

and zeolite A, along with the first mass loss of Ht, which are also reflected by the XRD patterns 

and quantification of XRD at day 7. Notably, the increase in the MgO/NaAlO2 molar ratio 

contributed to the higher content of gels and Ht (100~300 ℃). Most of the mass was lost from 

gels and Ht because extra Mg2+ ions accelerated their formation, which is in agreement with 

the QXRD results. There is only one distinct peak between 365 and 430 ℃, which is assigned 

to Mg–Al LDHs [263]. Therefore, this peak was selected to represent the relative contents of 

Mg–Al LDHs. The weight losses in this temperature range were 1.3, 0.9, 1.1, 1.2, 1.5, and 2.1 

wt% for NH, NA, MA0.5, MA1, MA2, and MA4, respectively. The higher mass losses can be 

attributed to the higher Ht contents. The extra Mg2+ (from MgO incorporation) and Al(OH)
4

–
 

(from the activator) are synergistically beneficial for the generation of Ht. Calcium carbonate, 

which was derived from the raw BA precursors and carbonated pastes in the form of calcite or 

other polymorphs, decomposes from 500 ℃ to 750 ℃ [154].  

Fig. 5.6(c) and (d) illustrate the mass loss and DTG of the 28-day pastes. At 

temperatures between 100 and 300 ℃, the paste samples NH, NA, MA0.5, MA1, MA2, and 

MA4 underwent mass losses of 7.2, 7.6, 7.8, 8.3, 8.5, and 9.2 wt%, respectively. The Hc and 

zeolite A contents decrease with a higher MgO/NaAlO2 ratio; the larger mass losses are mainly 

in the form of bound water in the C(N)–(A)–S–H gels. Combined with the quantification of 

the XRD results, the formation of Hc and zeolite A was limited to lower than 0.6 wt% between 

days 7 and 28, while the generation of amorphous gels was appreciably promoted. It can be 
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seen that all the sodium-aluminate-activated pastes exhibited lower contents of the reaction 

products at 100~300 ℃) than the sodium-hydroxide-activated binder at 7 days. Simultaneously, 

the amount of Mg–Al LDHs lost during the second-peak range in the samples were 1.3, 1.3, 

1.4, 1.6, 1.9, and 2.2 wt% for NH, NA, MA0.5, MA1, MA2,  

(a) (b) 

  

(c) (d) 

  

Fig. 5.6 Mass loss of MSAASB at (a) day 7 and (c) day 28. b–d) TGA pattern of MSAASB 

at (b) day 7 and (d) day 28.  

and MA4, respectively. Compared with the NH reference samples, the changes in the Mg–Al 

LDH contents were 0, 7.7, 23.1, 46.5, and 69.2% for NA, MA0.5, MA1, MA2, and MA4, 

respectively. These results are generally in line with the QXRD results presented in Section 

5.3.2.1. The elevated mass losses are associated with higher Mg2+ and Al(OH)
4

–
 concentrations, 

which are beneficial for Ht formation. Furthermore, the alkaline environment in the pore 
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solution maintained suitable conditions for the extra Mg2+ and Al(OH)
4

–
 to react with OH– and 

CO3
2–  to produce more Mg–Al LDHs during curing. For the decomposition of calcium 

carbonate, two peaks at 550 ℃ and 700 ℃ are shown for the 7-day pastes, indicating the 

coexistence of amorphous and crystalline phases. However, the 550 ℃ peaks were not 

observed in the 28-day pastes. The high content of amorphous calcium carbonates in the 

MSAASB pastes at day 7 is associated with the stabilizing effect of MgO [264]. The less stable 

form of calcium carbonate tends to transform into a more stable form with increasing curing 

time [265,266]. This is in line with the QXRD results, where more calcite and aragonite were 

generated between days 7 and 28. Correspondingly, less vaterite was observed with increasing 

curing age. 

Table 5.4 Relatively mass losses of gel and LDHs. 

Sample ID 

Mass losses of gel (wt. %) Mass losses of LDHs (wt. %) 

7 days 28 days 7 days 28 days 

NH 6.1 7.2 1.3 1.3 

NA 5.6 7.6 0.9 1.3 

MA0.5 5.5 7.8 1.1 1.4 

MA1 5.8 8.3 1.2 1.6 

MA2 5.6 8.5 1.5 1.9 

MA4 7.6 9.2 2.1 2.2 

 

5.3.3  Pore structure 

5.3.3.1 Nitrogen physisorption of activated pastes 

The pore size distribution of the pastes at day 28, as determined by the nitrogen 

physisorption test, is shown in Fig. 5.7. Mesopores (2–50 nm) and partial macropores (50–200 

nm) were also observed. 

Fig. 5.7(a) exhibits the pore size distribution of the paste samples. As can be seen, 

there is a declining trend with increasing MgO/NaAlO2 molar ratio. The peaks corresponding 

of the pore size of the NA paste were concentrated at ≈20 nm and ≈40 nm, which were also the 

largest pore voids among the samples. It is clear that lower pore volumes were associated with 

higher MgO additions. In particular, the incremental pore volume of MA4 is distinctively lower 

than that of the NH reference paste. This may be because the high MgO content promotes the 

formation of gels and Ht-like phases. The increased gel content and Ht-like phases refined the 



 

107 

pore structure of the matrices. Furthermore, the microstructure is refined by the evolution of 

phases during the curing period [267]. Additionally, the microstructural refinement can be 

attributed to the filler effect of the extra-fine MgO powder. 

The cumulative pore volumes of the samples is illustrated in Fig. 5.7(b). With a higher 

MgO/NaAlO2 molar ratio, a lower cumulative pore volume was obtained. In particular, the 

cumulative pore volume of sodium-aluminate-activated binders was lower than that of the NH 

reference pastes after 40 nm. Notably, the cumulative pore volume of MA4 was lower than 

that of NH for all pore-width ranges. The high bulk MgO content resulted in a significant 

improvement in the microstructure of the sodium-aluminate-activated binders. Sufficient 

Al(OH)
4

–
 and Mg2+ ions facilitated the generation of gels and Ht-like phases. Meanwhile, the 

relatively low-pH environment (≈12.8 according to Section 5.3.1) is also suitable for the 

reaction of the amorphous and crystalline phases. 

(a) (b) 

  

Fig. 5.7 Pore size distribution at day 28: (a) incremental volume and (b) cumulative 

volume. 

5.3.3.2 SEM-EDS mapping of activated mortars 

The scanning electron microscopy–energy dispersive spectroscopy (SEM-EDS) 

maps of the 28-day MSAASB mortars are presented in Fig. 5.8 to further illustrate the effect 

of MgO on the microstructure, especially the ITZs. Elemental quantification of silicon (Si), 

sodium (Na), oxygen (O), aluminum (Al), calcium (Ca), magnesium (Mg), and carbon (C) is 

also presented. The quantitative maps show the differences in the distribution of elements over 

the SEM mapping graphs. 

The most uniform distribution of Na was observed over the particle areas of the 

samples. Similarly, Si also spreads relatively uniformly over the particle areas, and the sand 

area is reflected by the high concentrations of Si. The ITZs, which are marked in the graphs 
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(determined from Fig. C1), are affected by the reaction products and their distribution. 

Specifically, for NA, MA0.5, MA1, MA2, and MA4, the concentrations of Al and Ca increased 

at the ITZs with an increase in the MgO/NaAlO2 molar ratio. This is attributed to the dissolved 

Ca2+ and Si(OH)4 from GGBS reacting with Al(OH)
4

–
 (from the activator) to form gels at  

 

 

 

Fig. 5.8 SEM mapping of MSAASB mortars at day 28: a) NH, b) NA, c) MA0.5, d) MA1, 

e) MA2, and f) MA4. 
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different curing ages. The geopolymerization process was accelerated by the high 

concentrations of Mg2+  (from additional MgO) in relatively low pH activation system 

[268,269]. Consequently, the porosity and pore size decreased steadily, which is in agreement 

with the results presented in Section 5.3.3.1. In addition, the Mg and Al distributions of the 

MA strongly overlap, which is ascribed to the Mg–Al LDHs. This overlap decreases closer to 

the aggregate borders. It is noticeable that the ITZ in MA4 exhibits the lowest width among 

the mortars. The higher the MgO incorporation in the matrix, the more the reaction products 

fill the pores and cracks; consequently, a denser matrix can be obtained. This is consistent with 

the QXRD and TG results. 

To further investigate this phenomenon, Fig. 5.9 illustrates the Mg/Al, Si/Al, and 

Ca/Al molar ratios in the ITZs and the porosities of the ITZs and the matrix. It can be seen that 

MA4 (with the highest Mg/Al ratio) possesses the lowest porosity among the mortar samples. 

The porosities of the ITZs and the matrices of the activated mortars decreased with an increase 

in MgO/NaAlO2 ratios. A higher Mg/Al ratio indicates a greater possibility of Mg–Al LDH 

formation. More free Mg2+ ions in the ITZs promoted the formation of Mg–Al LDHs to fill the 

pores and cracks, which improved the microstructure of the matrix [270]. In addition, the Si/Al 

ratio increased with the Mg/Al ratio owing to the acceleration of the reaction by the extra Mg2+ 

in the pore solution. In addition, the Ca/Al ratio increased with increasing MgO incorporation. 

Simultaneously, these trends were also in line with that of the compressive strength, as 

presented in Section 5.3.5. 

 

Fig. 5.9 Mg/Al, Si/Al, and Ca/Al molar ratio in ITZs and the porosities of the ITZs and 

matrices.  

5.3.4  Leaching of potentially toxic elements 

The initial hazard of the powdered raw materials was evaluated using EN 12457–2. 

Table 5.5 summarizes the leaching values of raw powdered GGBS and MSWI BA, and the 
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limits were established by the Dutch Soil Quality Regulation (SQR) [271] regarding the 

acceptable emissions for inorganic species. In the raw GGBS particles, all the metal contents 

were significantly lower than their corresponding legal values, demonstrating that GGBS can 

be used directly without potential toxicity issues. However, the contents of Cu, Sb, Cl
–
, SO4

2–
 

of MSWI BA were significantly higher than their legal values.  

Table 5.6 presents the leached elemental concentration values of the sodium-

hydroxide-activated slag paste, sodium-aluminate-activated slag paste, and MA pastes. The 

alkali-activated GGBS/MSWI BA blends considerably decreased the heavy-metal ion leaching 

concentration as well as the concentrations of chloride and sulfate ions. The contaminants were 

highly immobilized by these amorphous gels and crystalline LDHs. In the NH samples, all the 

ions in the leachate were far below their legal limits. However, high concentrations of Se were 

observed, which were very close to the legal threshold. This is due to the high pH of the pore  

Table 5.5 Leaching concentration of raw GGBS and MSWI BA (mg/L). 

E/I* GGBS MSWI BA Limit E/I GGBS MSWI BA Limit 

Ba 0.075 0.138 22 Sb 0.006 0.401 0.16 

Cr 0.030 0.036 0.63 V 0.017 0.003 1.8 

Cu 0.002 1.083 0.9 Zn UDL** UDL 4.5 

Mo 0.007 0.732 1 Cl
-
 36.2 3354.4 616 

Ni UDL* 0.009 0.44 SO4
2- 155 7303.3 1730 

Se 0.020 0.013 0.15 pH*** 11.74 11.40 - 

* E/I = Elements or ions 

** UDL = Under detection limit 

*** pH = pH of leachate 

solution, which results in a high mobility of Se [272]. Once the sodium aluminate activator 

was applied, the concentration of Se was significantly reduced by up to 56.03% in MA4 

compared to NH. This is attributed to the additional formation of Ht in the MgO–NaAlO2-

activated matrix, which led to intense Se absorption [273]. The concentration of Ba declined 

dramatically, that is, by more than 10-fold. Ba forms insoluble carbonate and sulfate 

compounds, the high sulfate from BA extremely influences the leaching of Ba. At the same 

time, the stable pH environment of MSAASB with curing age is beneficial for gel and Ht 

formation; The elevated gels and Ht formation can effectively immobilize Ba ions, resulting in 

a lower leaching concentration [274]. In contrast to the leaching ions of raw powdered BA, 

distinct decreases in Mo, Cl
–
, and SO4

2– leaching were observed (Fig. 5.10). Moreover, the 

concentrations of Mo and SO4
2– decreased with increasing MgO/NaAlO2 ratio in the MSAASB 

samples. On the one hand, the leaching of Mo oxyanions is assumed to be controlled by the 
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dissolution of Ca-containing minerals [188,230], which is related to the solubility of CaMoO4. 

Thus, a lower pH environment of the pore solution is beneficial for controlling the leaching of 

Mo, as a lower pH results in a higher concentration of Ca2+. Meanwhile, a higher concentration 

of Ca2+ ions existed in the pore solution of the larger MgO matrix, as described in Section 5.3.1. 

Therefore, the high MgO/NaAlO2 ratio favourably reduces the leaching of Mo. In addition, 

SO4
2– leaching is also influenced by Ca2+ derived from the precipitation of anhydrite (CaSO4) 

or gypsum (CaSO4∙2H2O) [272]. 

Table 5.6 28-day leaching concentrations (mg/L) in MSAASB. 

E/I* NH NA MA0.5 MA1 MA2 MA4 Limit 

Ba 0.025 0.002 0.002 0.002 0.004 0.011 22 

Cr UDL** UDL UDL UDL UDL UDL 0.63 

Cu UDL UDL UDL UDL UDL UDL 0.9 

Mo 0.077 0.140 0.125 0.109 0.110 0.034 1 

Ni UDL UDL UDL UDL UDL UDL 0.44 

Se 0.116 0.066 0.054 0.064 0.073 0.051 0.15 

Sb UDL UDL UDL UDL UDL UDL 0.16 

V 0.089 0.138 0.122 0.107 0.113 0.042 1.8 

Zn UDL UDL UDL UDL UDL UDL 4.5 

Cl
-
 37.802 31.943 33.041 34.275 35.469 44.102 616 

SO4
2- 335.589 359.052 274.089 267.540 220.945 166.845 1730 

pH*** 12.27 12.17 12.35 12.35 12.30 12.36 - 

* E/I = Elements or ions 

** UDL = Under detection limit 

*** pH = pH of leachate 
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Fig. 5.10 Effect of MgO/NaAlO2 molar ratio on leaching concentrations of SO4
2–, Cl

–
, 

and Mo. 

A small proportion (10 wt%) of effective BA content in the binders resulted in low-

level leaching of potentially toxic elements via the dilution effect. Therefore, a correction 

calculation should be performed to account for the leaching contribution of BA. Thus, the 

coefficient of the dilution effect was used to calculate the final leaching value contributed by 

BA, as follows: 

 CDilution = BA / (GGBS + BA + MgO + Water + Activator) (5-3) 

Where CDilution is the coefficient of the dilution effect, and the unit of all materials is 

wt%. 

Table 5.7 lists the leaching elemental concentration values after correcting the 

dilution effect as well as the CDilution values. The results were calculated using the following 

equation:  

 ConBA = 
PTEs concentration

CDilution

 (5-4) 

Where ConBA is the leaching value contributed by BA in each paste at day 28, and the 

leaching concentration refers to that of the potentially toxic elements from the paste samples, 

as listed in Table 5.6. 
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Table 5.7 28-day leaching concentrations (mg/L) of MSAASB contributed by BA. 

E/I* Raw BA leaching NH NA MA0.5 MA1 MA2 MA4 

Ba 0.138 0.385 0.032 0.032 0.032 0.067 0.190 

Cr 0.036 UDL UDL UDL UDL UDL UDL 

Cu 1.083 UDL UDL UDL UDL UDL UDL 

Mo 0.732 1.185 2.222 1.984 1.758 1.833 0.586 

Ni 0.009 UDL UDL UDL UDL UDL UDL 

Se 0.013 1.785 1.048 0.857 1.032 1.217 0.879 

Sb 0.401 UDL UDL UDL UDL UDL UDL 

V 0.003 1.369 2.190 1.937 1.726 1.883 0.724 

Zn UDL UDL UDL UDL UDL UDL UDL 

Cl
-
 3354.4 581.569 507.032 524.460 552.823 591.150 760.379 

SO4
2- 7303.3 5162.908 5699.238 4350.619 4315.161 3682.417 2876.638 

CDilution - 0.065 0.063 0.063 0.062 0.060 0.058 

* E/I = Elements or ions 

** UDL = Under detection limit 

As shown in Table 5.7, the leaching of Mo in the NH sample was similar to that of the 

raw BA. The hydrated gels can absorb some of the Mo ions; however, the high alkalinity of 

NH results in high leaching of Mo. However, the leaching of Mo decreases with higher MgO 

content within the MA samples, which is attributed to the enhanced Ca2+ generation. Compared 

with raw BA, the leaching of Cl
–
 and SO4

2– significantly declined among the samples, which 

was associated with the absorption of the gels and LDHs. Compared with the NH samples, a 

higher MgO addition caused a rise in Cl
–
 leaching and a reduction in SO4

2– leaching in the MA 

samples. This was attributed to the higher selectivity of LDHs for SO4
2– ions rather than Cl

–
 

ions in the same pore solution. In addition, Se has a higher leaching potential in MSAASB than 

in the raw BA. The alkalinity of the activated samples increased Se leaching. 

5.3.5  Compressive strength 

The 3-, 7-, 14-, and 28-day compressive strength of the mortars and the effect of the 

MgO/NaAlO2 molar ratio on the compressive strength are presented in Fig. 5.11. The NH 

samples exhibited a compressive strength of 12.22 ± 0.14 MPa on day 3 and up to 21.16 ± 0.96 

MPa on day 28 (as shown in Fig. 5.11(a)). However, the NA samples possessed very low 
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strength (<1.88 ± 0.31 MPa) before 14 d. The low content of the reaction products (especially 

the amorphous gels, as described in Section 5.3.2.2) resulted in a less dense matrix. 

Nevertheless, comparable strengths of up to 20.75 ± 1.27 MPa were observed on day 28. Large 

amounts of reaction products were generated in order to develop strength during curing. In 

addition, the strength increased remarkably between days 14 and 28 in the MA0.5 and MA1 

samples. MA0.5 and MA1 show low strengths of ≈2.46 ± 0.08 MPa and ≈6.92 ± 0.31 MPa at 

day 14, respectively, but high strengths of up to 27.73 ± 1.79 MPa and 29.66 ± 1.76 MPa at  

(a) (b) 

  

Fig. 5.11 (a) Compressive strength of MSAASB mortars on specific curing days, and (b) 

the effect of MgO/NaAlO2 molar ratio on compressive strength (excluding the NH sample). 

day 28, respectively. Additional MgO has also been reported to promote the strength of the 

alkali-activated matrix [238,275]. This is attributed to the additional MgO accelerating the 

formation of Ht and Hc gels. Compared with NA, MA0.5 and MA1 exhibited increases of 

33.64% and 42.94%, respectively. In addition, at day 28, MA2 and MA4 exhibit the highest 

strengths of 36.88 ± 1.97 MPa and 37.05 ± 1.46 MPa. In contrast with those of NA, growth 

rates of 77.73% and 78.55% were obtained for MA2 and MA4, respectively. It should be noted 

that a higher MgO content improves strength development. The strength developments of MA2 

and MA4 are in accordance with the generation of the reaction products (Section 5.3.2). 

Simultaneously, the strength of the matrices was also in line with the N2 sorption test and 

porosity results obtained from SEM-EDS mapping (Section 5.3.3). A higher MgO content 

leads to a lower porosity, resulting in enhanced ITZs and increased strength. 

As can be seen from Fig. 5.11(b), the increase in the MgO/NaAlO2 molar ratio strongly 

promoted the compressive strength before day 14. The acceleration rate of the MgO/NaAlO2 

molar ratio on the strength development exhibited a downward trend after 14 d. With the 

increase in MgO/NaAlO2 molar ratio, the strength increased from 20.75 ± 1.27 MPa to 37.05 

± 1.46 MPa at day 28 in sodium-aluminate-activated matrices. 
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5.4  Discussion 

5.4.1  Impact of Mg2+ on reaction products 

Knowing the changes in the ions in the pore solution are critical for understanding 

the formation mechanism of Mg–Al LDHs. The role of Mg2+ in the added MgO was 

investigated in order to understand the sodium-aluminate activation system. The ion 

concentration of the pore solutions was used along with XRD, QXRD and TGA to provide an 

in-depth understanding of the in-situ formation of Mg–Al LDHs. A comprehensive comparison 

of the concentration changes of Na+, Ca2+, Mg2+, Al(OH)
4

–
 from CWE (3, 7, 14, and 28 d) using 

the Mg–Al LDHs profiles from XRD and QXRD (days 7 and 28) is shown in Fig. 5.12.  

5.4.1.1 Competition between Mg–Al LDH and Ca–Al LDH formation  

The Mg2+/  Al(OH)
4

-
 molar ratio increased, while the Ca2+/  Al(OH)

4

-
 molar ratio 

decreased with a higher MgO/NaAlO2 molar ratio with increasing curing time in the pore 

solution of the MSAASB pastes (shown in Fig. 5.12). Simultaneously, the XRD and QXRD 

results at days 7 and 28 demonstrated a significant increase in Mg–Al LDH formation (Ht) 

with a higher MgO/NaAlO2 molar ratio. Meanwhile, reduced formation of Ca–Al LDHs (Hc) 

was observed with the increase in MgO addition. Fig. 5.13 shows the dominant mechanism of 

the extra Mg2+ ions on the reaction products of the Mg–Al and Ca–Al LDHs in the sodium-

aluminate activation system. The pH environment of the pore solution in the MgO–NaAlO2-

activated matrix is stable at ≈12.9 during the curing period. The additional MgO provides 

sufficient Mg2+ in the pore solution; therefore, Al(OH)
4

–
 favors combination with Mg2+ over 

Ca2+ to form Mg–Al LDHs instead of Ca–Al LDHs. Since the solubility product constant of 

Mg–Al LDHs (KSP = 10–66.58 [205]) is much lower than that of Ca–Al LDHs (KSP = 10–29.35 

[256]), the precipitation of Mg–Al LDHs is easier than that of Ca–Al LDHs in the high-Mg/Ca 

environment in the Al-rich pore solution. Simultaneously, the saturation of Mg–Al LDHs 

occurs earlier in an aqueous environment with a higher [Mg] in the pore solution, leading to 

more precipitation of Mg–Al LDHs. In addition, no evidence of M-S-H was detected in the 

XRD pattern. This is in line with the results of a previous study that demonstrated the absence 

of Mg-rich silicate gels (e.g. M-S-H) in high-Mg and high-Al systems [276]. Consequently, 

the increase in Ca2+ concentration after 7 d is due to the suitable pH environment in the pore 

solution dissolving from the slag particles. Mostly, Ca2+ participates in the formation of C–S–

H and C–A–S–H gels, while Mg2+ is barely incorporated into the silicate gels. Therefore, Mg– 

Al LDHs tend to be the main secondary reaction products instead of Ca–Al LDHs owing to the 

increased MgO content. 
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Fig. 5.12 Mg–Al and Ca–Al LDH formation. 

 

Fig. 5.13 Competition between Mg–Al and Ca–Al LDH formation. 
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5.4.1.2 Competition between Mg–Al LDH and zeolite formation 

Fig. 5.12 also shows the changes in the Mg2+/Si(OH)4 ratio with different 

Mg2+/ Al(OH)
4

–
 molar ratios. The higher the MgO incorporation, the higher the Mg2+/Na+ ratio 

in the pore solution before day 14. However, more Mg2+ ions were consumed after 14 d. During 

this period (14–28 d), most of Mg–Al LDHs were generated, as shown in the TGA patterns. 

Meanwhile, the presence of zeolite in the XRD patterns increased in the NA samples with 

curing time. However, the intensity of the zeolite peak decreased with an increase in the 

MgO/NaAlO2 molar ratio of the raw materials. This is due to the increasing generation of Mg–

Al LDHs. In addition, a large amount of Na+ was consumed to form more N–A–S–H gels after 

28 d; therefore, Na+ decreased with the curing age. 

 

Fig. 5.14 Competition between Mg–Al LDHs and zeolite formation. 

The effect of additional Mg2+ on the reaction mechanism for the formation of Mg–

Al LDHs and zeolites is presented in Fig. 5.14. During curing, Mg2+ maintained a high 

concentration in the pore solution. The available Al(OH)
4

–
 bonds with Mg2+ to form Mg–Al 

LDHs in a suitably alkaline environment. Less Si(OH)4 reacts with Al(OH)
4

–
 and Na+ to form 

zeolite owing to more Si(OH)4  forming C(N)–A–S–H gels. Consequently, the extra Mg2+ from 

the added MgO wins the competition against Na+ in the pore solution. Eventually, the pore 

solution contains low concentrations of Al(OH)
4

–
 and Si(OH)4. Meanwhile, the low ion 

concentrations (i.e., [Al] and [Si]) lead to the low crystallinity of sodium aluminosilicate 

hydrate [257]. The decrease in zeolite formation can be attributed to the low concentrations of 

Al(OH)
4

–
 and Si(OH)4. Therefore, amorphous C(N)–A–S–H gels (low-crystallinity reaction 

products) can be generated by the extra Na+ reacting with Al(OH)
4

–
 and Si(OH)4 at late curing 

ages. Therefore, C(N)–A–S–H is an alternative reaction product to zeolite in a high-MgO-

activated system. Simultaneously, the hump in the XRD pattern (Fig. 5.12) represents C(N)–

A–S–H-type gels rather than zeolite at day 28.  
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5.4.2  Impact of Mg2+ on toxic element binding by in-situ-formed LDHs 

In this chapter, a one-stage batch leaching test was utilized to investigate the impact of 

MgO dosage on the leaching behavior of MSAASB pastes. It was found that the leaching 

concentrations of Mo and SO4
2– were mitigated, whereas those of Cl

–
 slightly increased with 

higher MgO content in the sodium-aluminate-activated matrix. The effect of Mg2+ on the 

stabilization of MoO4
2–, Cl

–
, and SO4

2– from BA in MgO–NaAlO2-activated slag is shown in 

Fig. 5.15. The higher Mg2+ concentration (from extra MgO incorporation) maintained the pH 

of the  

 

Fig. 5.15 Impact of Mg2+ on leaching of MoO4
2- , Cl

-
, and SO4

2-  from BA in MgO–

NaAlO2-activated slag. 

pore solution. Therefore, a stable pH environment promoted the dissolution of Ca2+ from 

GGBS during curing (Fig. 5.12). Simultaneously, the extra Mg2+ reacts with Al(OH)
4

–
 to form 

Mg–Al LDHs, and less Ca2+ reacts with Al(OH)
4

–
, as discussed above. Therefore, more Ca2+ 

was available in the pore solution. Furthermore, higher [Ca] led to the immobilization of 

MoO4
2– ions via the formation of CaMoO4. Therefore, it is believed that an increase in Mg2+ in 

the pore solution is beneficial for the immobilization of Mo in Ca-rich precursors. 

At the same time, the extra Mg2+ creates more in-situ formation of LDHs in the matrix, 

which affects the leaching behavior of Cl
–
 and SO4

2–. The affinity of LDHs for SO4
2– is higher 
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than their affinity for Cl
-
, so the higher Mg2+ concentration results in extra LDH formation; 

consequently, larger amounts of SO4
2– can be stabilized by the ion exchange of extra in-situ-

formed LDHs. However, less Cl
–
 can be stabilized by the ion exchange of LDHs because more 

SO4
2–  occupies the interlayer sites instead of Cl

–
. Although our hypothesis is statistically 

supported by the promotion of LDHs formed as a result of MgO–NaAlO2 activation, the 

leaching of Cl
-
 is higher than that of NH with high MgO incorporation (MgO/NaAlO2 molar 

ratio > 2). It is noteworthy that MA1 exhibits improved leaching of ions, including Cl
–
 and 

SO4
2–, and better mechanical properties than NH. Future work should therefore control the 

MgO/NaAlO2 molar ratio in the sodium-aluminate-activated system to control the in-situ-

formed LDHs. Furthermore, this can improve both Cl
–

 and SO4
2–  leaching behaviors. In 

addition, the incorporation of Mg2+ promoted the formation of C(N)–A–S–H in the matrix, 

which also contributed to the higher surface absorption of toxic elements. 

5.5  Conclusions 

With this chapter, it is attempted to understand the effect of the MgO/NaAlO2 molar 

ratio on MSAASB, with the objective of improving the heavy-metal binding capacity of in-

situ-formed LDHs. The investigation showed that MgO incorporation maintains the low-pH 

environment of the pore solution. The additional Mg2+ (from MgO powder) and Al(OH)
4

-
 ions 

(from the NaAlO2 activator) synergistically promoted the formation of Mg–Al LDHs. From 

the results and discussion presented above, the following conclusions can be drawn. 

• MSAASB showed a significant amount of Mg–Al LDH formation reaching 2.61 wt% 

(ref. sample is 1.6 wt%) at day 28. Meanwhile, the higher MgO/NaAlO2 molar ratio 

accelerates the formation of Mg–Al LDHs and gels under relatively low-pH 

environments (12.80~12.95). Higher MgO incorporation transfers the secondary 

reaction products from Ca–Al LDHs and zeolite to Mg–Al LDHs. 

• The microstructure was evidently improved by higher incorporation of MgO. An 

MgO/NaAlO2 ratio of 4 resulted in the lowest porosity and best mechanical 

properties. Moreover, the rate of strength growth was accelerated by a higher 

MgO/NaAlO2 ratio. 

• The additional MgO provides extra Mg2+, promoting the reaction between Mg2+ and 

Al(OH)
4

–
, reducing the reaction between Ca2+ and Al(OH)

4

–
. Meanwhile, less 

Al(OH)
4

–
 reacts with Na+, resulting in less zeolite formation. Mg–Al LDHs tend to 

be the predominant LDHs (rather than Ca–Al LDHs) in the sodium-aluminate-

activated system. Furthermore, zeolite production is impeded by an aqueous 

environment rich in Mg2+. 

• Heavy-metal leaching was significantly decreased by the incorporation of MgO. A 

lower leachable Mo concentration was obtained owing to the increased formation of 

CaMoO4. The leaching of SO4
2–  decreased dramatically, and the in-situ-formed 

LDHs absorbed more SO4
2– than Cl

–
 with elevated MgO addition, owing to the high 

affinity of LDHs for SO4
2–. 

  



120 

  



 

121 

Chapter 6  Utilization of waste glass in alkali activated slag/fly ash 

blends: reaction process, microstructure, and chloride diffusion behavior 

 

 

 

 

 

This chapter aims to investigate the chloride diffusion behavior of alkali activated slag 

and fly ash blends with different contents of waste glass powder (GP) addition. The reaction 

heat flow of alkali activated slag / fly ash / waste glass is characterized. The reaction products 

are determined by X-ray diffraction (XRD) and thermogravimetric analysis (TGA). N2 

adsorption analysis (BET) is used to evaluate the microstructure of samples. The accelerated 

chloride penetration test (ACPT) is applied to study the chloride resistance of the AAMs. 

Subsequently, the leaching test of chloride penetrated samples are conducted and ion 

chromatography (IC) is utilized to measure the chloride content in the samples. According to 

the BET results, the total volume of mesopores decreases with increasing GP content. The 

results of ACPT show that the increasing GP in AAMs shows an enhancement of chloride 

resistance. 
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6.1  Introduction 

Alkali activated materials (AAMs) are regarded as potential alternatives to substitute 

ordinary Portland cement (OPC) due to their sustainability and high resistance to chemical 

attacks [277]. In the past decades, the utilization of ground granulated blast-furnace slag 

(GGBS) and fly ash (FA) showed tangible value towards environmental concerns as the 

replacement of cement [278]. Meanwhile, waste glass powder (GP) was generated in large 

amounts worldwide [279]. However, the low recycling rate of GP led to the large amount of 

GP disposed into landfills [280]. The alkali activation of GP showed a promising opportunity 

in previous studies [280,281]. Moreover, alkali activated GGBS, FA, and GP have been 

intensively investigated [66,282]. The reaction process, mechanical properties, and shrinkage 

of alkali activated GGBS/FA/GP have been determined [283–285]. While long-term durability 

is important to evaluate the performance of building materials, especially the resistance to 

chloride penetration [286]. The mechanism of alkali activated slag/fly ash with the blending of 

additional GP is still insufficient in terms of chloride transport, it limits the application of waste 

glass in AAMs. 

Chloride resistance is one of the critical properties for cementitious and alkali activated 

materials, since chloride penetration may result in the corrosion of steel bar [287–289]. The 

microstructure influences the chloride ion diffusion process in the matrix, for example, the 

chloride transport route and chloride absorption of micropores in the materials [290]. Liu et al. 

[66] investigated the chloride binding capacity of high volume waste glass in cement-based 

blends. The chloride migration coefficient decreases with higher waste glass content, resulting 

in enhanced chloride resistance. Puertas et al. [291] used waste glass as an activator to prepare 

alkali activated slag, the results showed that the strength and microstructure were comparable 

to NaOH/Na2CO3 activated slag. A small amount of waste glass particles incorporation yielded 

the dense microstructure of concrete by the gel formation of waste glass activation [292]. The 

participation of waste glass powder refines the microstructure, subsequently, enhances the 

mechanical performance and durability of cementitious materials. However, because of limited 

investigations in the mechanism of long-term durability in terms of the GP addition, especially 

the chloride transport mechanism of GP blended AAM binders is still not clear. 

The wide range in the pore size distribution of AAMs is an important feature to 

evaluate the porosity and tortuosity [293,294]. Furthermore, the pore structure strongly 

influences chloride transport in the matrix. Previous studies have summarized how the waste 

glass influences the reaction process and, subsequently, the microstructure. The Krstulovic-

Dabic model was used to describe the influence of waste glass powder on hydration kinetics 

including the nucleation and crystal growth (NG), interactions at phase boundary (I), and 

diffusion (D) [295]. The NG process guarantees the early development of microstructure while 

the I and D process supplies the subsequent microstructure evolution [296]. Briefly, hydration 

behavior is the key factor of microstructural development.  

The major compositions of waste glass are Na2O, CaO, and reactive SiO2 [291,297]. 

The additional reactive SiO2 resources in waste glass has the potential to promote gel formation 

and improve the microstructure. Consequently, the mechanical properties and chloride 

resistance can be improved [298]. Puertas et al. [299] reported that the major reaction products 



 

123 

of activated waste glass are Si-high, Al- and Ca low gels. The calcium aluminosilicate hydrates 

(C−A−S−H), and sodium aluminosilicate hydrates (N−A−S−H) predominated the gel 

formation in the alkali activated waste glass matrix. The calcium aluminosilicate hydrates 

(C−(A)−S−H) grew on the surface of some crystals showing the homogenous status [300]. 

Meanwhile, the fan-like texture of the gel was about 3 nm or lower in their dimension. The 

evolution of microstructure was influenced by the formation of reaction products, especially 

on the mesopores (2 ~ 50 nm) scale [300]. Overall, hydration products, reaction processes, and 

microstructure should be profoundly investigated to discuss the mechanism of chloride 

transport in alkali activated slag/fly ash incorporating GP. Since these important parameters 

influence the chloride transport and lacks in-depth investigation. 

This chapter aims to investigate the chloride transport mechanism of alkali activated 

slag/fly ash/waste glass blends. The reaction heat flow is determined to study the reaction 

kinetics, meanwhile, the reaction products are characterized. The microstructure and chloride 

diffusion are investigated. Furthermore, the chloride transport in the pore structure is discussed 

based on the experimental results. The addition of waste glass is proved to enhance the chloride 

resistance of AAMs. 

6.2  Materials and methods 

6.2.1  Starting materials 

Ground granulated blast-furnace slag (GGBS), fly ash (FA), and waste glass powder 

(GP) were utilized in this chapter. The mixed color glass fractions were collected by a glass 

recycling plant and ground into GP by ball milling. The chemical compositions were 

determined by X-ray fluorescence (XRF), as shown in Table 6.1. The X-ray diffraction graphs 

of GGBS, FA, and GP utilized in this chapter are shown in Fig. 6.1. 

The particle size distribution (PSD) of the powder feedstocks were determined by laser 

granulometry, using Master Sizer laser granulometer with an open measuring cell. The 

preparation of the powders was done by wet dispersion in deionized water. The particle size 

distribution of GGBS, FA, and GP are shown in Fig. 6.1(d). The D50 particle sizes of GGBS, 

FA, and GP are 16 μm, 27 μm, and 28 μm, respectively. 

The activator used in this chapter was the 4 mol/L sodium hydroxide solution. The 

analytical grade sodium hydroxide pellets (99% purity) were dissolved in deionized water. And 

the activator was prepared 24 hours before it was used to cast pastes and mortars. 
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Table 6.1 Chemical composition and physical properties of waste glass, GGBS, and 

Fly ash. 

Chemical composition GP (wt. %) GGBS (wt. %) FA (wt. %) 

Na2O 14.7 / / 

MgO 1.3 8.6 1.1 

Al2O3 1.9 13.3 27.2 

SiO2 68.7 29.6 51.8 

SO3 0.1 2.7 1.1 

K2O 0.7 0.4 1.9 

CaO 12.0 43.0 5.9 

TiO2 0.1 1.5 1.8 

MnO / 0.4 0.1 

Fe2O3 0.4 0.4 8.3 

P2O5 / / 0.9 

Cl 0.1 / / 

LOI* (1000℃) 1.36 1.25 2.24 

Specific density (g/cm3) 2.52 2.96 2.38 

BET Specific surface area (m2/g) 0.99 0.37 0.82 

*LOI = loss on ignition at 1000 ℃ 
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Fig. 6.1 X-ray diffractogram of (a) GGBS; (b) FA; (c) GP; (d)The particle size distribution 

of GGBS, FA, and GP. 

6.2.2  Sample preparations 

The GGBS / FA weight ratio of AAM is 7:3, while the waste glass powder (GP) 

replaces the fly ash in AAMs from 10 wt. % to 30 wt. % (see the sample IDs in Table 6.2), so 

the GGBS / (FA + GP) weight ratio is constantly 7:3. The starting raw materials were mixed 

with the designed proportion in the concrete mixer following the preparation procedure 

suggested by EN 196-1 [104]. The mortars were produced by adding sand, and (GGBS + FA 

+ GP) / Sand = 1/3. Mortar samples for mechanical testing were cast in the 40 mm × 40 mm × 

160 mm prism mold followed by the vibration. While the mortar samples for chloride diffusion 

were cast in Ø 100 mm × 200 mm cylinder mold followed by the vibration. After 24 hours, the 

pastes and mortars were unmolded and were sealed by plastic cover. Then, samples were 

warped in plastic film to prevent moisture losses in the ambient temperature (20℃) until the 

age of 28 days. The chemical composition of different sample binders can be calculated, and 

the Al/Si, Na/Si, and Na/Al molar ratios of Ref, GP10, GP20, and GP30 are presented in Table 

6.3. 

 



126 

Table 6.2 Formulations of the mortar samples. 

Sample L/S ratio* NaOH (mol/L) GGBS (wt. %) FA (wt. %) GP (wt. %) 

Ref 0.4 4 70 30 0 

GP10 0.4 4 70 20 10 

GP20 0.4 4 70 10 20 

GP30 0.4 4 70 0 30 

            *L/S ratio = liquid to solid ratio 

              Solid = Weight (GGBS + FA + GP) 

 

Table 6.3 The elemental molar ratio of samples (without activator). 

Sample Al/Si Na/Si Ca/Si Na/Al Mg/Al 

Ref 0.3 0 0.9 0 0.9 

GP10 0.2 0.1 0.9 0.3 1.1 

GP20 0.2 0.1 0.9 0.8 1.3 

GP30 0.1 0.2 0.9 1.5 1.7 

 

6.2.3  Testing methods 

Isothermal calorimetry 

The heat flow of the samples with different precursors was measured by isothermal 

calorimetry set at 20℃ (TAM AIR Calorimetry). It was noteworthy that the initial 45 minutes 

after mixing could not be measured due to the sample preparation procedure and deviation. 

The results were normalized by the mass of the solids.  

X-ray diffractometry 

X-ray diffractometry (XRD) was performed by using the Bruker D4 Phaser instrument 

with Co-Kα radiation (40kV, 30mA). The pressed powdered specimens were measured with a 

step size of 0.05° and a counting time of 1s/step, from 10° to 90° 2θ. 
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Thermogravimetry 

The Thermogravimetric (TG) test was conducted by using the STA 449 F1 instrument, 

at a heating rate of 10 ℃/min, to samples of ≈ 100 mg. Experiments were carried out from 

40 ℃ to 1000 ℃, during the test process, the gas N2 was used as the carrier gas. 

Nitrogen adsorption test 

The nitrogen sorption tests were conducted by TriStar Ⅱ 3020, Micromeritics. The pore 

size distribution was carried out by the Barrett, Joyner, and Halenda (BJH) method [105] from 

the desorption branch. Before the test, 28-day paste samples were ground to powder and the 

samples were immersed in the 2-propanol for 24h to stop the hydration process, then dried to 

constant mass at 60℃ for 3 days in the drying oven. 

Accelerated chloride penetration test 

The Ø 100 mm × 200 mm cylinder mortars were cast and cut into 100 ± 2mm thick 

slices. The accelerated chloride penetration test (ACPT) procedure was followed by NT Build 

443 [301]. The cylinder mortars were sealed by the paraffin wax on the side and bottom 

surfaces, and the top surface was not sealed for exposure to the NaCl solution. An aqueous 

NaCl solution  

(a) (b) 

 

NaCl Concentration: 

165 g/L

AAM samples

NaCl Solution 

container

 

Fig. 6.2 Accelerated chloride penetration test: (a) AAM samples; (b) Immersed set-up. 

was prepared with a concentration of 165 g ± 1 g NaCl per dm3 solution. The temperature of 

the water bath was 21-25 °C with a target average temperature of 23 °C. The container was 

completely filled with the exposed liquid and closed tightly. The exposure lasted for 5 weeks, 

and the container was shaken once a week. The cylinder mortars and NaCl solution containers 

are shown in Fig. 6.2. 

The apparent chloride diffusion was obtained by fitting as follow. 
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C(x,t)=Cs-(Cs-Ci)∙erf (
x

√4∙De∙t
) (6-1) 

Where C(x,t) is the chloride concentration, measured at the depth x, at the exposure 

time t in mass %. Cs is the boundary condition at the exposed surface in mass %. Ci is the 

initial chloride concentration measured on the concrete slice at time t = 0 in mass %. X is the 

depth below the exposed surface in m. De is the effective chloride transport coefficient in m2/s. 

t is the exposure time in second. Erf is the error function defined as follow. 

erf(z)=
2

√π
∫ exp(-u2)du

z

0

 
(6-2) 

Leaching - Ion Chromatography 

The chloride content of samples after ACPT was determined by combining leaching 

and ion chromatography (IC) tests. The powder samples were drilled after ACPT by depth 

from 1 ~ 5 cm, and the thickness of every layer was 1 cm. The leaching tests were performed 

with demineralized water on materials with a particle size < 4 mm and at a liquid to solid ratio 

of 2/l. The process of one batch leaching test was followed by EN 12457 part 1 [302]. In the 

leaching step, the contact time was 24 hours. After the leaching test, the leachate of the solution 

was filtrated through a 0.45 μm filter.  

The concentration of chloride in powder samples was analyzed by ion chromatography 

(Dionex 1100) equipped with an ion-exchange column AS9-HS (2×250 mm). The leachate of 

the solution was used to determine the chloride ion concentration. The accuracy of chloride 

determination by the leaching-Ion Chromatography method had been proved by a previous 

study [303]. 

6.3  Results and discussion 

6.3.1  Reaction kinetics 

The typical reactions stages of AAMs are a) destruction-coagulation, b) coagulation-

condensation and c) condensation-crystallization [106]. The first reaction heat peak 

corresponds to a) destruction-coagulation, while the second peak corresponds to b) 

coagulation-condensation. The time to reach the reaction peak (TRRP) is defined as the time 

to reach the second heat peak, and it is the gelation process in AAM systems. The normalized 

reaction heat flow by mass, normalized peak intensity by mass, and TRRP of AAMs are shown 

in Fig. 6.3. With a higher content of waste glass powder replacement, the reaction heat peak 

height is slightly increasing, while the TRRP decreases. 

Fig. 6.3(a) and Fig. 6.3(b) show that the normalized reaction heat heights of the AAM 

pastes are close to each other. The slight differences can be seen from Fig. 6.3(b). The waste 
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glass-based binder (GP30) takes a shorter TRRP by 0.2h than the reference paste. The high 

amount of fly ash can reduce the Ca2+ ions in the pore structure of the system, thereby 

prolonging the induction period [297,304]. Oppositely, the reactive SiO2 in waste glass powder 

increases the total content of SiO2 in the matrix, thus the dissolution process of Si-O and Al-O 

tetrahedrons in waste glass-based blends could be faster than the fly ash-based blends [305]. 

Furthermore, the normalized peak height is also increased by the increasing content of waste 

glass powder replacement. The decreasing reactive Na/Si molar ratio and increasing Na/Al 

molar ratio both influence the total peak height positively. While, the slight differences are due 

to the physical effect of GP particle size, which influences the dissolution of reactive SiO2 in 

waste glass powder [306,307]. 

(a) (b) 

  

Fig. 6.3 (a) Normalized heat evolutions of paste mixtures by sample mass; (b) Normalized 

peak height by sample mass and time to reach the reaction peak. 

6.3.2  Reaction products 

6.3.2.1 X-ray diffraction 

The XRD pattern is presented to investigate the effect of GP additions in GGBS / FA 

based matrices. The reaction products of specimens after 28 curing days are presented in the 

X-ray diffraction patterns (Fig. 6.4).  

In all AAM samples, the Calcium silicate hydrates (C−S−H) is predominantly 

amorphous gel. The intensity of C−(A)−S−H is similar among the AAM samples, which can 

be explained by the fact that the large proportions of GGBS predominate the alkali activation 

process. The characteristic peak of C−(A)−S−H is found at 33.9°, corresponding to (PDF# 00-

006-0010). The C−(A)−S−H is the reaction product of alkali activated GGBS dominated 

matrices, which is in agreement with previous studies [238,282]. The lack of Al resource from 

the precursors drives the reaction products a silicon-high gel [308]. 
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For the secondary reaction product of alkali activated GGBS, the characteristic peak 

of hydrotalcite  (Mg-Al layered double hydroxides) is observed at 13.360°[238], which is 

consistent with (PDF# 00-014-0191). Hydrotalcite is found in all AAM samples, and the 

intensity of hydrotalcite is constant with diverse GP content in pastes. The dilutions of FA and 

GP shows similar results, thus the additional Si-O tetrahedral from GP has little impact on the 

28-day paste samples in terms of hydrotalcite formation. The reaction process is predominated 

by GGBS, and the hydrotalcite is provided by the alkali activation of GGBS. Thereby, the 

additional reactive Si from GP has limited effect on hydrotalcite content. 

The Calcium Aluminum Oxide Carbonate Hydroxide Hydrate (PDF# 00-041-0221) is 

denoted as Calcium hemicarboaluminate (Hc) [154]. The Calcium hemicarboaluminate is 

observed within all pastes. The hydroxides-activated slag favors forming the crystalline phase 

calcium hemicarboaluminate and hydrotalcite together [154]. Because the Al-rich slag 

provides a suitable environment for calcium hemicarboaluminate formation [309].  

Calcite (PDF# 01-086-2343) is attributed to the carbonation of pastes. The calcite 

formation is not influenced by the GP content in the matrix. Meanwhile, the quartz and mullite 

gradually disappear with the higher replacement of GP in the matrix since the quartz and 

mullite are mainly provided by the FA. 

 

Fig. 6.4 XRD pattern of GGBS/FA paste mixtures with different GP replacement at 28 days. 

6.3.2.2 Thermogravimetric analysis 

The thermogravimetric (TG) and differential thermogravimetric (DTG) curves of the 

paste samples at 28 days are presented in Fig. 6.5. The samples show significant mass loss (Fig. 

6.5 (a)) from 40 ℃ to 1000 ℃. The mass loss is attributed to the decomposition of C−(A)−S−H 

gels, hydrotalcite, and calcite (from carbonation). With higher GP content, the total mass loss 

reaches a higher value attributed to more hydrate formation. As shown in Section 6.3.2.1, the 
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low-reactivity crystalline content (quartz and mullite) decreases with higher incorporation of 

GP, thus the reaction mass loss shows the highest in GP30 and the lowest in Ref. 

Fig. 6.5(b) shows the differential thermogravimetric (DTG) curves of 28-day paste 

mixtures. Most of the mass loss of the samples is around 100 ℃ to 300 ℃. It is due to the mass 

loss of free water and the decomposition of C−(A)−S−H gel ranging from 100 ℃ to 300 ℃ 

[310]. Hydrotalcite is also found among all samples around 380 ℃ [311]. On contrary, 

previous studies show that with a higher content of GP in the AAMs, the hydrotalcite phase 

disappears gradually. However, the fineness of GP in the AAM samples performs a significant 

role in this chapter. Normally, the granulation of GP material reaches below 5 μm, and the raw 

material shows a distinct diverse property [312,313]. The extra Si-O tetrahedral may dissolve 

in pore solution at a very early reaction period. The extra Si-O tetrahedral consume a large 

quantity of Al in pore solution, then the small amount of Al interacts with Mg2+ forming 

hydrotalcite (low content) [18]. However, the median particle size of GP in this chapter is 28 

μm. The large amounts of coarse GP particles are difficult to dissolve in the pore solution at 

early reaction time, the insufficient Si-O tetrahedral reacts with Al, thus the hydrotalcite still 

survives in the matrix. Besides, the predominant GGBS content controls the hydrotalcite 

formation. Thereby, the hydrotalcite content shows similar content among the samples. The 

calcite phase is observed at around 650 ℃ and 750 ℃ [310], the AAM pastes are easy to face 

the carbonation issue because of their high pH pore solution [314]. 

(a) (b) 

  

Fig. 6.5 (a) Thermogravimetry (TG) curves of paste mixtures at 28 days; (b) Differential 

thermogravimetry (DTG) curves of paste mixtures at 28 days.  

6.3.3  Microstructure  

The pore size distribution of AAM samples is presented in Fig. 6.6(a), and the 

cumulative pore volume is presented in Fig. 6.6(b), by using N2 adsorption testing. The pore 

structure is divided by the pore size: micropores (< 2 nm), mesopores (2 ~ 50 nm), macropores 

(50 ~ 7500nm) and megapores (> 7500 nm) [315]. In Fig. 6.6, all the paste samples show 
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similar trends, i.e. with a higher dosage of GP, the entire matrix tends to form a denser and 

more homogeneous system.  

As seen in Fig. 6.6(a), the paste samples obtain the most mesopores, concentrating on 

4 nm. The higher content of GP addition significantly helps to decrease the pore volume. This 

is consistent with XRD and TG results because the outer-product pores of C−(A)−S−H 

normally concentrate on 3 ~ 5 nm [300,316], the more gelation in the matrices, the more pores 

appear at this range. The gelation of C−(A)−S−H fills the large mesopores of the matrix, while 

the dissolution of hollow FA makes more pores from precursor exposure [317]. The fewer FA 

contents, the denser microstructure with higher GP contents. Thus, the porosity of AAM 

samples decreases with the GP addition. 

Among the samples, the second peak concentrates around 40 ~ 50 nm, at the end of the 

mesopores size range. Previous studies [95,123] demonstrate that the mesopores are important 

while parameters influencing the water penetration and ion transport in the matrix. From Fig. 

6.6(a), the second pore-concentration peak also decreases with the content of GP additions. 

Likewise, the total mesopores decrease. Therefore, it can be concluded that the microstructure 

is refined with a higher content of GP samples. 

The difference in the cumulative pore volume of AAM samples is illustrated in Fig. 

6.6(b). The refinement of mesopores is shown distinctly with the GP addition. The higher GP 

content decreases the cumulative pore volume. First, the reactive GP promotes the gelation in 

the matrix, the pore is filled with gel products and the pore structure is refined. Simultaneously, 

the unreacted GP participates in the late reaction process, which means more gels will form in 

the later age of samples [310]. Thereby, the volume of pores will be gradually filled by the late 

formation of gels, and the matrix tends to become denser and has a higher capacity to prevent 

water penetration and ion transport. 

(a) (b) 

  

Fig. 6.6 (a) The pore size distribution of AAM pastes; (b) Cumulative pore volume of AAM 

pastes. 
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6.3.4  Chloride diffusion 

Table 6.4 shows the results of chloride ions immobilized in the AAM mortars after an 

accelerated chloride penetration test (5 weeks immersion of sodium chloride solution). The 

results show that chloride content decreases dramatically with the depth of samples. 

Simultaneously, the chloride ion content decreases with the GP incorporation. 

Table 6.4 Chloride leaching results of AAM mortars in different depths to exposure 

surface (unit: mg/mL). 

Depth 

 GP30  GP20  GP10  Ref  

 Cl 

content 

Std 

Dev* 

 Cl 

content 

Std 

Dev 

 Cl 

content 

Std 

Dev 

 Cl 

content 

Std 

Dev 

 

1 cm  241.2 0.8  288.0 0.9  286.9 1.7  259.8 1.2  

2 cm  13.2 0.3  20.8 0.7  26.1 0.1  32.3 0.4  

3 cm  12.4 0.3  16.5 0.4  15.3 0.1  19.9 0.3  

4 cm  9.5 0.3  13.1 0.2  12.2 0.3  23.0 0.3  

5 cm  8.4 0.1  9.6 0.3  11.4 0.1  10.1 0.0  

*Std Dev: Standard Deviation  

In Fig. 6.7, the chloride concentration at different drilled depths is presented. The non-

linear regression curves are presented as well. Among all mortar samples, the GP30 shows the 

highest chloride resistance. With the higher replacement of FA by GP, the mortar samples 

show lower chloride mass concentration in the samples. Meanwhile, along with the depth of 

mortar samples, the chloride concentration shows lower with higher GP content in AAMs. The 

GP30 shows the lowest chloride concentration at 48.2%, 2.6%, 2.5%, 1.9% and 1.7% mass per 

0.001 gram dry samples in 1 to 5 cm, respectively. While the Ref has 52%, 6.4%, 4%, 4.6% 

and 2% mass per 0.001 gram dry samples in 1 to 5 cm, respectively. Comparing the GP30 and 

Ref samples, the chloride concentration decrease by 7.3%, 59.4%, 37.5%, 58.7% and 15% 

from 1 to 5 cm depths, respectively. Simultaneously, the GP10 and GP20 show the 

approximately linear interpolation between GP30 and Ref samples (a few points present 

discrete features). The chloride resistance becomes higher with the increasing GP replacement 

in AAM mortars. Like previous studies, the chloride binding capacity is attributed to the 

binding of gels and hydrotalcite in this investigation [318].  



134 

  

  

Fig. 6.7 Chloride penetration of AAMs mortars (a) Ref; (b) GP10; (c) GP20; (d) GP30. 

 

Table 6.5 Apparent chloride diffusion coefficients of AAMs mortars. 

Sample ID De (×10-12 m2/s) Cs (mass %00) Ci (mass %000) SSE*100000* 

Ref 28.3 5.1 0 5.2 

GP10 25.4 4.8 0.1 4.4 

GP20 22.4 4.7 0.2 4.9 

GP30 20.4 3.3 0.3 3.2 

* Sum of square errors 

Table 6.5 summarizes the parameters for calculating the apparent chloride diffusion De 

coefficient according to NT Build 443 [301]. The results show that as the GP content increased, 

the chloride diffusion coefficient decreased. Compared GP30 with the Ref sample, the higher 



 

135 

GP contents contribute to the hydration of AAMs, therefore, more gel formation leads to a 

denser pore structure. At the same time, fly ash based geopolymers had been proved low in 

chloride binding capacity [319]. Thus, more FA content results in a higher chloride diffusion 

coefficient of the Ref sample. 

Furthermore, the physical chloride absorption is mainly attributed to C−(A)−S−H gels 

in the matrix. First, with more gelation, the matrix becomes denser. The micropores locate at 

3 ~ 5 nm which is influenced by the gel formation [300,316]. Concurrently, the results of BET 

show that, with higher GP content, the matrix favors to form more gels and becomes much 

denser. The denser matrix may be due to more gelation and the use of GP with smaller particles 

(verification is supported by Fig. 6.1). The majority of pores in the matrix are mesopores, and 

mesopores govern the chloride transport in the matrix [238,320]. Thus, the chloride 

concentration becomes lower in high GP replacement mortars, because of the lower content of 

mesopores. Moreover, the tortuosity becomes more complicated with higher substitution of 

GP. As shown in Fig. 6.8, chloride transport is influenced by the hydration of GP. When the 

chloride ion contacts the GP hydrates surface, the transport route is affected by the gels, and 

chloride transport along with the surface of hydrated GP, and it takes a longer time to penetrate 

the matrix. While the hydrated FA exposes the hollow structure and cracking leading to an 

easier chloride transport state [321,322]. The high mesopores and high level of pore network 

interconnectivity (because of FA cracking) also lead to a high chloride transport in the FA-

based matrix [66,319]. Relatively, the chloride resistance of higher GP samples is more 

effective than the FA-based ones. Thereby, the chloride resistance increases with higher GP 

content. 

 

Fig. 6.8 Influence of GGBS, FA, and GP on chloride transport in AAM mortars. 

The chemical absorption in the alkali activated system is normally attributed to the 

hydrotalcite [96,323] and ettringite [324] phases, in other words, layer double hydroxides 

phases, which can chemically absorb the chloride ion in the interlayer space. Among the AAM 
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mortars, the hydrotalcite phase is clearly identified in XRD, which partly contributes to 

chloride ion immobilization. The hydrotalcite content shows similar among different mortars, 

but GP30 exhibits the highest chloride resistance. Because the hydrotalcite just contributes 

partly to the chloride binding capacity of the matrix. Thus, the physical chloride absorption 

predominates the chloride resistance in AAM mortars. 

6.4  Conclusions 

In this chapter, the influences of GP addition on the chloride diffusion behavior of 

alkali activated GGBS / FA are discussed. With higher GP substitutions in alkali activated 

GGBS / FA, the reaction kinetics and reaction products are determined. Furthermore, the 

microstructure and chloride resistance are investigated. Based on the experimental results, the 

following conclusions can be drawn: 

• With a higher content of waste glass powder in alkali activated GGBS / FA, the 

intensity of the reaction heat peak is increasing, however, the time to reach the 

reaction peak (TRRP) decreases. The GP addition accelerates the early reaction 

process of alkali activated GGBS / FA. 

• The C−(A)−S−H gels and hydrotalcite are observed among all the AAM samples. 

The hydrotalcite is still produced in the environment of extra reactive SiO2 provided 

by GP, although the available Al content will be interreacted more with the extra Si-

O tetrahedrons and less with Mg2+. The crystalline carbonated phases reduce with 

higher GP content. 

• Combining the GP in GGBS and FA matrix, a lower volume of pores is obtained in 

paste samples, which is attributed to the promotion of C−(A)−S−H formation.  

• The incorporation of waste glass powder in alkali activated GGBS / FA promotes the 

chloride resistance of the matrix. Waste glass powder containing the AAM matrix 

shows both physical and chemical absorption of chloride ions, attributed to 

mesopores improvement and hydrotalcite phase. 
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Chapter 7  Reaction, microstructure, and efflorescence behavior of 

NaOH/NaAlO2 activated slag and wastes glass: The transformation from 

C−S−H to C(N)−A−S−H 

 

 

 

 

 

The efflorescence behavior is an intractable issue of alkali activated waste glass 

(AAWG), which is due to the vulnerable reaction products of AAWG facing carbonation and 

weathering. This chapter investigates that sodium aluminate activated slag and waste glass 

(SAASG) transfers the primary reaction product to C(N)−A−S−H possessing a high 

efflorescence-resistance. The reaction products of SAASG were identified to investigate the 

phase assemblages at different curing ages. The gel structure was characterized by 29Si and 
27Al nuclear magnetic resonance (NMR). The microstructure was determined by scanning 

electron microscopy (SEM). Moreover, the efflorescence behavior and strength were evaluated 

as well. The results indicate that resistance towards efflorescence of SAASG was enhanced by 

sodium aluminate. Because sodium aluminate promotes C(N)−A−S−H formation, which 

captures more free Na+ in the pore solution leading to limited Na+ leaching, consequently 

higher resistance towards efflorescence. 

 

 

 

 

 

 

 

 

 

 

 

 

The chapter is partially from the following article: 

T. Liu, Y. Chen, G. Liu, B. Yuan, W. Zhuang, H.J.H. Brouwers, Q. Yu, Reaction, microstructure, and efflorescence 

behavior of NaOH / NaAlO2 activated slag and wastes glass: The transformation from C−S−H to C(N)−A−S–H. (Internal 

revision)  
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7.1  Introduction 

Waste glass (WG) is a typical inorganic solid waste material derived from both daily 

living and industrial production [325,326]. Nevertheless, there is very limited glass trash that 

is recycled or used, landfill is the primary method of WG treatment worldwide [327]. Currently, 

the utilization of waste glasses for the manufacture of alkali activated materials (AAMs) has 

been confirmed which might increase the recycling or reuse rate [328–330]. The suitability of 

using waste glass to replace common precursors such as fly ash and slag has been developed 

[331,332]. However, the performance durability of resulting AAMs with waste glasses is 

affected by different parameters, which have not yet been evaluated systematically [333]. For 

instance, the efflorescence of alkali activated waste glass (AAWG) becomes an intractable 

problem particularly when the materials are exposed to the humid environment due to the high 

concentration of free alkalis in AAWG [334,335].  

Capillary motion causes the pore solution to move through the concrete and evaporate 

from its surface, leaving the concrete's surface richer in the alkali cations that were in the pore 

solution. The leached alkali cations react with atmospheric CO2, causing the formation of white 

carbonate surface deposits known as efflorescence [336]. It may ruin the perception of color 

and the appreciation of concrete buildings [337]. Cyr et al. [338] reported that the high dosage 

of alkalis and low content of aluminum in glass cullet was the main reason for the high extent 

of efflorescence. The main hydration products of AAWG are mostly Si-high, Al- and Ca-low 

gels [332]. The hydrolytic stability of silicate gels in AAWG is poor, and attributed to easy 

depolymerization of the Si-high, Al- and Ca-low gels caused by the removal of bound water 

[339]. Consequently, AAWG is weak to prevent the occurrence of efflorescence. To improve 

the resistance of efflorescence, Al-rich and Ca-rich materials, e.g. slag, were applied in the 

AAWG matrix to enhance the stability of Si-rich gels [336]. Previous studies also reported a 

significant strength increase in slag incorporation in AAWG as compared to using only waste 

glass as a precursor [339,340]. The stable calcium/sodium aluminosilicate hydrates 

(C(N)−A−S−H) were generated by combining glass powder and slag as sources of Ca and Al 

to enhance the strength development. Vafaei et al. [341] attempted to use reactive alumina by 

incorporating calcium aluminate cement to modify the waste glass geopolymer. The formation 

of sodium aluminosilicate hydrates (N−A−S−H) resulted in improved resistance toward 

efflorescence. However, excess sodium oxide remaining unreacted in the materials and 

activator could particularly suffer unsightly efflorescence caused by mobile alkalis [342]. 

Relatively weak binding of Na in the geopolymer structure results in the tendency of 

efflorescence because Na+ is easy to move within the pores solution and penetrate to the surface 

of the matrix. Thus, large content of Na bonded by C(N)−A−S−H gels can be a feasible way 

to enhance the efflorescence resistance of AAWG, less free Na+ can move to the surface of the 

matrix in the humid environment.  

To discuss it further, the formation of C(N)−A−S−H influences the evolution of 

microstructure, subsequently, affects the resistance of efflorescence and the mechanical 

properties. The changes in Al/Si and Al/Na ratios play important roles in the generation of 

reaction products. The C(N)−A−S−H gel formation has two stages, gel 1 and gel 2 [343]. At 

the gel 1 stage, the Al-O bond is weaker than the Si-O bond, so the Al-O tetrahedra (denoted 

as Al(OH)4
- ) are rich in the pore solution, thereby the high degree of Al-O-Si bond appears in 
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the gel 1 stage, and a high Al/Si ratio promotes this phenomenon. Subsequently, the gel 2 stage 

involves more Si-O tetrahedra (denoted as Si(OH)4) interaction into the chain of the 

C(N)−A−S−H. A higher Al/Si ratio can promote the C(N)−A−S−H formation in the matrix. 

Besides, the higher Al/Na ratio in the system increases the Si-Al chain interacting with Na to 

form C(N)−A−S−H in the geopolymer products [300]. Liu et al. reported that sodium 

aluminate activator could provide extra Al(OH)4
-  promoting the C(N)−A−S−H formation in 

the activated slag matrix [18]. The sodium aluminate is preferably an activator to supplement 

Al resource in the waste glass matrix promoting the C(N)−A−S−H formation. No literature 

reports the property of sodium aluminate activated waste glass (SAAG). The sodium aluminate 

activator can provide the Al(OH)4
-  in the pore solution compensating Al resource to waste 

glass. However, the utilization of sodium aluminate activator changes the Al/Si and Al/Na 

ratios, which influences the C(N)−A−S−H formation significantly in the matrix. The 

incorporation of Al(OH)4
-  into a silicate chain could lead to the remarkable transformation of 

the gel structure [344]. Simultaneously, the synergetic influence of slag and waste glass on gel 

formation is still missing as well. Therefore, the gel structure in sodium aluminate activation 

remains unknown aspects. It is urgent to investigate its mechanism in terms of sodium 

aluminate activated slag and waste glass (SAASG). 

To improve the resistance towards efflorescence of alkali activated slag and waste glass, 

the sodium aluminate was used to activate the precursors for the first time, and the sodium 

hydroxides and their hybrid activator were used as the control group. The reaction products of 

SAASG were determined by Quantitative X-ray diffraction (QXRD), thermogravimetry (TG), 

and Fourier-transform infra-red spectroscopy (FTIR). The gel structure was characterized by 

nuclear magnetic resonance (NMR). The microstructure was assessed by Scanning electron 

microscopy (SEM). Importantly, the efflorescence behavior and compressive strength of paste 

samples were evaluated as well. A mechanism of efflorescence behavior was proposed to give 

insight into stabilizing Na+ leaching by crosslinked C(N)−A−S−H formation. 

7.2  Methodology 

7.2.1  Materials 

Ground granulated blast-furnace slag and waste glass were utilized in this chapter. 

Notably, the waste glass pellets were provided by Maltha, Netherlands. The received waste 

glass pellets were ground in a disk mill for 5 mins to achieve the desired particle size. Fig. 

7.1(a) shows that the slag and waste glass are mainly composed of amorphous phases. The slag 

contains a small amount of calcite and the waste glass contains a small amount of aluminum 

iron. Fig. 7.1(b) also indicates the stretching of carbonate in slag at 1488 and 1419 cm-1. The 

stretching of Si-O-Si can be observed at 986 cm-1 in waste glass. The laser particle size analyzer 

(Mastersizer 2000, Malvern Instruments, UK) was used to determine the particle size 

distribution (PSD) of raw materials (as shown in Fig. 7.1(c)). The median particle size (d50) of 

slag and waste glass powder were 12.743 and 27.194 μm, respectively. X-ray fluorescence 

spectrometry (XRF, PANalytical Epsilon 3) was used to examine the chemical composition of 

slag and waste glass powder (as shown in Table 7.1). The specific density, specific surface 

area, and loss on ignition of slag and waste glass were also determined as shown in Table 7.1. 
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Table 7.1 Chemical composition (wt.%), specific density, specific surface area, and loss on 

ignition of slag and waste glass. 

Chemical composition GGBS (wt. %) Waste glass (wt. %) 

Na2O / 10.2 

MgO 8.6 1.1 

Al2O3 13.3 1.8 

SiO2 29.7 71.3 

SO3 2.7 / 

K2O / 0.8 

CaO 43.0 13.6 

TiO2 1.5 / 

Fe2O3 / 0.6 

Cl 0.1 0.1 

Others 1.2 0.4 

LOI* (1000℃) -0.910 0.281 

Specific density (g/cm3) 2.8 2.4 

Specific surface area (m2/g) 1.668 0.607 
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(a) (b) 

  

(c) 

 

Fig. 7.1 Properties of slag and waste glass: (a) XRD; (b) FTIR; (c) PSD. 

7.2.2  Mix design 

The slag and waste glass were mixed in a 1:9 (slag: waste glass) mass ratio as the solid 

precursor, which was activated by sodium hydroxide (NH), sodium aluminate (NA), and their 

hybrid (NHNA) solutions. Simultaneously, the equivalent Na2O contents vary from 3 to 5 wt.% 

(see the sample IDs in Table 7.2). Each SAASG blend was stirred for 10 min during the mixing 

to confirm the uniformity of the pastes. The fresh SAASG pastes were poured into the plastic 

cubic molds with a dimension of 4cm×4cm×4cm and then sealed by plastic membranes. In the 

first stage, all the samples were cured at room temperature (20 ℃). After 24 h, the samples 

were cured at 75℃ for 24 h. Then, after thermal curing for 24 h, all the samples were demolded 

and continued to cure in the laboratory environment (air curing) in the room with stable 

temperature (20 ℃) and 60% humidity. 

The activators used in this chapter were sodium hydroxide, sodium aluminate, and their 

mixture (hybrid activator). Analytical grade sodium-hydroxide pellets and sodium aluminate 
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pellets were dissolved in deionized water (separately or together) to prepare activators 6 h 

before application. The hybrid activator of sodium hydroxide and sodium aluminate was in 

different aluminate modulus (Al2O3/Na2O) from 0 to 1. 

Table 7.2 Mix design of paste samples. 

Sample  w/b*  NaAlO2 NaOH 
Na2O 

(wt. %) 

Al2O3/Na2O (In 

activator) 

Glass Powder 

(wt. %) 
Slag(wt. %) 

NA3 0.4 7.9 / 3 1 90 10 

NA4 0.4 10.6 / 4 1 90 10 

NA5 0.4 13.2 / 5 1 90 10 

NHNA3 0.4 3.9 1.9 3 0.5 90 10 

NHNA4 0.4 5.3 2.6 4 0.5 90 10 

NHNA5 0.4 6.6 3.2 5 0.5 90 10 

NH3 0.4 / 3.9 3 0 90 10 

NH4 0.4 / 5.2 4 0 90 10 

NH5 0.4 / 6.5 5 0 90 10 

*w/b = water to binder ratio in mass 

 

7.2.3  Test methods 

7.2.3.1 Quantitative X-ray diffraction 

X-ray diffraction (XRD) was performed using a Bruker D4 Phaser instrument emitting 

Co-Kα radiation (40 kV, 30 mA). The crushed, powdered SAASG pastes were measured with 

a step size of 0.05° and a counting time of 1 s/step. The 2θ range was 10–90°. For the 

quantitative X-ray diffraction (QXRD) study, all the paste was ground by ball milling at level 

3 speed for 15 min before the test. The silicon powder (10 wt%, Siltronix, France) was added 

as an internal standard to the paste samples. For the quantification of mineral phases in the 

samples, Rietveld analysis was performed using TOPAS software (version 4.2, Bruker). All 

the quantitative XRD analysis are generated by TOPAS. Before the test, the paste samples 

were ground into powder, immersed in 2-propanol for 24 h to stop the hydration process, and 

then dried to constant mass at 60 ℃ for 3 d. 



 

143 

7.2.3.2 Thermogravimetry 

Thermogravimetry (TG) tests were performed on ≈100 mg crushed, powdered paste 

samples by using an STA 449 F1 instrument at a heating rate of 10 ℃/min. Notably, the 

aluminum crucible lid had to be used in case the boiling of the waste glass powder occurred 

under the thermal conditions of measurement. Experiments were carried out from 40 ℃ to 

1000 ℃, in which N2 was used as the carrier gas. The same hydration stoppage treatment was 

performed before the test as well. 

7.2.3.3 Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) analysis was performed using a Varian 

670-IR spectrometer with a wavelength range of 400 to 4000 cm-1 with a resolution of 1 cm-1. 

The powdered samples were prepared after hydration stoppage treatment, which is the same as 

the last test. 

7.2.3.4 Nuclear magnetic resonance 

The solid-state magic angle spinning nuclear magnetic resonance (MAS NMR) (JNM-

ECZ600R) measurements were obtained at a 14.01T magnet and a resonance frequency of 99 

MHz for 29Si and 132 MHz for 27Al. The 29Si MAS NMR spectra were recorded using a 4 mm 

CPMAS probe head and a 4 mm zirconia rotor by employing a spinning speed of 12 kHz, a 4 

μs excitation pulse, and a 20 s relaxation delay. The solid-state 27Al MAS NMR spectra were 

recorded using a 2.5 mm CPMAS probe head and a 2.5 mm zirconia rotor spinning at a speed 

of 12 kHz, a 1 μs excitation pulse, and a 0.5 s relaxation delay. 

The deconvolution of the 29Si MAS NMR spectra was carried out using Origin 2022. 

The multipeak fit was used to calculate the area of each peak of silicon and aluminum state 

that exists in the spectra with Gaussian function according to the literature [345,346]. The 

cumulative integrated percentage of each silicon and aluminum in SAASG was obtained to 

calculate the mean chain length (MCL) and Al-Si substitution of C(N)−A−S−H [347]. 

29Si MAS NMR has revealed important information regarding C(N)−A−S−H 

formation in the hydrated matrix. Resonances from the Q1, Q2, and Q2(1Al) sites, which 

constitute the silicate chains in the C(N)−A−S−H gel, have been seen using 29Si MAS NMR 

[348,349]. The mean chain length (MCL) of non-crosslinked C(N)−A−S−H gel can be 

calculated by using equation (1), while the MCL of crosslinked C(N)−A−S−H gel can be 

calculated by using equation (2). The Al-Si substitution in the tetrahedral chains can be 

obtained from the intensities of the Q1, Q2, and Q2(1Al) resonances (equation (3)), as reported 

by Richardson et al. [350,351].  

MCLnc = 
2 [Q1+Q2+

3
2

Q2(1Al)]

Q1
 (7-1) 
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MCLc = 
4[Q1+Q2+Q2(1Al)+Q3+2Q3(1Al)]

Q1
 (7-2) 

Al[Ⅳ]

Si
 = 

1
2

Q2(1Al)

Q1+Q2+Q2(1Al)
 (7-3) 

 

7.2.3.5 Scanning electron microscopy / Energy dispersive spectroscopy 

After the compressive strength tests of samples at 3 and 28 days, the fragments of each 

paste sample were collected. The microstructure of the selected samples was examined by 

scanning electron microscopy (SEM). The composition of the gels was determined by an 

energy dispersive spectroscopy (EDS) instrument based on the SEM graphs. The clusters of 

Si-Al-Ca-Na were normalized to obtain the quaternary phase (Si-Al-Ca-Na) diagrams. Then 

the composition of C(N)−A−S−H can be examined. 

7.2.3.6 Efflorescence testing 

7.2.3.6.1 Visual efflorescence testing 

To qualitatively investigate the efflorescence behavior, the 3-day cured Ø2cm×5cm 

cylinder pastes were placed in transparent plastic petri dishes. The petri dishes were filled with 

deionized water every day to keep the level at 1cm in height. The deionized water could 

accelerate the leaching of Na+ aggravating the efflorescence behavior. The evolution of visual 

efflorescence was recorded in time. The results of the visual efflorescence test were obtained 

qualitatively by visual comparison of the samples. 

7.2.3.6.2 Quantitative efflorescence testing 

To quantitatively evaluate the efflorescence for each sample, the experiment were 

followed with a leaching test. The crushed fragments of all the geopolymer pastes after 28 and 

56 days of curing were collected and pass a No. 200 sieve to minimize the influence of particle 

size. 1.00 g of each geopolymer powder will be added to 100 ml of deionized water. The 

solutions were stirred for 30 min and kept at ambient temperature for 24 h to allow the full 

leaching of free alkali from the geopolymer paste. Then the leachates were placed in the oven 

after the filtration to allow the evaporation of water. The mass of soluble salts was measured 

to evaluate the extent of efflorescence as follow [336]: 

E(wt. %) = 
md

1 g (geopolymer powder)
 × 100% (7-4) 

Where E(wt. %) is the extent of efflorescence, md is the mass of dissoluble salts in 1g 

of geopolymer powder. 
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7.2.3.7 Compressive strength 

After 3- and 28-day air curing, all the cubic SAASG pastes were tested for compressive 

strength by a constant loading rate of 2400 N/s until the fracture load. The strength value of 

each mix was recorded by the average of 3 samples. 

7.3  Results 

7.3.1  Reaction products  

7.3.1.1 Quantitative X-ray diffraction 

Fig. 7.2 illustrates the XRD patterns and their quantitative analysis of AASG at 3 and 

28 days. Most of the amorphous weight percentages are disordered C(N)−A−S−H. And there 

is a large difference in crystalline phase assemblages between sodium aluminate (mainly form 

zeolite A), sodium hydroxide (mainly form natrite), and hybrid activator (mainly form zeolite 

Na-P1)activated slag and waste glass either at 3 or 28 days. It is interesting that katoite 

formation only appears in the samples with NaAlO2 participation, which is due to available 

Al(OH)4
-  from NaAlO2. Similarly, the hydrotalcite is only observed in the samples with NaOH 

participation, it is owing to Mg2+ dissolution from slag under the high pH pore solution. 

Detailed description as follow. 

For sodium aluminate activated slag and waste glass (NA samples), there is a 

significant increase of zeolite A (ICDD00-039-0222, Na96Al96Si96O384·216H2O) from 3 to 28 

days. It is associated with the extra Al(OH)4
-  (from NaAlO2 activator) promoting the zeolite 

formation [18]. There is no presence of zeolite Na-P1 (ICDD:00-039-0219, 

Na6Al6Si10O32·12H2O) at 3 days but it appears a limited amount at 28 days in NA4 and NA5 

samples. It is due to the higher alkalinity of the NA4 and NA5 activator. Nevertheless, zeolite 

A is still the secondary reaction product in NA4 and NA5. The higher alkalinity favors 

formatting zeolite Na-P1 rather than zeolite A. Similarly, another zeolite formation (ICDD: 00-

031-1271, 1.08Na2O·Al2O3·1.68SiO2·1.8H2O) is obtained in NA4 and NA5 with a small 

amount but absence in NA3. Those zeolite phases are normally formed with calcium sodium 

aluminosilicate hydrates (C(N)−A−S−H) together in the NaAlO2 activation system [18]. Thus, 

the C(N)−A−S−H is another reaction product in NA samples. The presence of katoite (ICDD: 

01-077-1713, Ca2.93Al1.97 (Si.64O2.56) (OH)9.44) in NA samples is due to the participation of slag 

from the precursors. The dissolved Ca2+ (from slag) reacts with Al(OH)4
-  leading to the 

formation of katoite. Moreover, elevated alkalinity (NA3 to NA5) promotes the dissolution of 

Ca2+ resulting in higher katoite formation either at 3 or 28 days. 

For sodium hydroxides activated slag and waste glass (NH samples), the natrite (ICDD: 

00-037-0451 Na2CO3) formation increases with higher alkalinity from NH3 to NH5, which is 

also the primary crystalline phase either in 3 or 28 days. The presence of calcite (ICDD: 01-

086-2341, CaCO3) and hydrotalcite (ICDD: 00-014-0191, Mg6Al2CO3(OH)16·4H2O) are due 

to the dissolution of Ca2+ and Mg2+ from slag. They also increase with the elevated equivalent 

Na2O content. Because the higher alkalinity promotes the dissolution of Ca2+ and Mg2+. In the 

meantime, no magnesite (ICDD: 01-086-2348 MgCO3) is detected at 3 days but observed at 
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28 days. The hydrotalcite formation mainly consumes the dissolved Mg2+ at the early reaction 

process, so no magnesite formation at 3 days. With the air curing ages, more available Mg2+ 

from slag reacts with CO2 forming magnesite at the late reaction process. 

(a) (b) 

  

(c) (d) 

  

Fig. 7.2 SAASG pastes XRD at (a) 3 days; (b) 28 days; QXRD at (c) 3 days; (d) 28 days. 

For hybrid activator activated slag and waste glass (NHNA samples), there is a large 

amount of zeolite Na-P1 (ICDD: 00-039-0219, Na6Al6Si10O32·12H2O) generation from 3 to 28 

days. However, NHNA3 shows that zeolite A is the primary crystalline phase, which is 

different from NHNA4 and NHNA5. The reason is because of the elevated pH environment 

transfers the zeolite A to zeolite Na-P1 formation. Besides, the elevated pH environment results 

in the increase of calcite and magnesite generation from 3 to 28 days by comparing NHNA3 ~ 

NHNA5. 

Overall, the primary reaction products of the NA and NHNA sample are zeolite and 

C(N)−A−S−H gels. However, the products of NH samples are sodium/magnesium carbonate 
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and Si-high, Al- and Ca-low gel under air curing conditions. As a consequence, the NH sample 

is easy to be carbonated, facing efflorescence issues [352]. 

7.3.1.2 Thermogravimetry 

The thermogravimetry (TG) and differential thermograms (DTG) curves of the 

SAASG pastes, as a function of different curing ages (3 and 28 days), are presented in Fig. 7.3. 

For 3-day curing pastes (Fig. 7.3(a)), the first large peak of DTG of NA samples is due to the 

loss of moisture water (40~100℃) [326], decomposition of C(N)−A−S−H (100~300℃) [18], 

and the zeolite A (40~200℃) [262]. As can be seen, the mass losses in this temperature range 

increase with the elevated equivalent Na2O content, and the mass losses in NA3~5 are 9.5, 9.6, 

and 10.6 wt.%, respectively. The difference is mainly from the decomposition of C(N)−A−S−H 

because the zeolite A contents in NA pastes are like each other as mentioned in QXRD results. 

The reason is that higher NaAlO2 in the matrix provides more Al-O tetrahedra in the pore 

solution, which promotes the formation of C(N)−A−S−H gels [18]. The second peak of DTG 

at around 400℃ in NA samples is owing to the decomposition of katoite. The increased 

alkalinity from NA3 to NA5 leads to more dissolved Ca2+, consequently, more katoite (Ca&Al-

rich hydrogarnet) is formed. For NHNA samples at 3 days, the largest decomposition peak in 

DTG is derived by the loss of moisture water (40~100℃) [326], decomposition of 

C(N)−A−S−H (100~300℃) [18], the zeolite A (40~200℃) [262], and zeolite Na-P1 (25~400℃) 

[353]. It is quite similar to NA samples at 3 days. Because these hydrated phases are promoted  

(a) (b) 

  

Fig. 7.3 TG and DTG of SAASG at (a) 3 days; (b) 28 days. 

by the NaAlO2 activator. However, the NaOH participation results in the reduction of zeolite 

A formation but an increase of zeolite Na-P1. Thus, the primary mass losses (first 

decomposition peak) in NHNA4 and NHNA5 samples are from zeolite Na-P1. It is in good 

agreement with QXRD results. A small amount of katoite decomposes at around 400℃ in 

NHNA samples as well. Interestingly, the decomposition of calcite (CaCO3) at around 700℃ 

[354] and natrite (Na2CO3) at around 850℃ [355] are observed. This is due to the NaOH 
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activator rising the pH environment of the samples. It leads to the samples being vulnerable 

for carbonation. For NH samples at 3 days, the largest peak of DTG is mainly associated with 

the loss of moisture water (40~100℃) [326], decomposition of C−S−H gels, and the first 

decomposition peak of hydrotalcite (150~250℃) [132]. At the same time, the second 

decomposition peak of hydrotalcite is shown at around 400℃ as well [132]. It is typical 

hydrated phases from NaOH activated slag [21]. The elevated alkalinity of NH samples also 

leads to slightly higher amount of hydrotalcite formation. It is owing to more dissolved Mg2+ 

and Al(OH)4
-  from slag forming more hydrotalcite. Besides, a small amount of calcite 

decomposes at around 700℃ in NH samples [354]. At the same time, a small amount of natrite 

decomposes at around 850℃ [355]. Those carbonated phases, which confirm by QXRD as 

well, originating from the carbonation during the air-curing condition. 

Fig. 7.3(b) exhibits TG and DTG curves at 28 days, the NA3~5 samples show 10.1, 

10.9, and 11.5 wt.% mass losses (40 ~ 300℃), respectively. The mass losses, like 3-day NA 

samples, include the loss of moisture water, decomposition of C(N)−A−S−H, zeolite A, and a 

small amount of zeolite Na-P1. Compared to 3-day NA pastes, the increase in mass losses is 

associated with the elevated formation of C(N)−A−S−H and zeolite A. In addition, a typical 

katoite peak at around 400℃ appears in 28-day NA samples instead of 3-day NA samples. It 

is on account of the increase of dissolved Ca2+ from slag after 3 curing days. Then the raised 

Ca2+ reacts with Al(OH)4
-  promoting katoite generation. It is in good agreement with QXRD 

results as well. For 28-day NHNA pastes, there is a large amount of C(N)−A−S−H and zeolite 

Na-P1 decomposition, as well as a small amount of zeolite A decomposition before 300℃. It 

is similar to 3-day NHNA pastes. However, the decomposed peaks of calcite and magnesite 

can be observed at around 700 and 900℃, respectively. It is related to the carbonation of 

NHNA samples. Besides, the largest decomposed peak of 28-day NH pastes is linked with 

C−S−H gels. Furthermore, the decomposition of calcite and natrite can be obtained at 700 and 

850℃. It is also associated with the severe carbonation of NH samples. 

Particularly, comparing NA, NHNA, and NH samples, the carbonated phases (calcite, 

natrite, and magnesite) decrease with aluminate modulus regardless of curing ages. The 

aluminate contributes to the formation of Al-rich zeolite and C(N)−A−S−H gels, resulting in 

the less available Na+, and Ca2+ forming natrite and calcite. In other words, the aluminate 

modulus increases the capacity of carbonation resistance among the samples. 

7.3.1.3 Fourier-transform infrared spectroscopy 

Fig. 7.4 illustrates the FTIR spectra of SAASG pastes at 3 and 28 days. As can be seen 

from Fig. 7.4(a), the main peaks in all samples at 971 cm-1 are assigned to the asymmetrical 

stretching vibration of Si−O−Al at 3 days. It corresponds to the degree of reaction [356]. All 

the pastes show the same degree of geopolymerization, it is due to the dissolved Al(OH)4
-  at 

the early reaction stage by slag incorporation. It indicates that C(N)−A−S−H formation appears 

in all pastes. Simultaneously, the band at 778 cm-1 is associated with the symmetric stretching 

vibrations of Si−O−Si bridges from C(N)−A−S−H gels as well [357]. Similarly, a band at 664 

cm-1 attributed to the symmetrical stretching of Si−O−T bonds is identified in the spectra of all 

samples [358]. It is also due to the C(N)−A−S−H gels in all samples. The peaks at 1432 and 

880 cm-1 are associated with the stretching vibrations of CO3
2- [359]. The intensity of CO3

2- 
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stretching peaks are more obvious in NH and NHNA samples, while the NA samples show 

thinner humps at these ranges. It is owing to more carbonated phases in NH and NHNA 

samples than that in NA samples. It is in good agreement with QXRD and TG results at 3 days. 

Particularly, the peaks in NA samples at 552 cm-1 are attributed to the 8Si-D4R unit of zeolite 

A, which is the ring vibrations of the zeolite A structure [360,361]. This peak also shows a 

weak stretching vibration in NHNA3 pastes, because a small amount of zeolite A is observed 

in NHNA3 from XRD patterns. However, there is no presence of this peak in other NHNA and 

NH samples. It is due to the rather low content or absence of zeolite A in those samples, which 

is in line with XRD patterns as well. Besides, the stretch at 607 cm-1 in NHNA4 and NHNA5 

is due to Si–O in bending modes from the zeolite Na-P1 [362,363]. It is the primary zeolite 

formation in these specimens as described in XRD patterns. The peaks at 3392 and 1646 cm-1 

are due to the stretching vibration of O−H from bound water molecules of the samples [18].  

For 28-day FTIR spectra in Fig. 7.4(b), a distinctive bending and shifting vibration of 

Si−O−Al from C(N)−A−S−H formation at around 972 ~ 979 cm-1. The degree of 

geopolymerization increases with curing ages. The NA3 pastes show the highest wavenumber 

(979 cm-1) in this range, representing the highest degree of geopolymerization among 

specimens. At the same time, the wavenumbers in NA3 (979 cm-1), NA4 (975 cm-1), and NA5 

(972 cm-1) decrease with the higher equivalent Na2O content. Similarly, the degree of 

geopolymerization in NHNA samples reduces with higher equivalent Na2O content. The peaks  

(a) (b) 

  

Fig. 7.4 (a) 3-day and (b) 28-day FTIR spectrum of SAASG. 

of the Si−O−Al bond in NH samples are at the same position (972 cm-1). Moreover, the 

decrease of wavenumbers represents that less Al participates in C(N)−A−S−H formation with 

higher equivalent Na2O content. Because the higher pH of the activator is beneficial to the 

dissolution of Si(OH)4 into the pore solution. More Si(OH)4 can be doped by the silicate chain, 

thus a lower degree of geopolymerization is observed. Similarly, with 3-day samples, the peaks 

at 778 and 664 cm-1, Si−O−Si bonds, and Si−O−T bonds from C(N)−A−S−H gels remain 

unchanged along with the curing ages. In addition, the bands at 1448 (ν3), 1392 (ν3), and 870 
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cm-1 (ν2) are due to the presence of carbonate phases with different vibration modes [359]. 

These carbonate phases are from natrite and calcite, which is consistent with the XRD results. 

Especially, a band at 848 cm-1 in NHNA4, NHNA5, and all NH samples can be observed at 

28-curing days. It is owing to CO3
2- stretching vibration of magnesite [364]. It is also in line 

with XRD results. The bands at 552 cm-1 assigned to the 8Si-D4R unit from zeolite A remain 

unchanged in NA3, NA4, NA5, and NHNA3. Meanwhile, the bands at 607 cm-1 from zeolite 

Na-P1 also remain unchanged in NHNA4 and NHNA5. Also, the peaks at 3392 and 1638 cm-

1 due to the stretching vibration of bound water molecules keep constant along the curing ages. 

7.3.2  Gel structure 

7.3.2.1 29Si MAS NMR 

The 29Si MAS NMR data of raw materials are shown in Fig. 7.5, and the parameters of 

their deconvolution fitting curves are listed in Table 7.3. The 29Si MAS NMR data of anhydrous 

slag illustrate a single broad resonance with a maximum intensity at around −74.5 ppm (Fig. 

7.5(a)). It represents a wide distribution of Si environments and chemical shifts of raw slag, 

which is compatible with the material's weakly crystalline nature as shown by XRD. According 

to a previous study, the signal is associated with Q0 units at −74 ppm [365,366]. The 29Si MAS 

NMR data of anhydrous waste glass also shows a single broad resonance with a maximum 

intensity at around −92.5 ppm (Fig. 7.5(b)). It represents a wide distribution of Si environments 

and chemical shifts of raw waste glass as well. According to the literature, the signal is 

associated with Q1 units at −82.5 ppm, Q2 units at −90 ppm, Q3 units at −96 ppm, and Q4 units 

at −103 ppm [346,367–369]. 

(a) (b) 

  

Fig. 7.5 29Si MAS NMR of raw materials (a) slag; (b) waste glass. 

The 29Si MAS NMR analysis of SAASG pastes at 3 and 28 days are shown in Fig. 7.6, 

and the parameters of their deconvolution fitting curves are listed in Table 7.4. Regardless of 

curing ages, the primary peaks are at −91 ppm for the Q2(0Al) unit in NA and NHNA samples, 
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and −90.1 ppm for the Q2(0Al) unit in NH samples. Those peaks are attributed to the 

C(N)−A−S−H gels in NA and NHNA samples [347,366], and C−S−H gels in NH samples 

[346]. Notably, the sharp peaks at −89.1 ppm are assigned to the Q4(4Al) unit of zeolite A in 

NA and NHNA samples [370]. However, no typical peak of the Q4(4Al) unit can be observed 

in NH samples. Because the extra Al(OH)4
-  promotes the zeolite A formation in NA and 

NHNA samples, but not enough Al(OH)4
-  in NH samples results in the absence of zeolite A. 

Generally, more Q2 and Q3) silicate species mean a better solubility of slag and waste glass in 

the SAASG pore solution, which may further lead to different geopolymerization processes in 

the matrix. 

Table 7.3 29Si MAS NMR of raw materials. 

Sample  Q0 Q1 Q2  Q3 Q4 

Slag 

Pos. (ppm) -74 / / / / 

Width* 14.2 / / / / 

Integral (%) 100 / / / / 

Waste glass 

Pos. (ppm) / -82.5 -90 -96 -103 

Width / 8.4 9.6 9.9 14.6 

Integral (%) / 7.5 33.8 21.2 37.5 

*Width = Full width at half maximum 

For NA3 paste from 3 to 28 days, Q2 and Q3 are mostly the silicate species as shown 

in Fig. 7.6(a) and (b). The peak of Q2(0Al) silicate is the highest at −91 ppm, and the peak of 

Q2(1Al) silicate also shows a high intensity. Q2(0Al) and Q2(1Al) silicate species are the 

characteristic peaks of C(N)−A−S−H [347,366]. The high intensity of Q2(1Al) silicate 

represents a large amount of Al(OH)4
-  replace Si(OH)4 in the bridging site of C−S−H forming 

C−A−S−H [371]. Simultaneously, the partial replacement of Ca2+ by Na+ leads to the formation 

of C(N)−A−S−H gels [18]. Besides, the decrease of Q2(0Al) and Q2(1Al) silicate species from 

3 to 28 days is due to lower silicate MCLnc of C(N)−A−S−H gels along the curing period as 

shown in Table 7.5. The decrease of MCLnc of C(N)−A−S−H gels is due to the elevated 

incorporation of Ca2+ from slag and waste glass into gel formation [358]. The peak at −82.5 

ppm increases with curing ages, which is associated with a higher amount of chain-end Q1 

silicate specie in C(N)−A−S−H gels [347]. It is also associated with higher incorporation of 

Ca2+, which leads to more chain-end Q1 silicate species [372]. The resonance at −95.7 ppm is 

due to the Q3(0Al) site [373], which is attributed to the crosslinked C(N)−A−S−H gel formation 

in the paste. It is highly related to the MCLc of C(N)−A−S−H gels. As can be seen from Table 

7.5, the MCLc of C(N)−A−S−H gels with decreases with curing ages. It is also higher Ca2+ 
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incorporation in C(N)−A−S−H gels, leading to a lower MCLc. No detection of Q0 site in NA3 

compared to raw materials represents Q0 silicate transforming to Q1 or Q2. 

  

  

  

Fig. 7.6 29Si MAS NMR of SAASG at 3 and 28 days. 

There is no obvious difference between NHNA3-3days and NHNA3-28 days in terms 

of the silicate species group (Fig. 7.6(c) and (d)). Simultaneously, NHNA samples show the 

same chemical shift position as NA samples. It represents that the NaAlO2 activator leads to a 

large quantity of C(N)−A−S−H gel formation in a low-Ca, high-Al environment [347]. Notably, 
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the MCLnc and MCLc of NHNA3-28 days pastes are lower than that of NA3-28 days pastes up 

to 29.3% and 33.1%, respectively. It is associated with the high pH of the activator in NHNA 

samples. Because the higher pH value decreases the Al uptake by C−S−H forming longer-

MCL C(N)−A−S−H gels [344]. 

 

Table 7.4 29Si MAS NMR of paste samples. 

Sample  Q1 Q2 (1Al) Q2 (0Al) Q3 (0Al) Q4 (4Al) Q4 (0Al) 

NA3-3 

days 

Pos. (ppm) -82.5 -85 -91 -96.6 -89.1 -103 

Width 28 20 12.5 14.5 2.5 16.8 

Integral(%) 6.9 12.3 42.1 8.3 2.2 28.1 

NA3-28 

days 

Pos. (ppm) -82.5 -85 -91 -96.6 -89.1 -103 

Width 28 20 12.5 14.5 2.5 16.8 

Integral(%) 11.1 11.1 40.5 10.8 2.5 24.14 

NHNA3-3 

days 

Pos. (ppm) -82.5 -85 -91 -96.6 -89.1 -103 

Width 29 20 13.5 14.5 2.5 16.8 

Integral(%) 15.3 3.8 45.6 3.3 1.3 30.6 

NHNA3-28 

days 

Pos. (ppm) -82.5 -85 -91 -96.6 -89.1 -103 

Width 29 20 13.5 14.5 2.5 16.8 

Integral(%) 15.3 3.8 45.7 3.3 1.3 30.6 

NH3-3 

days 

Pos. (ppm) -82.5 -85 -90.1 -96 / -103 

Width 29 20 12.5 14.5 / 16.8 

Integral(%) 14.4 2.1 46.1 14.5 / 22.9 

NH3-28 

days 

Pos. (ppm) -82.5 -85 -90.1 -96 / -103 

Width 29 20 13.5 14.5 / 16.8 

Integral(%) 14.5 3.1 37.7 15.3 / 29.3 

The NH3-3 days and NH3-28 days paste exhibit typical C−S−H gel structure shown in 

Fig. 7.6(e) and (f), which is different from NaAlO2-activated matrix. The resonances at −90.1 

ppm show the highest intensity up to 46.06% and 37.74% at 3 and 28 days, respectively. Those 

characteristic resonances are associated with the Q2(0Al) site from C−S−H gels in the matrix. 

Similarly, the signals of the Q1(0Al) site at −82.5 ppm and Q3(0Al) site at −96 ppm are also 
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from the reflection of C−S−H gels. The peak at −85 ppm is associated with a small amount of 

C−A−S−H gel formation [371]. As can be seen from Table 7.5, a slight decrease in MCL can 

be observed during the curing days. It is due to more dissolved Ca2+ incorporation lessening 

the MCL of C−S−H gels as well. The MCLnc of NH samples is lower than that of NA and 

NHNA samples. It is due to the absence of Al in NH samples leading to a lower MCL of 

C−(A)−S−H gels. This is also reported by previous studies [344,374]. There are no Qm(nAl) 

silicate species detected in NH samples confirming the major reaction products of C−S−H gels 

as well. 

Overall, the NA samples show a high extent of crosslinked formation, while the 

C(N)−A−S−H gels in NHNA samples exhibit a lower extent of the crosslinked structure. The 

NH samples illustrate the typical C−S−H gel formation, and its MCL is significantly lower 

than that of C(N)−A−S−H gels in NA samples. It confirms that the NaAlO2 activation transfer 

the hydrated gels from C−S−H to C(N)−A−S−H without NaOH participation. 

Table 7.5 Mean chain length and Al-Si substitution of C(N)−A−S−H gel. 

Groups MCLnc MCLc Al-Si substitution 

NA3-3 days 19.4 40.1 0.1 

NA3-28 days 12.3 26.6 0.08 

NHNA3-3 days 8.7 17.8 0.03 

NHNA3-28 days 8.7 17.8 0.03 

NH3-3 days 8.8 21.4 0.02 

NH3-28 days 7.8 19.5 0.03 

 

7.3.2.2 27Al MAS NMR 

The 27Al MAS NMR data of raw materials are shown in Fig. 7.7, and the parameters 

of their deconvolution fitting curves are listed in Table 7.6. The 27Al MAS NMR data of 

anhydrous slag illustrate a broad resonance at around 65 ppm (Fig. 7.7(a)). It represents a Al[Ⅳ] 

site in the raw slag [375]. The resonance with a weak intensity at 10.3 ppm represents a Al[Ⅵ] 

site in the raw slag, which is similar to a previous study [369]. The 27Al MAS NMR data of 

anhydrous waste glass exhibits a broad resonance at around 57.5 ppm (Fig. 7.7(b)), 

corresponding to Al[Ⅳ] site in the raw waste glass.  
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Three distinct Al environments (Al[Ⅳ], Al[Ⅴ], and Al[Ⅵ]) of SAASG pastes at day 3 

and 28 are detected in the 27Al MAS NMR analysis (Fig. 7.8) at 52~75 ppm, 39.8 ppm, and 

5~15 ppm, respectively [376]. The parameters of their deconvolution fitting curves are listed 

in Table 7.7. The profile of the NMR spectra shows similarities between NA and NHNA 

samples including 4 Al[Ⅳ] sites at 75 (q2[Ⅰ]), 67 (q2[Ⅱ]), 59.4 (Al[Ⅳ]-2), and 57.5 (Al[Ⅳ]-1) 

ppm, which is consistent with the dissolution of raw materials and the formation of 

aluminosilicate reaction products (zeolite and C(N)−A−S−H gels). The presence of Al[Ⅴ] 

corresponds to the crosslinked C(N)−A−S−H gels structure as reported in the previous studies 

[377,378]. While Al[Ⅵ] represents different reaction products varying in NA and NH samples, 

corresponding to zeolite [379] or hydrotalcite [376], respectively. Particularly, the NA samples 

have a significantly high zeolite A peak while the NHNA samples show lower zeolite A 

intensities. It is due to that the solo NaAlO2 activator promotes the Al species in the zeolite A 

formation. 

(a) (b) 

  

Fig. 7.7 27Al MAS NMR of raw materials (a) slag; (b) waste glass. 

Fig. 7.8(a) and (b) show the 27Al MAS NMR analysis of the NA3 sample from 3 to 28 

days. The q2 aluminate species at 75 and 67 ppm are assigned to two different local 

environments q2[Ⅰ] and q2[Ⅱ], respectively. Meanwhile, the resonance at 57.5 ppm is assigned 

to Al[Ⅳ]-1 site. These locations have been attributed by previous investigations to Al replaced 

into paired tetrahedra in C(N)−A−S−H gels [380]. The deconvolutions also show high intensity 

at 62 ppm corresponding to q3, which means high levels of cross-linking in the C(N)−A−S−H 

gels structure. It is also in agreement with the 29Si MAS NMR analysis. Typically, the Al[Ⅳ]-

2 aluminate species at 59.4 ppm are associated with tetrahedral Al in zeolite A [381]. 

Simultaneously, the q2[Ⅰ] peak at 10.5 ppm is from the octahedral Al zeolite A [379]. The q2[Ⅱ] 

aluminate species (octahedrally coordinated Al) at 14.7 ppm increases with curing ages shown 

in Table 7.7. It represents that the tetrahedrally coordinated Al of zeolite A transfers to 

octahedrally coordinated Al [382]. It is due to the change in the Al chemistry of the activated 

system. The decrease of pH environment in the pore solution leads to more presence of 

octahedrally coordinated Al, leading to more octahedrally coordinated Al in zeolite A 
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formation. The q4 sites at 52.5 ppm are expected given the assignment of Q4(4Al) owing to the 

zeolite A formation as well [376]. 

Table 7.6 27Al MAS NMR of raw materials. 

Sample  Al[Ⅳ] Al[Ⅵ] 

Slag 

Pos. (ppm) 65 10.3 

Width* 26.5 9.0 

Integral (%) 96.7 3.3 

Waste glass 

Pos. (ppm) 57.5 / 

Width 17.2 / 

Integral (%) 100 / 

 

The NHNA3 samples show a limited increase of 2 Al[Ⅳ] sites (75, and 67 ppm) from 

3d- to 28d-curing days (Fig. 7.8(c) and (d)), representing a similar level of cross-linking in the 

C(N)−A−S−H gels. It is in line with 29Si MAS NMR results. It is worth mentioning that the 

slight increase of Al[Ⅵ] aluminate species at 5.6 ppm suggests the existence of a third 

aluminate hydrate (TAH) [383]. It is intimately associated with the formation of C−S−H gels 

[378]. Because the participation of NaOH promotes the formation of the C−S−H gel. 

Besides, the Al chemistry in NH3 at 3 and 28 days shows the highest resonance at 57.5 

ppm corresponding to C−S−H gels (and a small number of C−A−S−H gels) as shown in Fig. 

7.8(e) and (f). Meanwhile, the TAH site (in NH samples) at 5.6 ppm shows the highest intensity 

among the SAASG samples. As mentioned above, it is intimately related to the formation of 

the C−S−H gel. It suggests that the C−S−H is the primary gel type in NH samples. In addition, 

the resonances at 14.7 and 10.5 ppm are assigned to HT[Ⅱ] and HT[Ⅰ] sites, relating to the 

formation of hydrotalcite [376]. The remarkable decrease of HT[Ⅱ] and HT[Ⅰ] sites is 

associated with the transformation of the hydrotalcite phase into TAH during the curing ages. 

It is similar to the previous study [383]. 

In summary, based on the 29Si and 27Al MAS NMR results, the NaAlO2 activator 

significantly contributes to higher Al substitution for Si transferring the primary gel formation 

from C−S−H to C(N)−A−S−H. Simultaneously, the Al participation increases the mean chain 

length of gels, and more crosslinked gel structures can be obtained. 
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Fig. 7.8 27Al MAS NMR of SAASG at 3 and 28 days. 
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Table 7.7 27Al MAS NMR of paste samples. 

Sample  q2[Ⅰ] q2[Ⅱ] q3 
Al[Ⅳ]-

2 

Al[Ⅳ]-

1 
q4 Al[Ⅴ] 

Z[Ⅱ]/HT[Ⅱ] Z[Ⅰ]/HT[Ⅰ] TAH 

NA3-3 

days 

Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 / 10.5 / 

Width 6 8 6 2.6 6 10 6 / 8 / 

Integral(%) 4.1 6.3 14.5 26.1 22.6 16 2.9 / 7.5 / 

NA3-28 
days 

Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 14.7 10.5 / 

Width 8 8 6 2.6 6 10 8 5.8 12 / 

Integral(%) 2.3 2.4 8.3 21.5 23.5 14.8 3.4 7.4 16.3 / 

NHNA3-3 

days 

Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 14.7 10.5 5.6 

Width 8 8 6 2.8 7 12 6 5.8 5 5 

Integral(%) 4.4 5.4 12.5 26.3 28.1 17.6 2.3 0.5 2.3 0.7 

NHNA3-

28 days 

Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 14.7 10.5 5.6 

Width 8 8 6 2.8 7 12 6 5.8 5 5 

Integral(%) 5.9 6.2 17.1 23.4 25.4 15.3 2.2 1 2.3 1.5 

NH3-3 

days 

Pos. (ppm) 75 67 62 / 57.5 52.2 39.8 14.7 10.5 5.6 

Width 6 8 6 / 7 10 6 5.8 6 5 

Integral(%) 0.2 4.6 4.8 / 25.7 17.4 1.9 32.7 9.7 3 

NH3-28 

days 

Pos. (ppm) 75 67 62 / 57.5 52.2 39.8 14.7 10.5 5.6 

Width 15 8 6 / 8 10 6 5.8 6 5 

Integral(%) 13.6 8.2 6.8 / 44.7 17.8 2.8 0.8 3.3 1.9 

 

7.3.3  Characterization of microstructure and mineralogy 

Fig. 7.9 and Fig. 7.10 show the SEM micrographs of SAASG pastes at 3 and 28 days, 

respectively. The Si(OH)4 and Al(OH)4
-  species are released into the pore solution and 

produced the aluminosilicate gels when the slag and waste glass are in contact with the alkaline 

solutions [384]. As shown in Fig. 7.9 and Fig. 7.10, the unreacted slag and waste glass particles 

are bonded by the C(N)−A−S−H gels. The micro cracking increases with the elevated 

equivalent Na2O content because the high alkalinity of the matrix leads to a higher risk of 

efflorescence. The higher extent of carbonation results in loose microstructure, namely more 

micro cracking. Notably, the NA pastes show the most condensed microstructure among the 

samples. Because the NaAlO2 activator promotes the extra Al(OH)4
-  species participating in 
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the C(N)−A−S−H gels. It leads to a more condensed microstructure of the matrix. Meanwhile, 

the formation of C(N)−A−S−H gels reduces the risk of efflorescence. Less calcite, natrite, and 

 

 

 

Fig. 7.9 SEM micrographs of SAASG at 3 days. 

magnesite form during the air curing period. While the formation of these phases leads to a 

loose microstructure. Besides, the increase of micro cracking along the curing ages is also 

related to the higher content of carbonated phases. It is in line with the XRD results. 
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Fig. 7.10 SEM micrographs of SAASG at 28 days. 

Fig. 7.11 and Fig. 7.12 illustrate the quaternary elements (Si-Al-Ca-Na) diagrams and 

their projection maps of SAASG in molar ratio at 3 and 28 days, respectively. As shown in Fig. 

7.11, the calcium-poor C(N)−A−S−H gels can be observed among the samples at 3 curing days. 

Because the waste glass lacks calcium content, the Ca2+ can only dissolve from slag. The 

limited  
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Fig. 7.11 Quaternary elements (Si-Al-Ca-Na) diagrams and its projection maps of 

activated slag and waste glass powder in molar ratio at 3 days. 

Ca2+ dissolving from slag leads to the formation of calcium-poor C(N)−A−S−H gels. The 

C(N)−A−S−H gels in NA and NHNA samples show a low Al content. Because only limited 

Al can replace Si sites to form geopolymers [385,386]. While in NH samples, a small amount 

of Al can be found in C(N)−A−S−H gels, the primary reaction products are Na2CO3, CaCO3, 

and C−S−H gels. It is due to limited Al resources from slag (without NaAlO2 supplement). The 

reaction products of the NH samples are easier to face efflorescence, so more Na2CO3, and 
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CaCO3 can be observed. It is worth mentioning that the sodium-poor and silicate-rich 

C(N)−A−S−H gels can be observed in the NA3 sample. The low alkalinity and relatively low 

sodium aluminate in NA3 result in less sodium and high silicate participation in the formation 

of C(N)−A−S−H gels. 

 

  

  

Fig. 7.12 Quaternary elements (Si-Al-Ca-Na) diagrams and its projection maps of 

activated slag and waste glass powder in molar ratio at 28 days. 
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It can be seen from Fig. 7.12, the reaction products in NA and NHNA samples at 28 

days become calcium-rich, silicate-rich, and sodium-rich C(N)−A−S−H gels. With the curing 

ages, more and more Si(OH)4 and Ca2+ dissolve from waste glass and slag reacting with 

Al(OH)4
-  from NaAlO2 activator to form the C(N)−A−S−H gels. The higher calcium in the 

geopolymers leads to lower silicate chain length [300,387,388]. It is also consistent with the 

NMR results. The NH samples remain in a large quantity of Na2CO3, CaCO3, and C−S−H gels 

at 28 days. Some scatter with low Al content in NH samples represent low content of 

C(N)−A−S−H gels in NH samples. It is also in line with the NMR results. 

7.3.4  Efflorescence testing 

7.3.4.1 Visual efflorescence test 

Fig. 7.13 exhibits that NA3-56 days clearly shows the lowest extent of efflorescence, 

while NH5-56 days shows the highest extent of efflorescence among the SAASG pastes at 56 

days. The visual efflorescence of each paste as a function of curing ages is presented in Fig. 

D1.  

 

Fig. 7.13 Visual efflorescence testing SAASG pastes at 56 days. 

The extent of visual efflorescence increases with the higher equivalent Na2O content. It is 

associated with a higher pH environment of the pastes. Compared to NA samples, the NH 

samples show a more intensive efflorescence. It is associated with the leaching of Na+ from 

the matrix. The NH samples possess more free Na+ ions than the NA samples. The presence of 
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extra Al(OH)4
-  (in NA samples) from NaAlO2 reduces the extent of efflorescence by forming 

more C(N)−A−S−H gels. It can bond more free Na+ ions than that NH samples. Besides, NA3 

shows the lowest extent of efflorescence because the primary reaction product of NA3 is Na-

rich C(N)−A−S−H gels. It leads to more free Na+ ions participating in the C(N)−A−S−H gel 

formation. Less Na+ ions can leach out from the matrix during the visual efflorescence test 

process. 

7.3.4.2 Quantitative efflorescence test 

Fig. 7.14 shows a quantitative efflorescence test of SAASG pastes at 28- and 56-day 

air curing process. The statistics are generally in agreement with the levels of visible 

efflorescence in Fig. 7.13. As can be seen from Fig. 7.14, the pastes show a higher extent of 

alkali leaching with higher equivalent Na2O content. This is in keeping with the well-

established tendency in the pore solution chemistry as a function of alkali concentration, where 

increasing Na2O content results in more alkaline pore solutions [336,389]. Subsequently, more 

free Na+ ions can be diffused during the efflorescence process. At the same time, the higher 

Na2O concentration also increases the dealumination of Al in C(N)−A−S−H gels [390]. Thus, 

it leads to a higher extent of efflorescence. In addition, NA3 samples show the lowest extent 

of efflorescence among the samples, indicating the lowest tendency towards efflorescence. The 

low alkali concentration of  

 

Fig. 7.14 Efflorescence testing of sodium hydroxide and sodium aluminate activated slag 

and waste glass at 28 and 56 days. 

NA3 among the samples provides the lowest free alkali ions in the pore solution. 

Simultaneously, the extra Al(OH)4
-  transfer the reaction products from C−S−H to 

C(N)−A−S−H gels. The C(N)−A−S−H gels have stronger resistance towards efflorescence 

than C−S−H gels [391]. However, the hybrid activator group (NHNA5) shows an even higher 

extent of efflorescence when Na2O is 5 wt.%. And it shows more micro cracks with the lowest 
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compressive strength. The poor microstructure leads to the strongest tendency towards 

efflorescence, where free alkali ions can easily transport to the surface of the paste. 

7.3.5  Compressive strength 

The compressive strength of SAASG pastes is displayed in Fig. 7.15 from 3 days up to 

28 days. NA samples group consistently has the highest compressive strength at all ages, 

followed by the NH group and NHNA group. The high compressive strength of NA pastes can 

be ascribed to its large amount of C(N)−A−S−H formation, leading to a denser matrix 

[334,390]. Besides, the NA samples show the lowest efflorescence extent, which means less 

carbonation. The high carbonation of NH and NHNA groups leads to lower compressive 

strength as well [42]. The solo activators (NA or NH) show that the higher alkali concentration 

leads to lower compressive strength. The waste glass particles are attacked by the alkali 

activator during the dissolution process. It causes a layer to form on the waste glass particles, 

slowing down the reaction rate and consequently lowering the compressive strength [338]. 

However, the higher alkali concentration in the hybrid activator increases the compressive 

strength. It may be associated with a large amount of zeolite Na-P1 formation consuming 

mostly the alkali ion and extra Al(OH)4
- . The rest alkali ions are used for the dissolution of 

silica in the waste glass. And the higher alkalinity is beneficial to the geopolymerization 

process in NHNA samples. 

 

Fig. 7.15 Compressive strength of sodium hydroxide and sodium aluminate activated 

waste glass pastes at 3 and 28 days. 

7.4  Discussion  

This study assessed the possibility of using sodium aluminate to control the 

efflorescence of activated waste glass and slag blends. The NaAlO2 activator transferred the 

primary reaction products from C−S−H to C(N)−A−S−H inhibiting the intensive efflorescence 
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of alkali activated waste glass (AAWG). Such an application would be an inspiring method to 

utilize waste glass as a building material with a low risk of efflorescence. The findings showed 

that the sodium aluminate activated slag and waste glass (SAASG) exhibited a low extent of 

efflorescence and high mechanical strength. In previous studies, researchers adjusted the Si/Al 

ratio by supplementing Al-rich precursors, e.g. metakaolin [392] and fly ash [334]. Those 

studies indicated the high effectiveness of extra alumina in the strength development of glass-

based geopolymer. While this chapter attempted to supplement Al resources from waste glass. 

Because NaAlO2 could provide a large quantity of Al(OH)4
-  for the geopolymerization process 

leading to an enhanced mechanical property. 

 

Fig. 7.16 Efflorescence process of NaOH and NaAlO2 activated slag and waste glass.  

Fig. 7.16 represents how the primary reaction products influence the efflorescence 

process of NaOH and NaAlO2 activated slag and waste glass. The NaAlO2 activator provides 

extra Al(OH)4
-  promoting the geopolymerization process. At the same time, the participation 

of Al(OH)4
-  monomers at the bridging sites of the silicate chain led to Na+ adopted by 

C−A−S−H forming C(N)−A−S−H gels. It was also reported by Richardson [300]. Thus, the 

NaAlO2 activator effectively stimulates Al(OH)4
-  and Na+ occupying the silicate and calcium 

sites, respectively. It results in the crosslinked C(N)−A−S−H gel structure in NaAlO2 activated 

matrix. Consequently, a large amount of free Na+ ions are captured by the C(N)−A−S−H gels 

leading to a high resistance towards efflorescence. While NaOH activated matrix lacks the 

Al(OH)4
-  monomers, the primary reaction products are C−S−H gels. Relatively, the numerous 

free Na+ ions in the pore solution are at risk of leaching. Simultaneously, the high alkalinity of 

NaOH activated matrix has a higher potential to carbonation. Thereby, the resistance of NaOH 

activated matrix towards efflorescence is relatively lower than that of NaAlO2 activated matrix. 

Nevertheless, sodium aluminate promotes the C(N)−A−S−H gel formation inhibiting 

the efflorescence process. The C(N)−A−S−H gel content in the matrix is still difficult to 
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determine. Consequently, the quantitative influence of the NaAlO2 activator is hard to conduct. 

Investigating methods to quantify the C(N)−A−S−H gel formation would be of scientific and 

practical interest in controlling the efflorescence behavior. 

7.5  Conclusions 

This chapter utilizes the sodium aluminate to activate the slag (minority) and waste 

glass (majority) matrix to control the efflorescence behavior. Results show that the sodium 

aluminate provides extra Al(OH)4
-  promoting C(N)−A−S−H gel formation, which 

significantly improves the resistance of efflorescence and mechanical properties. Moreover, it 

expands the application of waste glass as supplementary cementitious materials. The following 

detailed conclusions can be drawn: 

• Sodium aluminate promotes C(N)−A−S−H gels (major product) and zeolite A 

(secondary product) formation. While the elevated pH (incorporated with NaOH) 

results in zeolite Na-P1 as the secondary reaction product. However, the Si-high, Al- 

and Ca-low gel is the primary reaction product in sodium hydroxides activation.  

• Sodium aluminate activation generates longer main-chain-length and highly 

crosslinked gels. The Al substitution is significantly higher than that of sodium 

hydroxides activated matrix. The silicate species of NA samples indicate a more 

complex gel structure than that of NH samples. 

• The more and more dissolved Ca2+ from slag adopted by amorphous gels transferred 

the reaction products from Na-rich to Ca-rich C(N)−A−S−H gels with the curing 

ages. It also results in the shorter main chain length of C(N)−A−S−H gels. 

• The extra Al(OH)4
-  from sodium aluminate activator captures more Na+ to form Na-

rich C(N)−A−S−H gels enhancing the resistance of efflorescence. Simultaneously, 

the sodium aluminate improves the mechanical property by supplementing extra Al 

resources forming a denser microstructure. 
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Chapter 8  Conclusions and recommendations 

8.1  Conclusions 

The most common material used in the construction of structures is cement. The 

cement industry uses a lot of natural resources and energy. Alkali activation is one method to 

use supplementary cementitious materials (SCMs) to create a cementless binder. The durability 

and leaching issue of alkali activated materials (AAMs) are receiving a lot more attention lately 

as a result of these environmental and sustainability concerns. Layered double hydroxides 

(LDHs) in binders have the properties for binding heavy metal and anions in their structure. 

To understand the mechanism of in-situ formation of LDHs in slag systems, the mineralogy, 

gel structure, microstructure, thermodynamic modelling, mechanical property, and long-term 

performance have been comprehensively investigated in the research. Furthermore, the 

superior performance of in-situ formed LDHs via NaAlO2 activation can alleviate the chloride 

penetration and heavy metal leaching issue. Therefore, municipal solid waste incineration 

bottom ash (MSWI BA) can be effectively utilized as building materials rather than landfill. 

This concept, promotion of in-situ formed LDHs, makes it feasible to use solid waste achieving 

an eco-friendly method to develop new SCMs, e.g. MSWI BA. Another SCMs, waste glass is 

a Si-rich and Al-low SCM, that faces a severe efflorescence with alkali activation. While the 

NaAlO2 is the feasible activator for waste glass to lessen the extent of efflorescence, because 

the extra Al in NaAlO2 changes the gel structure and the microstructure of the matrix. Based 

on the results, the main conclusions from this thesis and the recommendation for future 

perspectives are summarized as follows. 

 

8.1.1  In-situ formation of LDHs in AAMs 

In Chapters 2 to 5, alkali activated slag, fly ash (FA), and municipal solid waste 

incineration bottom ash (MSWI BA) are investigated by NaOH, Na2SiO3, and NaAlO2 

activators. The mechanism has been revealed of the in-situ formation of LDHs. Common 

activators, e.g. NaOH, and Na2SiO3, show that the LDHs are the secondary reaction product 

with limited contents in phase assemblages. MgO promotes the formation of the in-situ growth 

of the LDH phase, and the CLDH completes the LDH-reconstruction process in NaOH, 

Na2SiO3 activated fly ash and slag (AAFS). Externally added LDH-NO3 remains in the AAFS 

matrix, and NaAlO2 activator provides extra Al(OH)
4

-
, which lessens the competition between 

Si(OH)4, and Mg2+ capturing Al(OH)
4

-
. Extra Al promotes the content of in-situ formed LDHs 

and gels simultaneously. Moreover, the increase of pH value in the pore solution of sodium 

aluminate activated slag transfers the primary reaction products from C−A−S−H to N−A−S−H. 

The incorporation of MgO in NaAlO2 activation results in more Mg2+ reacting with Al(OH)
4

–
, 

reducing the reaction between Ca2+ and Al(OH)
4

–
. Since fewer Al(OH)

4

–
 reacts with Na+, this 

results in less zeolite formation. Mg–Al LDHs tends to be the predominant LDHs (rather than 

Ca–Al LDHs) in the MgO–NaAlO2 activated system, and, zeolite production is impeded by an 

aqueous environment rich in Mg2+. 
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NaAlO2 activated and MgO–NaAlO2 activated slag systems show an improved 

microstructure over NaOH activated slag systems. This is due to the more Al(OH)
4

–
 promoting 

the formation of gel, leading to a denser microstructure. Those is reflected in the mechanical 

properties and microstructural properties. However, FA and MSWI BA negatively influence 

the development of microstructure, because of less C(N)–A–S–H formation.  

Most importantly, the elevated LDHs enhance the chloride resistance and improve the 

heavy metal binding capacity in the matrix. With a higher sodium aluminate content, the 

content of gels in the matrix is promoted. Thereby, the chloride binding capacity is enhanced 

by the promoted generation of reaction products (LDHs and gels). At the same time, heavy-

metal leaching is significantly decreased by the incorporation of MgO, which contributes to 

more LDHs formation as well. As a result, the leaching of SO4
2– decreased dramatically, since 

the in-situ-formed LDHs absorbed more SO4
2– than Cl

–
 with elevated MgO addition, owing to 

the high affinity of LDHs for SO4
2–. 

Thermodynamic modelling results slightly overestimate the phase content compared 

to experimental results. The predicted heavy metal ions binding capacity of the matrix shows 

that the uptake of Cu is related to C(N)−A−S−H formation, while the binding capacity of Sb, 

sulfates, and chlorides increases with the hydrotalcite formation from prolonged curing. 

8.1.2  Reuse waste glass in AAMs 

In Chapters 6 to 7, alkali activation of slag, fly ash, and waste glass (WG) by NaOH 

and NaAlO2 are investigated in terms of chloride resistance and efflorescence behavior. The 

mechanism of how waste glass influences the microstructure and chloride resistance of NaOH 

activated slag and fly ash is revealed, and the effect of NaAlO2 on waste glass activation has 

been explored as well. As a silica-rich, aluminum-low material, waste glass plays a role as 

amorphous silica source to form C(N)−A−S−H gels during alkali activation. In NaOH 

activated slag and fly ash, the waste glass promotes the formation of the gel, which is due to 

extra reactive SiO2 provided by waste glass. In NaAlO2 activated slag and waste glass, NaAlO2 

promotes C(N)−A−S−H gels (major product) and zeolite A (secondary product) formation. 

Furthermore, the elevated pH (associated with NaOH) results in zeolite Na-P1 as the secondary 

reaction product. Nonetheless, Si-high, Al- and Ca-low gel is the primary reaction product in 

sodium hydroxide activation. The effect of NaAlO2 activation is longer main-chain-length and 

highly crosslinked gels, and Al substitution is significantly higher than that of the NaOH 

activated matrix. 

Moreover, a higher content of waste glass in alkali activated slag and fly ash improves 

the chloride resistance of the matrix. The waste glass containing AAMs matrix shows both 

physical and chemical absorption of chloride ions, attributed to mesopores improvement and 

hydrotalcite phase. NaAlO2 activated slag and waste glass show that extra Al(OH)4
-  from 

NaAlO2 activator captures more Na+ to form Na-rich C(N)−A−S−H gels enhancing the 

resistance to efflorescence. 
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8.2  Recommendations for future perspectives 

This thesis investigates the in-situ formation of LDHs in NaAlO2 activated slag/MSWI 

BA in terms of chloride resistance and heavy metal binding. Simultaneously, the reuse of waste 

glass in alkali activated slag/fly ash is evaluated as well. Based on an analysis of mineralogy, 

microstructure, thermodynamic modelling, mechanical property, and long-term performance, 

the utilization of these SCMs was comprehensively studied. The presented results can be used 

for an optimal design of sustainable building materials to achieve properties of excellent 

durability at low costs. Nevertheless, some open questions remain for future research: 

1. Alkalis plays a key role in the activator, the lower pH activation of NaAlO2 activator 

compared to NaOH shows the feasibility to apply to such low alkaline (low pH) based binders, 

it can prevent pollution transfer and lower the impact on operation and transport. To effectively 

quantify and promote the sustainability of the new binder, the basic research about 

implementation is lacking, that is the actual production, including transport and utilization of 

specific materials in a given location. Therefore, the environmental impact of low alkaline 

based binders remains an open debate. The life cycle analysis (LCA) approach can be used to 

further promote the sustainability of the binder. It can be coupled with experimental data to 

predict the final environmental impact of the binder. Specifically, the in-situ formation of 

LDHs can be utilized to predict CO2 capture along the life cycle of the binder. Because the 

LDHs show superior CO2 capture during the curing and use process. 

2. Limited knowledge of durability issues like corrosion behavior of reinforced 

geopolymer concrete impedes the usage of this technology in structural applications. The pH 

of alkaline activated systems is higher than 13.5, and even 14.5 in some systems, passivation 

should be achieved directly. However, such a high pH level also may induce the formation of 

non-stable passivating films on the steel surface. MgO−NaAlO2 activation in this thesis may 

be the potential approach preventing rebar corrosion by in-situ formed LDHs as an inhibitor 

and relatively low pH environment to the steel surface. Therefore, the mechanism of the 

corrosion process of reinforced MgO−NaAlO2 activated slag is vital to be investigated at paste, 

mortar, and concrete scales. 

3. The LDHs also have an excellent capacity to absorb radioactive elements. The in-

situ formation of LDHs in NaAlO2 activated slag is successfully achieved in this thesis. 

Therefore, the NaAlO2 activated slag can be utilized as radiative element absorbent by blending 

slag with radiative materials from nuclear waste. Furthermore, the environmental impact of 

blended binders with radiative materials should be evaluated in future research. 

4. The application of NaAlO2 activated waste glass and slag reveals that NaAlO2 

activator can be utilized to activate Si-rich Al-low raw materials. To effectively evaluate the 

impact of Al(OH)4
-  from NaAlO2, the gel structure, microstructure, and the long-term 

performance should be investigated. It offers an opportunity to use low pH and Al-rich 

activators to develop new Si-rich Al-low SCMs. 
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Symbols and abbreviations 

Abbreviations 

AAMs Alkali activated materials 

AAFS Alkali activated fly ash and slag blends 

AAWG Alkali activated waste glass 

ACPT Accelerated chloride penetration test 

BA Bottom ash 

BET Nitrogen sorption tests 

BJH Barrett, Joyner, and Halenda method 

C−A−S−H Calcium aluminosilicate hydrates 

C−S−H Calcium silicate hydrates 

CLDHs Calcined layered double hydroxides 

CWE Cold water extraction 

D Diffusion 

FA Fly ash 

FTIR Fourier Transform InfraRed spectroscopy 

GGBS Ground granulated blast furnace slag 

GP Waste glass powder 

HCFA High-calcium fly ash 

IC Ion chromatography 

ICP-OES Inductively coupled plasma-optical emission spectrometry 

ITZ Interfacial transition zone 

I Interactions at phase boundary 

LCFA Low-calcium fly ash 

LDHs Layered double hydroxides 

LOI Loss on ignition 

MCL Mean chain length 
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MSWI BA Municipal solid waste incineration bottom ash 

MSAASB MgO–NaAlO2-activated GGBS/BA 

MgO Magnesium oxide 

Mg-Al-NO3 LDH Nitrate intercalated LDH 

MIP Mercury intrusion porosimetry 

MK Metakaolin 

N−A−S−H Sodium aluminosilicate hydrates 

NSSM Non-steady-state migration 

NG Nucleation and crystal growth 

NMR Nuclear magnetic resonance 

OPC Ordinary Portland Cement 

PSD Particle size distribution 

PTEs Potentially toxic elements 

QXRD Quantification of X-ray diffractometry 

SCMs Supplementary cementitious materials 

SEM Scanning electron microscopy 

SEM-EDS Scanning electron microscopy-energy-dispersive X-ray spectroscopy 

SAAS Sodium aluminate activated slag 

SAASB Sodium aluminate activated slag and bottom ash 

SAASG Sodium aluminate activated slag and waste glass 

SAAG Sodium aluminate activated waste glass 

SF Silica fume 

TAH Third aluminate hydrate 

TG Thermogravimetric test 

TRRP Time to reach the reaction peak 

WG Waste glass 

XRD X-ray diffraction 
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XRF X-ray fluorescence 

 

Formulas 

Akermanite Ca2Mg[Si2O7] 

Calcite CaCO3 

Chabazite (Ca,K2,Na2,Mg)Al2Si4O12•6H2O 

Dawsonite NaAlCO3(OH)2 

Ferro-glaucophane Na2Fe3Al2Si8O22(OH)2 

Gibbsite Al(OH)3 

Gaylussite Na2Ca(CO3)2·5H2O 

Hemi-carbonaluminate Ca4Al2(OH)12[OH(CO3)0.5]∙5.5H2O 

Hydrotalcite (Mg0.67Al0.33(OH)2)(CO3)0.165(H2O)0.48 

Katoite Ca2.93Al1.97 (Si.64O2.56) (OH)9.44 

Magnetite Fe3O4 

Magnesite MgCO3 

Meionite Ca4Al6Si6O24CO3 

Mullite 2Al2O3 SiO2 

Natrite Na2CO3 

Periclase MgO 

Quartz SiO2 

Wustite FeO 

Zeolite A Na12Al12Si12O48 27H2O 

Zeolite Na-P1 Na6Al6Si10O32·12H2O 

Zeolite 1.08Na2O·Al2O3·1.68SiO2·1.8H2O 
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Appendix A 

The pore solution composition data of Ref-NH, NA2, NA2.5, NA3, NA3.5, NA4 are 

listed in respectively. 

Table A1 Ions concentration of NA2 at different function times (mmol/L). 

Samples Na Ca Si Al B Cu Fe Ga Li Mg Se V 

NA2 3d 422.3280 0.1227 0.8206 90.9544 0.0647 0.0007 0.0454 0.0135 0.0049 0.0008 0.0030 0.0110 

NA2 7d 307.2342 0.0385 1.4125 125.4716 0.0660 0.0003 0.0312 0.0129 0.0037 0.0003 0.0024 0.0143 

NA2 14d 226.6478 0.0841 1.7661 32.3877 0.1070 0.0002 0.0821 0.0095 0.0030 0.0005 0.0022 0.0193 

NA2 28d 90.0473 0.2237 0.7905 2.9636 0.0882 0.0001 0.0127 0.0013 0.0076 0.0002 0.0006 0.0025 

 

 

Table A2 Ions concentration of NA2.5 at different function times (mmol/L). 

Samples Na Ca Si Al B Cu Fe Ga Li Mg Se V 

NA2.5 3d 480.1467 0.1209 1.0572 91.0072 0.0757 0.0002 0.0438 0.0154 0.0044 0.0003 0.0032 0.0141 

NA2.5 7d 303.1695 0.0790 1.9007 57.7767 0.1152 0.0000 0.0906 0.0121 0.0028 0.0005 0.0025 0.0220 

NA2.5 14d 200.0539 0.1447 2.1079 10.0428 0.1597 0.0000 0.0562 0.0071 0.0031 0.0004 0.0015 0.0161 

NA2.5 28d 72.4681 0.2527 0.5925 2.2263 0.0574 0.0000 0.0060 0.0008 0.0082 0.0004 0.0005 0.0015 

 

 

 

Table A3 Ions concentration of NA3 at different function times (mmol/L). 

Samples Na Ca Si Al B Cu Fe Ga Li Mg Se V 

NA3 3d 559.2362 0.1537 0.8682 90.2738 0.0927 0.0001 0.0418 0.0175 0.0033 0.0003 0.0037 0.0172 

NA3 7d 331.9159 0.0859 2.4244 41.1940 0.1435 0.0001 0.0712 0.0125 0.0028 0.0003 0.0026 0.0267 

NA3 14d 99.0634 0.2161 0.8261 2.5922 0.0774 0.0001 0.0132 0.0013 0.0073 0.0004 0.0007 0.0023 

NA3 28d 71.4253 0.2521 0.5604 2.0620 0.0519 0.0001 0.0061 0.0008 0.0098 0.0000 0.0005 0.0015 
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Table A4 Ions concentration of NA3.5 at different function times (mmol/L). 

Samples Na Ca Si Al B Cu Fe Ga Li Mg Se V 

NA3.5 3d 612.6617 0.1896 0.7509 88.9156 0.1102 0.0001 0.0390 0.0186 0.0029 0.0004 0.0041 0.0196 

NA3.5 7d 335.7975 0.1055 2.4191 43.8903 0.1657 0.0001 0.0671 0.0137 0.0026 0.0004 0.0027 0.0300 

NA3.5 14d 102.8402 0.2226 0.7378 2.4238 0.0778 0.0002 0.0133 0.0013 0.0092 0.0002 0.0008 0.0023 

NA3.5 28d 82.8333 0.2417 0.5455 2.3718 0.0596 0.0001 0.0085 0.0009 0.0137 0.0005 0.0006 0.0014 

 

 

Table A5 Ions concentration of NA4 at different function times (mmol/L). 

Samples Na Ca Si Al B Cu Fe Ga Li Mg Se V 

NA4 3d 740.7523 0.2156 0.9378 92.1152 0.1379 0.0000 0.0425 0.0220 0.0026 0.0004 0.0047 0.0239 

NA4 7d 400.3221 0.0978 1.6493 88.3565 0.1705 0.0001 0.0642 0.0177 0.0026 0.0003 0.0033 0.0331 

NA4 14d 99.1647 0.1923 0.5369 2.6865 0.0712 0.0000 0.0107 0.0014 0.0109 0.0002 0.0008 0.0022 

NA4 28d 91.1295 0.2014 0.5889 2.8065 0.0614 0.0000 0.0071 0.0011 0.0174 0.0001 0.0007 0.0014 

 

 

Table A6 Ions concentration of Ref-NH at different function times (mmol/L). 

Samples Na Ca Si Al B Cu Fe Ga Li Mg Se V 

Ref-NH 3d 120.2818 0.2354 0.5234 2.7838 0.0750 0.0001 0.0319 0.0001 0.1948 0.0010 0.0028 0.0032 

Ref-NH 7d 112.3505 0.2668 0.3265 2.0206 0.0389 0.0002 0.0070 0.0001 0.0922 0.0005 0.0014 0.0012 

Ref-NH 14d 111.4816 0.3040 0.2984 2.1557 0.0420 0.0001 0.0077 0.0001 0.1169 0.0001 0.0015 0.0013 

Ref-NH 28d 53.7944 0.2689 0.2891 2.0361 0.0363 0.0001 0.0060 0.0001 0.1090 0.0001 0.0014 0.0011 
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Fig. A1 XRD patterns of the SAAS pastes at 28 days after 1-hour 900℃ heating. 

 

 

Table A7 5min leaching test of GGBS under different pH values of alkali leaching solution 

(mmol/L). 

pH Si Al Mg 

13.5 2.2771 1.1721 0.0001 

13 0.0831 0.0004 0.0002 

12.5 0.2410 0.0383 0.0002 

12 0.4122 0.0335 0.0001 
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Appendix B 

Table B1 Quantification of XRD at 7 days (wt.%). 

 

Akermanite Calcite Dawsonite Gibbsite Magnetite Meionite Quartz Wuestite Amor. 

BA0 0 0.88 0.67 1.64 0 0.33 0 0 86.49 

BA5 0.47 0.76 0.49 0.84 0 0.54 0.59 0 86.32 

BA10 0.58 0.66 0.45 0.8 0.24 0.47 1 0 85.8 

BA15 0.96 1.04 0.72 0.97 0.67 0.35 2.48 0 82.81 

BA20 0.91 0.78 0.24 0.97 0.79 0.84 3.2 0.62 81.64 

BA25 1.09 1.05 0.87 0.01 1.33 0.69 3.5 0 81.45 

 

Table B2 Quantification of XRD at 28 days (wt.%). 

 

Akermanite Calcite Hc Ferro-glaucophane Hydrotalcite Magnetite Meionite Quartz Zeolite A Amor. 

BA0 0.00 2.51 0.83 0.00 1.68 0.00 0.30 0.10 0.94 93.62 

BA5 1.26 1.43 0 0.10 1.61 0.33 0 0.32 1.22 93.71 

BA10 1.38 1.53 0 0.20 1.59 0.41 0 0.42 1.26 93.21 

BA15 1.68 2.74 0 0.37 1.13 0.73 0 0.51 1.46 91.38 

BA20 2.13 2.67 0 0.46 0.97 1.66 0 0.44 1.83 89.84 

BA25 2.07 3.29 0 0.42 0.76 2.11 0 0.69 1.99 88.67 

 

Table B3 Statistics of t4, 1/N, and 1/N lnk fittings.  

 BA20 BA25 

t4 (hours) 697.44 734.71 

1/N after t4 2.9333 -23.637 

1/N lnk after t4 3.3018 -26.081 
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Table B4 Element inputs from raw materials. (Cu, Mo, Sb, Cl-, SO
2-

4 ) (mg/ g raw materials). 

 GGBS MSWI BA 

Cu 0.00002 0.01083 

Mo 0.00007 0.00732 

Sb 0.00006 0.00401 

Cl- 0.362 33.544 

SO
2-

4  1.55 73.033 

(a) (b) 

  

(c) 

 

Fig. B1 (a) Evolution time t4 fitting; (b) 1/N fitting; (c) 1/N lnk fitting. 
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Appendix C 

The pore solution composition data of Al, Si, Mg, Na, and Ca are listed in the following 

tables, respectively. 

Table C1 Concentration of Al (mmol/L). 

Sample Curing days 

3 7 14 28 

NH 2.1234 1.7607 2.2433 2.4057 

NA 75.1852 34.9474 16.7144 3.6974 

MA0.5 58.1482 33.6204 19.5022 2.7827 

MA1 35.0422 27.1274 13.9833 2.6297 

MA2 33.6444 20.1656 3.0030 2.6612 

MA4 16.6037 1.7040 2.1946 1.8413 

 

Table C2 Concentration of Si (mmol/L). 

Sample Curing days 

3 7 14 28 

NH 0.5837 0.4228 0.4173 0.3853 

NA 1.7929 2.7211 0.8193 0.7188 

MA0.5 1.7296 2.5118 0.7482 0.6222 

MA1 1.8771 2.0111 0.5579 0.6865 

MA2 2.1729 0.9918 0.3625 0.6592 

MA4 3.1757 0.6452 0.4954 0.4686 
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Table C3 Concentration of Mg (mmol/L). 

Sample Curing days 

3 7 14 28 

NH 0.0000 0.0001 0.0002 0.0001 

NA 0.0023 0.0013 0.0010 0.0001 

MA0.5 0.0013 0.0010 0.0009 0.0004 

MA1 0.0011 0.0009 0.0010 0.0001 

MA2 0.0009 0.0009 0.0018 0.0001 

MA4 0.0009 0.0018 0.0037 0.0001 

 

Table C4 Concentration of Na (mmol/L). 

Sample Curing days 

3 7 14 28 

NH 161.4366 103.7492 126.7275 119.8649 

NA 452.7518 402.9746 324.2820 118.8610 

MA0.5 425.5259 332.6816 311.5509 121.7669 

MA1 387.5637 317.4098 285.4848 119.0914 

MA2 398.9046 303.4701 160.0295 128.7268 

MA4 350.6898 101.6660 113.6112 91.1854 
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Table C5 Concentration of Ca (mmol/L). 

Sample Curing days 

3 7 14 28 

NH 0.2432 0.2625 0.2299 0.2207 

NA 0.0263 0.0567 0.1082 0.1746 

MA0.5 0.0551 0.0964 0.1360 0.1921 

MA1 0.0743 0.1050 0.1155 0.1985 

MA2 0.1209 0.1331 0.1469 0.1889 

MA4 0.1544 0.2238 0.2379 0.2458 

 

Table C6 Quantification of XRD results at 7 days (wt. %). 

 
NH NA MA0.5 MA1 MA2 MA4 

Akermanite 0.14 0.49 0.27 0.22 0.19 0.44 

Aragonite 1.09 1.96 1.43 1.38 0.84 0.66 

Calcite 1.48 0.49 0.97 1.07 1.32 2.03 

Hemi carbonaluminate 0.09 0.12 0.00 0.00 0.01 0.07 

Hydrotalcite 1.47 1.11 1.13 1.34 1.67 2.53 

Meionite 0.38 0.09 0.10 0.11 0.19 0.22 

Periclase 0.00 0.00 0.32 0.71 1.38 3.70 

Quartz 0.28 0.21 0.31 0.26 0.28 0.24 

Vaterite 0.12 0.89 1.12 1.56 0.73 0.33 

Zeolite A 0.00 0.04 0.02 0.02 0.00 0.00 

Amor. 94.94 94.61 94.33 93.33 93.40 89.79 
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Table C7 Quantification of XRD results at 28 days (wt. %). 

 NH NA MA0.5 MA1 MA2 MA4 

Akermanite 0.21 0.34 0.44 0.47 0.19 0.57 

Aragonite 2.37 2.37 2.11 1.82 1.43 0.48 

Calcite 2.28 1.47 1.69 1.79 1.77 1.90 

Hemi carbonaluminate 0.00 0.00 0.02 0.04 0.00 0.00 

Hydrotalcite 1.68 1.61 1.77 2.13 2.33 3.04 

Meionite 0.21 0.09 0.09 0.08 0.17 0.20 

Periclase 0.00 0.00 0.19 0.44 1.31 2.97 

Quartz 0.22 0.36 0.30 0.20 0.28 0.26 

Vaterite 1.23 0.67 0.59 0.26 0.66 0.00 

Zeolite A 0.00 0.16 0.08 0.02 0.00 0.00 

Amor. 91.79 92.93 92.72 92.74 91.87 90.58 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

Fig. C1 ITZ determination by grayscale of (a) NH; (b) NA; (c) MA0.5; (d) MA1; (e) MA2; 

(f) MA4. 
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Appendix D 

Table D1 Quantification of XRD results at 3 days (wt. %). 

 
NA3-

3d 

NA4-

3d 

NA5-

3d 

NHN

A3-

3d 

NHN

A4-

3d 

NHN

A5-

3d 

NH3-

3d 

NH4-

3d 

NH5-

3d 

Calcite 0.00 0.00 0.00 1.00 1.30 1.53 1.04 1.59 1.38 

Hydrotalcite 0.00 0.00 0.00 0.00 0.00 0.00 0.51 0.92 0.66 

Katoite 0.00 1.68 1.97 0.88 0.63 0.43 0.00 0.00 0.00 

Zeolite Na-P1 0.00 0.03 0.07 1.12 10.69 16.07 0.00 0.00 0.00 

Natrite 0.00 0.61 0.29 0.80 0.49 0.86 2.33 4.39 6.01 

Zeolite A 3.04 3.20 3.27 3.56 0.76 0.34 0.00 0.00 0.00 

Amor. 96.96 94.47 94.40 92.63 86.12 80.77 96.11 93.10 91.96 

 

Table D2 Quantification of XRD results at 28 days (wt. %). 

 
NA3-

3d 

NA4-

3d 

NA5-

3d 

NHN

A3-

3d 

NHN

A4-

3d 

NHN

A5-

3d 

NH3-

3d 

NH4-

3d 

NH5-

3d 

Calcite 0.00 0.00 0.00 0.88 2.21 1.93 1.00 1.52 1.94 

Hydrotalcite 0.00 0.00 0.00 0.00 0.00 0.00 0.76 0.97 1.34 

Katoite 0.00 4.83 6.18 0.48 0.76 0.24 0.00 0.00 0.00 

Magnesite 0.00 0.00 0.00 1.51 2.41 1.54 1.66 2.67 3.11 

Zeolite Na-P1 0.00 2.50 0.80 1.11 17.16 20.40 0.00 0.00 0.00 

Natrite 0.00 0.00 0.00 0.93 0.92 1.20 0.93 1.58 3.99 

Zeolite A 5.34 8.19 8.36 2.79 0.93 0.60 0.00 0.00 0.00 

Amor. 94.66 84.49 84.68 92.31 75.61 74.09 95.67 93.28 89.61 
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Fig. D1 Visual efflorescence testing of SAASG pastes at different curing ages. 
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Summary 

Supplementary cementitious materials (SCMs) provide a significant contribution to 

sustainable construction. The use of these materials in concrete production consumes less 

energy and offers improved efficiency and building performance. Facing the challenges of 

SCMs utilization, this thesis firstly focuses on the alkali activation of slag, fly ash, waste glass, 

and municipal solid waste incineration bottom ash (MSWI BA). Simultaneously, the sodium 

hydroxides, sodium silicate, and sodium aluminate were used as activators aiming to the 

promotion of in-situ formed layered double hydroxides (LDHs).  

Firstly, the different effects of MgO, nitrate intercalated LDH (Mg-Al-NO3 LDH), and 

calcined natural LDH-CO3 on the alkali activated fly ash and slag blends (AAFS) were 

investigated in terms of chloride resistance (Chapter 2). Then, sodium aluminate-activated slag 

was investigated to enhance the chloride binding of alkali activated materials (AAMs) to 

promote the in-situ formation of layered double hydroxides (LDHs) (Chapter 3). Thirdly, the 

influence of MSWI BA on NaAlO2 activated slag was researched in terms of the reaction 

process, thermodynamic modelling, and further, leaching behavior (Chapter 4). Subsequently, 

MgO-NaAlO2 activated slag and MSWI BA was studied to alleviate the leaching issues of 

MSWI BA via promoted gels and LDHs formation (Chapter 5). Then, this study aims to 

investigate the chloride diffusion behavior of alkali activated slag and fly ash blends with 

different contents of waste glass powder (GP) addition (Chapter 6). Finally, the efflorescence 

behavior of NaOH and NaAlO2 activated waste glass powder was determined (Chapter 7).  

The evolution of pore solution (using ICP), reaction products (using XRD, TGA, and 

FTIR), and microstructure (via BET and MIP) were determined to investigate the dynamic 

activation process. Furthermore, the thermodynamic modelling of sodium aluminate activation 

was performed by GEM-selector. Moreover, the mechanical property, chloride resistance, 

leaching behavior, and efflorescence behavior were tested to evaluate the performance of the 

final activated matrices.  

The results show that sodium aluminate stabilizes the pH environment at around 12.7 

during the curing ages. The Mg-Al-LDHs are promoted with higher Al-O tetrahedra and Mg2+ 

contents, enhancing chloride resistance and heavy metal ion binding capacity. Simultaneously, 

the sodium aluminate activation transfers the reaction products from C−S−H to C(N)−A−S−H, 

promoting the resistance to efflorescence.  

The thesis reveals the effect of extra Al-O tetrahedra and Mg2+ on the in-situ formation 

of LDHs. Based on the results, the mechanism of sodium aluminate activation is proposed. At 

the same time, the mechanism of how Mg2+ influences the reaction products and leaching 

behavior is proposed as well. Furthermore, thermodynamic modelling gives the prediction of 

the heavy metal ion binding capacity of activated matrices. The design, modelling, and 

application of sodium aluminate activation have been comprehensively investigated. 
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Supplementary cementitious materials (SCMs) 
provide a significant contribution to sustainable 
construction. The use of these materials in 
concrete production consumes less energy and 
offers improved efficiency and building 
performance. Facing the challenges of SCMs 
utilization, this thesis firstly focuses on the alkali 
activation of slag, fly ash, waste glass, and 
municipal solid waste incineration bottom ash 
(MSWI BA). Simultaneously, the sodium 
hydroxides, sodium silicate, and sodium 
aluminate were used as activators aiming to the 
promotion of in-situ formed layered double 
hydroxides (LDHs). 
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