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Enhancing the reaction of municipal solid waste incineration (MSWI) 
bottom ash in blast furnace slag-based alkali-activated blends: A novel 
strategy and underlying mechanism
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A B S T R A C T

Compared with blast furnace slag (BFS), the less reactive MSWI bottom ash (MBA) plays a minor role in alkali- 
activated blends. This research optimized the use of MBA as a precursor by enhancing its contribution to strength 
and microstructure development. The proposed strategy combines pre-treatment with pre-activation processes, 
enabling MBA to react before BFS addition. The NaOH-based pre-treatment led to the oxidation of metallic 
aluminum and the partial dissolution of the amorphous phase in MBA. The subsequent pre-activation resulted in 
the generation of C-A-S-H gel, which promoted later-stage gel formation in the paste. The reacted bottom ash 
particles exhibited distinct features in alkali-activated pastes. Compared with 100 % slag-based system, blending 
slag with MBA accelerated the slag reaction at late ages and facilitated the formation of a more polymerized C- 
(N-)A-S-H gel. The compressive strength results indicate that MBA is a promising alternative to Class F coal fly 
ash in BFS-based alkali-activated blends.

1. Introduction

The increase in global municipal solid waste production has posi
tioned incineration as a preferred waste management strategy, owing to 
its effectiveness in reducing waste volume, generating energy, and 
mitigating the environmental impacts of landfill accumulation [1,2]. 
However, the global expansion of waste-to-energy plants has signifi
cantly increased the production of incineration residues, presenting new 
challenges for their disposal [1,3–10]. The primary residue accounts for 
approximately 80–90 % of the solid incineration by-products and is 
known as municipal solid waste incineration (MSWI) bottom ash [3,4]. 
Given the anticipated scarcity of landfill sites, there is a growing urgency 
to recycle MSWI bottom ash. One of the most viable options is to use 
MSWI bottom ash as a raw material for the production of 
alkali-activated material (AAM) [11,12].

The use of AAM as a construction material is a sustainable option, as 
it allows for the large-scale recycling of various industrial by-products 
and reduces the demand for Portland cement [13–21]. A properly 
designed alkali-activated concrete has a lower carbon footprint and 
exhibits superior mechanical properties, fire resistance, and long-term 
durability compared to Portland cement-based concrete [22,23]. 

However, there is a foreseeable shortage of conventional AAM pre
cursors, especially coal fly ash [24–26]. Using MSWI bottom ash as a 
substitute for coal fly ash is promising due to its comparable reactivity 
and global availability [11,27].

MSWI bottom ash requires pre-treatment to improve its quality for 
use in AAM. The metallic aluminum (Al) found in MSWI bottom ash is 
detrimental to the strength development of AAM, as it easily oxidizes 
and leads to hydrogen gas release under high alkaline conditions 
[28–32]. In previous work, MSWI bottom ash was immersed in NaOH 
solution to completely oxidize metallic Al prior to its addition to the 
fresh mixture [30,33–37]. This pre-treatment process is referred to as 
NaOH solution treatment. The NaOH solution concentration and treat
ment duration were determined by considering the size of bottom ash 
particles and the distribution of metallic Al within these particles [11,
38].

In most cases, mixing NaOH solution with MSWI bottom ash for pre- 
treatment was considered a procedure similar to adding part of the 
activator in advance. The NaOH solution used for pre-treatment was 
taken from the total amount designed for the activator. The remaining 
activator was added later while mixing fresh paste [12]. Previous 
research mainly examined the effectiveness of NaOH solution treatment 
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in reducing metallic Al content [30,33–37]. The reactivity change 
induced by NaOH solution treatment was also studied [39]. However, 
there is no information on the extent to which MSWI bottom ash reacts 
during NaOH solution treatment or how the resulting reaction products 
affect the microstructure development of AAM.

MSWI bottom ash as the sole precursor for AAM preparation is not 
recommended due to the low compressive strength and high heavy 
metal leaching risks of resulting binder products [12]. When preparing 
AAM using 100 % MSWI bottom ash, the fresh mixture requires more 
than one day to harden under ambient temperature [27,28,40,41]. The 
performance of MSWI bottom ash-based AAM is often improved by 
incorporating blast furnace slag [12]. Previous researchers investigated 
the properties of AAM made from a blend of blast furnace slag and MSWI 
bottom ash, with a focus on compressive strength [12]. The strength was 
found to be influenced by several factors, such as the metallic Al content, 
reactivity, and dosage of MSWI bottom ash, the composition of the 
activator, and the curing conditions [30,33,34,36,37].

In the binary AAM system, blast furnace slag, being more reactive 
than MSWI bottom ash, plays a more significant role in strength devel
opment [11,27]. It is not well understood how MSWI bottom ash con
tributes to reaction product formation and subsequently influences the 
strength and microstructure development of alkali-activated blast 
furnace slag/MSWI bottom ash [12]. Current methods to enhance the 
contribution of MSWI bottom ash focus on improving its reactivity [12]. 
These quality-upgrade treatments are energy-intensive, typically 
involving thermal treatment to form reactive mineral phases or me
chanical treatments to reduce particle size [11]. Despite this, no 

research has explored low-energy approaches to promoting the reaction 
of MSWI bottom ash when it is used in combination with more reactive 
precursors.

As discussed above, significant engineering advancements have been 
made in using MSWI bottom ash to prepare AAM. However, the limited 
understanding of how MSWI bottom ash contributes to microstructure 
formation hinders the development of energy-efficient strategies to 
promote its contribution. To address this, the present research not only 
aims to enhance the role of MSWI bottom ash in alkali-activated blast 
furnace slag/MSWI bottom ash pastes but also provides a detailed 
investigation into the mechanisms driving this enhancement. This 
knowledge enables the effective utilization of MSWI bottom ash as an 
AAM precursor. The present study is divided into two main sections, as 
shown in Fig. 1 and outlined below: 

• A novel sample preparation strategy is proposed to enhance the role 
of MSWI bottom ash in alkali-activated blast furnace slag/MSWI 
bottom ash pastes. This approach involves sequential pre-treatment 
and pre-activation processes. The reactions that occurred during 
these two processes were investigated, and their combined effects on 
strength development and microstructure formation of AAM were 
explored.

• The microstructure of AAM is analyzed in terms of reaction kinetics, 
reaction degree, reaction products, and pore volume to understand 
the contribution of MSWI bottom ash. The alkali-activated blast 
furnace slag/MSWI bottom ash pastes prepared using the highest 
dosage of MSWI bottom ash are used for microstructure analysis. The 

Fig. 1. The outline of this research.
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reference samples include alkali-activated blast furnace slag pastes, 
alkali-activated blast furnace slag/Class F coal fly ash pastes, and 
alkali-activated blast furnace slag/micronized sand pastes.

2. Materials and methods

2.1. Materials

The precursors used for AAM sample preparation include MSWI 
bottom ash (MBA), blast furnace slag (BFS), Class F coal fly ash (FA), and 
micronized sand (M300). Detailed information on the particle size, 
chemical and mineralogical compositions, and reactivity of MBA, BFS, 
and FA is presented in our previous study [27]. For the particle size and 
compositional details of M300, please also refer to our previous publi
cation [42]. The MBA used in this work exhibits typical chemical and 
mineralogical characteristics of MSWI bottom ash [11,27]. FA and M300 
were selected as reference materials for MBA. This selection was based 
on the comparable reactivity between FA and MBA as AAM precursors 
[27]. The M300 is a non-reactive quartz powder, and its particle size is 
similar to that of MBA [42]. The NaOH pellets (analytical grade, purity 
≥98 %), water glass solution (8 wt% Na2O and 26.9 wt% SiO2), and 
deionized water were used to prepare the activator.

2.2. Mix design

As indicated in our previous research [27], combining MBA with BFS 
for AAM preparation could mitigate the risk of excessive heavy metal 
leaching from MBA-based AAM and improve its compressive strength. 
The percentage of MBA in the precursor of AAM was recommended to be 
lower than 50 wt%. Therefore, in this work, the replacement levels of 
MBA for BFS were selected to be 10 wt%, 20 wt%, and 30 wt%. The 
maximum dosage of MBA is set at 30 wt% because if this level is 
exceeded, the amount of solution required for the NaOH solution 
treatment of MBA will surpass what is available from the activator.

The Na2O content in the activator, calculated as the ratio of the Na2O 
mass in the activator to the precursor mass, was set at 5 wt%. This is 
because when the Na2O content exceeds 5 wt%, some of the Si released 
from MBA is expected to remain in the pore solution rather than 
participating in the formation of stable reaction products [27]. More
over, since MBA and Class F coal fly ash exhibit similar reactivity, the 
Na2O content optimized for the blast furnace slag-Class F coal fly ash 
binary AAM system should be applicable to the blast furnace slag-MSWI 
bottom ash system [27]. High compressive strength can be achieved for 
AAM made from a blend of blast furnace slag and Class F coal fly ash 
when the activator contains around 5 wt% Na2O [43].

The molar ratio between SiO2 and Na2O in the activator, also 
referred to as the alkali modulus (Ms), is chosen to be one. This value is 
determined with reference to the optimal range of Ms (between 1 and 
1.5) for alkali-activated blast furnace slag/coal fly ash [44]. Huang et al. 
[33,37] also reported that the optimal Ms was 1.04 when using MSWI 
bottom ash and blast furnace slag to prepare AAM.

In addition to the MBA-containing mixture, other types of paste 
samples were also made for comparison. Based on the precursor used, all 
the alkali-activated pastes investigated in this work are classified into 
five distinct categories: 100 BFS AAM, FA-BFS AAM, M300-BFS AAM, 
MBA-BFS AAM, and CMBA-BFS AAM. The mix design of these paste 
samples can be found in Table 1.

The 100 BFS AAM is the alkali-activated paste prepared using only 
BFS as the precursor. The FA-BFS AAM, M300-BFS AAM, MBA-BFS 
AAM, and CMBA-BFS AAM are alkali-activated pastes made from BFS 
and another type of precursor. The raw materials used to prepare MBA- 
BFS AAM and CMBA-BFS AAM are the same, but the sample preparation 
procedures are different (see section 2.3).

2.3. Samples preparation

Fig. 2 (a) depicts the sample preparation procedure for CMBA-BFS 
AAM. The precursors are MBA and BFS. The activator was prepared in 
two parts. One part is a NaOH solution (3 mol/L) made by dissolving 
NaOH pellets in deionized water. The other part, also referred to as the 
remaining activator, is a mixture of water glass solution, NaOH pellets, 
and distilled water.

While preparing CMBA-BFS AAM, MBA was first mixed with NaOH 
solution (3 mol/L) to oxidize metallic Al. The mass ratio between the 
NaOH solution and MBA is 0.7. The mixture of MBA and NaOH solution 
is called “slurry” in this paper. The freshly mixed slurry was transferred 
to a polyethylene bottle for room-temperature storage (see Fig. 3). The 
bottle was tightly closed to prevent water evaporation. The amount of 
metallic Al that remained in the slurry was monitored over time using 
the water displacement method [38]. For details on measuring metallic 
Al in slurry, please refer to our previous work [42]. The duration of 
NaOH solution treatment was determined at the point when the metallic 
Al content reached zero.

It took five days for the NaOH solution treatment to dissolve all the 
metallic Al in the MBA. This is because some metallic Al present in MBA 
is covered by mineral phases, which act as protective layers, inhibiting 
further dissolution [38]. Although the proposed NaOH solution treat
ment method is somewhat time-consuming, it is designed to demon
strate an extremely low-energy consumption scenario by avoiding the 
need to raise temperature. It is also common in previous research to 
perform NaOH solution treatment at room temperature [12]. The un
dissolved bottom ash particles in the 5-day slurry are referred to as 
NaOH solution-treated MBA (CMBA) in this text (see Fig. 3).

After NaOH solution treatment, the remaining activator was added to 
the 5-day slurry. The mixture of slurry and activator was cured at room 
temperature for 24 h. During this process, the CMBA in the slurry was 
pre-activated. After the pre-activation process, the 1-day mixture was 
blended with BFS using an IKA® T 50 ULTRA-TURRAX® high-shear 
mixer to prepare the fresh pastes of CMBA-BFS AAM. The same mixer 
was also used to prepare other types of paste samples.

While the raw materials are identical, the preparation method for 
MBA-BFS AAM is not the same as that of CMBA-BFS AAM. As depicted in 
Fig. 2 (b), the activator was directly added to the dry mixture of BFS and 
MBA. After 4 min of mixing, the fresh pastes of MBA-BFS AAM were 
prepared. The same sample preparation method was applied to the FA- 
BFS AAM, M300-BFS AAM, and 100 BFS AAM.

The fresh pastes were cast into cubic molds with a side length of 20 
mm. The paste samples were initially cured in molds for 1 day at room 
temperature. After being removed from the molds, the specimens were 
wrapped in plastic film and placed in a curing room at 20 ◦C and 99 % 
relative humidity until the specified test age.

Table 1 
Mix design of alkali-activated paste samples.

Sample names
Precursors (wt.%)

Activator
FA MBA M300 BFS

100 BFS AAM – – – 100

• Water-to-precursor 
mass ratio: 0.35

• Na2O content: 5 wt%
• Alkali modulus: 1

10 FA-BFS AAM 10 – –
9010 MBA-BFS AAM – 10 –

10 CMBA-BFS AAMa – 10 –

20 FA-BFS AAM 20 – – 80
20 CMBA-BFS AAMa – 20 –

30 FA-BFS AAM 30 – –
7030 CMBA-BFS AAMa – 30 –

30 M300-BFS AAM – – 30

a The sample preparation procedure included both the NaOH solution treat
ment and pre-activation process.
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2.4. Studies of reactions occurred during sample preparation process

2.4.1. Reaction of MBA during pre-treatment process
The heat generated during NaOH solution treatment of MBA was 

recorded using a TAM-AIR-314 isothermal conduction calorimeter. The 
calorimetry test was conducted following the guidelines outlined in 
[45], with the temperature in the calorimeter maintained at 20 ◦C. 
Around 10 g of slurry was sealed in a glass ampoule and loaded into the 
calorimeter. The slurry was prepared by mixing MBA with NaOH 
solution.

2.4.2. Characterization of CMBA-Residue obtained from pre-treatment 
process

The CMBA-Residue refers to the solid material obtained after drying 
the 5-day slurry for over three months at � 24 ◦C and 0.1 Pa in a vacuum 
freeze-dryer. The slurry, resulting from NaOH solution treatment, was 
neither washed nor filtered before drying. Fig. 4 demonstrates the 
preparation process of CMBA-Residue. This approach ensured that the 
CMBA, residual NaOH solution, and potential reaction products formed 
during the treatment were fully retained in the CMBA-Residue.

The CMBA-Residue was analyzed using X-ray diffraction (XRD) and 
quantitative X-ray diffraction (QXRD) to identify the newly formed 
phases and quantify their contents. The XRD measurements and QXRD 
analysis were performed following the methods described in our 

Fig. 2. Sample preparation procedures for (a) CMBA-BFS AAM and (b) MBA-BFS AAM. The sample preparation procedure for FA-BFS AAM and M300-BFS AAM is the 
same as that for MBA-BFS AAM.

Fig. 3. Illustration of the NaOH solution treatment of MBA.

Fig. 4. The preparation process of CMBA-Residue and AACMBA for characterization.
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previous work [27,42]. The accuracy of QXRD analysis is typically 
limited to around 0.5 wt% [46]. In this study, QXRD data for MBA were 
not collected, as they had already been reported in our previous publi
cation [27].

The chemical bonds within CMBA-Residue were analyzed with 
Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 
spectroscopy. The model of the instrument is PerkinElmer Spectrum 
100. The FTIR spectra were recorded across the wavenumber range of 
4000-600 cm� 1 at a resolution of 1 cm� 1. The FTIR data from MBA and 
the glass particles within it were recorded for comparison. More detailed 

information about the separation of glass particles can be found in our 
previous work [27]. The FTIR measurements for all samples were con
ducted under identical conditions.

2.4.3. Reaction of CMBA during pre-activation process
The reaction of CMBA during the pre-activation process was studied 

by monitoring the heat evolution using a TAM-AIR-314 isothermal 
conduction calorimeter. The test procedure, sample mass, and test 
conditions are the same as those described in section 2.4.1. The only 
difference is that the test sample was prepared by mixing the 5-day 

Fig. 5. Phase segmentation of 90-day 100 BFS AAM and 90-day 30 M300-BFS AAM. The white particles in the two-dimensional (2D) binary images are segmented 
unreacted BFS particles.
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slurry obtained after NaOH solution treatment with the remaining part 
of the activator. The CMBA particles are present in the 5-day slurry.

2.4.4. Characterization of AACMBA obtained from pre-activation process
The AACMBA (alkali-activated CMBA) refers to the solid obtained 

after drying the 1-day mixture produced after the pre-activation process 
(see Fig. 4). The drying process for the 1-day mixture was identical to 
that used for the 5-day slurry (see Section 2.4.2). Similarly, no washing 
or filtering was performed before drying. In this case, the unreacted 
CMBA, residual activator, and potential reaction products formed after 
the pre-activation process can all be detected during characterization. 
The characterization techniques (including QXRD and FTIR) used for 
CMBA-Residue were also applied to analyze the mineral phases and 
chemical bonds in AACMBA. The tests were performed under the same 
conditions as those for CMBA-Residue.

2.5. Paste sample characterization

The alkali-activated paste samples were characterized from the 
following perspectives: compressive strength, reaction kinetics, inner 
structure, pore characteristics, reaction products, and reaction degree. 
The dried samples used for characterization were prepared by stopping 
the alkali-activation reaction with the isopropanol exchange method, 
followed by drying in a vacuum desiccator [45]. Although the 
solvent-exchange method was originally developed to stop cement hy
dration, it has been proved to be the most suitable method for stopping 
the reaction in AAM [47]. Grinding was performed in a nitrogen glove 
box to prepare powder samples for characterization.

2.5.1. Compressive strength and reaction kinetics
The compressive strength tests were performed on 1-, 7-, 28-, and 90- 

day samples in accordance with the NEN-EN 196–1:2016 standard [48]. 
The reaction kinetics of AAM were measured using TAM-AIR-314 
isothermal conduction calorimeter. The calorimetric tests were con
ducted following the ASTM C1697 standard [49].

2.5.2. Inner structure
The inner structure of 1-day CMBA-BFS AAM was visualized using 

micro-computed tomography (Micro-CT), a technique that enables non- 
destructive 3D imaging of the specimen. The goal is to confirm the 
absence of cracks in the sample, thereby ensuring that the NaOH solu
tion treatment is effective in preventing metallic Al-induced cracking 
and volume expansion. The test samples were wrapped with cling film to 
prevent moisture loss during the scanning process. More details on the 
settings of the Micro-CT scanner and the processing of CT scan data can 

be found in our previous publication [42].

2.5.3. Pore characteristics and reaction products
The pore volume and pore size distribution in hardened alkali- 

activated pastes was determined using a nitrogen adsorption test 
(Gemini VII 2390). This test is suitable for characterizing the pores in 
AAM, as the abundance of nano pores is a key feature of AAM [50,51]. 
For the measurement, the relative pressure (P/P0) ranged from 0.05 to 
0.99. The volume and diameter of pores were calculated based on the 
Barret-Joyner-Halenda model [52].

The crystalline reaction products formed in AAM were identified 
with XRD. The crystalline and amorphous phase contents in AAM were 
determined using QXRD analysis. The chemical bonds within the gel 
formed in AAM were characterized by ATR-FTIR.

The backscattered electron (BSE) images were acquired using the FEI 
QUANTA FEG 650 ESEM to analyze the compositional contrast and 
morphology of the hardened alkali-activated pastes. The scanning 
electron microscopy (SEM) operated at an electron beam voltage of 15 
kV with a working distance set to 10 mm. The elemental composition of 
the gel phases was determined using the Energy Dispersive X-ray spec
troscopy (EDS) detector integrated within the SEM. Around 200 distinct 
points within the regions containing reaction products were selected for 
EDS spot analysis. The test samples were prepared by first mounting 
them in epoxy resin, followed by grinding and polishing with ethanol 
(≥96 % v/v, TechniSolv®). A thin carbon coating (approximately 10 nm 
thick) was applied under high vacuum conditions to enhance the con
ductivity of the polished samples.

2.5.4. Reaction degree of BFS in AAM
The reaction degree of the BFS in AAM was determined to study the 

effects of CMBA or M300 on the reaction of BFS. The reaction degree of 
BFS in hardened alkali-activated pastes can be calculated with the 
equation: α(t) = (1 � Vt

V0
) × 100 %, where α(t) is the degree of reaction at 

age t, Vt is the volume fraction of BFS at age t, and V0 is the initial 
volume fraction of BFS in the pastes [53–55]. The volume fraction of 
unreacted BFS in hardened pastes was determined by calculating the 
area fraction of unreacted BFS in SEM-BSE images using the image 
analysis method. More details about this method can be found in the 
Appendix. The area fraction of BFS in hardened pastes was calculated for 
the SEM-BSE images of 100 BFS AAM, 30 M300-BFS AAM, and 30 
CMBA-BFS AAM paste samples. Examples of the phase segmentation 
process are shown in Figs. 5 and 7.

The thresholding method proposed by Prewitt et al. [56] was used to 
segment the unreacted BFS particles in the SEM-BSE images of 90-day 
100 BFS AAM and 90-day 30 M300-BFS AAM. This approach was 

Fig. 6. (a) SEM-BSE image of 90-day 30 CMBA-BFS AAM and (b) output image obtained after Trainable Weka Segmentation analysis.
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chosen because the grey scale histogram of the SEM-BSE image (see 
Fig. 5 (a) and (d)) exhibits a bimodal distribution with two distinct peaks 
(Fig. 5 (b) and (e)). The threshold was determined as the minimum point 
between the two peaks in the histogram. After the thresholding opera
tion, pixels representing the unreacted BFS particles were separated. In 
obtained two-dimensional (2D) binary images (Fig. 5 (c) and (f)), the 
white area corresponds to the unreacted BFS particles. The phase seg
mentation was performed with the image processing program ImageJ.

The unreacted BFS particles in the SEM-BSE images of 90-day 30 
CMBA-BFS AAM were identified through a different method. First, all 
particles in the SEM-BSE images were segmented based on their grey 
levels. Then, the EDS mappings were used to identify which segmented 
particles are BFS. This method was used because, although the grayscale 
of BFS particles in the SEM-BSE image of 90-day 30 CMBA-BFS AAM is 
very different from that of the gel matrix, some CMBA particles have 
brightness comparable to BFS particles and the gel matrix due to their 

compositional similarity (see Fig. 6 (a)).
The pixels of the SEM-BSE image of 30 CMBA-BFS AAM (Fig. 6 (a)) 

were separated into “gel phases” and “particles” using the Trainable 
Weka Segmentation plugin in ImageJ. This Fiji plugin integrates various 
machine learning algorithms with chosen image features to generate 
pixel-based segmentations. The “particles” separated include unreacted 
CMBA particles, unreacted BFS particles, and reaction products that are 
brighter than the surrounding gel matrix. The reference pixels corre
sponding to the “gel phases” and “particles” were manually selected to 
train the classifier, then the remaining pixels of the SEM-BSE images can 
be segmented automatically. The output image of Trainable Weka Seg
mentation is illustrated in (Fig. 6 (b)).

The unreacted BFS particles were identified by combining the SEM- 
BSE image with the EDS elemental mappings of Mg, Ca, Al, and Si. An 
example of these elemental mappings is presented in Appendix Figure 2. 
The acquisition time for each complete set of elemental maps is 1745 s. 

Fig. 7. Proposed procedure for identifying BFS particles in 90-day 30 CMBA-BFS AAM.
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The dwell time is 50 μs. Fifteen mapping data sets were obtained for 
image analysis to determine the average area fraction of unreacted BFS 
particles in 90-day 30 CMBA-BFS AAM. The proposed phase identifi
cation procedure consists of three steps, which are detailed below and 
illustrated in Fig. 7. After all these three steps, the identified BFS par
ticles were colored cyan on the SEM-BSE image. 

• Step 1 Identify particles that have a grey level corresponding to BFS 
and also contain Mg. The SEM-BSE image (Fig. 6 (a)) and EDS 
elemental mapping of Mg (Appendix Figure 2 (a)) were used for the 
analysis. This method was previously used by Kocaba et al. [57] to 
identify blast furnace slag in blended cement pastes.

• Step 2 Calculate the Ca/Si molar ratio based on the elemental 
mapping dataset of Ca and Si for particles selected in step 1 and 
exclude the particles that exceed the range of this ratio in BFS par
ticles (0.05–3.16). The EDS elemental mappings of Ca and Si are 
shown in Appendix Figure 2 (b) and (d), respectively. The reference 
range for the Ca/Si molar ratio was obtained by analyzing the 
unreacted BFS particles in 100 BFS AAM samples. The histogram in 
Appendix Figure 3 (a) presents the distribution of the Ca/Si molar 
ratio for over 17000 unreacted BFS particles.

• Step 3 Calculate the Al/Si molar ratio based on the elemental map
ping dataset of Al and Si for particles selected in step 2 and exclude 
the particles that exceed the range of this ratio in BFS particles 
(0.02–1.23). The EDS elemental mappings of Al and Si are presented 
in Appendix Figure 2(c) and (d), respectively. The reference range for 
the Al/Si molar ratio was determined using the same method as for 
the Ca/Si ratio. The distribution of the Al/Si ratio was demonstrated 
in Appendix Figure 3 (b).

3. Results and discussion

3.1. Reactions occurred during NaOH solution treatment and pre- 
activation process

In this section, the reactions that occurred during the NaOH solution 
treatment of MBA and the pre-activation of CMBA are discussed, with a 
focus on the combined effects of these two processes on reaction product 
formation.

3.1.1. Heat release during pre-treatment process
The heat release during the NaOH solution treatment of MBA is 

recorded in the curves presented in Fig. 8. In the heat flow curve, the 
first peak with an intensity of 18 mW/g corresponds to the wetting and 
dissolution of MBA (see Fig. 8 (b)). The dissolution of MBA mainly 
concerns the oxidation of metallic Al, which proceeds rapidly under 
alkaline conditions. While the complete oxidation of metallic Al takes 5 
days, most of the metallic Al reacts within the first day. After this initial 
phase, the remaining Al oxidizes at a slower rate, releasing heat that is 
insufficient to produce a detectable peak [42]. The second peak 
appeared at 1.5 days with an intensity of 0.04 mW/g (see Fig. 8 (c). 
Despite the minimal intensity of this peak, its appearance suggests the 
formation of gel phases. After 2 days, continuous heat release was 
recorded, suggesting ongoing dissolution of MBA (see Fig. 8 (d)).

3.1.2. Chemical changes induced by pre-treatment process
The analysis of CMBA-Residue provides insights into the presence of 

unconsumed NaOH, formation of reaction products, and compositional 
changes of MBA after NaOH solution treatment. As presented in Fig. 9, 
the XRD patterns of MBA and CMBA-Residue are nearly identical, with a 

Fig. 8. (a)–(c) Heat evolution rate and (b) cumulative heat release per gram of slurry. The slurry is prepared for the NaOH solution treatment of MBA.
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notable difference at 2θ of 37.7◦. This peak is assigned to natrite 
(Na2CO3), which appears only in the XRD pattern of CMBA-Residue. 
This carbonate phase was detected due to the carbonation of the un
consumed NaOH. The FTIR spectra shown in Fig. 10 also reveal differ
ences associated with the presence of natrite. The carbonate bands at 
1430 cm� 1 and 875 cm� 1 in the CMBA-Residue spectrum exhibit higher 
intensity compared to those in the MBA spectrum. The detailed band 
assignments in the FTIR spectra of MBA and CMBA-Residue are listed in 
Table 2.

The broad band centered at 950 cm� 1 in the FTIR spectrum of CMBA- 
Residue corresponds to the stretching vibration of the Si-O-T bonds (T: 
tetrahedral Si or Al). The vibration of the Si-O-T bonds in calcium 

aluminosilicate hydrate (C-A-S-H) gel occurs at the same wavenumber 
[58–60]. A band at 1650 cm� 1, albeit with low intensity, was detected in 
the FTIR measurement of CMBA-Residue. This band is usually attributed 
to the bending vibration of the H-OH bond, which is the typical reso
nance of water within the gel phases [60]. The detection of the Si-O-T 
bond and the H-OH bond indicates the presence of a trace amount of 
C-A-S-H gel in CMBA-Residue. This gel phase formation was also evi
denced by the emergence of a second peak in the calorimetric analysis 
(see Fig. 8 (c)). Additionally, previous researchers also identified 
C-A-S-H gel as a reaction product of MSWI bottom ash and alkaline so
lution [12].

The noticeable change in the main band of CMBA-Residue compared 
to MBA can be explained by the combined effects of the amorphous 
phase dissolution and the C-A-S-H gel formation during NaOH solution 
treatment. The main band observed in MBA can be attributed to the 
stretching vibration of the Si-O-Si bond of the glass network [61]. This 
band is broad and centered at 965 cm� 1, the same wavenumber as the 
main band observed in the FTIR spectrum of the glass particles in MBA 
(see Fig. 10). In comparison to MBA, the main band of CMBA-Residue is 
sharper, and its center is positioned at a lower wavenumber (950 cm� 1). 
This sharper band indicates increased structural order in the bonds, 
which is partially caused by the dissolution of the amorphous phase in 
MBA. The silicon released by MBA during NaOH solution treatment is 
likely to present in monomeric form, similar to the silicate monomers 
found after the dissolution of waste glass in NaOH solution [62]. The 
silicate monomers can react with the Al(OH)4

- species dissolved by MBA 
and form Si-O-Al complexes and C-A-S-H gel [63], contributing to the 
observed shift of the main band to 950 cm� 1.

3.1.3. Heat release during pre-activation process
The reaction of CMBA during pre-activation process was studied by 

measuring the reaction heat. In the heat evolution curve (Fig. 11 (a)), 
the calorimetric peak associated with wetting and dissolution is negli
gible. The reason is that no additional solid was added to the mixture. 
The main peak appeared at around 0.12 days. The appearance of this 
exothermic peak is due to the gel phase formation. The intensity of the 
main peak observed during the 1-day pre-activation of CMBA (Fig. 11 
(a)) is much higher than the second calorimetric peak detected during 
the NaOH solution treatment of MBA (Fig. 8 (c)). This peak intensity 
difference suggests that more gel phases are formed after the pre- 
activation of CMBA.

3.1.4. Reaction products formed after pre-activation process
The reaction products formed after the pre-activation process can be 

identified by characterizing AACMBA. The XRD and FTIR results both 
indicate the formation of more gel phases after the pre-activation pro
cess. The hump corresponding to the amorphous phase is more pro
nounced in the XRD pattern of AACMBA than in those of MBA and 
CMBA-Residue (see Fig. 9). According to the QXRD analysis, the 
amorphous phase content in AACMBA is slightly higher than in MBA and 
CMBA-Residue (Table 3). In the FTIR spectra of AACMBA and CMBA- 
Residue (Fig. 10), the band at 1650 cm� 1 is assigned to the H-OH 
bond within the gel phases [60]. This band is more pronounced in the 
AACMBA spectrum than in the spectrum of CMBA-Residue. Table 2
provides the detailed band assignments in the FTIR spectrum of 
AACMBA.

The main band in the spectrum of AACMBA appears at a lower 
wavenumber (910 cm� 1) and is narrower than that in CMBA-Residue 
(Fig. 10). This shift to a lower wavenumber indicates that some Si4+

ions in the Si-O-T bond have been substituted by Al3+ ions, as the 
bonding force of Al-O is weaker than that of the Si-O bond [58,66]. 
Moreover, the incorporation of Na+ into the Si-O-T network also causes 
a significant shift of the band associated with its asymmetric stretching 
vibration to lower wavenumbers [67]. The molecular vibrational con
stant of the Si-O-Na bond was lower compared to the Si-O-T bond. From 
the preceding analysis, it can be inferred that more gel phases are 

Fig. 9. XRD patterns of MBA, CMBA-Residue, and AAMBA.

Fig. 10. FTIR spectra of MBA, CMBA-Residue, AAMBA, and glass particles 
in MBA.

Table 2 
Band assignments for FTIR spectra of MBA, CMBA-Residue, and AACMBA shown 
in Fig. 10.

Wavenumber 
(cm� 1)

Assignment Description

1650 Bending vibration of H-OH 
bond [60]

Bonds in the water within gel 
phases

1455, 1430
Stretching vibration of C-O 
[64,65] Bonds in carbonates

875, 713 Bending vibration C-O [64]

797, 778, 695 Vibrations of Si-O [64]
Characteristic bonds in 
quartz
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present in AACMBA than in CMBA-Residue.
The pre-activation process can lead to the formation of C-A-S-H gel 

and albite. The C-A-S-H gel had already formed after the NaOH solution 
treatment of MBA. The pre-activation process further promoted the 
formation of this gel, resulting in a higher C-A-S-H gel content in 
AACMBA. Albite was reported to be a crystalline reaction product 
formed after the alkali activation of MSWI bottom ash [12,30,68]. The 
addition of NaOH solution and activator to MBA increased the total 
mass. As a result, the relative content of the minerals initially present in 
MBA should be lower in CMBA-Residue and AACMBA. However, the 
albite content increased continuously after the NaOH solution treatment 
of MBA and the pre-activation of CMBA (Table 3). The difference in 
albite content between CMBA-Residue and AACMBA exceeds the accu
racy limit of QXRD analysis (0.5 wt% [46]), confirming that the 
observed increase in albite content is reliable. Therefore, albite is 
formed as a reaction product during the pre-activation process. 
Furthermore, the formation of albite suggests the presence of sodium 
aluminosilicate hydrate (N-A-S-H) gel, which can form under the same 
condition [69].

3.2. Impact of proposed sample preparation strategy on volume expansion 
and compressive strength

When MBA was directly mixed with BFS to prepare AAM, volume 
expansion was observed even at the ash dosage of 10 wt%. As shown in 
Fig. 12, the height of the 10 MBA-BFS AAM specimen is higher than that 
of the mold (2 cm). This expansion occurs because MBA was not treated 
to reduce its metallic Al content to zero. The risks of cracking and vol
ume expansion were eliminated for samples prepared using the pro
posed strategy. The 2D binary images and three-dimensional (3D) 
images obtained from the CT scan indicate that only pores are present 
within CMBA-BFS AAM (see Fig. 13). Since metallic Al has been fully 
oxidized during NaOH solution treatment, these pores are mainly air 
bubbles entrained in the fresh pastes during the sample preparation 
process.

By applying the proposed sample preparation strategy, MBA can 
successfully replace FA in alkali-activated FA-BFS pastes without 
compromising compressive strength. Fig. 14 (a) shows that the 28-day 
compressive strength of CMBA-BFS AAM exceeds that of FA-BFS AAM 
by 11 % and 21 % at ash dosages of 20 wt% and 30 wt%, respectively. 
After 90 days (Fig. 14 (b)), the compressive strength of FA-BFS AAM is 
almost equal to that of CMBA-BFS AAM at the same ash dosage (from 10 
to 30 wt%). This similarity in 90-day compressive strength can be 

Fig. 11. (a) Heat evolution rate and (b) cumulative heat release per gram of the mixture of 5-day slurry and activator. The 5-day slurry is obtained after the NaOH 
solution treatment of MBA and thus contains CMBA.

Table 3 
XRD and QXRD analysis results of MBA, CMBA-Residue, and AACMBA.

Phases MBAa (wt.%) CMBA-Residue (wt.%) AACMBA (wt.%) Formulae ICSD codes

Quartz 12.1 11.7 10.7 SiO2 541929
Cristobalite 0.4 0.3 0.3 SiO2 1251919
Magnetite 0.9 0.9 0.6 Fe3O4 92356
Hematite 0.4 0.3 0.3 Fe2O3 453828
Wustite 0.2 0.2 0.0 FeO 309924
Gehlenite 2.8 2.0 0.9 Ca2Al2SiO7 1411155
Albite 1.9 2.0 3.1 NaAlSi3O8 1402109
Orthopyroxene 1.4 1.8 0.9 Ca0.02Mg0.30Fe0.68SiO3 1615622
Diopside 4.4 4.3 3.7 CaMg0.69Fe0.31Si2O6 77809
Wollastonite 2.6 3.0 3.5 CaSiO3 1253098
Calcite 2.1 1.3 1.6 CaCO3 1611066
Halite 0.4 0.4 0.3 NaCl 311644
Phosphammite 1.1 0.9 0.3 H(NH4)2(PO4) 1401715
Corundum 0.7 0.6 0.4 Al2O3 527601
Goethite 0.4 0.5 0.3 FeO(OH) 71810
Gibbsite 0.2 0.2 0.2 Al(OH)3 1005040
Iron 0.1 0.1 0.1 Fe 1503158
Natrite – 2.3 4.7 Na2CO3 168130
Amorphous phase 68.1 67.3 68.5 – –
Sum 100 100 100 – –

a The compositional data for MBA is sourced from our previous publication [27].
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explained by the comparable reactivity of MBA and FA used in this study 
[27].

The higher 28-day compressive strength of 20 CMBA-BFS AAM and 
30 CMBA-BFS AAM is most likely due to MBA reacting with the activator 
before the addition of BFS. The NaOH solution treatment and pre- 
activation process accelerated the reaction of MBA, contributing to 
strength development within the first 28 days. In the case of FA-BFS 
AAM, the FA and BFS were mixed with the activator at the same time. 
The reaction rate of FA at room temperature is very slow and usually 
contributes to the strength development at later ages [55,70]. The 
contribution of FA to the 28-day compressive strength was much lower Fig. 12. Side view of 1-day 10 MBA-BFS AAM paste sample.

Fig. 13. CMBA-BFS AAM paste samples: Photos of 1-day CMBA-BFS AAM paste samples show no visible evidence of volume expansion. The greyscale value images, 
two-dimensional (2D) binary images, and three-dimensional (3D) images reveal the presence of internal pores. The pores are represented by white areas in the 2D 
binary images. The cyan-colored regions in the 3D images indicate pore space. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.)
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than its contribution to the 90-day compressive strength.

3.3. Microstructure development of alkali-activated pastes

In the following section, the alkali-activated paste sample prepared 
with the highest dosage of MBA (30 CMBA-BFS AAM) is analyzed to 
evaluate the effects of the NaOH solution treatment, the pre-activation 
process, and MBA incorporation on microstructure development.

3.3.1. Reaction kinetics
In the heat evolution curves (Fig. 15 (a)), the main peaks observed 

between 0.5 and 1 day correspond to reaction product formation. Since 
BFS exhibits higher reactivity than CMBA and M300, its reaction con
tributes the most to reaction product formation and heat release during 
the initial stage. The lower exotherms and cumulative heat release 
(Fig. 15 (b)) observed in 30 CMBA-BFS AAM and 30 M300-BFS AAM, 
compared to 100 BFS AAM, are attributed to the reduced BFS content in 
the binary AAM system. When comparing 30 CMBA-BFS AAM and 30 
M300-BFS AAM, the main peak in 30 CMBA-BFS AAM is less intense, 
and its cumulative heat generation is also lower, indicating a lower re
action degree of BFS within the first 7 days.

Fig. 15 (a) shows that the main peak of 30 CMBA-BFS AAM is 
significantly delayed, appearing later than the peaks of 100 BFS AAM 
and 30 M300-BFS AAM. The extension of the induction period in 30 
CMBA-BFS AAM is due to the delay of the BFS reaction. There are three 
factors contributing to this delay. First, the Ca, Si, and Al dissolved from 

MBA during the NaOH solution treatment increased the concentrations 
of these ions in the activator, which can inhibit the dissolution of BFS. 
Second, the pH of the activator decreased after its consumption during 
the NaOH solution treatment and the pre-activation process. A lower pH 
in the activator leads to a slower dissolution of BFS. Third, before adding 
BFS, the pre-activation of CMBA had already consumed some of the 
silicate monomers in the activator. These monomers are the most 
reactive silicate species essential for gel formation [71]. The lower 
availability of monomers also results in a slower rate of gel formation.

The slight extension of the induction period in 30 M300-BFS AAM 
can also be attributed to the delayed reaction of BFS, but the underlying 
reason differs from that in 30 CMBA-BFS AAM. The same activator was 
used to prepare 30 M300-BFS AAM and 100 BFS AAM (see Table 1). 
Since M300 does not consume activator, a larger portion of the activator 
remains available to react with the BFS in 30 M300-BFS AAM. The 
presence of silicate species in the activator can reduce the chemical 
driving force for dissolving additional silicate species from BFS.

3.3.2. Reaction degree of BFS at 90 days
After 90 days, the reaction degree of BFS is higher in 30 CMBA-BFS 

AAM and 30 M300-BFS AAM compared to that in 100 BFS AAM (see 
Fig. 16). This increased reaction degree in the binary system can be 
explained by the heterogeneous nucleation and dilution effects of CMBA 
and M300. The CMBA and M300 particles can serve as nucleation sites 
for the heterogeneous precipitation of gel phases [72,73]. Due to the 
partial substitution of BFS, the activator to BFS mass ratio in 30 

Fig. 14. (a) 28-day and (b) 90-day compressive strength of alkali-activated pastes.

Fig. 15. (a) Heat evolution rate and (b) cumulative heat release per gram of pastes for 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM.
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CMBA-BFS AAM and 30 M300-BFS AAM is higher than that in 100 BFS 
AAM, which could promote the activation of BFS.

The accelerating effect of CMBA on the reaction of BFS is less sig
nificant than that of M300. In 30 M300-BFS AAM, M300 remained inert 
and did not consume activator. In the case of 30 CMBA-BFS AAM, a 
portion of the activator was consumed by MBA during its treatment. 
CMBA also reacted with the activator during the pre-activation process 
and the curing phase. Therefore, the slightly lower reaction degree of 
BFS in 30 CMBA-BFS AAM, compared to 30 M300-BFS AAM, can be 
attributed to the reduced availability of activator for reaction with BFS.

3.3.3. Crystalline reaction products formed in hardened alkali-activated 
pastes

The XRD analysis results indicate that the crystalline reaction 
products formed in 30 CMBA-BFS AAM are tobermorite 
(Ca4.9(Si5.5Al0.5O16.3)(OH)0.7(H2O)5, ICSD code 93590) and hydrotalcite 
(Mg0.667Al0.333)(OH)2(CO3)0.167(H2O)0.5, ICSD code 81963). These two 
phases are also present in the reference samples (100 BFS AAM and 30 

M300-BFS AAM). Tobermorite is identified in XRD analysis because the 
C-A-S-H gel formed in BFS-based AAM can develop a tobermorite-type 
structure [74]. Brucite (Mg(OH)2, ICSD code 28275) was only detec
ted in the reference samples, with a peak at 2θ of 38◦ (see Figs. 19 and 
20).

In the XRD patterns of 30 CMBA-BFS AAM, the peaks of tobermorite, 
albeit overlapping with the peaks of quartz, are evident at 2θ of 49.5◦

(Fig. 17). The peaks of the tobermorite are less noticeable in the XRD 
spectra of 30 M300-BFS AAM than in 30 CMBA-BFS AAM, as these peaks 
overlap with the amorphous hump and the peaks of quartz (Fig. 20). For 
ease of comparison, the fitted curves of the tobermorite obtained after 
the Rietveld refinement were demonstrated together with the XRD 
patterns of 30 CMBA-BFS AAM and 30 M300-BFS AAM.

The hydrotalcite peaks were only observed at 2θ of 11.5◦ in the XRD 
patterns of 30 CMBA-BFS AAM (Fig. 18). Comparatively, more hydro
talcite peaks were identified in the XRD spectra of 100 BFS AAM and 30 
M300-BFS AAM, with higher peak intensities. The peaks of hydrotalcite 
were found at 2θ of 11.5◦, 23.2◦, and 61◦ in the XRD spectra of 100 BFS 
AAM (Fig. 19). In the XRD patterns of 30 M300-BFS AAM, the peaks of 
hydrotalcite appeared at the same locations as those in 100 BFS AAM 
(Figs. 20 and 21).

The QXRD analysis results show that 30 CMBA-BFS AAM contains a 
higher amount of tobermorite but a lower amount of hydrotalcite than 
30 M300-BFS AAM (see Fig. 22). This difference can be linked to the C- 
A-S-H gel formed during the sample preparation process of 30 CMBA- 
BFS AAM (see section 3.1). Due to the pre-existence of C-A-S-H gel, 
aluminum species dissolved from BFS are more likely to incorporate into 
the gel rather than contribute to hydrotalcite precipitation during the 
curing period [75]. Additionally, replacing BFS with MBA decreases the 
overall MgO content, which further limits hydrotalcite formation [27,
74]. An increase in the C-A-S-H gel formation raised the likelihood of 
detecting tobermorite in XRD analysis. The development of C-A-S-H gel 
with a tobermorite-like structure over time is driven by Al incorporation 
and increased crosslinking within the silicate network. [74]. In 30 
M300-BFS AAM, there is no pre-existing C-A-S-H gel to promote its 

Fig. 16. Reaction degree of BFS in 90-day 100 BFS AAM, 30 M300-BFS AAM, 
and 30 CMBA-BFS AAM.

Fig. 17. XRD patterns of 30 CMBA-BFS AAM at different curing ages (enlargement of low-intensity peaks). Q: Quartz, T: Tobermorite, W: Wollastonite, He: Hematite, 
D: Diopside, C: Calcite. The fitted pattern of tobermorite is obtained after Rietveld refinement.
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Fig. 18. XRD patterns of 30 CMBA-BFS AAM at different curing ages (enlargement of low-angle area). Q: Quartz, H: Hydrotalcite, Cr: Cristobalite, Ge: Gehlenite, Ma: 
Magnetite, M: Microcline.

Fig. 19. XRD patterns of 100 BFS AAM at different curing ages. H: Hydrotalcite, T: Tobermorite, B: Brucite, N: Nickel titanium, Bo: Bornite.
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Fig. 20. XRD patterns of 30 M300-BFS AAM at different curing ages (enlargement of low-intensity peaks). Q: Quartz, H: Hydrotalcite, B: Brucite, N: Nickel titanium. 
The fitted pattern of tobermorite is obtained after Rietveld refinement.

Fig. 21. XRD patterns of 30 M300-BFS AAM at different curing ages (enlargement of low-angle area). Q: Quartz, H: Hydrotalcite.
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further formation. The reaction degree of BFS is higher in 30 M300-BFS 
AAM than in 100 BFS AAM and 30 CMBA-BFS AAM. The higher reaction 
degree of BFS results in more Mg being released. Before being incor
porated in C-S-H gel, the available Al would first combine with Mg to 
form hydrotalcite [76], as the formation of hydrotalcite-like phases is 
thermodynamically favored over C-A-S-H gel [77,78].

3.3.4. Chemical bonds in hardened alkali-activated pastes
Fig. 23 presents the FTIR measurement results for alkali-activated 

pastes, M300, and BFS. The band assignments for these FTIR spectra 
are provided in Table 4. The main band of BFS, which overlaps with the 
carbonate band (at 875 cm� 1), is broad and centered at around 901 
cm� 1 (Fig. 23 (a)). This band is associated with the asymmetric 

Fig. 22. Tobermorite and hydrotalcite contents determined by QXRD analysis in 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM at different curing ages. 
Data for this figure are provided in Appendix Table 1, Appendix Table 2, and Appendix Table 3.

Fig. 23. FTIR spectra of (a) BFS and M300, (b) 100 BFS AAM, (c) 30 M300-BFS AAM, (d) 30 CMBA-BFS AAM. The FTIR spectra of alkali-activated pastes are 
presented as a function of curing ages.
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stretching vibration mode of Si-O-T bonds (T: tetrahedral Si or Al) [79]. 
Upon alkali activation of BFS, the main band becomes sharper and shifts 
to a higher wavenumber in the FTIR spectra of 100 BFS AAM (Fig. 23 
(b)).

The incorporation of MBA or M300 in BFS-based AAM primarily 
affected the location of the main band. As illustrated in Fig. 23, the main 
bands of 30 CMBA-BFS AAM, 30 M300-BFS AAM, and 100 BFS AAM 
appear at 949 cm� 1, 948 cm� 1, and 945 cm� 1, respectively. The main 
band of alkali-activated pastes (at around 950 cm� 1) can be assigned to 
the asymmetric stretching vibration of Si-O-T bonds (T: Si, Al, or Na+) in 
C-(N-)A-S-H gel (sodium-incorporated C-A-S-H gel) [58–60,67]. These 
bands did not shift with extended curing time. However, their intensity 
increased from 1-day to 90-day samples, indicating the continuous for
mation of C-(N-)A-S-H gel.

The main band in 30 CMBA-BFS AAM appeared at the highest 
wavenumber, suggesting that the polymerization degree of the gel 
phases in 30 CMBA-BFS AAM is higher than 100 BFS AAM and 30 M300- 
BFS AAM. The increased polymerization degree observed in 30 CMBA- 
BFS AAM is mainly caused by the addition of MBA. The C-A-S-H gel 
formed from the reaction of MBA during the sample preparation process 
may enhance the polymerization of gel phases in 30 CMBA-BFS AAM. 
This effect is evidenced by the detection of a greater amount of 
tobermorite-type gel compared to that in 30 M300-CMBA AAM (see 
section 3.3.3). As a SiO2-rich precursor, CMBA contributes to the for
mation of Si–O–Si bonds by releasing silicate monomers during the 
curing process. The Si-O-T bond will shift to a higher wavenumber with 
an increase in the percentage of the Si-O-Si bonds [58,66]. Moreover, 
adding MBA to the BFS-based AAM system resulted in gel phases with a 
lower Ca/Si molar ratio (see Table 5). As the Ca/Si ratio decreases, the 
silicate chains in the structure become more polymerized, resulting in 
stronger Si-O bonds and a more ordered structure, which is detected as a 
shift toward higher wavenumbers in infrared spectroscopy [81].

3.3.5. Morphology of hardened alkali-activated pastes
Fig. 24 shows representative SEM-BSE images of 90-day 30 CMBA- 

BFS AAM. To illustrate the differences, images of 90-day 100 BFS 
AAM and 30 M300-BFS AAM are presented in the same figure. In the 
SEM-BSE images, the pores filled with epoxy are black. The images ac
quired at 1500 × magnification indicate that the microstructure of 100 
BFS AAM (Fig. 24 (a)) is denser than that of 30 M300-BFS AAM (Fig. 24 
(c)) and 30 CMBA-BFS AAM (Fig. 24 (e)), as fewer pores are visible.

Fig. 24(b)–(d) and (f) provide high magnification views (4000 × ) of 
the BFS, M300 and CMBA particles, along with their surrounding areas. 
The BFS, M300, and CMBA particles with irregular polygonal shapes are 
distributed throughout the gel phases. The gel phases generally show a 
darker grey color than the embedded particles. However, the grey level 
of M300 particles is close to that of the gel matrix. The BFS and M300 
particles both exhibit uniform grey levels in the SEM-BSE image. In 
contrast, variations in grey levels can be observed within a single CMBA 
particle, which suggests compositional heterogeneity.

The homogeneous composition of BFS ensures that all the particles 
are reactive. The partially and completely reacted BFS particles exhibit 
characteristic features in the SEM-BSE images of alkali-activated pastes. 
As can be observed in Fig. 24(b)–(d), and (f), the reaction products 
formed rims along the edges of the partially reacted BFS particles. The 
BFS particles that had entirely reacted left regions with a darker grey
scale value than the surrounding gel phases. These regions are usually in 
the shape of the original BFS particles (see Fig. 24 (b)).

The CMBA particles have a heterogeneous composition, resulting in 
only certain particles being reactive. The partially reacted CMBA par
ticles show distinct features in the SEM-BSE images, with a layer of re
action products around their edges. Fig. 25 (a) and (b) present two 
representative examples of partially reacted CMBA particles found in 90- 
day 30 CMBA-BFS AAM. The layer of reaction products on particles 1 
and 2 appears lighter in grey relative to the surrounding gel phases. The 
thickness of the reaction product layer is around 0.55 μm, which is about 
half the thickness of the reaction product rim on the BFS particle adja
cent to particle 2. It is difficult to accurately determine the elemental 
composition of the reaction product layers with SEM-EDS spot analysis. 
The reason is that the electron beam generated at an accelerating voltage 
of 15 kV interacts not only with the layer but also with the surrounding 
materials [84].

The reaction product layers were most likely formed due to the 
chemical reaction between CMBA particles and the pore solution in 30 
CMBA-BFS AAM. However, the gel phases formed during the NaOH 
solution treatment and pre-activation process may also precipitate on 
the surfaces of CMBA particles. As indicated in section 3.1, the C-A-S-H 
gel was detected after the NaOH solution treatment and the pre- 
activation process. During the curing process of 30 CMBA-BFS AAM, 
the ions dissolved from particles 1 and 2 may promote the accumulation 
of the gel initially precipitated on their surfaces, leading to the forma
tion of a reaction product layer.

The reactive CMBA particles found in 90-day 30 CMBA-BFS AAM are 
mainly composed of waste glass. The elemental composition of these 
particles was determined by SEM-EDS spot analysis, with the primary 
elements identified as O, Si, Ca, Na, Al, Fe, and Mg. (see Fig. 25 (c)). 
Although the measurements were taken at specific locations, they are 
considered indicative of the overall compositions of particles 1 and 2. 
The grey levels at locations 1 and 2 closely match those in the major 
regions of each particle. The atomic percentages of Si, Ca, Na, Al, and Fe 
at locations 1 and 2 and within glass particles in MBA were projected 
onto the ternary diagrams to visualize their relative contents. In the 
ternary diagram (Fig. 26), the points corresponding to the measure
ments taken at locations 1 and 2 fall within the same region as those 
representing the glass particles in the MBA. This finding also supports 
the conclusion from our previous work that waste glass is the primary 
source of the reactive phases in MBA [27].

Table 4 
Band assignments for FTIR spectra of BFS, M300, and alkali-activated pastes 
shown in Fig. 23.

Wavenumber 
(cm� 1)

Assignment Description

1647 Bending vibration of H-OH 
[60]

Bond within gel phases.

1300-1500, 875, 
685

Vibration of C-O [64,65,80] Bonds in carbonates

1164, 1080, 1059, 
797, 778, 695 Vibrations of Si-O [64]

Characteristic bonds in 
quartz

945, 948, 949, 893
Stretching vibration of Si-O- 
T (T: Si, Al, or Na+) [58–60,
67]

Bonds in C-(N-)A-S-H gel

900 Stretching vibration of Si-O 
[81] Bonds in tobermorite

657
Bending vibration of Si-O-Si 
[81]

815 Symmetric stretching 
vibrations of Si-O [58]

Bond in the reaction 
products of alkali-activated 
slag

710 Bending vibration of Al-O-Si 
[82,83]

Bond within gel phases.

Table 5 
Atomic ratios of the elements present in the gel phases of 90-day 100 BFS AAM, 
30 M300-BFS AAM, and 30 CMBA-BFS AAM.

Atomic ratio
100 BFS AAM 30 M300-BFS AAM 30 CMBA-BFS AAM

Average Stdev Average Stdev Average Stdev

Ca/Si 0.91 0.06 0.73 0.12 0.77 0.11
Al/Si 0.32 0.08 0.29 0.08 0.33 0.08
Na/Si 0.44 0.08 0.47 0.1 0.39 0.08
Mg/Si 0.21 0.09 0.22 0.12 0.21 0.09
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3.3.6. Chemical composition of the gel phases in alkali-activated pastes
The chemical compositions of the gel phases formed in 90-day 30 

CMBA-BFS AAM, 100 BFS AAM, and 30 M300-BFS AAM are compared 
to identify the changes induced by the addition of MBA. The gel com
positions were plotted on the ternary diagram, with each point repre
senting the proportions of three elements. In Fig. 27, the Al, Si, Ca, and 
Na atomic percentages are presented on an oxide basis and plotted in the 
CaO - Al2O3 - SiO2 and Na2O - Al2O3 - SiO2 ternary diagrams after 
renormalizing to 100 %.

Fig. 27 shows an overlap in data points within the ternary diagram, 
suggesting compositional similarity among the gels of 30 CMBA-BFS 
AAM, 30 M300-BFS AAM, and 100 BFS AAM. The data points cluster 
in a region characterized by high SiO2 and CaO but low Al2O3 and Na2O 
percentages. This distribution indicates that the C-(N-)A-S-H gel is the 
primary component in the gel matrix. Given the high CaO content in 

BFS, the significant proportion of BFS in the precursors of 30 CMBA-BFS 
AAM, 30 M300-BFS AAM, and 100 BFS AAM results in all three systems 
being classified as Ca-rich. In Ca-rich AAM systems, the C-(N-)A-S-H gel 
is typically recognized as the main reaction product [77].

The ternary diagram reveals the presence of C-A-S-H gel in the binary 
AAM systems. On the Na2O - Al2O3 - SiO2 ternary diagram, several data 
points representing the gel compositions of 30 CMBA-BFS AAM and 30 
M300-BFS AAM are located near the top vertex, where the Na2O per
centage is zero (Fig. 27 (b)). These points correspond to the regions 
within the gel matrix where sodium was rarely detected. This observa
tion suggests the presence of C-A-S-H gel, which is further supported by 
the detection of tobermorite in the XRD analysis of 30 CMBA-BFS AAM 
and 30 M300-BFS AAM.

On the CaO - Al2O3 - SiO2 ternary diagram, some points are located in 
a region where CaO is nearly absent, indicating the presence of N-A-S-H 

Fig. 24. SEM-BSE images of 90-day 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM paste samples captured at 1500x and 4000x magnifications.
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gel. However, the content of this gel in 30 CMBA-BFS AAM and 30 
M300-BFS AAM should be minimal. When a considerable amount of Ca 
is present in the pore solution of AAM, the Si and Al are more likely to 
participate in forming C-A-S-H gel than N-A-S-H gel. The C-A-S-H gel is 
more stable than the N-A-S-H gel under highly alkaline conditions (pH 
> 12) [60]. Besides, the Ca released by BFS can partially replace the Na 
in the N-A-S-H gel, resulting in the formation of (N,C)-A-S-H gel, also 
called calcium-modified N-A-S-H gel [85].

The average atomic ratios were calculated for the gel phases of the 
90-day alkali-activated paste samples. As shown in Table 5, the incor
poration of MBA in BFS-based AAM leads to a notable change in the Ca/ 
Si atomic ratio. The Ca/Si atomic ratio (0.91) in the gel of 100 BFS AAM 
is close to that in the amorphous phase of BFS [27]. Compared with the 
gel of 100 BFS AAM, the gel formed in 30 CMBA-BFS AAM shows a 
decreased Ca/Si ratio. A comparable decrease in the Ca/Si ratio is 
observed in the gel of 30 M300-BFS AAM. The lower Ca/Si ratio of the 
gel formed in the binary AAM systems can be attributed to the reduced 
amount of CaO present in these systems.

3.3.7. Pore characteristics of hardened alkali-activated pastes
The pore characteristics of 90-day 30 CMBA-BFS AAM were 

compared with those of 90-day 100 BFS AAM and 30 M300-BFS AAM, 
focusing on pore volume and pore size distribution. A key feature of 
AAM is the abundance of nanopores smaller than 100 nm, which 
significantly influences the pore structure [50]. The nitrogen adsorption 

test results show that the 90-day 30 CMBA-BFS AAM has the highest 
nanopore volume, followed by 90-day 30 M300-BFS AAM and 100 BFS 
AAM (see Fig. 28 (a)). The 90-day 30 CMBA-BFS AAM and 100 BFS AAM 
both exhibit a peak at 15 nm in the differential pore size distribution 
curves (see Fig. 28 (b)), suggesting a similar pore size distribution. 
Comparatively, the 90-day 30 M300-BFS AAM shows a peak at a larger 
pore size of 20 nm, indicating a coarser pore structure.

The formation of gel reduces macropores (50–200 nm) by filling the 
gaps between unreacted particles while concurrently increasing the 
volume of mesopores (3.6–50 nm) [86]. The pore volume in the binary 
AAM systems is higher because the reaction products available to fill the 
macropores are less in 30 CMBA-BFS AAM and 30 M300-BFS AAM than 
in 100 BFS AAM. The higher pore volume observed in 90-day 30 
CMBA-BFS AAM compared to 90-day 30 M300-BFS AAM can be 
explained by considering the factors influencing the pore volumes, 
including raw material densities, the reaction kinetics of the 
alkali-activated pastes, and the characteristics of the reaction products. 
More detailed explanations are presented below. 

• The same mass of MBA and M300 was used to prepare 30 CMBA-BFS 
AAM and 30 M300-BFS AAM, respectively. However, due to the 
higher density of MBA, it occupies a smaller volume than M300, 
leading to a higher initial pore volume in 30 CMBA-BFS AAM.

• In the early stages, the reaction of BFS was delayed for a longer time 
in 30 CMBA-BFS AAM than in 30 M300-BFS AAM (Fig. 15 (a)). This 

Fig. 25. (a) and (b) SEM-BSE images of partially reacted CMBA particles found in 90-day 30 CMBA-BFS AAM. (c) SEM-EDS spot analysis results from the marked 
locations in these particles.
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delay resulted in fewer reaction product formation, leaving the 7-day 
30 CMBA-BFS AAM with a higher pore volume than the 7-day 30 
M300-BFS AAM. The reaction products formed in 30 CMBA-BFS 
AAM between 7 and 90 days may not be sufficient to lower its 
pore volume below that of 30 M300-BFS AAM. One reason is that the 
pore volume filled by the reaction products of BFS is smaller in 30 
CMBA-BFS AAM than in 30 M300-BFS AAM, given the slightly lower 
reaction degree of BFS in 30 CMBA-BFS AAM after 90 days. The other 

reason is that the reaction of MBA primarily contributes to gel for
mation, which reduces macropore volume but increases mesopore 
volume.

• The hydrotalcite content also affects the pore volume of BFS-based 
AAM. An equal mass of hydrotalcite occupies a larger volume than 
the gel formed in alkali-activated BFS pastes due to the lower density 
of hydrotalcite [76,87]. The amount of hydrotalcite detected in 
90-day 30 M300-BFS AAM is greater than in 90-day 30 CMBA-BFS      

Fig. 26. Ternary diagrams illustrating the relative contents of Si, Ca, Na, Al, and Fe to compare the compositions of particles 1 and 2 in the 90-day 30 CMBA-BFS 
AAM with the glass particles in MBA. The atomic percentages of these elements were used to plot the diagrams. The compositions of particles 1 and 2 are represented 
by the data collected at locations 1 and 2, respectively (see Fig. 25).

Fig. 27. (a) CaO - Al2O3 - SiO2 and (b) Na2O - Al2O3 - SiO2 ternary diagrams comparing the main elements present in the gel phases 90-day 100 BFS AAM, 30 M300- 
BFS AAM, and 30 CMBA-BFS AAM. The diagrams plotted based on the atomic percentages of the oxides.
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AAM. Therefore, hydrotalcite contributed less to pore volume 
reduction in 30 CMBA-BFS AAM compared to 30 M300-BFS AAM.

3.4. Strength development of hardened alkali-activated pastes

As illustrated in Fig. 29, the incorporation of MBA or M300 into BFS- 
based alkali-activated pastes led to a decrease in compressive strength, 
particularly at early ages. The 1-day compressive strength of 100 BFS 
AAM was 60 MPa. In comparison, the compressive strength of 30 M300- 
BFS AAM and 30 CMBA-BFS AAM at 1 day was more than 30 % lower. At 
later stages, the BFS reaction in the binary AAM system was enhanced, 
with a higher reaction degree compared to the 100 BFS AAM. As a result, 
the 90-day compressive strength of 30 CMBA-BFS AAM and 30 M300- 
BFS AAM was only around 10 % and 14 % lower than that of 100 BFS 
AAM, respectively.

Compared with 30 M300-BFS AAM, the 1-day and 7-day compressive 
strength of 30 CMBA-BFS AAM is lower. This is because the reaction of 
BFS was significantly delayed in 30 CMBA-BFS AAM during the first 7 

days (see Fig. 15 (a)). After 28 days, the compressive strength of 30 
CMBA-BFS AAM increased to 110 MPa, exceeding that of 30 M300-BFS 
AAM. At 90 days, the 30 CMBA-BFS AAM with a compressive strength of 
116 MPa remained stronger than the 30 M300-BFS AAM. Due to the 
lower reaction degree of BFS, its contribution to the strength develop
ment of 90-day 30 CMBA-BFS AAM is smaller than that of 90-day 30 
M300-BFS AAM. This indicates that the higher compressive strength of 
30 CMBA-BFS AAM at later ages primarily results from the contribution 
of CMBA to reaction product formation.

4. Conclusions

This study has demonstrated an effective approach for increasing the 
contribution of MSWI bottom ash (MBA) to reaction product formation, 
when it is used in blast furnace slag (BFS)-based alkali-activated blends. 
This work also elucidates the underlying mechanism by studying the 
microstructure formation and strength development of alkali-activated 
material (AAM) derived from the blends of BFS and MBA. The insights 
gained from this research provide a solid foundation for the broader 
adoption of MBA in AAM production. The findings of this work are 
detailed below: 

• When the pre-treatment and pre-activation processes are incorpo
rated into the sample preparation procedure, the resulting binder 
material, designated as CMBA-BFS AAM, does not exhibit volume 
expansion. At 28 days, the compressive strength of CMBA-BFS AAM 
is notably higher, compared to the AAM made with BFS and Class F 
coal fly ash (FA). At 90 days, the compressive strengths of both 
mixtures are comparable. These strength results suggest that MBA is 
a promising substitute for FA in alkali-activated blends.

• The NaOH solution treatment of MBA primarily facilitates the 
oxidation of metallic Al and the dissolution of the amorphous phase 
in MBA. This pre-treatment process also leads to the formation of a 
trace amount of C-A-S-H gel. During the subsequent pre-activation 
process, a larger amount of C-A-S-H gel is formed, which later pro
motes further gel formation in alkali-activated pastes.

• Unlike inert micronized sand (M300), MBA influences the reaction 
product formation and BFS reaction differently. The reaction of MBA 
consumes a substantial amount of activator and significantly con
tributes to the formation of C-A-S-H gel with a tobermorite-type 

Fig. 28. Cumulative pore volume and differential pore size distribution curves of 100 BFS AAM, 30 M300-BFS AAM, and 30 CMBA-BFS AAM at 90 days, determined 
by nitrogen adsorption analysis.

Fig. 29. Compressive strength of 100 BFS AAM, 30 M300-BFS AAM, and 30 
CMBA-BFS AAM as a function of curing ages.
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structure and to late-age strength development. The reaction of BFS 
is initially delayed in both 30 CMBA-BFS AAM and 30 M300-BFS 
AAM, with a longer delay in the MBA-containing mixture. After 90 
days, the reaction degree of BFS in 30 CMBA-BFS AAM remains lower 
than in 30 M300-BFS AAM but is higher than in 100 BFS AAM.

• The partially reacted bottom ash particles show distinct features in 
the SEM-BSE images of 30 CMBA-BFS AAM, with a layer of reaction 
products around their edges. These reactive bottom particles mainly 
consist of waste glass. The C-(N-)A-S-H gel formed in 30 CMBA-BFS 
AAM has a unique elemental composition and a higher polymeriza
tion degree than the gels of 100 BFS AAM and 30 M300-BFS AAM.

• While 30 CMBA-BFS AAM exhibits higher compressive strength than 
30 M300-BFS AAM after 90 days, its nanopore volume is higher. This 
discrepancy can primarily be attributed to the significant contribu
tion of MBA to gel formation, the lower reaction degree of BFS, and 
the lower amount of hydrotalcite formed in the 30 CMBA-BFS AAM. 
Given that pore structure significantly influences properties like 
permeability, future work should focus on how these changes influ
ence the long-term performance of AAM containing MBA.
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Appendix 

• Description of image analysis method to determine reaction degree of BFS in AAM

According to Chayes et al. [88], the volume fractions can be assumed to be equal to the area fraction calculated from two-dimensional images. The 
number of frames required for the image analysis was determined according to the method proposed by Ye [54]. The SEM-BSE image used for the 
image analysis was taken at the magnification of 1500. The frame area of this SEM-BSE image was 50770 μm2. The area fraction of BFS was plotted as a 
function of the total investigated area. Appendix Figure 1 indicates that the area fraction of BFS reached a stable value after the total investigated area 
exceeded 7.6 × 105 μm2. This means at least fifteen SEM-BSE images were required to get a representative area fraction of BFS in the pastes.

Appendix Fig. 1. The area fraction of blast furnace slag as a function of total investigated area for 90-day 100 BFS AAM paste sample.
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Appendix Fig. 2. SEM-EDS Elemental mappings of Mg, Ca, Al and Si for 90-day 30 CMBA-BFS AAM.

In Appendix Figure 3, the x-axis represents the Ca/Si or Al/Si molar ratio calculated for each particle, while the y-axis shows the number of 
particles corresponding to each molar ratio. This histogram provides an overview of the range and frequency of the Ca/Si or Al/Si molar ratios within 
unreacted BFS particles.

Appendix Fig. 3. Distribution of the Ca/Si and Al/Si molar ratio in unreacted BFS particles.

Appendix Table 1 
Composition of mineral phases in 100 BFS AAM after different curing times, determined using QXRD analysis.

Phases (wt.%)
100 BFS AAM

1 day 7 days 28 days 90 days

Tobermorite 1.7 2.2 2.8 2.9
Hydrotalcite 0.7 1.0 1.6 1.8

(continued on next page)
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Appendix Table 1 (continued )

Phases (wt.%) 
100 BFS AAM

1 day 7 days 28 days 90 days

Brucite – – 0.4 0.5
Bornite – 0.1 0.1 0.1
Nickel titanium – 0.1 0.1 0.1
Amorphous phase 97.6 96.6 95.0 94.6
Sum 100.0 100.0 100.0 100.0

Appendix Table 2 
Composition of mineral phases in 30 M300-BFS AAM after different curing times, determined using QXRD analysis.

Phases (wt.%)
30 M300-BFS AAM

1 day 7 days 28 days 90 days

Tobermorite – – 0.5 1.6
Hydrotalcite 0.7 1.5 2.1 2.1
Brucite – – 0.1 0.1
Quartz 27.2 27.2 27.2 27.2
Nickel titanium – – 0.1 0.1
Amorphous phase 72.1 71.3 70.0 68.9
Sum 100.0 100.0 100.0 100.0

Appendix Table 3 
Composition of mineral phases in 30 CMBA-BFS AAM after different curing times, determined using QXRD analysis.

Phases (wt.%)
30 CMBA-BFS AAM

1 day 7 days 28 days 90 days

Tobermorite 1.4 2.1 2.1 2.8
Hydrotalcite 0.3 0.5 0.9 1.2
Microcline 1.1 1.6 1.8 1.9
Quartz 2.8 2.8 2.7 2.3
Cristobalite 0.3 0.3 0.2 0.2
Magnetite 0.3 0.3 0.3 0.3
Hematite 0.2 0.2 0.2 0.2
Gehlenite 1.5 1.5 1.5 1.5
Diopside 1.5 1.4 1.3 1.0
Wollastonite 1.6 1.6 1.6 1.6
Calcite 0.5 0.5 0.5 0.5
Amorphous phase 88.5 87.2 86.9 86.5
Sum 100.0 100.0 100.0 100.0

Data availability

Data will be made available on request.
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