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Research Paper 

Characterization and mechanical removal of metallic aluminum (Al) 
embedded in weathered municipal solid waste incineration (MSWI) bottom 
ash for application as supplementary cementitious material 
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Marc Brito van Zijl c, Oguzhan Copuroglu a, Guang Ye a,b 

a Microlab, Section Materials and Environment, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The 
Netherlands 
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A B S T R A C T   

Municipal solid waste incineration (MSWI) bottom ash, due to its high mineral content, presents great potential 
as supplementary cementitious material (SCM). Weathering, also known as aging, is a treatment process 
commonly employed in waste management to minimize the risk of heavy metal leaching from MSWI bottom ash. 
Using weathered MSWI bottom ash to produce blended cement pastes is considered as a high-value-added and 
sustainable waste disposal solution. However, a critical challenge arises from the metallic aluminum (Al) in 
weathered MSWI bottom ash, which is known to induce detrimental effects such as volume expansion and 
strength loss of blended cement pastes. While most metallic Al in weathered MSWI bottom ash can be removed 
with eddy current separators in metal recovery plants, the residual metallic Al, owing to its small particle size, 
cannot be removed with the same technique. This study is dedicated to addressing this issue. An in-depth analysis 
was conducted on residual metallic Al embedded in weathered MSWI bottom ash particles, aiming to guide the 
removal of this metal. This analysis revealed that mechanical removal was the most suitable method for 
extracting metallic Al. The specific processes and mechanisms underlying this method were elucidated. After 
reducing metallic Al content in weathered MSWI bottom ash by 77 %, a significant improvement in the quality of 
blended cement pastes was observed. This work contributes to the broader adoption of mechanical treatments for 
removing residual metallic Al from weathered MSWI bottom ash and facilitates the application of treated ash as 
SCM.   

1. Introduction 

The global waste-to-energy market, valued at USD 33 billion in 2020, 
is expected to grow at an annual rate of 7.4 %, reaching USD 55 billion in 
2027 (Grand View Research, 2019). With the wide application of waste 
incineration techniques, the amount of municipal solid waste incinera-
tion (MSWI) residue to be disposed of is increasing rapidly in China, 
India, European Union countries, and the United States (Eurostat, 2023; 
IRENA, 2022; NBS, 2022; US EPA, 2022). The ash collected at the bot-
tom of the combustion furnace, commonly referred to as MSWI bottom 
ash, accounts for 80–90 wt% of the total incineration residue (Chimenos 

et al., 1999; Lin and Lin, 2006). This significant proportion underscores 
the importance of recycling MSWI bottom ash to mitigate the environ-
mental issues associated with its landfill disposal. 

In recent years, the recycling of MSWI bottom ash as supplementary 
cementitious material (SCM) has attracted increasing attention (Chen 
et al., 2023a). Replacing cement clinker with MSWI bottom ash can save 
natural resources and reduce the carbon footprint associated with 
clinker manufacturing (Chen, 2023; Margallo et al., 2014). This action 
also provides a solution to future shortages of currently most used 
supplementary cementitious materials (including blast furnace slag and 
coal fly ash) (IEA, 2009). There are mainly two types of MSWI bottom 
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ash: fresh MSWI bottom ash and weathered MSWI bottom ash (Chen 
et al., 2023a). Fresh MSWI bottom ash is collected right after being 
discharged from the combustion chamber. Weathered MSWI bottom ash 
is produced after subjecting fresh MSWI bottom ash to the weathering 
process. This treatment is crucial for stabilizing the heavy metals and 
soluble salts present in the ash (Chen et al., 2023a; Chimenos et al., 
2000). Compared with fresh MSWI bottom ash, weathered MSWI bottom 
ash has much lower leaching potential and is more suitable to be used as 
an ingredient for construction materials (Chen et al., 2023a). 

The presence of aluminum (Al) is one of the main factors inhibiting 
the wide application of MSWI bottom ash in the construction industry 
(Chen et al., 2023a). When used as SCM, MSWI bottom ash is always 
ground into powder, exposing the metallic Al that would otherwise be 
covered by the mineral phases. This exposed metallic Al will react under 
the alkaline condition in blended cement system and release hydrogen 
gas, resulting in significant volume expansion and strength decrease 
(Tang et al., 2016). The MSWI bottom ash blended cement concrete with 
porous structures exhibited low strength (Kim et al., 2016) and poor 
resistance to chloride diffusion and carbonation (Simões et al., 2021). 
For the application of SCM, it is recommended to reduce the metallic Al 
content in MSWI bottom ash to improve the strength and long-term 
durability of MSWI bottom ash blended cement products (Alderete 
et al., 2021; Bertolini et al., 2004; Carsana et al., 2016; Chen et al., 
2023a; Joseph et al., 2020; Tang et al., 2016). It is important to note that 
the metal recovery process is usually applied to MSWI bottom ash to 
ensure that the ash used as construction material has a low metal content 
(Chen et al., 2023a). During this process, the majority of metallic Al in 
MSWI bottom ash can be extracted with eddy current separators (Chen 
et al., 2023a; de Vries, 2017; Šyc et al., 2020). The residual metallic Al 
cannot be removed by the same technique. This is because the efficiency 
of eddy current separators is reduced when dealing with small metallic 
Al particles, especially those smaller than 2 mm and covered with 
mineral phases (Bunge, 2016; Holm and Simon, 2017; Neuwahl et al., 
2019). 

Knowing the distribution of metallic Al in MSWI bottom ash can help 
in selecting a suitable method to reduce its metallic Al content. The 
distribution of metallic Al in weathered MSWI bottom ash particles 
differs from that in fresh MSWI bottom ash particles. During the 
weathering process, fresh MSWI bottom ash readily reacts with the ox-
ygen, carbon dioxide, and water in the surroundings (Bunge, 2016; de 
Vries et al., 2009; Saffarzadeh et al., 2016, 2011; Speiser et al., 2000). As 
a result of weathering, part of the metallic Al embedded in fresh MSWI 
bottom ash is oxidized. A significant reduction in metallic aluminum 
content was detected after weathering (de Vries et al., 2009; Joseph 
et al., 2020). To the best of our knowledge, the distribution of metallic Al 
among different size fractions of weathered MSWI bottom ash particles 
has not been comprehensively studied yet. In previous research, only the 
metallic Al embedded in fresh MSWI bottom ash particles was studied 
(Saffarzadeh et al., 2016; Xuan and Poon, 2018). 

Different methods have been proposed to deal with the residual 
metallic Al in MSWI bottom ash after the metal recovery process. These 
methods include mechanical treatments, chemical treatments (e.g., 
water treatment and NaOH solution treatment), and thermal treatments 
(Chen et al., 2023a). Mechanical treatments have advantages over 
chemical treatments and thermal treatments. Mechanical treatments 
usually consist of grinding and sieving. The purpose of grinding is to 
reduce the particle size of MSWI bottom ash. Due to size reduction, the 
homogeneity in the compositions of MSWI bottom ash is also increased 
after mechanical treatments. Metallic Al can be separated from MSWI 
bottom ash by sieving during mechanical treatments. Mechanical 
treatments are usually performed at room temperature, and no waste-
water is discharged during this process. In comparison, water treatment 
is used together with thermal treatments to reduce the metallic Al 
content in MSWI bottom ash. The reason for integrating thermal treat-
ments with water treatment is to accelerate the reaction between 
metallic Al and water and to evaporate the water added during the water 

treatment (Joseph et al., 2020). The residual alkalis in NaOH solution- 
treated MSWI bottom ash need to be removed for the application as 
SCM, leading to the discharge of wastewater (Chen et al., 2019; Liu 
et al., 2018). Thermal treatments can be more expensive than mechan-
ical treatments. During thermal treatments, the heating temperature 
needs to reach 1000 ◦C to oxidize more than 90 wt% of the metallic Al in 
MSWI bottom ash (Chen et al., 2020; Sun et al., 2019). Due to the 
agglomeration of particles, additional mechanical treatments are 
employed to reduce the particle size and make thermally treated MSWI 
bottom ash suitable for the application of SCM (Sun et al., 2019). 

Although mechanical treatments have been used by previous re-
searchers to remove metallic Al from MSWI bottom ash, there is no 
systematic guidance on the use of this method (Chen et al., 2023a). The 
parameter settings for mechanical treatments are usually determined by 
trial and error. Even at optimal parameter setting, some metallic Al re-
mains in mechanically treated MSWI bottom ash (Chen et al., 2019; 
Joseph et al., 2020; Tang et al., 2016). This work aims to provide an in- 
depth understanding of the metallic Al embedded in weathered MSWI 
bottom ash particles and to develop knowledge that can be used to guide 
the mechanical removal of metallic Al from weathered MSWI bottom 
ash. This work consists of two parts: 

Part 1 is to study the metallic Al in weathered MSWI bottom ash. The 
distribution of metallic Al among different size fractions of weathered 
MSWI bottom ash is measured. The particles that contain metallic Al are 
characterized to investigate the metallic Al embedded in weathered 
MSWI bottom ash particles. 

In part 2, mechanical treatments are selected to remove metallic Al 
from weathered MSWI bottom ash according to the information ob-
tained in part 1. The extent to which the metallic Al can be removed via 
mechanical treatments is discussed. The effectiveness of mechanical 
treatments in improving the strength of weathered MSWI bottom ash 
blended cement pastes is studied. 

2. Materials and methods 

2.1. Materials 

The weathered MSWI bottom ash used in this work has a particle size 
below 1.6 mm (Fig. 1 (a)), which meets the maximum feed size re-
quirements of the milling machine. To analyze the distribution of 
metallic Al across different size fractions, weathered MSWI bottom ash 
was sieved into five size groups: 0.5–1.6 mm, 0.25–0.5 mm, 0.125–0.25 
mm, 0.063–0.125 mm, and <0.063 mm. The sieves were selected ac-
cording to standards (NEN-EN 933-1, 2012; NEN-EN 933-2, 2020). The 
images of all these size fractions are illustrated in Fig. 1 (b), where the 
proportion of each size group in the MSWI bottom ash is also indicated. 
Details regarding the chemical and mineralogical compositions of these 
size groups are provided in Appendix A. 

Our weathered MSWI bottom ash was obtained by crushing 4–11 mm 
MSWI bottom ash aggregates (see Fig. B1 in Appendix B) with Retsch® 
BB100. The crushing process was performed in a way similar to that 
employed by Van de Wouw (van de Wouw et al., 2020). The MSWI 
bottom ash aggregates were produced in a Dutch waste-to-energy plant. 
The plant-scale treatments of MSWI bottom ash aggregates followed the 
strategy described by Keulen et al. (Keulen et al., 2016), where the 
MSWI bottom ash was treated with dry separation, wet separation, and 
weathering. Most of the ferrous and non-ferrous metals were extracted 
during the dry separation process. The organic and inorganic leachable 
contaminants were removed in the wet separation process. The weath-
ering process took around 3 months, and the goal was to immobilize 
heavy metals. After plant-scale treatments, the heavy metal leaching of 
MSWI bottom ash aggregates complied with the open (granular) appli-
cation criteria of the Dutch Soil Quality Decree (Keulen et al., 2016). 

Apart from weathered MSWI bottom ash, Portland cement (type I 
52.5R, ENCI B.V.) and Class F coal fly ash were also used in this work. 
The Class F coal fly ash (FA) was provided by Vliegasunie B.V. and had 
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chemical and mineralogical compositions the same as that used in our 
previous research (Chen et al., 2023b). The use of Class F coal fly ash as a 
reference for weathered MSWI bottom ash is due to their comparable 
pozzolanic reactivity (Chen et al., 2023a, 2023b). 

2.2. Methods used to characterize metallic Al in weathered MSWI bottom 
ash 

2.2.1. Metallic Al content measurement 
The metallic Al content in weathered MSWI bottom ash and the 

metal scraps separated from weathered MSWI bottom ash is determined 
with the water displacement method (Qiao et al., 2008). Detailed in-
formation about this method can be found in Appendix B (see Fig. B2). It 
is worth noting that the water displacement method cannot distinguish 
the hydrogen gas (H2 gas) released from the reaction of metallic Al and 
the reaction of metallic Zn. In our preliminary research, metallic Zn was 
hardly detected. A similar observation that the metallic Zn content was 

much less than metallic Al was reported in the literature for the MSWI 
bottom ash produced in the Netherlands (Muchova et al., 2009; Rem 
et al., 2004). Therefore, in the calculation, all the H2 gas collected was 
attributed to the reaction of metallic Al, and the contribution of metallic 
Zn to the release of the H2 gas was neglected. 

2.2.2. Metallic Al identification by image analysis 
The Energy Dispersive X-rays spectroscopy (EDS) combined with 

scanning electron microscopy (SEM) was used to measure the elemental 
distribution within weathered MSWI bottom ash particles and identify 
those containing metallic Al. The size fraction of 0.5–1.6 mm was chosen 
for this analysis because it had the highest metallic Al content. More 
explanations for this selection will be presented in Section 3.1.1. As for 
SEM sample preparation, several hundred randomly selected weathered 
MSWI bottom ash particles were mounted in epoxy resin (see Fig. B3 in 
Appendix B). The mold was a polyethylene bottle with a diameter of 35 
mm. For the sake of avoiding metallic Al oxidation, mounted samples 

Fig. 1. Image of (a) weathered MSWI bottom ash; (b) different size fractions of weathered MSWI bottom ash.  
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were ground and polished to a flat surface using isopropanol in a N2 - 
atmosphere glove box. Afterward, the polished samples were coated 
with a thin layer of carbon (around 10 nm) to improve their conductivity 
under a high vacuum. The samples were analyzed using FEI QUANTA 
FEG 650 ESEM. The accelerating voltage and working distance of the 
measurement were set as 15 kV and 10 mm, respectively. 

The optimal microscope settings for microanalysis were determined 
with Monte Carlo simulation in WinCasino v2.51 software. In the 
microanalysis, the phases of interest were metallic Al (including alloys 
of Al) and the oxidized Al (Al2O3 and Al(OH)3). Fig. B4 provides visual 
depictions of the lateral extent of the X-ray interaction volume of 
metallic Al, aluminum oxides (Al2O3), and aluminum hydroxides (Al 
(OH)3) (see Appendix B). The pixel size of 2 µm was selected because it 
was close to the lateral dimension of the interaction volume of metallic 
Al. After elemental mapping, the spectral imaging (SI) data sets (atomic 
percentage) were acquired for the identification of metallic Al, 
aluminum oxide, and aluminum hydroxide in image analysis. 

The process of image analysis used in this work is illustrated in 
Fig. B5 (see Appendix B). The first step was phase segmentation, which 
was carried out following Otsu’s method (Otsu, 1979). The image 
thresholding was performed on the atomic ratio between oxygen and 
aluminum (O/Al) at each pixel location of the SEM images. The regions 
enriched with the phases, including metallic Al (Al), oxidized Al (Al-O), 
and Al alloy (e.g., Al-Fe or Al-Cu), were identified in the SEM images of 
MSWI bottom ash particles. For each segmented phase, their area per-
centage, average composition, and average O/Al ratio were calculated 
based on the information of corresponding pixels. In step two, the 
presence of Al2O3 and Al(OH)3 in segmented oxidized Al phase was 
demonstrated by creating density plots. Each point in the density plots 
represented the atomic percentages of Al and O at each pixel in the re-
gion of the Al-O phase. The density plots were colored according to the 
number of points in each area. 

2.3. Mechanical treatments of weathered MSWI bottom ash 

In this work, weathered MSWI bottom ash was loaded in the plane-
tary ball mill (Retsch® PM 100). According to the performance of the 
ball mill, the grinding speed was set between 200 and 350 rpm. The 
milling duration was controlled between 20 and 30 min. Grinding 
weathered MSWI bottom ash into powder reduced its particle size, as 
well as the heterogeneity in its composition. The metallic Al was 
removed by passing ground MSWI bottom ash (GBA) through the sieve 
of 0.063 mm. The substantial size difference between metallic Al and 
bottom ash particles allowed for the effective separation of this metal 
during the sieving process (see more details in Section 3.2.1). The MSWI 
bottom ash powder obtained after sieving is named mechanically treated 
MSWI bottom ash (MBA), as shown in Fig. 2. 

2.4. Preparation and testing of weathered MSWI bottom ash blended 
cement pastes 

As mentioned in the introduction part, the main purpose of reducing 
the metallic Al content in weathered MSWI bottom ash is to improve the 
strength of weathered MSWI bottom ash blended cement pastes. In this 
work, GBA and MBA were used to prepare blended cement pastes, 
respectively. The MBA was obtained after sieving out metallic Al from 
GBA and had much lower metallic Al content than GBA. The 

compressive strength of blended cement paste samples prepared with 
GBA and MBA was compared to examine the effectiveness of mechanical 
treatments on strength improvement. 

The compressive strength of MBA blended cement paste (MBA-CEM) 
was also compared with that of Class F coal fly ash blended cement paste 
(FA-CEM) to assess whether MBA could be used as an alternative to FA. 
This is because the pozzolanic reactivity of weathered MSWI bottom ash 
is found to be similar to that of Class F coal fly ash (Chen et al., 2023a, 
2023b). Since the percentage of coal fly ash added as SCM in concretes 
usually ranges from 15 wt% to 35 wt% (Yao et al., 2015), the percentage 
of Portland cement replaced by GBA, MBA or FA in blended cement is 
chosen to be 25 wt%, which is an intermediate value. Another reason for 
this choice is that in most previous cases, the replacement level of MSWI 
bottom ash did not exceed 30 wt% to prevent excessive leaching of 
contaminants from MSWI bottom ash blended cement pastes, mortars, 
and concretes to the environment (Li et al., 2012; Lin et al., 2008; Lin 
and Lin, 2006; Lo et al., 2020; Loginova et al., 2021; Tang et al., 2016; 
Yang et al., 2018b, 2018a). 

In addition to blended cement paste samples, Portland cement paste 
samples (CEM) were also prepared as the reference group. A water-to- 
binder ratio of 0.5 was used for sample preparation to mimic the situ-
ation in concrete. When preparing plain cement pastes, Portland cement 
was directly mixed with water. For the preparation of blended cement 
paste samples, the SCM was first blended with Portland cement. After-
ward, the dry powder blends were directly mixed with water to prepare 
fresh paste mixtures. 

All the fresh pastes were mixed for 4 min with a high-shear mixer 
(model IKA® T 50 ULTRA-TURRAX®) and then cast in the mold with the 
dimension of 20 × 20 × 20 mm3. The cement paste specimens were first 
cured at room temperature for 24 h. After demolding, the specimens 
were sealed with cling film and cured in a fog room (20 ◦C, 99 % relative 
humidity) until 28 days. The compressive strength of cubic paste sam-
ples was measured following the test procedure described in standard 
(NEN-EN 196-1, 2016). 

3. Results and discussion 

3.1. Metallic Al embedded in weathered MSWI bottom ash 

It is essential to comprehend the distribution and characteristics of 
metallic Al embedded in weathered MSWI bottom ash. These insights 
are fundamental to the subsequent discussions on selecting the most 
optimal removal methods. 

3.1.1. Distribution of metallic Al among different size fractions 
The distribution of metallic Al was studied by measuring the metallic 

Al content in each size fraction and finding the size fraction with the 
highest percentage of metallic Al in weathered MSWI bottom ash. As 
shown in Fig. 3 (a), the metallic Al content decreases from 0.71 wt% in 
0.5–1.6 mm size fraction to almost zero in the size fraction below 0.063 
mm. Fig. 3 (b) indicates that 73 % of the metallic Al detected in 
weathered MSWI bottom ash is embedded in particles of 0.5–1.6 mm. 
The particles larger than 0.25 mm contain around 90 % of the metallic 
Al in weathered MSWI bottom ash. Considering the distribution of 
metallic Al among different size fractions, removing metallic Al from the 
coarse particles (>0.25 mm) is of high importance for the metallic Al 
content reduction in weathered MSWI bottom ash. 

Fig. 2. Flow chart of mechanical treatments.  
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3.1.2. Weathered MSWI bottom ash particles containing metallic Al 
As discussed in Section 3.1.1, the 0.5–1.6 mm size fraction contains 

the highest percentage of metallic Al in weathered MSWI bottom ash. 
Therefore, the particles within this size fraction were chosen to inves-
tigate the metallic Al embedded in weathered MSWI bottom ash parti-
cles. In our preliminary study, a large area phase mapping analysis was 
performed using SEM-EDS on all weathered MSWI bottom ash particles 
mounted in the epoxy (see Fig. B3). The analysis results indicated that 
metallic Al was concentrated in a specific portion of particles, rather 
than being uniformly distributed in all particles of this size. Fig. 4 pro-
vides a representative image of this observation, showing a scan area of 
36 mm2. Among numerous bottom ash particles, only one particle was 
identified as containing metallic Al (see Fig. 4 (b)). Detailed element 
maps for Al, O, and Fe can be seen in Fig. C1 (Appendix C). 

The weathered MSWI bottom ash particles containing metallic Al 
exhibit characteristic features. Two typical examples are shown in Fig. 5 
(particle 1) and Fig. 6 (particle 2). Fig. 5 (a) and Fig. 6 (a) are back-
scattered electron (BSE) images. Element maps displaying the distribu-
tion of Al, O, Fe, and Mg in these particles are presented in Fig. 5 (b)–(d) 
and Fig. 6 (b)–(e). The distribution of metallic Al is visualized in Fig. 5 
(e) for particle 1 and Fig. 6 (f) for particle 2. In these figures, color coding 

is applied to identify different phases: dark yellow for metallic Al (Al), 
blue for oxidized Al (Al-O), and purple for Al-Fe alloy (Al-Fe). The O/Al 
atomic ratio and elemental composition of each phase are listed in 
Table C1 (see Appendix C). The following sections provide a detailed 
analysis of the metallic Al phases and their adjacent phases. 

3.1.2.1. Phases classified as metallic Al (Al). The phases in particle 1 
show different shades of grey in the BSE image (Fig. 5 (a)). The phases in 
the areas of bright grey (labeled 1) and light grey (labeled 2) were both 
classified as metallic Al and colored dark yellow (see Fig. 5 (e)). Ac-
cording to the element maps of O and Al (Fig. 5 (b) and (c)), the con-
centration of Al in the areas of bright grey and light grey is high, while 
the concentration of O is almost zero. However, only the area in light 
grey is composed of 100 % metallic Al. The area in bright grey consists of 
metallic Al with Fe impurities, as the weak signals of Fe are detected in 
this area (see Fig. 5 (d)). The metallic Al that contains Fe impurities may 
come from the aluminum beverage cans in municipal solid waste (Hu 
et al., 2011). 

For particle 2, the phases in the light grey area of the BSE image were 
categorized as metallic Al (Al) in phase segmentation (see Fig. 6 (a) and 
(f)). As illustrated in the element maps of O and Al (Fig. 6 (b) and (c)), Al 

Fig. 3. Comparison among different size fractions of weathered MSWI bottom ash regarding (a) metallic Al content measured by water displacement method; (b) 
proportion of metallic Al calculated by considering the metallic Al content in each size fraction and the respective weight percentage of that size fraction in 
weathered MSWI bottom ash. 

Fig. 4. A representative overview of weathered MSWI bottom particles in the 0.5–1.6 mm size fraction, covering an area of 36 mm2: (a) BSE image; (b) Image 
obtained after phase segmentation. In this image, labels are as follows: “Al-O” for oxidized Al, “Al” for metallic Al, and “Al-Fe” for Al-Fe alloy. 
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Fig. 5. Typical morphology of weathered MSWI bottom ash particle containing metallic Al (particle 1): (a) BSE image (pixel scan field 512 × 340, area: 0.7 mm2); 
(b)–(d) EDS element maps; (e) Image obtained after phase segmentation. In this image, labels are as follows: “Al-O” for oxidized Al, “Al” for metallic Al, and “Al-Fe” 
for Al-Fe alloy. 
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Fig. 6. Typical morphology of weathered MSWI bottom ash particle containing metallic Al (particle 2): (a) BSE image (pixel scan field 512 × 340, area: 0.7 mm2); 
(b)–(e) EDS element maps; (f) Image obtained after phase segmentation. In this image, labels are as follows: “Al-O” for oxidized Al, “Al” for metallic Al, and “Al-Fe” 
for Al-Fe alloy. 
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is highly concentrated in the light grey area, but the O content is nearly 
zero. However, the phase in the light grey area of particle 2 is metallic Al 
with Mg impurities rather than pure metallic Al. The element map of Mg 
(Fig. 6 (e)) indicates that the phases in this area also incorporate Mg, but 
the signal of Mg is weak. The metallic Al that contains Mg impurities can 
be scrunched aluminum-magnesium foil initially used for food packing 
(Eggen et al., 2020). 

Quantitative analysis was performed on the recognized Al phase to 
validate the results of phase segmentation. As shown in Table C1, the 
mean value of the O/Al atomic ratio calculated at each pixel is close to 
zero. This result indicates that the recognized Al phase mainly consists of 
metallic Al. The Fe/Al ratio is 0.11 for the Al phase in particle 1, and the 
Mg/Al ratio is 0.03 for the Al phase in particle 2. The low value of these 
ratios indicates that the content of Fe or Mg is much smaller than that of 
Al in the recognized Al phase, and these two metals are presented as 
impurities in metallic Al. It can be concluded that the image analysis 
used for the separation of metallic Al is reliable. 

3.1.2.2. Oxidized Al (Al-O) in the surroundings of metallic Al. The images 
obtained after phase segmentation (Fig. 5 (e) and Fig. 6 (f)) show that 
metallic Al is surrounded by oxidized Al (colored blue) in weathered 
MSWI bottom ash particles. In the phase segmentation, the phases in the 
areas mainly composed of Al and O were classified as oxidized Al (Al-O). 
The oxidized Al was found to concentrate in the dark grey area of the 
BSE image of particle 1 (labeled 3) and particle 2 (thin layers). The 
average of the O/Al atomic ratio of the pixels in the group of Al-O in 
particle 1 and particle 2 is 2.9 and 2.8, respectively (Table C1), which 
are close to the O/Al atomic ratio of Al(OH)3. 

Since our weathered MSWI bottom ash particles were ground and 
polished in a N2 atmosphere, the oxidation of metallic Al was prevented 
during the sample preparation process. The oxidized Al detected in 
weathered MSWI bottom ash could be the oxidation product of 
aluminum cans, sheets, and foils in household wastes. During the pro-
cess of metal recycling, MSWI bottom ash particles are usually crushed 
into small pieces, resulting in the cracking of metallic Al scraps. The 
exposed surfaces of metallic Al easily react with oxygen and water 
during the weathering process. The oxidized Al can behave as a pro-
tective layer preventing the further oxidation of metallic Al. 

The content of oxidized Al indicates the oxidation degree of the 
metallic Al initially embedded in weathered MSWI bottom ash. In par-
ticle 1, the metallic Al was oxidized to a large extent as oxidized Al 
occupies a large area in the surroundings of metallic Al. The total area 
percentage of oxidized Al is 35.22 %, larger than the area covered by 
metallic Al (23.18 %). In comparison, only the surface of the metallic Al 
was oxidized in particle 2. The oxidized Al layers of 3–15 µm are mainly 
found along the perimeter of the areas of metallic Al. The metallic Al 
occupies around 70 % of the area of particle 2, seven times the area of 
the Al-O phase. 

The possible mineralogical composition of the Al-O phase recognized 
in phase segmentation can be determined with the help of density plots. 
In the density plots (see Fig. C2 in Appendix C), the location of each 
point represents the atomic percentages of Al and O at each pixel loca-
tion in the Al-O phase (Fig. 5 (e) and Fig. 6 (f)). The areas in the density 
plots were colored according to the number of points located in the area. 
The area without points was colored dark blue (the relative point density 
was set at 0). The area with the most densely distributed points was 
shown in bright yellow (the relative point density was set at 1). In the 
density plot of particle 1 and particle 2, the bright yellow region lies 
between the lines representing the O/Al ratio of Al2O3 and Al(OH)3. This 
observation indicates that the Al-O phase in particle 1 and particle 2 
could be a mixture of Al(OH)3 and Al2O3. This inference is consistent 
with the results of the XRD analysis that both corundum and gibbsite are 
present in the bottom ash particles of 0.5–1.6 mm (see Section A.1.2). 

3.1.2.3. Al alloy within metallic Al (Al). The phase segmentation results 

of particle 1 and particle 2 indicate that Al-Fe alloy (colored with purple) 
is scattered in the areas of metallic Al (Fig. 5 (e) and Fig. 6 (f)). Ac-
cording to the quantitative analysis, the Al-Fe alloy found in weathered 
MSWI bottom ash particles also contains Si (Table C1). The detection of 
Al-Fe-Si alloy in MSWI bottom ash particles was also reported by Saf-
farzadeh et al. (Saffarzadeh et al., 2016). The formation of Al alloy can 
be induced by the melting of metallic Al during waste incineration. The 
melting point of pure metallic Al is around 660 ◦C (Davis, 1999), lower 
than the temperature in the waste incinerator (between 700 and 1100 
◦C) (Bunge, 2016). The metallic Al scraps of small size or the surface of 
large metallic Al scraps will melt during the waste incineration process. 
The formation of the liquidus metallic Al could lead to the adherence of 
the minerals on the surface of metallic Al scraps, as observed in particle 
2 (Fig. 6 (f)). The presence of Fe and Si could reduce the temperature 
when metallic Al becomes liquid, resulting in the formation of Al-Fe-Si 
alloy (Saffarzadeh et al., 2016). 

3.2. Mechanical removal of metallic Al from weathered MSWI bottom ash 

Considering the distribution of metallic Al in weathered MSWI bot-
tom ash, the mechanical treatments are more suitable than chemical 
treatments and thermal treatments for the reduction of metallic Al 
content. As presented in Section 3.1, around 90 % of the metallic Al 
detected in weathered MSWI bottom ash are embedded in particles 
larger than 0.25 mm. The metallic Al in these particles is surrounded by 
oxidized Al (a mixture of Al2O3 and Al(OH)3), which usually functions as 
a protective layer and prevents the oxidation of metallic Al. The 
oxidation rate of metallic Al can be slow during chemical treatments and 
thermal treatments. It is worth noting that the efficiency of chemical 
treatments and thermal treatments on the oxidation of metallic Al can be 
improved after the mechanical treatments of weathered MSWI bottom 
ash (Bertolini et al., 2004; Xuan and Poon, 2018). This is because the 
grinding of weathered MSWI bottom ash can break the oxidized Al 
layers on the surface of metallic Al. Therefore, mechanical treatments 
may offer significant advantages in practical waste management 
scenarios. 

3.2.1. Effectiveness of mechanical treatments on metallic Al removal from 
weathered MSWI bottom ash 

Fig. 7 (a) depicts the mechanical treatments of weathered MSWI 
bottom ash at optimal milling speed and duration. In the milling process, 
the brittle minerals were broken into small fragments while ductile 
metals were pressed into plate-shaped scraps. The images of separated 
metal scraps and MBA are shown in Fig. 7 (a). The plate-shaped metal 
scraps separated from GBA have a diameter of up to 1 mm, much larger 
than the particle size of MBA. The size difference between MBA and 
metal scraps enables their separation by sieving. 

Mechanical treatments reduced the metallic Al content in weathered 
MSWI bottom ash from an initial 0.56 wt% to 0.13 wt%. The metallic Al 
content in MBA (0.13 wt%) is close to that in the ground MSWI bottom 
ash used by Tang et al. (Tang et al., 2016), Caprai (Caprai, 2019), and 
Alderete et al. (Alderete et al., 2021) for the application as SCM. Me-
chanical treatments significantly reduced the metallic Al content in 
weathered MSWI bottom ash by 77 %. Given that the metallic Al found 
in the 0.5–1.6 mm particle size fraction constitutes 72.9 % of the total 
weight of the metallic Al in weathered MSWI bottom ash, it can be 
concluded that most of the metallic Al removed by the mechanical 
treatments came from this size fraction. 

The effects of mechanical treatments on large and small particles of 
weathered MSWI bottom ash are different. During the milling process, 
the metallic Al embedded in the MSWI bottom ash particles of 0.5–1.6 
mm is more likely to be pressed into plate-shaped scraps. This is because 
metallic Al can occupy up to 70 % of the area in the MSWI bottom ash 
particle (see Section 3.1.2.2). Weathered MSWI bottom ash mainly 
consists of mineral phases, while metals are only present in trace 
amounts. As illustrated in Fig. 7 (b), metals can be separated from 
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Fig. 7. Illustration of the mechanical removal process of metallic Al: (a) mechanical treatments of weathered MSWI bottom ash particles (mix of all size fractions); 
(b) effects of grinding and sieving on large MSWI bottom ash particles (>0.5 mm); (c) effects of grinding and sieving on small MSWI bottom ash particles (<0.5 mm). 
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ground MSWI bottom ash by sieving when the size of metal plate-shaped 
scraps is larger than the mineral particles. 

Compared with metallic Al in the particles of 0.5–1.6 mm, the size of 
metallic Al embedded in weathered MSWI bottom ash with particle size 
smaller than 0.5 mm is also smaller. After grinding, these metallic Al 
scraps easily fall in the same size range as the minerals derived from the 
pulverization of weathered MSWI bottom ash in 0.5–1.6 mm size frac-
tion. As shown in Fig. 7 (c), the separation of metallic Al from GBA is 
difficult when it has a particle size similar to that of the mineral parti-
cles. From this perspective, most of the residual metallic Al detected in 
MBA is originally embedded in weathered MSWI bottom ash particles 
smaller than 0.5 mm. 

3.2.2. Effects of mechanical treatments on the composition of weathered 
MSWI bottom ash 

The GBA was produced after grinding weathered MSWI bottom ash, 
while the MBA was obtained after sieving the GBA to remove metal 
scraps (see Fig. 7). The XRD patterns of GBA and MBA are almost the 
same (see Fig. D1), indicating that these two have nearly the same 
mineralogical composition. The main difference between GBA and MBA 
lies in the peaks of metallic Al. The metallic Al peak at 2θ of 38.5◦ in the 
spectrum of GBA is not observed in the XRD spectrum of MBA. This 
change is mainly caused by the decrease in the metallic Al content. 

The metallic Al content in sieved metal scraps is only around 27.8 wt 
%, as determined by the water displacement method. In addition to 
metallic Al, other metals were also separated from weathered MSWI 
bottom ash during mechanical treatments. As shown in Fig. D1, sepa-
rated metal scraps consist of aluminum (Al, ICSD 251015), khatyrkite 
(Al2Cu, ICSD 42517), copper (Cu, ICSD 261638), and iron (Fe, ICSD 

1503158). In the XRD spectrum of metal scraps, peaks of quartz (SiO2, 
ICSD 541929) and magnetite (Fe2O3, ICSD 92356), albeit with low in-
tensity, are also observed. 

3.2.3. Effectiveness of mechanical treatments in improving compressive 
strength of blended cement pastes prepared with weathered MSWI bottom 
ash 

As shown in Fig. 8 (a), at the replacement level of 25 wt%, voids, 
cracks, and volume expansion are observed in the sample of GBA-CEM. 
These issues arise from the release of hydrogen gas after the redox re-
action of metallic Al present in GBA. Comparatively, blended cement 
paste samples made from 25 wt% MBA do not show apparent defects 
(Fig. 8 (b)). This can be ascribed to the significantly lower content of 
metallic Al in MBA compared to GBA. The 28-day compressive strength 
of MBA-CEM is two times as high as that of GBA-CEM (see Fig. 8 (c)), 
indicating that the adverse effects of metallic Al on strength de-
velopments can be effectively mitigated after the mechanical treatments 
of weathered MSWI bottom ash. When comparing FA-CEM and GBA- 
CEM, the compressive strength of GBA-CEM is close to that of FA- 
CEM. This test result shows that weathered MSWI bottom ash, after 
reducing its metallic Al content via mechanical treatments, has the po-
tential to be used as an alternative to Class F coal fly ash. 

4. Conclusions 

In this study, the distribution of metallic aluminum (Al) in weathered 
municipal solid waste incineration (MSWI) bottom ash was thoroughly 
characterized. Based on the characterization results, mechanical treat-
ments (consisting of grinding and sieving) were chosen to reduce the 

Fig. 8. (a) Blended cement paste samples prepared with ground weathered MSWI bottom ash (GBA-CEM); (b) Blended cement paste samples prepared with 
mechanical-treated weathered MSWI bottom ash (MBA-CEM); (c) 28-day compressive strength of plain cement (CEM) and blended cement paste samples. FA-CEM is 
blended cement paste prepared using class F coal fly ash as SCM. 
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metallic Al content in weathered MSWI bottom ash. The effectiveness 
and limitations of mechanical treatments in removing metallic Al from 
weathered MSWI bottom ash were discussed. The following conclusions 
can be drawn: 

Around 73 % of the metallic Al in weathered MSWI bottom ash was 
found in the 0.5–1.6 mm size fraction. Nonetheless, metallic Al was not 
uniformly distributed across all particles of this size but concentrated in 
specific portions. The weathered MSWI bottom ash particles containing 
metallic Al have two typical morphologies. The main differences be-
tween these two types of particles are the thickness of the oxidized Al 
layers on the surface of metallic Al and the area percentage of metallic Al 
in the particle. The oxidized Al layers consist of Al2O3 and Al(OH)3. 

After mechanical treatments, metallic Al content was reduced by 77 
%, and the particle size was reduced to below 63 µm. Most metallic Al 
removed by mechanical treatments is from 0.5 to 1.6 mm weathered 
MSWI bottom ash particles. The metallic Al embedded in smaller 
weathered MSWI bottom ash particles is difficult to be removed by 
mechanical treatments. The key to removing metallic Al by sieving lies 
in creating a size difference between metal scraps and mineral compo-
nents of weathered MSWI bottom ash during the milling process. 

The volume expansion and strength reduction caused by replacing 
cement with weathered MSWI bottom ash could be mitigated after 
reducing the metallic Al content in weathered MSWI bottom ash. The 
mechanically treated MSWI bottom ash (MBA) with metallic Al content 
of 0.13 wt% has the potential to be used as an alternative to Class F coal 
fly ash to prepare blended cement pastes. At a replacement level of 25 wt 
% and a water-to-binder ratio of 0.5, the 28-day compressive strength of 
blended cement paste prepared with MBA is similar to that prepared 
using Class F coal fly ash. 

The metal scraps are the by-products of the mechanical treatments of 
weathered MSWI bottom ash and contain only around 27.8 wt% metallic 
Al. The metal scraps also contain other types of metals and traces of 
minerals. Considering the low purity and low yield of these metal scraps, 
metal recovery may require significant efforts. 
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