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Abstract: Municipal solid waste (MSW) is incinerated to reduce the volume and recover energy and
materials. The generation of MSW has been increasing over the past few decades due to the increase
in population and changing consumption habits. Rising environmental and economic concerns have
increased the importance of waste treatment and recovery. Currently, MSW may take three alternate
or parallel routes: direct recycling, incineration, or landfill, depending on the country and location.
MSW incineration has three products in addition to energy: bottom ash, fly ash, and off-gas. After
incineration, bottom ash usually still contains many materials to be recovered, such as glass, ceramics,
and metals with a degree of oxidation. This study focuses on aluminium recovery from MSW
incineration bottom ash from two different countries. The 2–30 mm fraction of aluminium particles
was characterized in terms of its size, shape, and oxide thickness, and its effects on aluminium
recovery were investigated. In addition, the ability of mechanical pre-treatment to remove oxides
prior to melting was studied. The results were compared with the analytical modeling developed
in this study. An increasing particle size and surface area resulted in an increase in aluminium
recovery. Mechanical pre-treatment increased the yield for smaller particles to a larger extent than
larger particles due to the difference in the oxide/metal ratio.

Keywords: incineration; oxidation; solid waste; recycling; compaction

1. Introduction

The increasing population and changing consumption habits have resulted in a grow-
ing volume of municipal solid waste (MSW). The amount of MSW generated in the world
annually is estimated to be 3.4 billion tonnes by 2050 [1]. MSW contains metal, ceramic,
glass, plastic, and organic fractions. The widespread utilization of incineration applications
for MSW in the solid waste management industry ensures an up to 90% reduction in
volume and at least 70% reduction in mass compared to initial values due to the burning of
organics [2].

End-of-life products are recycled, landfilled, and/or incinerated to various extents,
depending on the country. Globally, around 19% of waste generated is recycled, and
11% is incinerated [3]. Direct recycling is the most effective process for material recovery.
However, social behavior and governmental regulations directly affect the amount and
type of metals being recycled. Metallic fractions oxidize and are contaminated by the
surrounding materials, which reduces the recoverable amount of the metal. The rest of the
waste is landfilled, which is the worst scenario for the environment due to soil acidification
and contamination as well as the economic impact.

Figure 1 presents the recycling and incineration ratios of European countries in 2021. It
can be observed that Norway, Finland, and Sweden incinerate more than 50% of their MSW.
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On the other hand, Switzerland, Belgium, Luxembourg, Denmark, the Netherlands, Aus-
tria, Germany, Slovenia, and Italy recycle more than 50% of their MSW. These two groups
of countries landfill less than 10% (except Italy ≈19%) of their total MSW. From the 32 coun-
tries given in Figure 1, 9 countries (Cyprus, Greece, Malta, Romania, Montenegro, North
Macedonia, Albania, Türkiye, and Kosovo) landfill more than 70% of their MSW which
corresponds to approximately 40 million tons of MSW landfilled.
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Figure 1. Incineration and recycling ratios of MSW in 2021 (data: Eurostat) [4].

Figure 2 presents the annual municipal waste generation per country as a function of
their gross domestic product (GDP). Although a linear correlation cannot be seen, it can
be stated that countries generate more waste with increasing GDP. Only Sweden and the
Netherlands are among the countries with a higher GDP than the EU (European Union)
and generate less waste than the EU on average.
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Municipal solid waste incineration (MSWI) can be converted using three different
types of combustion devices: rotary furnaces, fluidized beds, and grate incinerators. Eu-
ropean MSWI is predominantly performed in grate-firing-type incinerators. The waste is
introduced into the furnace and is carried by the moving grate through the incineration
zone and discharged after the incineration is completed. The average temperature on
the bed surface is approximately 900 ◦C; however, the temperature distribution in such
furnaces is heterogeneous [5]. Bunge reported that 80% of materials during incineration
are subjected to temperatures between 700 ◦C and 1100 ◦C [6].

The outputs of a MSW incineration process are heat, off-gas, bottom ash, and fly
ash [7]. Both ashes represent the unburned fractions of the waste. Fly ash is mainly fine
oxidic particles collected on the way to the chimney [8]. Bottom ash consists of larger
particles, including ceramic, glass, and metals [9]. The bottom ash is sorted by the type
of materials, such as glass, ceramic, aluminium, iron, and copper [10]. In addition, due
to the wide range of particle size, the ash is also sorted according to size. While the size
fraction below 2 mm can be used in construction materials, fractions over 2 mm contain a
significant number of metals to be recovered [11].

Warrings and Fellner reported that approximately 11 wt.% of the aluminium is lost due
to oxidation in incineration plants [12]. Chen et al. [13] investigated the metallic aluminium
content of the aluminium fraction in bottom ash for sizes between 0.5 and 1.6 mm, and
an aluminium content of 6 to 71 wt.% was reported. Gökelma et al. reported that the
oxide thickness of the aluminium fraction in bottom ash was 68 µm on average, but no
correlation was found between the oxide thickness and particle size or origin [14]. Vallejo
Olivares et al. reported a life cycle assessment of the recycling of waste streams, including
bottom ash in rotary furnaces. The study concluded that recycling 1 tonne of waste streams
with a metal yield of 72% saves 13.2 t CO2 eq [15]. Syvertsen et al. studied the yield and
composition of aluminium bottom ash particle ranging from 5 to 50 mm (mostly in the
range of 5–25 mm). Heavy elements such as Pb, Hg, Bi, Cd, and Sb were detected from one
to several hundred ppm, and a 90% to 96% metal yield was reported [16]. Marthinsen et al.
assessed the possibility of AlSi10Mg alloy production from bottom ash. Salt treatment and
arc remelting were both applied, and with Si and Mg additions the AlSi10Mg alloy was
obtained. Studies regarding economic feasibility and impurity issues are still ongoing [17].
MSW and its fractions in bottom ash are very heterogeneous in terms of composition
and size, which makes characterization very difficult and limits the modeling of expected
efficiencies. Therefore, more measurements and characterization studies are needed to
better understand the recyclability of these types of materials.

This study investigates the effects of size, shape, and the mechanical pre-treatment
of the MSWI aluminium fraction on the formed oxide thickness during the incineration
procedure and metal yield. Aluminium fractions from two countries (the United Kingdom
and the United States of America) were remelted before and after compaction as a form
of pre-treatment to assess the metal yield. The samples were analyzed under computed
tomography (CT) analysis and Scanning Electron Microscope (SEM), and their oxide
thicknesses were measured using ImageJ (version 1.54g) software. EDS and XRF analysis
were performed to measure the composition of the oxide layer. An analytical model was
developed to approximate the metal yield results, and a model was proposed that is
independent of the bottom ash source. Predicted aluminium yield values for particles that
are 1 to 30 mm with an oxide layer of up to 500 µm are shown.

2. Materials and Methods
2.1. Materials

The bottom ash samples used in this study were received from a European recycling
company. Samples were collected from incinerators in the USA and the UK and dry-
sorted. Industrial sorting was achieved in three size groups, which were 2–6, 6–12, and
12–30 mm. However, due to industrial sorting techniques and the heterogeneity of the
material, further separation of glass, dust, ferrous, and non-ferrous fractions in the bottom
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ash was performed manually as part of the current study. Compaction was applied for
some bottom ash samples under 100 kN for 5 s to observe the effects of compaction.

2.2. Remelting

The sample size groups from different sources were remelted in a laboratory-scale
resistance chamber furnace at 800 ◦C. In addition, 2–6 and 6–12 mm fractions were com-
pacted into cylindrical briquettes using uniaxial pressure to see the effect of compaction
on the metal yield. A clay-bonded graphite crucible with a volume of 0.3 lt was used
for remelting. The remelting was carried out under a salt flux to remove the thick oxide
layer and prevent further metal losses during melting. The salt flux consisted of chlorides
NaCl-KCl (70:30 wt.%) and 2 wt.% CaF2 was added to promote coagulation. After melting,
the melt in the crucible was stirred with a graphite rod and the crucible was allowed to cool
in the furnace. After cooling to room temperature, the salt dross was washed out, and the
metal fraction was collected.

2.3. Characterization

The samples in all size ranges were analyzed using the image analysis program
ImageJ to calculate their 2D surface area, perimeter, and circularity. Three samples were
randomly selected from each size range and origin and mounted in epoxy. After sanding
and polishing, the cross-section of samples was analyzed under SEM, and oxide layer
thicknesses were measured from at least 40 positions from each sample. EDS and XRF
analysis were used to assess the composition of the oxide layer of the samples. In addition,
compacted bottom ash samples were analyzed using CT to observe the compaction degree
and internal porosity.

2.4. Analytical Modeling

An analytical model was developed, which is valid for a broad size range of particles
and oxide layers. This model covers most of the oxide/metal ratios possible during
incineration. The results were obtained by calculating the oxide mass of bottom ash
samples by changing the diameter of the sample and the thickness of the oxide. Particles as
shown in Figure 3 with a radius of “r” with an oxide thickness of “x” were used for the
model, where r ranges from 1 to 30 mm and x is 10 to 500 µm. The assumptions made for
the model are shown below:

• Bottom ash particles are spherical;
• Oxide and metal phases have the same porosity value;
• Oxide thickness is the same throughout the entire surface;
• The density of the metal alloy is 2.7 g/cm3;
• The density of the oxide layer is 3.99 g/cm3.
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The mass of the outer oxide layer and the metal core were calculated by multiplying
the volume and density of each. The metal yield was calculated by the ratio of metal to
the entire sample, as shown in Equation (1). ρAl is the density of aluminium, ρoxide is the
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density of the oxide layer, π is the number of pi, r is the radius of the sample, and x is the
thickness of the oxide layer.

Predicted Metal Yield =
ρAl·4/3π(r − x)3

ρAl·4/3π(r − x)3 + ρoxide·4/3π
(

r3 − (r − x)3
) (1)

3. Results and Discussion

The length and surface area of samples from the aluminium fraction were characterized
using ImageJ image analysis software, and samples were sorted into four groups for each
country. Figure 4 presents the picture of three samples from the USA, which was used for
image analysis. The same process was conducted for every particle group, and, in total,
1150 samples were analyzed.

Minerals 2024, 14, x FOR PEER REVIEW 5 of 12 
 

 

 
Figure 3. Schematic of a spherical bottom ash particle with an oxide layer. 

3. Results and Discussion 
The length and surface area of samples from the aluminium fraction were character-

ized using ImageJ image analysis software, and samples were sorted into four groups for 
each country. Figure 4 presents the picture of three samples from the USA, which was 
used for image analysis. The same process was conducted for every particle group, and, in 
total, 1150 samples were analyzed. 

  
Figure 4. (a) A representative picture of the USA 3-sample group; (b) image analysis screen shot of 
the samples. 

Figure 5 shows the computed tomography analysis picture of compacted bottom ash 
samples. It can be observed from the picture that the direct contact of samples was 
achieved. Also, glass contamination could be observed in the structure, which is common 
due to the inefficient sorting of fractions. The internal porosity was measured as 22%, 
which is acceptable due to the high content of hard oxides on the surface. Due to the high 
hardness of oxides, cracked oxides were observed in powder form during compaction. In 
total, 1.4 ± 0.4 wt.% weight loss was observed in 18 compaction tests. The collected powder 
was analyzed by XRF. XRF results showed that the powder consisted of 31% Al2O3, 27% 
SiO2, 16% CaO, 3% Fe2O3, and 3% Na2O (in wt.%), which are typical oxides found on alu-
minium scraps and incinerated waste. 
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Figure 5 shows the computed tomography analysis picture of compacted bottom ash
samples. It can be observed from the picture that the direct contact of samples was achieved.
Also, glass contamination could be observed in the structure, which is common due to
the inefficient sorting of fractions. The internal porosity was measured as 22%, which is
acceptable due to the high content of hard oxides on the surface. Due to the high hardness
of oxides, cracked oxides were observed in powder form during compaction. In total,
1.4 ± 0.4 wt.% weight loss was observed in 18 compaction tests. The collected powder was
analyzed by XRF. XRF results showed that the powder consisted of 31% Al2O3, 27% SiO2,
16% CaO, 3% Fe2O3, and 3% Na2O (in wt.%), which are typical oxides found on aluminium
scraps and incinerated waste.

Table 1 shows the length and surface area of the samples as well as their metal yield
values after remelting under salt flux. The length was measured by taking the longest axis
of the sample, which is an area that represents the two-dimensional area of the samples,
as seen in Figure 4b. The aluminium yield after remelting the bottom ash samples was
calculated using Equation (2).

Metal Yield =
mrecovered Al

minput Al−fraction
× 100% (2)

where minput Al-fraction is the total mass of charged bottom ash samples and mrecovered Al is
the mass of all aluminium droplets recovered via salt remelting. The metal yield was found
to be between 71.9 and 95.7 wt.% depending on the size, which is in line with previous
studies, which showed yields of 76–93 [14] and 83–92 wt.% [18].
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Table 1. Maximum length and surface area measurements of aluminium fraction samples.

Av. Axis
Length (mm)

Std of
Length (%)

Av. 2D Area
(mm2) Std of Area (%) Al Yield (%) Al Yield after

Compaction (%)

USA 1 5 2.82 77 58.31 71.91 77.6
UK 1 5.6 2.29 76 62.37 77.15 80.1

USA 2 8.6 2.57 164 43.60 81.30 83.8
UK 2 9.3 2.66 155 44.32 82.96 83.2

USA 3 14.3 1.68 277 32.56 86.59 -
UK 3 15.9 1.55 217 26.04 83.53 -

USA 4 27.9 2.93 357 35.57 95.67 -
UK 4 28 2.76 353 29.18 91.84 -

Figure 6 shows the metal yield of the four fractions from the two countries shown
in Table 1 as a function of size. Each particle was measured as mentioned above, and the
average of their longest length (with a standard deviation of 1.55% to 2.93%) used is shown
in Figure 6. A clear trend can be observed with an R2 value of 0.88, which indicated that
increasing the size of the aluminium fraction in bottom ash results in a higher metal yield.
An almost 25% yield difference was observed between a 5 and 28 mm particle length. For
the mentioned size range, a linear yield difference is expressed, as shown below:

Metal yield = 0.0775L + 0.7278 (3)

where, metal yield is calculated via Equation (2) and L is the max length of the sample
calculated via ImageJ.

Further investigation was conducted to determine the effect of surface area on the
metal yield. Figure 7 shows an increase in metal yield with an increase in surface area
similar to the trend seen between metal yield and length; however, a deviation in surface
area measurements was observed between 26% and 62% due to for the irregular shape
of the bottom ash particles. Due to high deviation in surface area measurements, it is
recommended to use the length instead of the area to define the relation. The linear trend
with an R2 value of 0.8668 can be expressed as follows:

Metal yield = 0.0635L + 0.7058 (4)



Minerals 2024, 14, 1006 7 of 11

Minerals 2024, 14, x FOR PEER REVIEW 7 of 12 
 

 

length. For the mentioned size range, a linear yield difference is expressed, as shown be-
low: Metal yield = 0.0775L + 0.7278 (3)

where, metal yield is calculated via Equation (2) and L is the max length of the sample 
calculated via ImageJ. 

 
Figure 6. Metal yield of each size fraction as a function of the average max axis of samples. 

Further investigation was conducted to determine the effect of surface area on the 
metal yield. Figure 7 shows an increase in metal yield with an increase in surface area 
similar to the trend seen between metal yield and length; however, a deviation in surface 
area measurements was observed between 26% and 62% due to for the irregular shape of 
the bottom ash particles. Due to high deviation in surface area measurements, it is recom-
mended to use the length instead of the area to define the relation. The linear trend with 
an R2 value of 0.8668 can be expressed as follows: Metal yield = 0.0635L + 0.7058 (4)

 
Figure 7. Metal yield of each size fraction as a function of the average surface area of samples. 

y = 0.0775x + 0.7278
R² = 0.8825

0%

20%

40%

60%

80%

100%

0 0.5 1 1.5 2 2.5 3

M
et

al
 Y

ie
ld

 

Av. length of max axis (cm)

USA UK

y = 0.0635x + 0.7058
R² = 0.8668

0%

20%

40%

60%

80%

100%

0 0.5 1 1.5 2 2.5 3 3.5 4

M
et

al
 Y

ie
ld

 

Av. surface area (cm2)

USA UK

Figure 6. Metal yield of each size fraction as a function of the average max axis of samples.

Minerals 2024, 14, x FOR PEER REVIEW 7 of 12 
 

 

length. For the mentioned size range, a linear yield difference is expressed, as shown be-
low: Metal yield = 0.0775L + 0.7278 (3)

where, metal yield is calculated via Equation (2) and L is the max length of the sample 
calculated via ImageJ. 

 
Figure 6. Metal yield of each size fraction as a function of the average max axis of samples. 

Further investigation was conducted to determine the effect of surface area on the 
metal yield. Figure 7 shows an increase in metal yield with an increase in surface area 
similar to the trend seen between metal yield and length; however, a deviation in surface 
area measurements was observed between 26% and 62% due to for the irregular shape of 
the bottom ash particles. Due to high deviation in surface area measurements, it is recom-
mended to use the length instead of the area to define the relation. The linear trend with 
an R2 value of 0.8668 can be expressed as follows: Metal yield = 0.0635L + 0.7058 (4)

 
Figure 7. Metal yield of each size fraction as a function of the average surface area of samples. 

y = 0.0775x + 0.7278
R² = 0.8825

0%

20%

40%

60%

80%

100%

0 0.5 1 1.5 2 2.5 3

M
et

al
 Y

ie
ld

 

Av. length of max axis (cm)

USA UK

y = 0.0635x + 0.7058
R² = 0.8668

0%

20%

40%

60%

80%

100%

0 0.5 1 1.5 2 2.5 3 3.5 4

M
et

al
 Y

ie
ld

 

Av. surface area (cm2)

USA UK

Figure 7. Metal yield of each size fraction as a function of the average surface area of samples.

Figure 8 presents each oxide thickness measurement under SEM for bottom ash
samples from UK and USA. Multiple SEM pictures were taken from each sample, and
random locations were measured.

Table 2 summarizes the 906 measurements performed using ImageJ in terms of
the oxide thickness fractions. The thickness results were grouped as <40, <50, 50–100,
and >100 µm. In total, 63.5% of all measurements were below 50 µm, 25.9% were between
50 and 100 µm, and 10.6% were thicker than 100 µm. The mean thickness value of all
906 measurements was 70 µm. A significant difference between UK and USA samples were
not observed in terms of oxide thickness distribution.

Table 2. Oxide thickness distribution in all samples.

Oxide
Thickness (µm) UK (% of Samples) USA (% of Samples) Average, All

Samples (%)

<40 53.6 51.9 52.1
<50 64.6 62.3 63.5

50–100 23.4 28.7 25.9
>100 12.0 9.0 10.6
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Figure 9 shows a typical cross-section of an aluminium sample in bottom ash. The
oxide layer can be clearly seen in a darker color. The layer is not homogeneous, and the
thickness varies throughout the surface.
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Figure 9. SEM image of the cross-section of a representative bottom ash sample.

The oxide layer of the samples was analyzed by EDS. A high oxygen and aluminium
content were observed in all samples, as expected, due to the heavy oxidation of aluminium
during incineration. Na, K, and Cl were found in all samples. Cl content mainly originates
from PVC, food waste, and batteries [19]. This can lead to HCl formation during the
remelting of the aluminium fraction, and thermal decomposition up to 600 ◦C can lead
to molecular Cl2 [20]. In addition, bottom ash materials, especially fine fractions, can be
used in secondary building materials, but the Cl content becomes a challenge due to strict
regulations for building materials [21]. Chloride content can be found at up to 5 wt.%
depending on the fraction and size of the sample [22]. Sulphur content in the samples can
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also lead to the formation of harmful gasses, which should be taken into account during
recycling/remelting processes.

Analytical Modeling

Figure 10 presents the modeling results for bottom ash particles from 1 to 30 mm in
diameter with an oxide layer of up to 500 µm. Increasing the sample size and decreasing
oxide thickness increases the metal yield due to the decreasing oxide/metal mass ratio. The
predicted yields for 70 µm (mean value of measured samples) oxide thickness are 55% for
1 mm, 74% for 2 mm, 89% for 5 mm, 94% for 10 mm, 97% for 20 mm, and 98% for 30 mm
aluminium samples. The degree of oxidation becomes more important with the decreasing
sample size and effects the metal yield significantly.
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In order to compare the modeling results with experimental results, calculations
were also conducted for the average particle sizes used in the remelting experiments.
Table 3 presents the modelling results where x is oxide thickness (mm) and y represents the
predicted metal losses.

Table 3. Trendlines calculated by the analytical model for the average particle sizes used in remelt-
ing experiments.

Average Particle
Size (mm) Formula R2 Equation

9 y = −2 × 10−8 × 3 + 5 × 10−5x2 − 0.0982x + 99.992 1 (5)
15 y = −0.0505x + 99.281 0.9984 (6)
28 y = −0.029x + 99.778 0.9995 (7)

Figure 11 shows the metal yield results calculated by the model for particles with a
homogenous oxide thickness of 70 µm and the results from the remelting experiments. The
predicted yield is higher than the experimental results for all sizes. The main reason for
this difference is the effect of particle shape. Particles are assumed to be spherical in the
modeling, and a spherical shape has a lower specific surface area than the real shape of
bottom ash particles. The lower specific surface area results in a lower mass of oxides in
comparison with the metal. However, the difference between the model and experiments
decreases with increasing particle sizes. This is due to the decreasing oxide/metal mass
ratio with increasing particle size. It can also be observed that the yield after compaction
increases up to 5% due to the loss of the oxide layer during compaction. Compaction
works like mechanical pre-treatment, decreasing the non-metal content. However, this
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effect decreases with increasing size due to the decreasing oxide/metal ratio. The rafination
of the recovered aluminium alloy melt must be improved in further studies since the
composition of the recovered alloy may change depending on the season, location, and
treatment. The mechanical pre-treatment of bottom ash must be further studied to increase
the yield and decrease the usage of salt flux for more sustainable recycling processes.
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Figure 11. Comparison of the metal yield results calculated by the analytical model and measured
by experiments.

4. Conclusions

The effect of particle size, shape, and mechanical pre-treatment has been experimen-
tally studied, and an analytical model has been developed. The following conclusions can
be drawn as a result of the research:

• The particle length and surface area have a linear correlation with recoverable alu-
minium content for bottom ash particles between a 2 and 30 mm fraction.

• Mechanical pre-treatment decreased the oxide content by cracking the oxides, which
increased the aluminium yield. However, this effect became less significant with
increasing particle size due to a decrease in oxide/metal ratio.

• The analytical model showed a 5% to 15% higher yield for particles with an average
size of 28 to 5 mm, respectively. The difference between the model and experiments
originated due to the specific surface area difference in spherical to irregular particles.
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