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A B S T R A C T   

With the development of waste recovery techniques, previous research has revealed that coarse fractions of 
municipal solid waste incineration (MSWI) bottom ash (BA) after proper treatment could be applied in the 
construction sector, while the fines are seldom recovered in practice and normally landfilled. This study explores 
the potential application of fine MSWI BA (0–2 mm) as a supplementary cementitious material (SCM) in Portland 
cement (PC) mixtures. Mechanical and chemical pre-treatment approaches have been designed with various 
conditions to optimize the treating process. The chemical and mineralogical compositions, as well as the metallic 
Al content in BA were characterized before and after the pre-treatment. It was found that both methods are 
effective in removing the metallic Al content in BA, Moreover, BA derived from mechanical treatment exhibited 
more contribution to the hydration reaction in PC mixtures, as revealed by the amount of reaction products and 
mineral phases formed in hardened trial mixtures. BA obtained was further partially blended in PC mortars to 
evaluate the performance as compared to SCMs and inert fillers. It was found that treated BA resulted in a slight 
retarding effect on the reaction kinetics. Treated BA behaved better than the coal fly ash to contribute to the 
strength development, while the inclusion of BA did not lead to significant influences on the workability.   

1. Introduction 

The rapid worldwide urbanization and industrialization over the 
past decades have resulted in exponential growth of waste production, 
which brings extensive social awareness of environmental issues [1–3]. 
As the most typical by-product of the urban lifestyle, it has been reported 
that the amount of municipal solid waste annually produced would 
possibly reach 2.2 billion tons per year by 2025 [4,5], leading to great 
pressure on waste disposal. Municipal solid waste is now directly land
filled in many regions of the world, which may introduce severe envi
ronmental impact and potential loss of resources [6–8]. 

With the development of more advanced waste-to-energy technol
ogy, the energy embedded in municipal solid waste might be partially 
recovered by generating steam and electricity through an incineration 

process [9–11], which in the meantime significantly reduces the land
filling demand [12,13]. The municipal solid waste incineration (MSWI) 
bottom ash (BA) as the main waste stream of solid residues could be 
either landfilled or applied as a secondary building material [14–16]. BA 
obtained typically undergoes several wet treatments consisting of 
quenching, washing, sieving, and separating, through which the coarse 
unburnt particles and light organic substances are removed and sent 
back to the incinerator [17,18]. Metals in BA including mainly ferrous 
and copper are retrieved through magnet density and Eddy current 
separators [18]. In view of the potential application in the construction 
field, especially while blended in cementitious composites, previous 
studies [6,19] have summarized the major drawbacks as chemical bar
riers of MSWI BA, as shown in Table 1. 

As a primary barrier limiting practical applications, the leaching 

Abbreviations: MSWI, Municipal solid waste incineration; BA, Bottom ash; SCM, Supplementary cementitious material; PC, Portland cement; BFS, Blast furnace 
slag; FA, Fly ash; MQ, Micronized quartz; SEM, Scanning electron microscopy; SE, Secondary electrons; XRF, X-ray fluorescence; XRD, X-ray diffraction; STP, 
Standard temperature and pressure; TGA, Thermogravimetric analysis; DTG, Differential thermogravimetry; MBA, Mechanically treated BA; CBA, Chemically treated 
BA; LOI, Loss on ignition; Aft, Ettringite; AFm, Monosulfate. 
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properties (including heavy metals and harmful salts) of BA have been 
extensively studied [20–25]. In many countries, the limit values of 
leaching are specified in regulations dedicated to the landfill and 
application of BA [26,20,24]. It has been reported that the washing 
treatment either with water or chemicals is efficient in mitigating the 
leaching of chloride and sulfate salts to meet the local requirement 
[27–29]. On the other hand, previous studies have proposed weathering 
(natural carbonation) as a promising low-cost technique to resolve the 
leaching of heavy metals [23− 24,30], which also benefits industrial 
carbon capture and storage [31]. BA after quenching is normally stacked 
in a heap in the incineration plant, exposing to the wind and rain in 
under natural weather for months [32]. Due to the contact with the 
atmosphere air, CO2 content is absorbed by hydroxides in BA to form 
carbonates, as Vasarevičius et al. [33] has reported a significant increase 
in the calcite content after the weathering process. In the meantime, 
calcium silicate hydrates and calcium aluminate hydrates are formed 
accompanied by a declined alkalinity [33,34]. A few previous studies 
have further explored the mechanisms of phases formed in weathered 
BA to immobilize the heavy metal content [6,35,36]. As a consequence, 
variations of the composition and properties (acid neutralizing capacity, 
redox potential, pH, and ion exchange capacity) lead to significant 
modifications in the heavy metal release characteristics of treated BA 
[37,38]. In EU countries, a typical natural weathering process of 6–12 
weeks after quenching is commonly applied to stabilize the heavy metal 
and reduce leaching [34,39,13]. Accordingly, the leaching of BA could 
be effectively prevented through a series of proper in-plant treatments. 

Previous research revealed that BA granulates obtained could 
partially substitute the fine and coarse aggregate in construction mate
rials, especially in asphalt and concrete mixtures [40–43]. A few recent 
studies have explored certain pozzolanic reactivity of BA, which might 
provide an active contribution while blended with Portland cement (PC) 
materials [25,44− 45]. It is indicated that MSWI BA could be potentially 
applied as a supplementary cementitious material (SCM), assisting to 
mitigate the environmental impact induced by the cement industry. 
However, the metallic Al/Zn content remains problematic while in 
contact with the alkaline environment in PC mixtures [46]. Hydrogen 
gas can be produced according to the chemical reactions expressed in 
Eqs. (1) and (2) [47], causing severe expansion and spalling in concrete 
structures [48,49]. 

2Al+ 2OH− + 6H2O→2Al(OH)
−

4 + 3H2↑(pH > 11.75) (1)  

Zn+ 2OH− + 2H2O→Zn(OH)
2−
4 +H2↑(pH > 12) (2) 

A few treatment methods have been developed to remove the 
metallic Al/Zn content from MSWI BA. Several studies have proposed to 
submerge MSWI BA in water, where the metallic Al/Zn could be 
corroded by the alkalinity induced by BA itself [25,50− 51]. However, 
this approach might be time-consuming and highly dependent on the 
alkali content embedded in BA [51], as Saikia et al. [52] suggested that 
the dissolution of metallic Al in BA initiates only when the pH in the pore 
solution exceeds 10. Joseph et al. [25] reported to accelerate the water 
treatment by using an elevated temperature of 105 ℃ for 24 h, while the 
high-temperature process is apparently more energy-intensive. Mean
while, wet treatment with chemical substances, such as NaOH, Na2CO3, 
and Na2SO4 solutions, has been applied to eliminate the metallic Al/Zn 

through dissolution reactions [53− 54,47], which appears to be more 
effective than the water treatment at room temperature. Moreover, a 
wet grinding method was proposed by Bertolini et al. [50], which de
posits treated BA in slurry to remove the metallic Al/Zn content. In 
addition, Tang et al. [55,56] performed a series of investigations on 
grinding treatment combined with a high-temperature process to further 
improve the reactivity of BA, a 30% replacement of PC with treated BA 
was achieved in mortars with a 16% reduction of compressive strength. 
However, it remains uncertain which approach is more cost-efficient in 
removing the metallic Al content in MSWI BA. 

Apart from that, many of the existing studies in the literature were 
conducted on coarser BA particles, whereas the investigation on finer 
fractions is still limited [6]. In addition to the general drawbacks of BA 
grains mentioned above, finer fractions of BA particles are normally 
characterized with a higher porosity, which was formed through the 
incineration process [57]. The porous structure in turn increases the 
water demand and further reduces the strength of reaction products 
while blended in cementitious composites [58]. In practice, the appli
cation of finer BA remains challenging to date, and they are normally 
discharged as sludge and directly landfilled [18,59− 60]. 

The current study aims to perform a comprehensive investigation to 
characterize the fine MSWI BA and remove the embedded metallic Al 
content. After appropriate pre-treatment, the potential applications of 
treated BA as a partial substitution in cementitious materials were 
further explored. The BA received was first sieved into different particle 
fractions for characterization. Two pre-treatment methods, including 
mechanical and chemical approaches, were designed to remove the 
metallic Al/Zn content in BA. Both mechanical and chemical treating 
processes were optimized by varying operating conditions, and the 
treated BA samples were characterized again to assess the efficiency. 
Eventually, treated BA was blended into PC mixtures with different 
replacement levels to evaluate their performance as SCM and filler. The 
results obtained may provide a practical path for the potential applica
tion of fine MSWI BA in the construction field. 

2. Materials and method 

2.1. Materials 

The MSWI BA particles received from the waste-to-energy company 
Heros Sluiskil B.V. was investigated as a potential SCM in this study. BA 
after incineration was water quenched, followed by proper in-plant 
treatments to remove the hazardous and stabilize the leachable sub
stances [27,61− 62]. Afterwards, the coarser particles were collected to 
produce aggregates for pavement constructions, whereas the fine frac
tion with a particle size of 0–2 mm as a residue was collected and used in 
this study to explore the potential applications. 

PC CEM I 52.5 N provided by ENCI B.V. was applied as the primary 
cementitious material in this study. Three types of reference materials 
with a similar particle size distribution as PC (Fig. 1) were used in this 
study to assess the performance of treated BA in cementitious mixtures. 
Blast furnace slag (BFS) and coal fly ash (FA), as mainstream SCMs on 
the market, were included in comparison with the performance of 
treated BA to partially replace PC. BFS and FA were provided by Ecocem 
Benelux B.V. and Vliegasunie B.V., respectively. Besides, micronized 
quartz (MQ) sand was applied as a reference of inert fillers, which was 
provided by Sibelco Benelux B.V. Particle size distribution curves of raw 
materials were measured with laser diffraction by dispersing the solid 
particles in ethanol, as presented in Fig. 1. Results were taken as the 
average of five measurements. The morphology features of raw mate
rials were visualized with a scanning electron microscopy (SEM, JEOL 
JSM-IT 800), as shown in Fig. 2. For each test, solid grains were uni
formly stuck on a conductive tape and coated with a thin layer of plat
inum to improve the conductivity before visualization. The SEM images 
were taken under the secondary electrons (SE) mode with an acceler
ating voltage of 10 kV. PC, BFS, and MQ were observed with a similar 

Table 1 
Major drawbacks of applying MSWI BA in cementitious composites [6,19].  

Compounds in MSWI BA Corresponding issues 

Harmful salts (chloride and sulfate) Leaching induced environmental 
contamination. 
Declined concrete durability. 

Heavy metals (Cu, Zn, Cr, Ni, Mo, Pb, Sb, 
Au, etc.) 

Leaching induced environmental 
contamination. 

Metallic Al and Zn Hydrogen induced cracking.  
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angular-shaped microstructure, whereas spherical particles were 
observed in FA. In addition, CEN standard sand (according to EN 196–1 
[63]) was used as the fine aggregate to prepare mortar mixtures. 

Chemical compositions of the raw materials determined by X-ray 
fluorescence (XRF) and loss on ignition (LOI) tests, as well as their 
apparent density are summarized in Table 2. Lower calcium content has 
been detected in substitute materials compared to the CEM I 52.5 N 
cement. Much higher ferrous content was identified in BA compared to 
other raw materials. It is noteworthy that heavy metals (Cu, Pb, and Sb, 
etc.) were detected negligible in BA after proper in-plant treatment [18, 
19]. Meanwhile, the remaining leachable salts (Cl- and SO4

2-) in BA have 
reached a similar level as compared to PC. In addition, BA contains a 
high LOI content, which might be attributed to unburnt organic matters. 
Afterwards, the 0–2 mm BA received was sieved into different particle 
fractions for further characterizations. 

2.2. Testing program 

A flowchart of the testing program for this study is illustrated in  
Fig. 3, which will be explained in detail in this section. 

2.2.1. Characterization of as-received BA 
As-received BA was first characterized to assess the mechanical and 

chemical features of the material. In specific, the microstructure and 
morphology of BA was visualized with SEM by following the methods 

Fig. 1. Particle size distribution of raw materials used in this study.  

Fig. 2. Morphology of raw materials used in this study (1000×magnification, with an accelerating voltage of 10 kV) (a) PC; (b) FA; (c) BFS; (d) MQ.  
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mentioned in Section 2.1. BA was then sieved into different particle 
fractions (<0.125 mm, 0.125–0.25 mm, 0.25–0.5 mm, 0.5–1.6 mm, and 
>1.6 mm) for further analysis. It is noteworthy that BA from each 
fraction was first ground to pass a 63 μm sieve to homogenize the ma
terial for characterization. 

The chemical composition of BA from different particle fractions was 
first determined with XRF, while the mineralogical phases were char
acterized by X-ray diffraction (XRD). XRD test was conducted using a 
Bruker D8 Advance diffractometer with Cu-Kα radiation (λ = 1.54 Å). 
XRD patterns were recorded at the range between 10◦ and 70◦ with a 
step size of 0.02◦. 

Apart from that, the metallic Al/Zn content in BA samples was 
checked with a dissolution test [47]. As presented in Table 2, the zinc 
content in BA was detected below 1% according to XRF, thereby it was 
hypothesized that the hydrogen gas emitted from the dissolution test is 
ascribed to the metallic Al content. The testing device is schematically 
illustrated in Fig. 4. A layer of Vaseline was applied at connections to 
ensure air tightness. 

Dissolution tests were conducted in ambient conditions (1-atmo
sphere pressure and temperature of 20 ± 0.5 ◦C). Treated BA was 
immersed in a 10 mol/L sodium hydroxide solution [47], where elec
tromagnetic stirring was applied at 200 rpm for 48 h to promote the 
dissolution. Gases released from the reaction first went through the silica 
gel to remove the water vapor, and the volume of hydrogen gases 
collected was measured with water volume variations (ΔV) in the final 
cylinder. According to Eq. (1), the mass of metallic Al content, mAl (g), 
could be expressed with Eq. (3). Results presented in this study were 
determined from the average of two measurements. 

mAl =
2VH2

3v0
MAl =

2ΔV
273

273+T

3v0
MAl (3) 

where: 
T = 20℃ is the room temperature; 
v0 = 22.4L/mol is the molar volume at STP (Note: STP refers to the 

standard temperature and pressure, which is defined to be 273 K and 1- 
atmosphere pressure); 

MAl = 27g/mol is the molar mass of Al. 

2.2.2. Pre-treatment of BA 
As aforementioned, the metallic Al/Zn content in BA would result in 

severe expansion and swelling while being applied as SCMs. Therefore, 

Table 2 
Chemical compositions (by mass percentage) and apparent density of raw materials used in this study.  

Raw materials CaO SiO2 Al2O3 ZnO MgO SO3 Cl- TiO2 K2O Fe2O3 Other LOIa Apparent density (kg/m3) 

BA (0–2 mm) 22.39  39.28  10.48 0.9 2.68 2.32 1.68  1.49 1.02  15.27  2.49 8.84  2550 
PC 64.99  17.11  3.80 0.15 1.56 3.96 1.56  0.27 0.16  3.59  2.85 3.10  3160 
BFS 40.90  31.10  13.48 0.19 9.16 2.31 0.31  1.26 0.69  0.40  0.2 0.10  2890 
FA 3.74  56.70  24.00 0.27 1.75 1.04 0.06  1.16 2.30  6.34  2.64 2.86  2300 
MQ -  99.40  0.30 - - - -  0.07 -  0.03  0.20 -  2650 

a LOI measured by TG analysis at 950℃. 

Fig. 3. Flowchart of the testing program for this study.  

Fig. 4. Setup of the dissolution test to determine the metallic Al content.  
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pre-treatment with mechanical and chemical approaches has been per
formed in this study to resolve the problem. 

2.2.2.1. Mechanical treatment. The mechanical treatment is a combined 
process consisting of grinding and sieving. It has been reported that the 
metallic Al/Zn with good ductility could be ground into metal plates and 
easily sieved out [55,64]. The grinding was performed with a Retsch 
PM100 planetary ball miller with various combinations of speed and 
duration to optimize grinding parameters. In specific, the grinding speed 
varied from 200 to 400 rpm with a 50 rpm of interval for each test. 
While the grinding time was selected as 10, 20, 30, and 40 min. The 
grinding time and speed were set according to a series of preliminary 
tests. The BA particles could hardly be effectively ground into fine 
particles to pass the sieve given a lower speed and shorter grinding time, 
whereas a longer duration and higher speed resulted in extremely high 
temperatures in the grinding jar. Afterwards, crushed BA powder was 
passed through a 63 μm sieve, and the finer fraction was collected for 
further investigations. 

2.2.2.2. Chemical treatment. Sodium hydroxide solutions have been 
prepared with different molar concentrations (0.1, 1, and 3 mol/L) to 
remove the metallic Al/Zn in BA [65,47,66]. BA particles were 
immersed in the alkaline solution with different solid to liquid ratios 
(0.1 and 0.2) for 5 days to assess the efficiency [53]. Treated BA particles 
were washed with running water and oven-dried at 105 ◦C until a 
constant mass. 

2.2.2.3. Characterization of treated BA. Treated BA samples were char
acterized to evaluate the modifications made through the pre-treatment 
process. The chemical and mineralogical composition, as well as the 
remaining metallic Al content were assessed again with the method 
described in Section 2.2.1. 

BA treated through the most effective mechanical and chemical ap
proaches, considering both the remaining metallic Al content and the 
production rate (which will be addressed in detail in Section 3.2), were 
labeled as MBA and CBA, respectively. Extra grinding was performed on 
MBA and CBA to modify their particle size, ensuring a similar particle 
size distribution between treated BA and other raw materials. For each 
time, the extra grinding was conducted at 200 rpm for 1 min, and the 
particle size of treated BA obtained was assessed by laser diffraction tests 
until reaching a similar particle size distribution as indicated in Fig. 1. 

The reactivity of MBA and CBA was assessed through their contri
bution to the hydration process, where the amount of reaction products 
formed in trial mixtures was determined by thermogravimetric analysis 
(TGA) [67]. In specific, a reference paste mixture was produced with 
CEM I 52.5 N cement with a water to binder (w/b) ratio of 0.5. In par
allel, 10% (by mass) of cement was replaced with MBA and CBA to 
prepare another 2 groups of mixtures. Samples prepared with a hand
held mixer were cast into plastic molds and demolded after 24 h [68]. 
Hardened pastes were placed in a humid chamber (20 ± 1 ◦C and 95% 
relative humidity), and the hydration reaction was terminated at the age 
of 28 days with solvent exchange by submerging crushed samples in 
anhydrous ethanol for 24 h [69,70]. The samples were then vacuum 
dried and ground into fine powders to pass a 63 μm sieve. TG analysis 
was performed on each sample with a TG-449-F3-Jupiter instrument. 
For each test, about 50 mg of solid powders were incinerated in an 
aluminum oxide crucible from 40 to 900 ◦C at 10 ◦C/min in argon at
mospheres, and the mass evolution was recorded as a function of tem
perature. In addition, the mineralogical phases formed in solid powders 
were detected by XRD with the testing method described in Section 
2.2.1. TGA and XRD tests were performed twice on each sample to check 
the repeatability. 

2.2.3. Application of treated BA as an SCM 

2.2.3.1. Mixture proportions. The preliminary tests on treated BA sam
ples indicate MBA exhibited higher reactivity over CBA. Thereby it was 
determined to blend MBA as a substitute material in cement mixtures to 
further check the effect on fresh and hardened properties. Parallel 
mixtures were designed to evaluate the performance of MBA comparing 
to mainstream SCMs and the inert quartz filler MQ, with different 
replacement levels (10% and 30%). Mortars were prepared according to 
EN 196–1 [63] with a constant w/b ratio of 0.5 and a sand to binder ratio 
of 3. In specific, M1 was prepared with CEM I 52.5 N as the reference 
mixture. M2 and M3 were designed as mixtures with MBA at a 
replacement level of 10% and 30%, respectively. M4 to M9 were made of 
other substitute materials including BFS, FA, and MQ with equivalent 
replacement ratios. Details of mix designs are presented in Table 3. 

2.2.3.2. Reaction kinetics. The exothermic behavior along the hydration 
process was detected by a TAMAIR isothermal calorimeter on equivalent 
paste portions listed in Table 3. Pastes were prepared by blending solid 
binders and water in a Hobart planetary mixer with low speed (140 rpm) 
and high speed (285 rpm) for 90 s, respectively. About 14 ± 0.01 g of 
the fresh paste after mixing was immediately loaded into a glass 
ampoule, which was subsequently sealed and transferred into 
isothermal channels of the calorimeter. The heat evolution was recorded 
at 20 ± 0.5 ◦C for 100 h, and the results present in this study are 
normalized into 1 g of solid binder. The reaction kinetics in cement 
pastes were checked by the following two types of comparisons. First, 
the heat flow and cumulative heat release of M2 and M3 were compared 
to M1 to assess the influence of treated BA at different replacement ra
tios (10% and 30%). In addition, the effect of substituting BA with 
different types of SCMs and filler was evaluated at the same replacement 
ratio of 10% (M2, M4, M6, and M8). Calorimetry tests were performed 
twice to check the repeatability of results. 

2.2.3.3. Workability and strength development. Investigations on work
ability and strength development were conducted on the mortar level, as 
presented in Table 3. Mortars were prepared with a Hobart planetary 
mixer. Solid components including binders, SCMs and sand were first 
dry-blended for 60 s. Subsequently, water was added, and the mixtures 
were further blended at low and high speeds for 90 s, respectively. 

The workability of mortars was evaluated through the flow table test 
according to ASTM C1437 [71]. The mortar was filled into the conical 
mold in 2 layers, and each layer was compacted with a tamping rod for 
20 times. After lifting the cone, 25 strokes were applied to the flow table. 
The spread diameter was measured and reported as the average of two 
measurements. 

The compressive strength was tested according to EN 196–1 [63] to 
assess the strength development in hardened mortars. Fresh mortars 
after the test on workability were cast into 40× 40× 160 mm molds and 
vibrated for 15 seconds to release entrapped air bubbles. Mortar prisms 
were demolded after 24 hours and placed in a curing chamber at 20 ±1 
◦C with 95% relative humidity until the testing age. The compressive 
strength was measured at 1, 7, and 28 days, and the average strength of 
three specimens was reported. 

3. Results and discussion 

3.1. Characterization of as-received BA 

The microstructural features of as-received BA were visualized by 
SEM, as presented in Fig. 5. Irregular-shaped BA particles embedded 
with extensive micro-voids and cracks have been detected, resulting in 
high of specific surface area and rough surface textures of BA particles. 
As a consequence, free water content might be entrapped in the 
numerous voids and pores observed, increasing the water demand to 
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reach a proper consistency in cementitious mixtures. Furthermore, it 
was found that some pores (formed through the incineration process 
[57]) have been interconnected and penetrated through the entire BA 
grain to form hollow structures. Thereby, limited mechanical properties 
of BA particles can be expected given the porous microstructure features 
[72,73]. 

The mass distribution derived from the sieving is presented in  
Table 4. It was found that the majority of as-received BA particles are 
distributed in the fraction between 0.5 and 1.6 mm. Besides, only a 
limited fraction of BA was detected with a particle size below 0.25 mm. 
Subsequent characterizations on as-received BA were performed on 
different particle fractions, separately. 

The chemical compositions and metallic Al content of as-received BA 
samples are summarized in Table 5. It was found that the calcium and 
aluminum content in BA declined with the increase of particle size, 
while the silicate content significantly increased in coarser BA particles. 
In the meantime, the chloride and sulfate content, as well as LOI (mostly 
referring to the unburnt organics in BA) were more concentrated in 
smaller particle fractions. Moreover, the coarser BA fraction was 
detected with a higher metallic Al content. 

XRD patterns of as-received BA in different particle fractions are 
presented in Fig. 6. A major peak located at 26.6◦ has been observed, 
which represents the quartz (SiO2) content in BA [55,74]. Apart from 
that, several sub-peaks referring to quartz content are distributed along 

XRD patterns, which is consistent with the high SiO2 content detected by 
XRF as shown in Table 8. In addition, calcite (CaCO3), Åkermanite 
(Ca2Mg[Si2O7]), magnetite (Fe3O4) have been identified as predominant 
crystalline phases in BA samples, accompanied by a few crystalline 
peaks referring to anhydrite (CaSO4) and hematite (Fe2O3) phases. 
Compared to the coarse fraction (> 1.6 mm), it is noteworthy that an 
amorphous hump between 20◦ and 40◦ was observed in finer fractions 
below 0.25 mm, which is possibly correlated to the high calcium and 
aluminum content in corresponding fractions as shown in Table 5. 
However, the amorphous humps gradually turned less apparent with the 
increase of BA particle sizes. In the fraction coarser than 1.6 mm, the 
amorphous hump was barely detected and only several highly crystal
line peaks were identified. 

According to the characteristics of as-received BA, it can be 
concluded that finer BA particles are more amorphous with less metallic 
Al, but contain higher chloride, sulfate, and unburnt organic matters. On 
the other hand, the hazardous content is less distributed in coarser 
particles. However, the metallic Al content is apparently increased while 
the particle size is greater than 0.5 mm. Thereby, it was determined to 
treat all BA fractions together to achieve complementary advantages. 

3.2. Pre-treatment of BA 

Treated BA was characterized again to assess the effect of different 
pre-treatment approaches. The metallic Al content before and after 
mechanical/chemical treatment was determined by the dissolution test. 
As-received BA contains about 0.8% metallic Al content (by mass), 
which is aligned with the result reported by Xuan and Poon (between 
0.4% and 2.3%) [29,47]. The metallic Al content in treated BA is illus
trated in Table 6 and Table 7, respectively. 

Table 3 
Mix design on the mortar level.  

Mix Solid binder (g) Water (g) w/b Sand (g) Notes 

PC MBA BFS FA MQ 

M1  450  0  0  0  0  225  0.5  1350 Reference 
M2  405  45  0  0  0  225  0.5  1350 10% MBA 
M3  315  135  0  0  0  225  0.5  1350 30% MBA 
M4  405  0  45  0  0  225  0.5  1350 10% BFS 
M5  315  0  135  0  0  225  0.5  1350 30% BFS 
M6  405  0  0  45  0  225  0.5  1350 10% FA 
M7  315  0  0  135  0  225  0.5  1350 30% FA 
M8  405  0  0  0  45  225  0.5  1350 10% MQ 
M9  315  0  0  0  135  225  0.5  1350 30% MQ  

Fig. 5. Morphology of as-received MSWI BA (0–2 mm) detected by SEM (100 and 500×magnification, with an accelerating voltage of 10 kV).  

Table 4 
Mass of BA in different particle fractions.  

Particle fraction (mm) <0.125 0.125–0.25 0.25–0.5 0.5–1.6 >1.6 

wt. (%)  2.92  3.97  13.08  45.68  34.35  
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Results of mechanical treatment representing the metallic Al content 
in finer fractions (<63 μm) are listed in Table 6. By applying lower 
grinding speeds (200, 250, and 300 rpm), it was found that the 
remaining metallic Al content first declined but later increased with an 
extended grinding time. It is indicated that with a short grinding period, 
the metallic Al with good ductility were ground into metal plates and 
sieved out [55]. However, the further increase might be ascribed to that 
the metal plates formed were crushed into fine powders with the in
crease of grinding time, and thereby fell into finer fractions (as sche
matically illustrated in Fig. 7). In the case of higher speeds (350 and 
400 rpm), the metallic Al content in finer fractions first increased, but 
later significantly reduced when the grinding time reached 40 min. This 

is accompanied by extremely high temperatures in the grinding jar due 
to the intensive grinding energy applied. Results suggest that the high 
temperature might facilitate the oxidization of the crushed fine metallic 
Al powders [75], leading to a lower metallic Al content (Fig. 7). 

With the scenarios illustrated in Fig. 7, both short-time & low-speed 
and long-time & high-speed grindings may result in a low metallic Al 
content in finer fractions. However, the latter approach is apparently 
more energy intensive. As indicated in Table 6, combinations of 
200 rpm–30 min, 250 rpm–30 min, and 300 rpm–20 min were further 
considered due to their low residual metallic Al content. On the other 
hand, a less intensive grinding condition might be insufficient to crush 
the coarse BA particles. As a consequence, part of the BA grains might be 
unable to pass the sieve and separated together with the metallic plates, 
leading to a low production rate. Three grinding conditions mentioned 
above have yielded 78%, 89%, and 69% (mass percentage) of the solid 
to pass through the 63 μm sieve. Regarding both the residual metallic Al 
content and the production rate, grinding at 250 rpm for 30 min was 
considered as the most effective mechanical treatment approach in this 
study, and the treated BA derived was labeled as MBA. 

As presented in Table 7, a lower solid to liquid ratio of 0.1 applied in 
the chemical treatment significantly reduced the remaining metallic Al 
content. Besides, higher NaOH dosages resulted in lower Al content after 
treatment. It is noteworthy that the increase in NaOH concentration 
from 1 to 3 mol/L did not lead to further apparent reduction, but on the 
other hand produced more chemical waste to be discharged. Therefore, 
it was determined to perform the chemical treatment by using 1 mol/L 
NaOH solutions with a solid/liquid ratio of 0.1 for subsequent in
vestigations, and the BA obtained was labeled as CBA. 

Compositions of BA samples are listed in Table 8. Compared to as- 
received BA, it can be observed that the concentration of Ca and Al 
slightly declined in MBA and CBA. Modifications in MBA might be 
correlated to the coarser particles removed by sieving, whereas the 

Table 5 
Chemical compositions of as-received BA samples in different particle fractions (mass %).  

Particle fraction (mm) CaO SiO2 Al2O3 ZnO MgO SO3 Cl- TiO2 K2O Fe2O3 Other LOIa Metallic Alb 

<0.125  38.41  16.46  15.68  1.54  2.79  4.67  2.98  2.07  1.19  11.69  2.52  12.79  0.16 
0.125–0.25  35.54  25.31  11.05  1.75  2.17  3.68  2.36  1.94  1.17  13.09  1.94  9.79  0.28 
0.25–0.5  36.8  21.14  10.22  2.21  2.1  4.15  2.98  1.98  1.26  14.48  2.68  8.77  0.43 
0.5–1.6  21.91  39.14  11.29  0.97  2.95  2.39  1.33  1.54  1.05  16.06  1.37  7.51  1.36 
>1.6  20.39  42.59  10.64  0.88  2.91  2.28  1.13  1.55  1.01  15.00  1.62  7.25  1.81 

aLOI measured by TG analysis at 950 ℃. 
bMetallic Al content measured by the dissolution test mentioned above. 

Fig. 6. XRD patterns of as-received BA samples from different particle fractions.  

Table 6 
Metallic Al content (mass %) in BA after mechanical treatment.  

Mechanical treatment Grinding speed (rpm) 

200 250 300 350 400 

Grinding time (min)  10  0.25  0.21  0.18  0.33  0.42  
20  0.22  0.19  0.15  0.43  0.67  
30  0.18  0.13  0.27  0.74  0.50  
40  0.26  0.43  0.59  0.19  0.15  

Table 7 
Metallic Al content (mass %) in BA after chemical treatment.  

Chemical treatment Concentration of NaOH solutions (mol/L) 

0.1 0.1 1 1 3 3 

Solid/liquid (mass ratio)  0.1  0.2  0.1  0.2  0.1  0.2 
Metallic Al content (mass %)  0.06  0.16  0.04  0.09  0.03  0.07  
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variation in CBA is ascribed to the compounds dissolved by the alkaline 
solution. Further, the remaining metallic Al content in treated BA was 
determined again with the dissolution test, which declined by 84% and 
95% in MBA and CBA, respectively. Results have illustrated that both 
methods are effective in removing the metallic Al in as-received BA. 

XRD patterns of BA samples are shown in Fig. 8. Results show that BA 
either before or after pre-treatment mainly consists of crystalline phases, 
whereas a slight amorphous hump was detected in BA and MBA between 
20◦ and 40◦. It is noteworthy XRD patterns of BA and MBA are nearly 
identical to each other, indicating that the mechanical treatment did not 
lead to significant phase modifications in BA samples. By contrast, the 
amorphous humps ranging between 20◦ and 40◦ almost disappeared in 
CBA, and only a few narrow crystalline peaks were detected in this re
gion. Results suggest that a considerable amount of amorphous phases 
correlated to the reactive content in BA were dissolved through the 
chemical treatment. This can be further reflected by the reduction in the 

concentration of calcium and aluminum compounds as illustrated in 
Table 8, which may contribute to hydration reactions in cementitious 
materials [76]. 

Afterwards, an extra grinding process was performed to further ho
mogenize the BA samples obtained and modify the grain size. As shown 
in Fig. 9, the particle size distribution of MBA and CBA were kept close to 
that of the PC used in this study. As described in Section 2.2.2.3, MBA 
and CBA were then blended into trial PC mixtures with a replacement 
ratio of 10% to evaluate their influences on the hydration products in the 
hardened state. It should be noticed that the remaining metallic Al 
content in treated BA did not result in visible swelling or cracking in 
hardened samples. This will be further validated by the strength 
development in Section 3.3.3. 

The solid powders of trial mixtures at the age of 28 days were 
analyzed with TGA and XRD. Mass evolution curves are plotted as a 
function of temperature in Fig. 10. The contribution from physically 

Fig. 7. Schematic sketch on grinding and sieving processes through the mechanical treatment.  

Table 8 
Chemical compositions of as-received and treated BA samples (mass %).   

CaO SiO2 Al2O3 ZnO MgO SO3 TiO2 K2O Fe2O3 MnO Other LOIa Metallic Alb 

BA (0–2 mm)  22.39  39.28  10.48  0.90  2.68  2.32  1.49  1.02  15.27  2.68  1.49  8.84  0.8 
MBA  21.34  46.24  10.20  0.75  2.21  0.86  1.12  0.82  13.94  1.54  0.98  4.77  0.13 
CBA  19.40  50.82  9.84  0.40  2.52  0.36  1.19  0.79  11.38  2.13  1.17  2.14  0.04 

aLOI measured by TG analysis at 950℃. 
bMetallic Al content measured by the dissolution test mentioned above. 

Fig. 8. XRD patterns of the as-received BA, MBA, and CBA.  
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bound water is negligible through solvent exchange and vacuum prep
arations [77]. As shown in Fig. 10, three major peaks could be identified 
in differential thermogravimetry (DTG) curves. Previous studies have 
proposed that the first peak in DTG curve below 300 ◦C is attributed to a 
series of reactions under an elevated temperature including the water 
loss from C-S-H and carboaluminate hydrates [78,79], as well as the 
decomposition of ettringite [80] and gypsum [78]. Further, the weight 
loss between 440 ◦C and 550 ◦C represents the dihydroxylation of por
tlandite (calcium hydroxide, which is a major type of hydration product 
in PC) crystal into lime [81,82]. Eventually, the last peak in DTG curves 
located between 700 and 900 ◦C refers to the decomposition of calcium 
carbonate phases [83]. Accordingly, the mass variations in different 
temperature regions are also summarized in Fig. 10, assigned to 
different types of hydration products. Compared to the reference mix, it 
was found that the mass loss below 300 ◦C in mixtures with 10% MBA 
and 10% CBA was reduced by 2.6% and 10.4%, whereas the mass loss 
correlated to portlandite phases declined by 26.4% and 32.3% in cor
responding mixtures, respectively. Results are in agreement with XRD 

patterns presented in Fig. 8 that more amorphous content in CBA were 
dissolved through the chemical treatment, leading to less hydration 
products than the mixture prepared with MBA. 

The mineralogical phases formed in trial mixtures at the age of 28 
days are displayed in Fig. 11. Similar XRD profiles have been observed 
among hardened samples. Ettringite and portlandite were characterized 
as main reaction products, which were extensively distributed over the 
range of XRD patterns. Calcite phases were identified as well, with a 
primary peak located at around 29.3◦. It was found that the intensity of 
peaks related to ettringite and portlandite phases slightly declined by 
replacing 10% PC with MBA. In the meantime, relevant crystalline 
phases in the sample with 10% CBA were further narrowed down, and 
some peaks even disappeared. Apart from that, quartz was detected in 
hardened mixtures with 10% MBA and 10% CBA (e.g. the peak located 
at 26.6◦), which is correlated to the high initial quartz content in BA 
samples. XRD results are consistent with TG analysis. It is indicated that 
MBA would contribute more to the hydration process as an SCM 
compared to CBA. 

To summarize, both mechanical and chemical treatment approaches 
have been employed to remove the metallic Al content in BA samples. 
Results indicate that both methods are efficient, and the chemical 
treatment has resulted in a relatively lower remaining metallic Al con
tent after pre-treatment. In view of the potential application as SCMs, 
the PC mixture with MBA replacement contains a higher amount of 
hydration products than that prepared with the same level of CBA. It was 
found that the amorphous phases in BA were dissolved through the 
chemical treatment, and MBA exhibited more contribution to the hy
dration process in PC mixtures. On the other hand, the chemical treat
ment is more time-consuming, and resulted in high alkalinity waste 
chemical solutions to be discharged in practical applications. Thereby it 
was determined to explore further the effect of applying MBA to 
partially replace PC in mortar mixtures, comparing to the performances 
by using BFS, FA, and MQ as reference substitute materials. As shown in  
Fig. 12, MBA particles were detected with an angular-shaped 
morphology, similar to those of PC, BFS, and MQ samples (Fig. 2). The 
porous hollow structures with microcracks and voids of as-received BA 
presented in Fig. 5 were not observed after the pre-treatment. The re
sults further indicate that the mechanical treatment has effectively 
declined the porosity in the BA matrix, which is also supported by the 
higher apparent density of MBA (2760 kg/m3) compared to that of as- 
received BA (2550 kg/m3) [84]. 

3.3. Application of treated BA as an SCM 

3.3.1. Reaction kinetics 
The effect of MBA and other substitute materials on reaction kinetics 

was investigated with calorimetry, and results are presented in Fig. 13 
and Fig. 14. 

Two major peaks were observed on heat flow curves along the hy
dration process, as shown in Fig. 13 (a). The first peak is ascribed to the 
wetting and initial dissolution of cement particles once in contact with 
the water content [85]. Followed by the induction stage where the rate 
of heat release is kept at a relatively low level. The induction period 
lasted for about 2.5 h in the reference mixture made of pure cement. It 
can be observed (enlarged view in Fig. 13 (a)) that the higher the MBA 
replacement ratio the longer the induction period was detected. Subse
quently, the onset of acceleration stage reactions was observed. In M3, 
the acceleration stage was initiated at about 10 h after wetting due to 
the high MBA content involved. As shown in Fig. 13 (a), the acceleration 
peak of the PC mixture consists of a main exothermic peak, accompanied 
by a sub-peak/shoulder located aside along the deceleration phase. It 
has been reported that in PC materials the main peak is attributed to the 
formation of C-S-H gels and crystalline portlandite phases [56], whereas 
the latter indicates that the calcium sulfate is consumed up, and the 
ettringite (AFt) formed is converted into monosulfate phases (AFm) 
[86− 87,76]. By replacing 10% PC with MBA, it was found that the 

Fig. 9. Particle size distribution of PC and treated BA samples.  

Fig. 10. TG and DTG curves of trail mixtures at the age of 28 days.  
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maximum heat flow in the former peak declined by 8.3%, while the heat 
flow of the shoulder referring to AFm phases was slightly reduced. In the 
mixture with 30% MBA, a broad shoulder occurred between 35 and 50 h 
(indicated with the red arrow in Fig. 13 (a)), which is consistent with 
results reported in previous studies [55,56]. It is indicated that the 
conversion from AFt to AFm phases was intensified with an increased 
MBA content, Meanwhile, the maximum heat flow at this stage in M2 
and M3 with a higher MBA content was delayed by 1.61 and 5.32 h 
compared to M1, respectively. Further, the MBA content also brought 
certain impact on the cumulative heat release, as presented in Fig. 13 
(b). Compared to M1, the cumulative heat release in M2 and M3 up to 
100 h declined by 8.3% and 20.8%, respectively. Results reveal that the 
inclusion of MBA has led to a retarding effect on the reaction kinetics, 
which is possibly ascribed to the inclusion of unburnt organic content (as 
illustrated in Table 2) [88–90]. 

The effect of various substitute materials on the reaction kinetics 
(with a constant replacement ratio of 10%) is presented in Fig. 14. It was 
found that they have all resulted in less intensive exothermic behavior 
during the early hydration process, associated with a slight extension of 
the induction period. Moreover, the inclusion of substitute materials 
also led to reduction of cumulative heat release. Mixtures with the inert 
filler MQ and FA exhibited more significant reduction compared to those 

prepared with BFS and MBA, indicating a less reactive nature of the 
substitute material during the early-stage hydration process. Up to 
100 h, the cumulative heat release in M2 and M4 was decreased by 
about 7.5% compared to the reference mixture. 

3.3.2. Workability 
The workability of PC mixtures with different substitutes was 

assessed with the flow table test according to ASTM C1437 [71], as 
illustrated in Fig. 15. Results were taken as the average of two mea
surements, and it can be seen that all measurements lie within a ± 10% 
error band with respect to the average value. It is indicated that the 
inclusion of MBA, BFS, and MQ did not result in significant impacts on 
the workability of PC mixtures. This might be attributed to their similar 
particle size distribution and particle morphology as compared to PC 
(Fig. 1, Fig. 2, Fig. 9, and Fig. 12), and thereby did not result in a sig
nificant impact on the particle interactions in fresh mixtures. Partially 
replacing PC with FA slightly improved the spread diameter, which is 
ascribed to the spherical particle shape and ball-bearing effects [91,92]. 

3.3.3. Strength development 
Compressive strength development of different mixtures was deter

mined according to EN 196–1 [63] at 1,7, and 28 days, as shown in  

Fig. 11. XRD patterns of trail mixtures at the age of 28 days.  

Fig. 12. Morphology of MBA particles by SEM (1000×magnification, with an accelerating voltage of 10 kV).  
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Fig. 16. It should be noted that the results were taken as the average 
strength of three specimens, and all measurements have fallen within a 
± 10% error band with respect to the average value. The inclusion of all 
substitute materials has resulted in certain reductions of strength in 
hardened samples. In the reference mixture, the first day compressive 
strength of 9.0 MPa was detected, while the 28-day strength reached 
54.1 MPa. By applying 10% and 30% MBA, the 28-day strength declined 
by 16.7% and 35.6%, respectively. Mixtures prepared with BFS exhibi
ted the lowest strength reductions compared to the reference mixture, 
indicating higher reactivity of BFS than other substitute materials. In the 
meantime, FA mixtures showed less strength development at early ages 
(1 and 7 days) compared to mixtures with the same replacement ratio of 
MBA. However, they have developed nearly the same level of strength 
after 28 days. Eventually, M8 and M9 with MQ replacement were 
detected with the lowest strength development among all substitute 
materials, since MQ content as inert fillers seldom contribute to the 
hydration in PC mixtures. 

The first day strength development in mortar mixtures is in line with 
the 24-h cumulative heat release detected by calorimetry (enlarged view 
in Fig. 14 (b)). Moreover, it is noteworthy that the remaining metallic Al 
content in treated BA did not lead to significant impact on the strength 
development. Mixtures with MBA substitutions showed higher 
compressive strength than those prepared with MQ at all curing ages. It 
has been revealed that MBA derived in this study exhibited better per
formance compared to inert fillers (MQ), which could be considered as 
an SCM in PC mixtures. The results further illustrate that MBA may 
provide a better contribution to the early strength development than FA 
in PC mixtures, whereas the performance is still worse than that of BFS. 

3.4. Perspectives 

Results presented above indicate that fine fractions of MSWI BA after 
the mechanical treatment proposed in this study could be potentially 
applied as an SCM in cementitious composites. However, it should be 
noted that the investigations performed remain on a laboratory scale, 
while more upscaling tests have to be performed to promote the in
dustrial application of fine MSWI BA in the construction field. Moreover, 
the current study focused more on the characterization of BA as an SCM, 
while more insights into the macrostructural properties (e.g. volume 
stability, chemical resistance, durability, etc.) are needed in future work 

Fig. 13. Heat evolution as a function of time in mixtures with MBA at different 
replacement levels (a) Normalized heat flow; (b) Cumulative heat release. 

Fig. 14. Heat evolution as a function of time in mixtures with different sub
stitute materials (a) Normalized heat flow; (b) Cumulative heat release. 

Fig. 15. Flow diameters of mortar mixtures with different substitute materials 
(Results were taken as the average of two measurements, the error bar repre
sents the standard deviation). 
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to better assess the performance of structures made of fine MSWI BA. 

4. Conclusions 

This study attempts to explore the potential application of the fine 
fraction (0–2 mm) of municipal solid waste incineration (MSWI) bottom 
ash (BA). Different mechanical and chemical treatment approaches have 
been employed to reduce the metallic Al content in BA. Treated BA 
samples were blended in cement mixtures to assess their effects as a 
supplementary cementitious material (SCM) to replace Portland cement 
(PC). The following conclusions could be drawn according to the 
experimental results:  

• In the 0–2 mm fraction, BA particles with a smaller grain size are 
more amorphous with less metallic Al, but contain higher chloride, 
sulfate, and unburnt organic matters. Meanwhile, the hazardous el
ements are less detected in BA with the increase in particle size. 
However, the metallic Al content in BA is apparently increased while 
the particle size is greater than 0.5 mm.  

• The mechanical treatment was designed with low-speed grinding 
and sieving steps to separate the metallic Al in BA. It was detected 
that the remaining metallic Al content in treated BA first decreased 
but later increased with an extended grinding time, whereas coarser 
BA particles could not be crushed to pass the sieve with insufficient 
grinding. Grinding with 250 rpm for 30 min was considered as the 
most beneficial mechanical treatment approach which removed 84% 
of the metallic Al in BA and obtained 89% treated BA to pass through 
the sieve.  

• High-speed grindings have resulted in high temperatures in the 
grinding jar, associated with the reduction in metallic Al content. 
This is possibly attributed to the accelerated oxidation of crushed 
metallic Al powders under elevated temperature conditions. How
ever, it is more energy-consuming compared to low-speed and short- 
term grinding conditions.  

• The chemical treatment with a sodium hydroxide solution was found 
to be more effective than the mechanical treatment, which reduced 
the metallic Al content by 95% in treated BA. However, BA after 
chemical treatment has led to less contribution to form hydration 
products in trial mixtures. The results indicate that BA after the 
mechanical treatment performs better as an SCM than those treated 
with chemical solutions. 

• The inclusion of BA after mechanical treatment as partial substitu
tion has resulted in a retarding effect on the hydration kinetics in PC 
mixtures. Moreover, calorimetry results suggest that the conversion 
from ettringite (AFt) to monosulfate (AFm) phases was intensified 
with an increased BA replacement ratio.  

• By replacing 10% and 30% PC with BA obtained from the mechanical 
treatment, the 28-day compressive of hardened mortars was reduced 
by 16.7% and 35.6% compared to the reference mixture, respec
tively. Results illustrate that treated BA behaves better at early ages 
than the coal fly ash as an SCM to contribute to the strength devel
opment, but is still not comparable to the blast furnace slag. Further, 
treated BA did not lead to a significant influence on the workability 
of blended mixtures. It is feasible to apply treated BA obtained from 
this study to partially replace PC in practical applications. 
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