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ABSTRACT: Introduction. Recent years have seen a pressing need to dispose of municipal solid waste due to rapid urbanization. 
The municipal solid waste incineration fly ash (MSWIFA) produced from solid waste incineration power plant exhibits pozzolanic 
properties and poses concern of toxicity leaching when used directly as building materials. This paper presents an alkali-activation 
method to produce sustainable alkali-activated MSWIFA materials (AAFMs) with various MSWIFA dosages and investigate the cor-
responding fabrication and performance. Materials and Methods. Composited alkali activators activate the MSWIFA with constant 
alkalinity of 5% and the molar ratio of Si/Na = 0.86. The resulting geopolymers' bulk densities, mineral composites, morphology, 
and compression strength are thoroughly examined. Results and discussions. Results show that the use of MSWIFA may lead to 
more loose structures because the bubbles are generated from metallic aluminum and alkali activators. Additionally, the produc-
tion of multiple crystals also accounts for increasing porosity. The generated multi-crystals such as Sylvite, Halite, Hydrocalumite, 
Calcium Hydroxide, and Ettringite are further detected from the morphology and mineral analysis. Furthermore, compression tests 
and toxicity characteristic leaching procedures (TCLP) are conducted to investigate the mechanical performance and heavy met-
als solidification performance of AAFMs, with an optimal compression strength of 19.99MPa at 28 days for AAFM-10 while toxicity 
leaching is subject to regularity limits. Conclusions. This study shows that great potential of using the alkali-activation method to 
recycle hazardous municipal solid fly ash into construction materials with both ecological safety and high performance.
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1. INTRODUCTION

Municipal solid waste has garnered widespread at-
tention, posing substantial environmental and eco-

nomic challenges [1]. Low disposal efficiency and high 
ecological and economic costs impose a heavy burden on 
waste management. Specifically, waste landfill exacerbates 
land consumption and causes secondary land pollution [2, 
3]. Meanwhile, biodegradation is considered as a limited 
method since microbes are only active to partial wastes 
in the short term and introduce more environmental risks 
in an extended period. Compared with the above disposal 

methods, incineration is considered as a great alternative 
due to its effective mass/volume reduction of waste by 
70/90%, respectively, and its more straightforward treat-
ment process, low cost and even the potential of power-
generation [4]. Besides, the incineration waste residue 
shows excellent potential as a source of construction ma-
terials that may help mitigate carbon emissions caused by 
cement production and further elevate the resource utili-
sation and revolution of green materials and construction.

The municipal solid waste incineration residuals are 
generally composed of municipal solid waste incineration 
fly ash (MSWIFA) and municipal solid waste incineration 
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bottom ash (MSWIBA) [5]. Containing similarly fun-
damental chemicals such as Al2O3, CaO, and SiO2 with 
OPC, MSWIFA is expected as raw materials to agglom-
erate and burn clinker or play a role as supplementary 
cementitious materials (SCMs) to produce other con-
struction materials such as Strain hardening cementitious 
composites (SHCC) [6]. The MSWIFA also feature high 
heavy metal leaching and high concentration chlorides, 
which may have risks in contaminating groundwater and 
soil if leached, although only approximately 20% of total 
residual volume. Consequently, wise strategies are nec-
essary to solidify the heavy metals before direct using 
MSWIFA as the ideal SCM. Various chelating agents are 
well developed for heavy metal immobilisation, while the 
MSWIFA after processing may still end up in landfill sites 
rather than used as construction materials. It has been 
reported that cement solidification/immobilisation can 
effectively reduce the potential of heavy metal leaching 
[7]. However, the extra consumption of cement may run 
counter to reducing carbon emissions [8]. Conversely, 
from current research, heavy metal solidification/im-
mobilisation of MSWIFA by the alkali-activation method 
may present a possible solution to considering service 
performance and environmental effects.

Alkali activation (Geopolymerization) is defined as 
the reaction of a solid aluminosilicate precursor under 
alkaline conditions or induced by the alkali activator to 
produce a hardened binder based on a combination of 
hydrous alkali-aluminosilicate and alkali-alkali earth-
aluminosilicate phases [9]. The general mechanism of 
geopolymerization involves the dissolution, migration, 
gelation, reorganization,  polymerization, and harden-
ing of aluminosilicate precursors [10]. The final prod-
ucts mainly contain various disordered, high-molecular, 
and well-connected sodium-aluminate-silicate-hydrate 
(N-A-S-H) gels networks in which basic metal cations 
(e.g., K+, Na+ and Pb+) are incorporated to balance the 
charge in these structures. The most common precur-
sors used to produce alkali-activated materials (geopoly-
mers) are wastes or industrial by-products, which may 
be derived from various resources and industrial activi-
ties such as Coal Fly Ash (CFA), Ground-granulated 
Blast Furnace Slag (GGBS), Red Mud (RM) [11, 12] 
and Municipal Solid Waste Ash (MSWA). The utilisation 
and transformation of industrial by-products as renewed 
raw materials significantly control emission footprint and 
are promoted as an environmentally beneficial option in 
engineering practice.

While alkali activation of high-pozzolanic solids such 
as CFA and GGBS has received considerable attention, 
the fabrication and performance of AAFMs, especially 
in terms of mechanical performance and environmental 
safety (heavy metal leaching behaviours), have not been 
well-studied. Recently, some studies on AAFMs have 
been conducted in conjunction with using MSWIFA as 

an aluminosilicate precursor. The dehydrated cementi-
tious waste (DCW) is employed as a binder substitute to 
produce a DCW-IFA paste that exhibits the anticipated 
solidification/immobilization action on heavy metals such 
as Pb [13]. AAFMs can also be synthesized using a ter-
nary binder composed of MSWIFA, OPC, and Metaka-
olin (MK). The presence of metakaolin significantly 
reduced the amount of heavy metals released from the 
binder matrix [14]. A composite binder comprising 50% 
wt. MSWIFA, and 50% wt. OPC is intended to fabri-
cate AAFMs with a compression strength of more than 
18.8 MPa at 28 days [15]. Moreover, existing metallic 
aluminum in MSWIFA/MSWIBA has also garnered 
considerable interest owing to its rapid burning of alu-
minum waste and formation of a protective oxidized coat-
ing [16,17]. Aluminum may result in a porous structure, 
lowering the mechanical property. Additionally, the mi-
crostructure is discovered using a visual approach, which 
reveals crystals with various forms and porous morphog-
raphy [18].

This research aims to investigate the alkali-activated 
fabrication procedures and performance, which help reuse 
the MSWIFA as sustainable construction materials with 
high performance. In this study, the geopolymers made 
by proper activators and gradient MSWIFA dosage are 
firstly fabricated. Subsequently, the tests of morphology 
and mineral analysis of pastes are conducted to show the 
physical and chemical properties of AAFMs. Further-
more, the mechanical property is of primary concern and 
determined by compression tests to examine the funda-
mental loading capacity as construction materials. Heavy 
metal leaching tests are finally conducted to simulate so-
lidification performance in complex natural environments 
for the sake of environmental safety.

2. MATERIALS AND METHODS

2.1. Materials

The municipal solid waste incineration fly ash is col-
lected from a waste incineration power station in Weifang, 
Shandong Province, China. The solid precursors may also 
contain Coal Fly Ash (CFA), Ground-granulated Blast 
Furnace Slag (GGBS) and 42.5 MPa Ordinary Poland 
Cement (OPC) as significant aluminosilicate resources 
produced from a thermal power plant (Meizhou, China), 
Wuxin Materials Company (Wuhan, China) and Huaxin 
Cement Corporation (Wuhan, China), respectively. Fig. 1 
presents particle distributions of MSWIFA. From the fig-
ure, most MSWIFA particles range from 0.93–103 μm 
with the average particle size of 9.87 μm, while the mean 
size of CFA and GGBS particles are 18.3 and 13.7 μm, 
respectively. The chemical compositions of these raw 
materials are then determined by an X-ray fluorescence 
spectrometer (XRF), as shown in Table 1. The alkaline 
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activators used in this research are composited of analyti-
cally pure Sodium Hydroxide (NaOH, 99% wt.) and So-
dium Metasilicate pellets (Na2SiO3●5H2O, 99% wt.), both 
produced from Zhiyuan Chemical Company (Tianjin, 
China). Additionally, deionised water is used to prepare 
these geopolymers.

2.2. Mixture design

The mix design in this work contains a total of 
12 groups of mixtures, as shown in Table 2. The alkali 
activators are configured from the table by adjusting the 
relative amounts of Sodium Hydroxide, Sodium Metasili-
cate, and deionised water. The solutions for all mixtures 
are set as constant alkalinity of 5% with the same molar 
ratio of Si/Na = 0.86. In binders, the dosage of GGBS ac-
counts for 50% weight of the binder (MSWIFA + CFA + 
GGBS) in each group, while CFA replaces the IFA from 
0% to 50%. This water/solid ratio also keeps constant as 
W/S = 0.39.

2.3. Preparation process

The binder powders and corresponding solid al-
kaline pellets (NaOH + Na2SiO3●5H2O) are firstly 
dry-mixed for 2 mins to reach a homogeneous state. 
Subsequently, the deionised water is poured into the 
homogeneous mixtures and blended in a low speed for 
the 30 s, high speed for 1min, and finally 30s at a low 
rate. After mixing, the fresh geopolymers are finally pro-

Fig. 1. Particle size distribution of MSWIFA

Table 1
Chemical compositions of MSWIFA (wt. %)

Composition Weight

CaO 49.34
Cl 19.40

Na2O 9.58
SO3 8.30
K2O 7.29
SiO2 2.34
MgO 1.06
Fe2O3 0.736
Al2O3 0.671
ZnO 0.420
P2O5 0.263
TiO2 0.158

Br 0.101
PbO 0.100
CuO 0.0418
MnO 0.0355
SrO 0.0288
BaO 0.0267
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duced with proper workability and fluidity. The above 
geopolymer pastes are then cast in molds with the size 
of 50×50×50 mm and cured under the lab conditions 
for 7 and 28 days after demolding.

2.3.1. Tests and Characterization

2.3.1.1. Bulk Density
Bulk density is a sufficient index of structure com-

pactness. A micrometer scale directly weights the mass 
of geopolymers, while the volume can be measured by 
the Archimedes drainage method. The bulk density is 
finally calculated by dividing the mass of the sample by 
the volume of displaced water.

2.3.1.2. Morphography
The microtopography of geopolymers is obtained by 

a Zeiss Merlin scanning electron microscope (SEM). 
After pre-heating at 60oC to evaporate the inner water, 
the specimens are cut into dimensions under 0.5 cm and 
coated with Pt by a coating machine to enhance surface 
charging. The accelerating voltage and current are 5 kV 
and 5 mA under the SE2 channel pattern. Coupled with 
SEM, element analysis is also conducted to characterize 
the elementary composites of specific areas and points 
in the images by an Apollo X energy dispersive system 
(EDS). 

2.3.1.3. Mineral analysis
X-ray diffraction (XRD) is carried out to reveal the 

crystalline phases of MSWIFA-based geopolymers via 
diffractometer (Bruker D8 Powder). The diffraction is 
operated at 40 kV and 40 mA with a Cu Kβ of 1.54056 Å. 
The diffraction range is set from 6.25 deg to 90 deg with 
an interval of 0.02 deg per step. Powder samples for XRD 
tests are crushed and sieved under 45μm-sized sieves and 
evenly laid on the slides.

 2.3.2. Compression tests
The compression strength of MSWIFA-based geopoly-

mers is determined by an unconfined uniaxial compres-
sion test according to ASTM C109 [19]. The dimension of 
samples is set as 50×50×50 mm. The prepared specimens 
are then loaded in a multi-function mechanical testing 
machine (Weeping brand, China) with a rate of 50 N/s. 
An automation software records the loading force and the 
displacements until failure. The compression tests are per-
formed at curing age of 7 day and 28 day, respectively.

2.3.3. Toxicity characteristic leaching procedure (TCLP) 
The leaching test is conducted by the horizontal os-

cillation method to determine the toxicity of samples in 
accordance with GB 16889−2008 [20]. The solid sam-
ples are firstly broken down and crushed into fragments 
(< 9 mm). After that, the crushed chippings were dis-
solved and emerged in 5% glacial acetic acid at liquid-sol-
id ratio (L/kg) 20:1. Then all the suspensions are set into 
conical flasks and shook at a vibration frequency of 110 ± 
10 times/min and an amplitude of 40mm under a hori-
zontal oscillation shaker. The mixtures were firstly shaken 
for 8 hours under laboratory conditions and then kept 
steady for another 16 hours. After filtering by a 0.45 μm 
filter in a Buchner funnel, the leachate was collected and 
tested via an Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES, Perkin Elmer). The regular 
limit of concentrations of leached heavy metals including 
Zn, Pb, Cu, Ba, Cr, and Cd are 100, 0.25, 40, 25, 4.5, and 
0.15 mg•L–1, respectively. 

3. RESULTS AND DISCUSSION

3.1. Bulk Density

Fig. 2 shows the bulk density of AAFMs. From the 
result, the AAFMs’ bulk density is inversely related to 

Table 2
Mixture proportions of AAFMs

Proportion by weight
MSWIFA CFA Slag Cement

AAFM-0 0 0.5 0.5 0
AAFM-10 0.1 0.4 0.5 0
AAFM-20 0.2 0.3 0.5 0
AAFM-30 0.3 0.2 0.5 0
AAFM-40 0.4 0.1 0.5 0
AAFM-50 0.5 0 0.5 0
CS-50 0.5 0 0 0.5

Water/Solid Ratio = 0.39; Si/Na = 0.86 in activators.
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the MSWIFA dosage in precursors. As indicated, the 
bulk density of AAFM-10 reaches around 1.55 g/cm3, 
whereas it drops to 1.36 g/cm3 at sample AAFM-50. The 
decreased compactness of AAFMs may be attributed to 
two main reasons. First, the bubbles generated in paste 
lead to high porosities of AAFMs. The hydrogen releases 
because of the reaction between the residual metallic 
aluminum in MSWIFA and alkali [16,21], thus decreas-
ing the bulk density. The other reason is that more loose 
interior structures are produced due to the generation of 
multiple crystals. This point can be verified in Sections 
3.2 and 3.3.

3.2. Morphography
The morphology of each AAFM sample at 28 days is 

shown in Fig. 3, which consists of some typical shapes 
of crystal such as needle-like crystals (Fig. 3(a)), flakes 
(Fig. 3(b)) and fluffy-like crystals(Fig. 3(c))  [13, 15, 22]. 
Fig. 3 shows the morphology difference of AAFMs caused 
by MSWIFA dosage in the same fabrication method. It is 
easy to identify that Fig. 3 (d) has more unreacted par-
ticles while less amorphous C-(N)-A-S-H gel due to more 
unreactive contents in MSWIFA than replaced CFA, 
indicating that the alkali-activation reaction is almost 
inadequate. From the chemical composites of MSWIFA 
Fig. 4, the insufficient contents of silicate and aluminum 
may help explain less geopolymerization production, mi-
crocracks, and low compressive strength.

3.3. Mineral analysis
The XRD spectrum of original MSIWFA powder and 

AAFMs are presented in Fig. 4. The main crystal phas-
es of AAFMs are Calcite, Portlandite, Hydrocalumite, 
Ettringite and Anhydrite. For the control group without 
MWSIFA(ASTM-0), typical crystal phase hydration 
products such as Calcium Hydroxide (Ca(OH)2), Hydro-
calumite, and Ettringite (Ca6Al2(SO4)3(OH)12•26H2O) 
are detected (Fig. 4). Additionally, the presence of Cal-
cium carbonate (CaCO3) may be attributed to the car-
bonation of calcium hydroxide (Ca(OH)2) during sample 
preparation. New crystals such as Portlandite and Hy-
drocalumite are detected because MSWIFA was added 
in [13], which is also identified in the original MSWIFA 
in Fig. 4. Contrarily, the peak of Calcite and Hydrocalu-
mite tends to increase. Specifically, it is already reported 
that the Hydrocalumite existed in the form of a chloride-
bearing phase, that is, C1H43Al4Ca8Cl2O36 [23]. The extra 
chloride was introduced with high contents in MSWIFA, 
and Hydrocalumite is one of the main crystalline chlo-
ride-aluminium-calcium products after geopolymeriza-
tion [24].

3.4. Compression Strength
Fig. 5 illustrates the compressive strength of specimens 

at 7th days and 28th days, respectively. As shown in Fig. 5, 
the dosage of MSWIFA used in raw materials has a nega-
tive effect on the compression strength of geopolymers 

Fig. 2. Bulk density of AAFMs
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Fig. 3. Morphology of (a) Needle-like crystals (b) Flakes (c) Fluffy-like crystals (d) C(N)-A-S-H gels

Fig. 4. Mineral analysis of MWIFA and AAFMs

a b

dc
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[6, 25]. The sample (AAFM-0) made without MSWIFA 
gains the highest compressive strength at 28 days at 
around 32.8 MPa while decreasing to 6.0 MPa at Sample 
AAFM-50 with a mass fraction of 50% MSWIFA. There 
are two primary explanations for the adverse effects, first 
the quantity of active aluminosilicate in MSWIFA reduces 
in comparison with the amount of CFA substituted in the 
precursor, indicating that less N(C)-A-S-H gel is gener-
ated; the oher cause is that more residual aluminum in 
high dosage MSWIFA reacts with alkali during geopo-
lymerization, generating hydrogen gas and reducing the 
compactness of geopolymers, hence lowering compres-
sion strength.

3.5. Toxicity Leaching Performance
The toxicity leaching performance of raw MSWIFA 

and AAFMs synthesised by different MSWIFA dosages 
is shown in Table 3. The quantity of MSWIFA utilised 
in AAFMs seems to be growing as the concentration 
of hazardous heavy metals in AAFMs rises. Further-
more, samples generated using alkali-activated tech-
niques (AAFM-50) had a more significant solidification 
impact on all heavy metals leaching behaviours than 
cement-solidified samples (CS-50), indicating that 
alkali-activation is a more effective way for heavy met-
als solidification [26, 27]. Alkali-activated technologies 
improve solidification efficiency and expand the applica-

tion scope of AAFMs while lower emissions and cost as 
structural materials.

In particular, the concentrations of Zn, Cu, Ba, and 
Cr in AAFMs and original MSWIFA are lower than the 
GB 16889-2008 standard limitations [20]. Conversely, 
Pb content fails to meet the standard criteria for samples 
with MSWIFA dosages greater than 10% wt. Moreover, 
the concentration of leached Cd in AAFM-50 exceeds 
the limit of 0.15 mg/L in standard. When the MSWIFA 
dose reaches 10% wt. in binders, the toxicity leaching 
performance of AAFM-10 proves to be a sustainable 
building material because of excellent environmental 
safety.

4. CONCLUSION AND FUTURE RESEARCH

This paper has reported the fabrication and perfor-
mance of sustainable municipal solid waste incineration 
fly ash alkali-activated materials (AAFMs) in construc-
tion. The following conclusions can be drawn from this 
research.

● The feasibility of synthesizing AAFMs with compos-
ited activators of sodium hydroxide and sodium metasili-
cate has been experimentally validated in this study. The 
inner structure of AAFMs containing MSWIFA is proved 
to be loose, and the bulk density tends to be inversely 
proportional to MSWIFA dosage. The bulk density of 

Fig. 5. Compression strength of AAFMs
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Table 3
Heavy metals concentrations in the TCLP leachates at 28 days

TCLP (mg•L–1)

Zn Pb Cu Ba Cr Cd

GB16889−2008 100 0.25 40 25 4.5 0.15
AAFM-0 0.068 0.02 0.041 1.82 0.044 0.001
AAFM-10 0.511 0.032 0.048 1.505 0.046 0.007
AAFM-20 1.601 0.364 0.064 0.779 0.053 0.011
AAFM-30 2.54 0.512 0.072 0.787 0.061 0.014
AAFM-40 5.159 0.756 0.097 0.851 0.062 0.036
AAFM-50 7.996 0.992 0.202 0.869 0.064 0.138
CS-50 9.645 1.298 0.594 1.007 0.091 0.428
MSWIFA 12.87 1.588 1.17 1.113 0.113 0.798

AAFM-10 is around 1.55 g/cm3 and falls to 1.36 g/cm3 
when the MSWIFA dose reaches 50%. 

● Multiple polymerization products have been ex-
plored in detail. According to mineral analysis and tomog-
raphy, many crystal phases and amorphous N(C)-A-S-H 
gels are detected. In hardened AAFMs, KCl, Ettringite, 
Ca (OH)2 and CaCO3 are recognized from an XRD pat-
tern, while needle-like crystals, fluffy-like crystals and 
flakes are observed using SEM.

● The AAFMs obtained a relatively high mechanical 
performance. The compression strength of AAFM-10 
reaches 19.99 MPa, whereas it decreases to 6.43 MPa at 
the 28th day in the case of AAFM-50, which allows the 
possible application as structural materials. In addition, 
the MSWIFA dosage has detrimental influence on the 
compression strength of AAFMs.

● AAFMs have greater efficiency than cement in so-
lidifying/immobilising heavy metals and increasing en-
vironmental safety. The sample AAFM-10 demonstrates 
toxicity leaching performance within regulatory limits, 
with a dosage of MSWIFA of 10% wt.

Although the fabrication techniques and performance 
of AAFMs are thoroughly examined in this research, the 
workability and durability are not thoroughly examined. 
Setting time, fluidity, and cost may influence the imple-
mentation of MSWIFA-based AAFMs. Moreover, long-
term leaching behaviours and treatment on additional 
harmful compounds should be explored before the engi-
neering use of the MSWIFA. Furthermore, some innova-
tive methods including nano technologies [28–32] could 
be incorporated to better dispose MSWIFA in a sustain-
able way.
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