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Abstract
The proper disposal of municipal solid waste incineration fly ash (MSWI FA) is necessary due to the presence of hazardous
metals (Cu2+, Zn2+, Pb2+ and Cd2+). The solidification/stabilization through alkali-activated cementitious materials (hav-
ing aluminosilicates) is regarded as one of the best methods for its disposal. In this paper, an uncalcined coal gangue–based
alkali-activated cementitious material was used to solidify the MSWI FA. The compressive strength of these cementitious
materials was evaluated through different contents of alkali activators, SiO2/Na2O molar ratios, liquid/solid ratios and
curing temperatures by utilizing a single-factor experiment. The specimens with the highest compressive strength
(31.37 MPa) were used for solidification of MSWI FA. The results indicated that compressive strength decreased with
the addition of MSWI FAwhich caused the higher leaching of heavy metals. The solidification efficiencies of Cu2+, Zn2+,
Pb2+ and Cd2+ were more than 95%. In addition, leaching concentrations had not surpassed the critical limit up to 20%
addition of MSWI FA in solidified samples and representing the potential application of these samples for construction and
landfill purposes. Heavy metals in MSWI FAwere solidified through physical encapsulation and chemical bonding which
was verified by speciation analysis, X-ray diffraction, Fourier transform infrared spectrometry and scanning electron
microscopy with energy dispersive spectrometry analyses.
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Introduction

Rapid industrialization and urbanization have resulted in an
increase of various industrial solid wastes, e.g. municipal solid
waste incineration fly ash (MSWI FA) and coal gangue (CG).
The presence of toxic heavy metals, furans and dioxins in
MSWI FA makes it toxic waste. According to an estimation,
more than 4 million tons of MSWI FA in China has been
generated in 2016 (Du et al. 2018; Yue et al. 2019). Another
problem associated with MSWI FA is its random stacking in
the form of heaps has occupied a large volume of land.
Therefore, it is need of time to address these problems prop-
erly which can limit the leaching of heavy metals from these
heaps and save the land.

In the past, several technologies have been carried out for
the treatment of hazardous wastes, but solidification/
stabilization is considered as the best available technology
because of its effectiveness for almost 57 kinds of different
wastes (Muhammad et al. 2018). Ordinary Portland cement
(OPC) was widely used as a solidifying agent (Chen et al.
2019; Wang et al. 2019a, 2018a). Nevertheless, OPC has sev-
eral disadvantages including low mechanical strength, high
consumption of energy along with input resources and high
emission of CO2. Hence, the high investigational value re-
garding the development of new solidification/stabilization
materials which have superior properties and have a good
market outlook is required.

The AAM is an inorganic polymer, which is formed by the
reaction of source materials (rich in aluminosilicates, e.g. in-
dustrial by-products, natural minerals or wastes) with an alkali
activator (Benito et al. 2013). Several common raw materials
are used for the synthesis of AAM such as coal fly ash
(Giasuddin et al. 2013), blast furnace slag (Kumar et al.
2019) and calcined clays (e.g. metakaolin) (Pelisser et al.
2013). Generally, the geopolymerization process or alkali ac-
tivation process proceeds in the following order: (i) dissolu-
tion, the source material is dissolved into its precursors, i.e.
aluminium and silicon upon reaction with a strong alkaline
solution; (ii) recombination and replacement among dissolved
ions; (iii) gelation, C-(A)-S-H and N-A-S-(H) gels are formed;
(vi) solidification and strengthening of gels; (v) continuous
formation of gel results in crystallization (Reig et al. 2013).
In comparison with OPC, the superior properties (eco-friend-
ly, good mechanical properties, high resistance against corro-
sion and temperature, etc.) of AAM are more favourable for
solidification of toxic heavy metals (Istuque et al. 2019;
Moukannaa et al. 2019).

The solidification efficiency of geopolymer/AAM regard-
ing waste stabilization/toxic metals is measured through me-
chanical properties and the leaching process, while the
leaching process and strength have an inverse relation (Bie
et al. 2016; Pereira et al. 2009). The final properties such as
mechanical properties of AAM are influenced by several

factors which include source material, alkali activator ratio,
water content, curing temperature, nature and concentration
of wastes. The effect of these factors on compressive
strength was studied by Muhammad et al. (2018) and they
had verified the previous statement. Komnitsas et al. (2015)
had found maximum compressive strength at 10 M concen-
trations of NaOH after utilizing four different concentrations
(8, 10, 12 and 14 M). According to them, its higher concen-
tration remains unreacted because of the increase in residual
concentration, while the lower concentration of NaOH cannot
provide the required alkalinity in geopolymer binder.
Therefore, lower and higher concentrations of NaOH
resulted in a decrease in strength. Regarding the SiO2/Na2O
ratio, Gao et al. (2014) had found that a higher compressive
strength was attained by using the SiO2/Na2O ratio of 1.50.
They had explained that the lower ratio of SiO2/Na2O resulted
in the inhibition of dissolution of aluminosilicates and its
higher ratio had a negative effect on the workability of
geopolymer paste which inhibits the geopolymerization pro-
cess. Hence, strength decreased ultimately. Similarly, water
content and curing regime are also crucial factors regarding
the geopolymerization process and strength development
(Aredes et al. 2015; Zuhua et al. 2009).

A number of scientists had immobilized various kinds of
wastes in geopolymer/AAM (Hu et al. 2018; Lee et al. 2016;
Santa et al. 2016; Wang et al. 2019b; Ye et al. 2016).
Muhammad et al. (2018) had found that a reasonable range
of Pb2+, Cr6+ and Cd2+ could be effectively immobilized in the
geopolymer matrix through chemical and physical ways and
the addition of these metals had affected the geopolymer struc-
ture (compressive strength) to varying degrees. Lee et al.
(2016) had studied the immobilization efficiency and mecha-
nism of Pb2+ ions in fly ash–based cementitious materials and
found that compressive strength decreased with the incorpo-
ration of Pb2+. Besides, they also found that immobilization
efficiency was largely dependent on the Si/Al ratio of
geopolymer because large numbers of Al3+ species give rise
to a negative charge which favours the immobilization of Pb2+

cations. Furthermore, Diaz-Loya et al. (2012) had solidified
the MSWI FA by using AAM (coal fly ash–based
geopolymer). They observed that the leaching concentration
of heavy metals did not surpass the safe limits and the me-
chanical properties of solidified bodies (containing 60% of
MSWI FA) were suitable for construction applications.
These studies showed that AAM has momentous potential to
immobilize various kinds of wastes including MSWI FA
which has toxic metals including Cu2+, Zn2+, Pb2+ and Cd2+.

CG is a solid waste which is a by-product of coal mine
industries. According to an estimation, CG has been the top
industrial solid waste in China with a total production of 4.5–
5.0 billion tons (Deng et al. 2017; Dong 2018; Huang et al.
2018). The piling up of CG will not only occupy a large
amount of land but also cause natural disasters such as
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landslides and mudslides. Recently, cementitious materials
preparedwith CG have beenwidely used in building construc-
tion. Basically, CG has fairly stable crystal structures includ-
ing kaolinite and quartz which limit the cementitious activity.
Therefore, CG is subjected to calcination at a higher temper-
ature (> 600 °C) to improve its cementitious activity and it is
used for the preparation of AAM (Liu et al. 2013; Zhang et al.
2011). However, this process (calcination) consumes a lot of
heat energy likewise OPC. In order to save the heat energy,
uncalcined CG was utilized for the preparation of AAM and
then it was used for solidification of MSWI FA to limit the
leaching of heavy metals.

In the present study, uncalcined CGwas subjected for prep-
aration of geopolymer/AAM and solidification of MSWI FA.
The compressive strength of pure solidified AAM (without
the addition of MSWI FA) was investigated by using different
ratios of alkali contents, SiO2/Na2O molar ratios, liquid-to-
solid (L/S) ratios and curing temperatures via a single-factor
experiment. The specimen with the highest compressive
strength was used for solidification of MSWI FA. In addition,
the characteristic and solidification mechanism of CG-based
cementitious materials were analysed by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy with energy dispersive spec-
trometry (SEM-EDS).

Materials and methods

Materials

The CG used in this experiment was brought from Shuozhou,
Shanxi Province, China. It was sieved through a 325-mesh
sieve after drying (105 °C) and milling/grinding for 12 h.
The MSWI FAwas obtained from a waste incineration power
plant situated in Chongqing, China (incineration unit ≥
950 °C). It was also dried at 105 °C and sieved through a
200-mesh sieve (75 μm) after 3 h of ball milling. Alkali acti-
vators were synthesized using analytical-grade sodium hy-
droxide (NaOH) and sodium silicate (Na2SiO3·9H2O).
Deionized water was used throughout the experiment.

Experimental methods

Specimen preparation

The solidified bodies without MSWI FA were prepared by
mixing and stirring the dried CG in activator solution for
10 min to make the dense paste. The moulds (20 mm ×
20 mm× 20 mm) were filled with dense paste and placed in
an oven under specified temperature (30, 45, 60, 75 or 90 °C).
After 24 h, the samples were demoulded and cured for the
specified time at room temperature. The specifications of

different parameters in the single-factor experiment, i.e. alkali
activator content, SiO2/Na2O molar ratio, L/S ratio and curing
temperature are presented in Table 1. The purpose of studying
various proportions of these parameters was to achieve the
highest compressive strength.

Regarding the immobilization of waste, the different con-
centrations of MSWI FA (up to 60%) were substituted for CG
(having highest compressive strength) on mass bases and so-
lidified bodies were prepared as previously mentioned.

Compressive strength test

The compressive strength of the alkali-activated cementitious
materials (AAM) was tested by AGN-250 universal testing
machine (Shimadzu, Japan) after a specific time (7 and
28 days). The average compressive strength values of three
replicates were used in the experiment.

Leaching test

Standard HJ/T 300-2007 (CN-HJ 2007) proposed by the State
Environmental Protection Administration of China was used
to evaluate the leaching toxicity of heavy metals from MSWI
FA and solidified products containing MSWI FA. The speci-
mens were crushed into granular material (< 9.5 mm) and
subjected for leaching test. The leachate was prepared by the
addition of 17.5 mL of CH3CH2OOH (to adjust the pH at
2.64 ± 0.05) in deionized water. The extraction solution with
granular material was shaken for 18 h at 30 rpm and the liquid
to solid ratio was 20. After filtration (with a 0.45-μm micro-
porous filter), the heavy metal (Cu2+, Zn2+, Pb2+ and Cd2+)
concentration in the leaching solution was tested by using
atomic absorption spectrometry as per GB 5085.3-2007
(CN-GB 2007). The evaluation of solidification efficiency
was carried out by an immobilization ratio calculated by the
following formula here.

Immobilization ratio

¼ 1−
Quality of each toxic heavy metal in the leaching solution

Total mass of each toxic heavy metal in the initial solid

Characterization identification

X-ray fluorescence spectrometry (XRF, Shimadzu, Japan)
was used to determine the chemical composition of CG and
MSWI FA. The speciation analyses of each heavy metal of
raw MSWI FA and the solidified bodies were performed by
Tessier’s sequential extraction method (Tessier et al. 1979).
The structures andmineralogical compositionsweremeasured
by FTIR and XRD. The XRD patterns of specimens were
determined by using X’Pert PRO (PANalytical B.V.,
Netherlands) with CuKα radiation at 2θ range from 5 to
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90°. The samples (KBr pellets) were scanned with a FTIR
spectrometer (Thermo Nicolet-5700, USA) within the range
of 400–4000 cm−1. The morphological characteristics of the
specimens were analysed by SEM (VEGA3 TESCAN,
Czech Republic) at an accelerated voltage of 15 kV. EDS
was recorded with the same instrument.

Results and discussion

Characterization of raw materials

Before proceeding towards the further sections, it is necessary
to discuss the compositional analysis of CG and MSWI FA
which is presented in Tables 2 and 3. The CG was mainly
composed of SiO2 and Al2O3 which could be applied in the
preparation of geopolymer/AAM, while Ca and O were dom-
inant components of MSWI FA and chloride contents were
approximately 11.95%. A large number of chlorides might
have an adverse effect on the durability of solidified bodies.
In addition, the major four heavymetals (Cu2+, Zn2+, Pb2+ and
Cd2+) with leaching risk inMSWI FA are presented in Table 3.

As demonstrated in Fig. 1, the leaching ratios of Cu2+,
Zn2+, Pb2+ and Cd2+ of MSWI FA varied with initial pH of
leaching solution variation. The significant decline in leaching
concentration of heavy metals was observed with the increase
in initial pH from 2.0 to 3.0. Taking Cu2+ as an example, its

leaching rate decreased from 91.81 to 2.43% when the initial
pH changed from 2.0 to 3.0. The decrease in leaching concen-
tration might be due to the formation of insoluble hydroxides
at high pH (Zhan et al. 2018), while the final pH increased
sharply after the addition of MSWI FA in the leaching medi-
um due to its high acid buffering capacity.

The solidification/stabilization efficiency would be affect-
ed if heavy metal ions precipitated as insoluble hydroxides. To
mitigate this effect, leachate with low pH and high buffering
capacity should be used in the leaching test. Thus, HJ/T 300-
2007 method was used for leaching purposes.

Effect of different factors on strength

The effect of various factors on the compressive strength of
CG–based cementitious materials was analysed by using a
single-factor experiment. Additionally, the results of single-
factor experiments are demonstrated in Fig. 2.

(a) Alkali contents

The unconfined compressive strengths of CG–based ce-
mentitious materials influenced by different alkali contents
are shown in Fig. 2a. The compressive strength was increased
with the addition of alkali content up to 12%. The increase in
strength is attributed to the acceleration of the dissolution of
aluminium and silicon precursors in the presence of OH−, and
the reaction of [SiO4] and [AlO4] tetrahedrons with Na+ to
produce hydration products (N-A-S-H) (Granizo et al.
2014). In addition, the Na+ from alkali activators has a vital
role in charge balancing of the 3D framework of Si and Al
through isomorphic substitution (Hounsi et al. 2014). This
charge balancing ensured the structural stability of the cemen-
titious material and enhanced the strength. Therefore, a max-
imum strength of 29.61MPa was observed after 12% addition
of alkali content in the current experiment, while the compres-
sive strength had reduced with further addition of alkali acti-
vator possibly due to the formation of carbonate as a result of
Na+ interaction with atmospheric carbon dioxide (El Hafid
and Hajjaji 2015).

(b) SiO2/Na2O molar ratio

In this part, five series of the SiO2/Na2O molar ratios (0,
0.2, 0.4, 0.6 and 0.8) were used and it can be seen in Fig. 2b.
Compressive strength decreased as the molar ratio exceeded
the value of 0.2. The higher content of NaOH or the lower
ratio of SiO2/Na2O dissolved the polymeric species into mo-
nomeric and oligomeric species. Consequently, the
geopolymerization process accelerated and strength enhanced
(Gorhan and Kurklu 2014). In contrast, the higher molar ratio
of SiO2/Na2O indicated that the activator solution had a higher

Table 1 Single-factor experimental layout

ID Alkali content
(wt/%)

SiO2/Na2O
molar ratio

L/S
ratio

Temperature
(°C)

A1 9 0.4 0.25 90

A2 12 0.4 0.25 90

A3 15 0.4 0.25 90

A4 18 0.4 0.25 90

A5 21 0.4 0.25 90

M1 15 0 0.27 90

M2 15 0.2 0.27 90

M3 15 0.4 0.27 90

M4 15 0.6 0.27 90

M5 15 0.8 0.27 90

L1 15 0.4 0.25 90

L2 15 0.4 0.27 90

L3 15 0.4 0.29 90

L4 15 0.4 0.31 90

L5 15 0.4 0.33 90

T1 15 0.4 0.27 30

T2 15 0.4 0.27 45

T3 15 0.4 0.27 60

T4 15 0.4 0.27 75

T5 15 0.4 0.27 90
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concentration of Na2SiO3 which would hinder the water evap-
oration and polycondensation reaction (Cheng and Chiu
2003). In addition to this, the reactivity of uncalcined CG
was much lower than a thermally activated one (Huang et al.
2018; Li et al. 2010). Therefore, it was a possibility that un-
calcined CG required a higher concentration of NaOH or low-
er SiO2/Na2O ratio (0.2) which could dissolve it into mono-
meric species in the current experiment (Fernandez et al.
2011). These results were in accordance with de Vargas
et al. (2011) and Muhammad et al. (2018).

(c) L/S ratios

Water is one of the important components during the syn-
thesis of AAM. It acts as a medium which favours the disso-
lution, polycondensation and gelation processes during
geopolymerization (Lizcano et al. 2012). In this study, the
highest strength of solidified bodies was observed when the
L/S ratio was 0.25 (Fig. 2c). At this ratio, the viscosity and
flowability of geopolymer paste were enough for the
concerned purpose. The compressive strength decreased
upon further addition of water because higher water content
increased the fluidity of paste and open porosity of solidified
products. This statement was also verified by Lizcano et al.
(2012) and Okada et al. (2009). Additionally, high initial water
content could accelerate the dissolution and hydrolysis pro-
cesses and thereby hindered the final polycondensation pro-
cess (Zuhua et al. 2009). Finally, strength decreased.

(d) Curing temperature

According to Fig. 2d, the compressive strength of solidified
bodies increased significantly with the increase in the curing
temperature. The specimens cured at 30 °C were broken upon
demoulding, while samples cured at 90 °C had the highest
compressive strength of 25.56 MPa. Moreover, the increase
in strength was more than two-fold as the temperature in-
creased from 75 to 90 °C. This phenomenon was in line with

what Slaty et al. (2013) observed. The higher curing temper-
ature sped up the geopolymerization reactions and increased
the compressive strength (Granizo et al. 2014). In addition, it
was also observed that the final strength was almost achieved
within 7 days, which meant higher temperature not only im-
proved strength but also reduced the setting time. These re-
sults are in accordance with Rovnanik (2010).

Heavy metal solidification and leaching

In this section, a potential application of CG to solidify heavy
metals in MSWI FA was examined through compressive
strength and leaching behaviour. Based on the experimental
results in “Effects of different factors on strength”, A2 sample
with maximum compressive strength (31.37MPa) was served
to solidify heavy metals. But regarding water content, the
water requirement increased with the addition of MSWI FA
so water was adjusted until the same workability was
achieved.

Effect of MSWI FA proportions on compressive strength

Solidified bodies must have an appropriate compressive
strength to resist external environmental pressures.
Generally, the compressive strength of the solidification/
stabilization products of landfills or construction material
ought to be greater than 0.35 MPa and 10 MPa, respectively.
Moreover, stable solidified bodies have less leaching. Thus,
the compressive strength plays an essential role in the safety
evaluation of solidified bodies. Figure 3 presents the compres-
sive strength of the MSWI FA–bearing CG–based solidified
bodies (CGS).

The compressive strength of CGS specimens decreased
with addition of MSWI FA in comparison with control (A2).
These samples with 10% and 20% addition of MSWI FA had
goodmechanical strength (> 10MPa) which could be used for
both constructional and landfill purposes, while further addi-
tion (up to 60%) of MSWI FA in solidified bodies could only

Table 2 Chemical compositions
of CG (wt%) SiO2 Al2O3 Fe2O3 TiO2 K2O CaO MgO SO3 ZnO PbO CuO CdO

59.52 36.57 1.24 1.14 0.75 0.26 0.18 0.16 0.01 N.D. N.D. N.D.

N.D. not detected

Table 3 Chemical compositions of MSWI FA

Major components Ca O Cl Na Si K S Mg Fe Al

Mass percentage (wt%) 35.57 33.95 11.95 4.24 3.27 2.87 2.33 1.55 1.13 1.08

Trace elements Cu Zn Pb Cd

Concentration (mg/kg) 757 6342 1687 153
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be used for landfill purposes. The sudden reduction in com-
pressive strength might be the difference in mineralogical
composition, microstructures and hydration activity of CG
and MSWI FA. In addition, the evaporation of extra water (a
requirement for adding MSWI FA) during the preparation of
specimens after being cured at 90 °C for 24 h might result in
the increase of porosity in solidified products and consequent-
ly strength decreased. This finding was evidenced by Lin et al.

(2009). Additionally, it was reported by Diaz-Loya et al.
(2012) and Shi and Kan (2009) that the cementitious activity
of MSWI FA is much lower due to a lower content of Si and
Al. Hence, MSWI FA had an adverse impact on compressive
strength. Meanwhile, excess calcium was detrimental to the
formation of aluminosilicate network structure and substantial
chloride could also influence the final performance and dura-
bility of solidified bodies (Temuujin et al. 2009; Zheng et al.
2011). Thus, the compressive strength of CGS diminished
with the increase in MSWI FA amount.

Leaching experiments

The leaching solution (initial pH = 2.64 ± 0.05) of raw MSWI
FA contained some heavy metals, such as Cu2+ (4.89 mg/L),
Zn2+ (62.77 mg/L), Pb2+ (8.63 mg/L) and Cd2+ (1.29 mg/L).
According to GB 16889-2008 standards (CN-GB 2008), Pb2+

and Cd2+ had surpassed the toxicity limits (Pb2+ = 0.25 mg/L
and Cd2+ = 0.15 mg/L). Therefore, the treatment of MSWI FA
via solidification/stabilization is necessary to avoid leaching
of heavy metals.

Immobilization ratio and leaching concentration of each
heavy metal ion varied with the addition of MSWI FA
(Fig. 4). The immobilization ratios of all heavy metals were
greater than 95%, which indicated that MSWI FA was effec-
tively solidified by the CG-based geopolymer. However, the

Fig. 2 Effect of various factors on
compressive strength

Fig. 1 Leaching ratios of heavy metals and final pH of the leaching
solutions from the MSWI FA leached with acetic acid solution of
different pH at an L/S ratio of 20 ml/g
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increase in leaching concentrations of each heavy metal with
an increment of MSWI FAwas noticed. The Pb2+ contents in
the leaching solution had crossed the critical limit upon 20%
addition of MSWI FA, although the leaching concentration of
Cu2+, Cd2+ and Zn2+ also increased but did not surpass the
safe limits. It indicated that the solidification ability of
geopolymer/AAM for heavy metals is limited. The decrease
in compressive strength is another reason for increasing the
leaching concentration of heavy metals because the physical

encapsulation ability of heavy metals decreased with the de-
cline in compressive strength. As aforementioned, the
compacted structure has higher compressive strength and low-
er leaching (Huang et al. 2016). Moreover, the solidified bod-
ies having lower compressive strength could result in damage
of structure and chemical bonds due to its higher exposure to
leaching solution and then increase the leaching concentra-
tion. In all, the solidified bodies CGS-2 having 20% of
MSWI FA could be used for both construction materials and
landfill disposal.

Characterization analysis of solidified bodies

Chemical speciation transformation of heavy metals

The speciation distributions of heavy metals in the raw MSWI
FA and specimen containing 50% ofMSWI FA (CGS-5) cured
for 28 days are shown in Fig. 5. Each metal had five chemical
speciations, including exchangeable, carbonates, Fe–Mn ox-
ides, organic matters/sulphides and residual. Compared with
the former three forms, the residual fraction is unable to leach
(Ye et al. 2016). The Cu2+, Pb2+ and Cd2+ in raw MSWI FA
existed mainly in the form of Fe–Mn oxides fraction. It is
noteworthy that Cu2+, Pb2+ and Cd2+ migrate to residual frac-
tion after being solidified and their residual form contents in-
creased up to 79.33%, 75.85% and 66.86%, respectively. This
migration indicated that Cu2+, Pb2+ and Cd2+ had chemically
interacted with Si–O and Al–O bonds existing in geopolymer

Fig. 3 The compressive strength of the CGS

Fig. 4 Immobilization ratios and
leaching concentrations of a
Cu2+, b Zn2+, c Pb2+ and d Cd2+
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structures or trapped in structural cavities (Li et al. 2018). In
this way, Cu2+, Pb2+ and Cd2+ were immobilized in the
geopolymer/AAM matrix and the risk of release to the envi-
ronment was reduced. Regarding Zn2+, the chemical speciation
transformation was not significant which indicated that it
might be solidified by physical encapsulation rather than
chemical ways.

XRD analysis

The diffraction peaks of CG, A2, MSWI FA and CGS-5 (con-
taining 50% MSWI) are shown in Fig. 6. There exists an
amorphous phase in raw CG, but its structure is dominated
by crystalline phases such as kaolinite and quartz. In the case
of solidified specimens with or without MSWI FA (A2 and
CGS-5), the unreacted kaolinite and quartz were observed,
while the sharp reduction in number or intensities of these

diffraction peaks was noticed in the presence of MSWI FA
containing heavy metals. This phenomenon indicated that
crystalline phases had been transformed into an amorphous
phase (Wang et al. 2018b). In addition, the formation of soda-
lite (N-A-S-H) was observed after the addition of alkaline
solution (A2). It was possible that sodium ions were integrated
into the geopolymer/AAM structure, thus forming N-A-S-H
(Muhammad et al. 2018; Wang et al. 2018b). However, the
peaks of N-A-S-H decreased or even disappeared in the XRD
pattern of CGS-5. It might be a replacement of the Na+ ions
(which acted as charge balancing in N-A-S-H) with toxic cat-
ions (e.g. Cu2+, Zn2+,Cd2+ and Pb2+) (Ei-Eswed et al. 2017;
Zhao et al. 2004). Additionally, there were no new crystalline
phases observed in CGS-5 samples. Thus, toxic heavy metal
ions in MSWI FA might substitute with Na+ into the structure
of N-A-S-H and be solidified in the geopolymer/AAM
structure.

FTIR analysis

The FTIR spectra of CG, MSWI FA, A2 and CGS-5 samples
can be seen in Fig. 7. In addition, Table 4 summarizes the
chemical shifts of FTIR feature bands of A2 and CGS-5 along
with their corresponding species. The spectra of CG exhibited
the following typical absorption peaks of kaolinite: 3619–
3694 cm−1 (O–H stretching vibrations); 1101 cm−1 (Si–O
plane vibrations); 914 cm−1 (Al–OH bending vibrations);
and 540 cm−1 (Si–O–AlVI bending vibrations) (Balczar et al.
2016; Bich et al. 2009). After the geopolymerization reaction,
the intensities of these absorption peaks became weaker and
even disappeared, which indicated that kaolinite in CG was
dissolved with the addition of alkaline solution and this result
was in accordance with the findings observed by XRD pat-
terns of A2 and CGS-5. Asymmetric stretching vibration peak
and bending vibration peak of –OH were observed at
wavenumbers of around 3400 cm−1 and 1635 cm−1,

Fig. 5 Chemical speciation
distributions of Cu2+, Zn2+, Pb2+

and Cd2+ in a MSWI FA and b
CGS-5

Fig. 6 The XRD patterns of the CG, A2, MSWI FA and CGS-5. 1:
Kaolinite, 2: Quartz, 3: Sodalite, 4: Halite, 5: Calcite, 6: Potassium
chloride and 7: CaClOH
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respectively, which mainly represented the presence of water
molecules in these samples. The bands located at around
1420 cm−1 corresponded with the stretching vibration peak
of O–C–O. The bands were formed by carbonates caused by
reaction between alkali and CO2 from air (Joshi et al. 2013).

Additionally, the asymmetric vibration peaks between 900
and 1000 cm−1 showed that the structure of the cementitious
material was mainly composed of Si–O–T bonds (T = Al, Si).
The Si–O–Si and O–Si–O bending vibration bands as well as
Si–O–Al bending vibration bands were slightly moved to-
wards a higher wavenumber in CGS-5 specimens. The bands
at 961 cm−1 in A2 were due to the T–O asymmetrical
stretching vibration. It was the nonbridging oxygen (T–O–
Na+) formed by the reaction of aluminosilicates and alkali
(Ei-Eswed et al. 2017). Moreover, the nonbridging oxygen
could give rise to the exchangeable sites which can be re-
placed by other heavy metal cations. It can be inferred from
the above discussion that the heavy metals in the AAM/
geopolymer were solidified via coordinationwith nonbridging
oxygen (T–O−). After addition of MSWI FA (CGS-5), this
band was shifted to a lower wavenumber (958 cm−1) due to
toxic heavy metals ions (Zhang et al. 2008). Based on the
above discussion, these heavy metals in MSWI FA could be
solidified by replacing Na+ into the geopolymer/AAM
structure.

SEM analysis

The presence of irregularly shaped particles in SEM images of
raw CG (Fig. 8a) and MSWI FA (Fig. 8b) was examined. The
EDS spectra revealed that CG was dominated with Si and Al
species, whereas the MSWI FAwas enriched with Ca, Na, K
and Cl-containing compounds. After alkaline activation, the
smooth and compacted structures could be seen in Fig. 8c.
These compacted/solidified samples were dominated with
Si, Al and Na species which showed that these species have
rearranged themselves after the dissolution of source mate-
rials. In addition, the existence of Na has also verified the
formation of N-A-S-H gels which were also observed during
XRD analysis (Xu et al. 2014). The MSWI FA containing
solidified bodies, i.e. CGS-5 (Fig. 8d) had more abrasions
on the surface as compared to control samples (Fig. 8c).
Therefore, compressive strength decreased after addition of
MSWI FA. Moreover, the presence of Ca in CGS-5 originated
from MSWI FA. In Fig. 8d, some smooth surfaces indicated
that heavy metals were physically encapsulated, although the
heavy metals were not analysed in the EDS spectrum of so-
lidified samples; it might be because of lower content.

Mechanism analysis

It has been already discussed in “Introduction” that
geopolymerization/alkaline activation process initiates with
the dissolution of the source material which follows by recom-
bination/replacement, gelation, solidification and crystalliza-
tion (Juenger et al. 2011). These reactions in the current ex-
periment are discussed in further lines. According to XRD
results, the reduction in peak intensities of kaolinite and quartz
(present in raw CG, Fig. 5a) indicated that CG–based cemen-
titious materials had first dissolved into Si and Al precursors
(Huang et al. 2017). On the other hand, the formation of a new
phase such as sodalite (N-A-S-H) was the evidence of rear-
rangement, gelation and crystallization process (A2), while
the solidification of MSWI FA in A2 was verified by SEM
analyses which showed the formation of a smooth and
compacted structure (Fig. 7d). The formation of the
compacted structure also supported the physical encapsulation

Table 4 FTIR species and
corresponding bands of A2 and
CGS-5

Types of species A2 (cm−1) CGS-5 (cm−1)

–OH asymmetrical stretching vibration 3397 3403

H–O–H bending vibration 1634 1635

O–C–O asymmetrical stretching vibration 1417 1418

Si–O–Si(Al) asymmetrical stretching vibration 961 958

Si–O–Al bending vibration 658, 534 665, 537

Si–O–Si and O–Si–O bending vibration 418, 452 426, 456

Fig. 7 The FTIR spectra of the CG, A2, MSWI FA and CGS-5
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of MSWI FA. Chemical solidification of heavy metals in
geopolymer/AAM structure could be analysed by their
leaching properties and chemical speciation transformations
(Zhang et al. 2008). Moreover, XRD and FTIR analyses
showed that heavy metal ions might be solidified by replacing
Na+ ions which served as charge balancing in the
geopolymeric structure. Conclusively, these heavy metals in
MSWI FA were solidified in the geopolymer/AAM structure
by chemical and physical ways.

Conclusions

The solidification efficiency of uncalcined CG–based cemen-
titious materials was investigated in this study, and the follow-
ing conclusions were drawn:

(1) Uncalcined CG–based cementitious materials had good
mechanical properties, which were influenced by several
factors (alkali contents, SiO2/Na2O molar ratios, L/S ra-
tios and curing conditions). The single-factor experiment
results showed that the highest compressive strength of
31.37 MPa could be achieved. The formation of N-A-S-
H enhanced the compressive strength of geopolymer/
AAM matrix.

(2) The geopolymer/AAM could immobilize MSWI FA and
attenuate its toxicity. However, the solidification ability
was limited. Increasing the amount ofMSWI FA resulted
in a decrease in the compressive strength of solidified
bodies, thereby increasing the leaching concentration of
heavy metals. The solidified bodies with a maximum of
20% addition of MSWI could be used for constructional
and landfill applications.

Fig. 8 The SEM images and EDS
spectra of a CG, b MSWI FA, c
A2 and d CGS-5
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(3) The SEM images of samples after alkaline activation
showed the formation of smooth and compacted struc-
tures which meant MSWI FAwas stabilized by physical
encapsulation. Furthermore, the leaching behaviour,
XRD, FTIR and metal speciation analyses showed that
these heavy metal ions might be bounded into the 3D
structure of geopolymer by interacting with chemical
bonds of Si–O and Al–O or be trapped in structural cav-
ities. By keeping these facts in view, it was concluded
that uncalcined CG has potential to solidify a certain
amount of hazardous waste either by physical or chem-
ical means.
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