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Abstract
In this study, the long-term leaching behaviors of Cd, Cr, Cu, Ni, Pb, and Zn in municipal solid waste incineration (MSWI) fly
ash samples from grate-type (GT) and circulating fluidized bed (CFB) incinerators were investigated and compared under the
simulated landfill leachate corrosion scenario, which was determined to be more severe than the acid rain corrosion scenario. The
total heavy metal contents showed increasing hierarchies of Ni<Cr<Cd<Cu<Pb<Zn in the GT fly ash samples and
Cd<Ni<Cr<Pb<Cu<Zn in the CFB fly ash samples. During the leaching processes, all heavy metals followed the two-stage
leaching mode, including quick accumulation in stage 1 and then stable release in stage 2. The heavy metals with the highest
accumulative leaching amounts were Cd, Pb, and Zn in GT fly ash and Cr, Cu, and Ni in CFB fly ash. In the landfill leachate
corrosion scenario, Cd and Cr showed cationic patterns while Pb, Zn, and Cu showed amphoteric patterns. The leaching of Cd,
Ni, and Cr arose from the dissolution of the salts they formed (solubility control), while the leaching of Cu, Pb, and Zn was
controlled by the Ca-bearing compounds (sorption and precipitation control). A large difference in Pb leaching was observed: the
cumulative leaching amount of GT fly ash (707.59–3072.36 mg/kg) was an order of magnitude higher than that of CFB fly ash
(22.47–407.314mg/kg), as a result of the higher primary content and larger proportion of the residual fraction in CFB fly ash. The
acid-soluble and reducible fractions exhibited higher percentages than those of other fractions representing higher levels of
environmental toxicity and risk. Therefore, more emphasis should be placed on the conversion of bioavailable fractions into
stable fractions for the stabilization and utilization of MSWI fly ash.

Keywords MSWI fly ash . Incinerator type . Landfill leachate corrosion . Heavymetal leaching . Leaching behavior . Speciation
distribution

Introduction

Among environmental pollutants, much research has been
devoted to studying the heavy metal contamination in soil that
can be digested by plants and animals, further endangering
human health. Such a serious phenomenon is mainly caused
by industrial emissions. Rapid industrialization has contribut-
ed to the increase in municipal solid waste (MSW). The mass
of MSW in China in 2018 was 0.228 billion tons with an
annual increase of 5.95% (Statistics, N.B.o. 2019). This
amount of waste has promoted the development of municipal
solid waste incineration (MSWI) technology. The advantages
of MSWI are effective energy recovery, waste mass and vol-
ume reduction, and decomposition and immobilization of haz-
ardous substances (Huai et al. 2008). Accordingly, the number
of MSWI plants in China increased to 331 in 2018,
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approximately two-thirds of these waste-to-energy plants
adopted grate-type (GT) incinerators and others applied circu-
lating fluidized bed (CFB) incinerators. The application of
these two main incinerators solved the garbage siege problem.
However, the incineration by-product, fly ash, adsorbs and
enriches soluble salts (Petrlik and Bell 2017), dioxins (Chen
et al. 2020), and heavy metals (e.g. Cd, Cr, Ni, Cu, Pb, Zn)
(Luo et al. 2019), which are toxic and harmful to the environ-
ment. Therefore, many studies have been performed to ex-
plore the appropriate treatments and utilization of MSWI fly
ash. The main disposal methods can be divided into resource
utilization and landfill categories as follows: (1) supplements
for construction materials (Yakubu et al. 2018); (2) raw ma-
terials for synthetic zeolites (Qiu et al. 2016); and (3) landfill
after stabilization/solidification (Zhu et al. 2020). The wide-
spread promotion of the first management strategy is restricted
by the toxicity of heavy metals along with the reduced
strength of construction products when MSWI fly ash is
added. The second highly valued strategy incurs a large finan-
cial burden for preinvestment and operation. In China, landfill
disposal after solidification/stabilization is the most widely
adopted management strategy for MSWI fly ash (Li et al.
2019; Li et al. 2020;Wang et al. 2019), because it incurs fewer
economic burdens and has the advantage of convenient
management.

Before landfilling, fly ash needs to meet the demands of the
“Standard for pollution control on the landfill site of municipal
solid waste” (GB 16889–2008) (China, M.o.E.a.E.o.t.P.s.R.o
2008), which imposes restrictions on the minimum single
leaching toxicity of heavy metals. Nonetheless, this standard
fails to guarantee long-term environmental safety. In actual
landfill disposal, fly ash will inevitably encounter a more se-
vere problem regarding heavy metal contamination under ad-
verse and complex scenarios.When fly ash is exposed to these
scenarios, the leaching behavior of heavy metals can be cate-
gorized into three situations: bioleaching, gas corrosion, and
liquid corrosion. In the bioleaching process, over 80.7% of the
Cd and 72.5% of the Zn are released (Zhang et al. 2020).
Moreover, gas corrosion, including natural carbonation main-
ly occurs due to weathering from the atmosphere and second-
ary carbonation from landfill gas (Du et al. 2019; Du et al.
2018), can intensify the leaching of heavy metals by generat-
ing easily soluble carbonates from alkaline substances in fly
ash. Due to the consumption of the alkaline components in fly
ash, the potential risk of heavy metal environmental contam-
ination significantly increases, because the heaviest metals are
more likely to transfer to the environment under acidic condi-
tions (Ni et al. 2017a; Zhang et al. 2016a). The acidity of the
liquid corrosion creates favorable conditions where such
leaching and liquid corrosion scenarios are mainly induced
by acid rain and leachate in landfill sites. To better understand
the leaching behavior of heavy metals (Wang et al. 2018),
nitric acid (Zhao et al. 2017b) was used to simulate the acidic

liquid corrosion, but this simulation was far from the acid rain
and landfill leachate corrosion scenario. According to
Standard GB 16889–2008, the acetic acid buffer solution
method (HJ/T300–2007) is recommended to evaluate the
treatment of hazardous waste exposed to landfill leachate cor-
rosion scenarios. The acetic acid is also used in the toxicity
characteristic leaching procedure (TCLP) recommended by
the Environmental Protection Agency (EPA). However, com-
pared to HJ/T300–2007, TCLP with a lower concentration of
acetic acid was used to identify the toxicity of heavy metals in
hazardous waste. These methods mentioned above can pro-
vide solely a preliminary assessment without long-term eval-
uation of leaching toxicity. To obtain a better understanding of
the long-term leaching behavior of heavy metals in MSWI fly
ash upon landfill disposal, research on long-term leaching
based on landfill simulation is needed.

Apart from the external leaching environment, the proper-
ties of MSWI fly ash also play a vital role in heavy metal
leaching. In general, the leaching behavior occurs based on
multiple controls of physical (particle size and porosity) and
chemical (alkaline substance content) properties. To deter-
mine the detailed effects of the factors mentioned above, many
studies have been carried out to draw strong conclusions. Ni
et al. proposed the smaller particle size and larger Brunauer–
Emmett–Teller (BET) surface area significantly facilitated
leaching (Ni et al. 2017a). A stronger fly ash alkalinity led
to lower levels of heavy metal release (Zhang et al. 2016a).
To further identify the intrinsic mechanism that controls the
leaching behavior, previous studies (Qiu et al. 2018; Wang
et al. 2015a) focused on the distribution of heavy metal spe-
ciation, which was directly related to the waste sources, sea-
sons, and incinerator types. In our previous work (Long et al.
2020), the fly ash properties were proven to differ significant-
ly between GT and CFB incinerators. Meanwhile, to our
knowledge, the long-term leaching difference between fly
ash produced by GT and CFB incinerators has not been ex-
plored in depth.

In previous studies (Chen et al. 2012b; Li et al. 2020), it
was proven that the cumulative heavy metal leaching amount
far exceeds the standard limit of the soil background value in a
diversified corrosion scenario (including solely carbonation
and acid rain corrosion scenarios). Therefore, exploration of
the long-term leaching behavior would supplement the under-
standing of MSWI fly ash exposed to a simulated landfill
leachate corrosion scenario, as proposed above. In addition
to this, the long-term leaching characteristics can also provide
valid guidance for MSWI fly ash management. Therefore, the
primary objective of our study was to identify the long-term
leaching behavior and speciation of heavy metals inMSWI fly
ash. Different kinds of MSWI fly ash have been reported to
differ considerably between the two main GT and CFB incin-
erators (Long et al. 2020). In our experiments, ten fly ash
samples from GT and CFB incinerator plants were used to
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identify the long-term leaching differences between different
incinerators. Furthermore, the detailed leaching mechanisms
are also discussed for further utilization and management of
MSWI fly ash.

Materials and methods

Preparation of the MSWI fly ash samples

The ten fly ash samples used in this study were collected from
the baghouse filters of ten GT and CFB incinerators at MSWI
plants in ten cities, to avoid regional restrictions. The basic
information concerning the ten fly ash samples is presented in
Table S1. The raw fly ash was preliminarily dried at 105 °C in
an oven for 12 h and then analyzed.

Physicochemical characteristics

Before the leaching test, the elemental contents of fly ash
samples were determined by energy dispersive spectroscopy
(EDS), and the chemical compositions were examined
through X-ray diffraction (XRD) with Cu Kα radiation set at
40 kV and 250 mA. Since the amounts of heavy metals were
under the minimum EDS detection limit, inductively coupled
plasma atomic emission spectrometry (ICP-AES) was used to
determine the amounts of heavy metals in raw samples. The
mixed acid digestion method (6 mL HNO3 + 4 mL HCl + 2
mL HF+ 4 mL H2O2) was used to extract the heavy metals
from samples (0.1 g) (Qiu et al. 2018). The digestion method
was carried out in a closed microwave system to achieve a
higher efficiency. A filtration process using a 0.45-μm syringe
filter was adopted to make the digestion solution in prepara-
tion for analysis.

Leaching test design

As mentioned above, liquid corrosion scenarios in landfill
sites can be categorized into acid rain corrosion and leachate
corrosion scenarios. The simulated acid rain (SAR) and sim-
ulated landfill leachate (SLL) were adopted to simulate the
scenarios of acid rain corrosion and landfill leachate corro-
sion, respectively. Preparation of SAR and SLL was based
on “Solid waste—Extraction procedure for leaching toxicity
- Sulphuric acid & nitric acid method” (HJ/T 299–2007) and
“Solid waste—Extraction procedure for leaching toxicity-
acetic acid buffer solution method” (HJ/T 300–2007), respec-
tively. “Standard for pollution control on the landfill site of
municipal solid waste” (GB 16889–2008) was used for eval-
uating the suitability of fly ash for landfilling. The leaching of
targeted heavy metals was investigated using these two
methods.

Generally, because acid rain is uncommon inmost areas, its
corresponding impact on heavy metals is not realistic and
continuous. Therefore, the long-term effect of landfill leachate
corrosion is more worthy of investigation. To thoroughly
mimic a landfill leaching environment in laboratory condi-
tions, the samples were mixed with an extraction buffer of
acetic acid (pH=2.64±0.05) at a L/S ratio of 20:1 and a speed
of 30 ± 2 rpm. Fifteen milliliters of the supernatant was
decanted, filtered through a 0.45-μm syringe of filter liquid,
and kept in a polyethylene container in a refrigerator at ap-
proximately 4 °C prior to heavy metal analysis. The residue
was washed by adding 20 mL of distilled water, shaking man-
ually for 5 min, and centrifuging for 10 min at 3000 rpm. The
supernatant liquid was then decanted and discarded. The solid
residue was used for the next leaching test. The frequency of
long-term leaching was once a day. ICP-AES was used to
analyze all solution samples obtained in the leaching experi-
ment for heavy metal concentrations. Additionally, the end-
point pH value of the extract was identified with a pH meter.
After the long-term leaching experiment, residual solid sam-
ples were taken for the chemical composition analysis via
XRD.

Sequential extraction procedure

To better understand the morphological mechanism con-
trolling leaching, the heavy metal speciation distribution
was measured based on the sequential extraction proce-
dure (SEP) recommended by the European Community
Bureau of Reference (BCR). Some modifications (Qiu
et al. 2018; Rauret et al. 1999) were made to the proce-
dure, and the detailed operating steps are presented in
Table S2. The heavy metal concentration was detected
through ICP-AES for the calculation of different
fractions.

Results and discussion

Major elements and total heavy metal content

Before investigating the heavy metal characteristics, it is im-
portant to note that the elemental composition of raw fly ash,
as listed in Table S3, is comparable between GT and CFB fly
ash. The major elements (C, O, Si, Al, Cl, Na, S, K, and Ca) in
MSWI fly ash accounted for approximately 95 wt%. The high
content of Ca in fly ash resulted from the CaO spraying to treat
sulfur dioxide, as observed in previous research (Liu et al.
2009). CaO is the main contributor to the MSWI fly ash alka-
linity, which can hinder the leaching rate of heavy metals
through neutralization (Zhang et al. 2016a). The contents of
Al and Si in CFB1–5 were four times higher than those in
GT1–5, indicating better treatment and application potential
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in utilization, such as zeolite synthesis (Qiu et al. 2019). The
high content of Cl in the MSWI fly ash was mainly absorbed
based on volatile chlorine in the flue gas. The presence of Cl
was associated with heavy metal leaching behavior (Jiao et al.
2016; Weibel et al. 2018). For instance, Cl can facilitate
leaching by complexing Pb (Assi et al. 2020). Apparently,
the presence of some major elements was related with the
presence of heavy metals.

As presented in Table 1, the contents of heavy metals
showed increasing hierarchies of Ni<Cr<Cd<Cu<Pb<Zn in
GT1–5 and Cd<Ni<Cr<Pb<Cu<Zn in CFB1–5. The Pb, Cd,
and Zn contents far exceeded the soil background values of
36, 0.134, and 57.69 mg/kg, respectively(Chen et al. 2012b;
Zhong et al. 2013). Excessive levels of Pb and Cd can be
potential risks to the environment due to their ability to easily
migrate into water or soil (Zhu et al. 2020). Evident differ-
ences in the total heavy metal contents can be observed among
the different fly ashes. The contents of Cd and Pb in GT1–5
were higher than those in CFB1–5. Conversely, the contents
of Cr, Cu, and Ni were much higher in the fly ash samples
from CFB incinerators. Statistically, the contents of Cd in
GT1–5 (106.93–276.00 mg/kg) were approximately twice as
high as those in CFB1–5 (20.00–89.5 mg/kg). The same dif-
ference was also observed for Pb in GT1-5. However, the
contents of Cr, Cu, and Ni in GT1–5 were over three times
lower than those in CFB1–5. This phenomenon can be ex-
plained by the fact that circulating fluidized bed incineration
involves more serious particle entrainment (Chen 2019;
Barton et al. 1990; Brunner and Mönch 1986), which means
that a large amount of bottom slag containing more Cr, Cu,
and Ni compounds was incorporated into fly ash during incin-
eration, thus causing the corresponding attenuation in
proportion.

The contents of the major elements and heavy metals in
fly ash samples from GT and CFB incinerators exhibited
slight differences, which were deemed to correlate to the
heavy metal leaching behavior under different scenarios.
The specific leaching differences in liquid corrosion sce-
narios were investigated in detail with the methods men-
tioned above.

Comparative leaching behaviors under different
scenarios

The leaching ratios and concentrations for these different
methods are presented in Tables 2 and S4, respectively. In
general, the concentrations of Cd, Cu, Ni, and Zn obtained
from SAR were much lower than those from SLL. The higher
overall heavy metal leaching percentage in Table 2 shows that
SLL was more conducive to the release of heavy metals, im-
plying a higher risk of environmental pollution. According to
the requirements for these two methods, the initial pH values
of the leaching solution are different. As it has been proven
that the leaching potential of heavy metals is impacted by
various pH conditions (Zhang et al. 2016a), this discrepancy
of leaching concentration was caused by the difference be-
tween the end-point pH values of the extracts, where those
from SAR were higher than those from SLL, as shown in
Fig. 1. The more acidic leaching environment resulted in more
heavy metal pollution (Ni et al. 2017a). This could be proven
based on the higher leaching percentages of Cd, Ni, Cu, and
Zn under SLL, because the nearly neutral extracts from SLL
were not conducive to leaching. It is worth noting that for
GT1–4, the leaching ratio of Pb obtained from SAR was
higher than that from SLL while the opposite phenomenon
occurred for CFB1–5. Since this difference cannot be ex-
plained solely based on pH conditions, more attention should
be given to other factors in Pb leaching, such as chemical
speciation distribution.

Compared to SLL, the lower level of heavy metal release
FROM SAR suggested that MSWI fly ash has a certain resis-
tance to acid rain corrosion. When the fly ash was exposed to
landfill leachate corrosion scenarios, the leaching risk was
considerably higher due to the higher leaching ratios, as listed
in Table 2. Moreover, the landfill leachate corrosion situation
is more realistic and common due to the low frequency and
short duration of acid rain in most areas. However, the single
static batch tests failed to provide reliable long-term informa-
tion. Therefore, it is more meaningful to conduct long-term
experiments of heavy metal leaching behavior under the land-
fill leachate corrosion scenario.

Table 1 The primary heavy metal contents of raw fly ash (mg/kg)

Element GT1 GT2 GT3 GT4 GT5 CFB1 CFB2 CFB3 CFB4 CFB5

Cd 276.00 134.70 106.93 116.10 156.60 52.30 89.50 20.00 52.90 73.60

Cr 49.70 64.30 105.84 234.00 246.00 329.20 570.30 495.84 336.50 401.90

Cu 653.50 337.30 1027.72 1101.00 1008.00 1451.00 1322.77 1035.64 2581.00 2352.00

Ni 22.80 14.80 39.01 49.50 81.00 104.60 140.59 126.53 135.60 115.30

Pb 1445.00 817.50 2188.12 1387.00 3392.00 681.40 649.90 272.87 939.50 1035.00

Zn 6910.00 2869.00 4841.58 6826.00 8250.00 4809.00 4749.50 4181.19 5910.00 5556.00
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Long-term leaching behavior and mechanism

Figure 2 shows that generally the long-term leaching process
was divided into two stages. In stage 1 (days 1–5), the initial
cumulative rate was clearly higher and decreased to a flat trend
in stage 2 (days 6–23). However, the results for leaching of Pb
in CFB1–5 failed to completely match this two-stage pattern.
To identify the detailed differences between the fly ash sam-
ples during the whole leaching process, the daily leaching
concentrations are presented in Fig. S1. The L-shaped curves
of leaching concentrations in Fig. S1 proved that the leaching
trends for all heavy metals followed a two-stage pattern. The
Pb cumulative leaching curves for CFB1–5 resembled diago-
nal lines because the decline in the daily Pb leaching concen-
tration was flatter compared to that of other heavy metals.

In stage 1, the growth rates of the cumulative leaching
amount (Fig. 2) showed a discrepancy in the same element
among fly ash generated from different incinerators, which
was also observed in the daily leaching concentrations (Fig.
S1). Generally, the larger cumulative leaching amounts for the
targeted heavy metals were related to the higher primary
heavy metal contents as shown in Table 1. However, upon
comparing the data in Table 1 and Fig. 2, it is clear that the
cumulative leaching did not increase linearly with the primary
content. This result was attributed to the differences in the
quantities and varieties of alkaline substances in the different
MSWI fly ash samples. These substances can easily dissolve
into the leaching solution, thus increasing the pH condition,
which is regarded as one of the most vital external contribut-
ing factors that alter heavy metal leaching (Zhang et al.
2016b). Figure 3 shows the leaching end-point pH trends un-
der the landfill leachate corrosion simulation process. The
large drop in the solution pH stemmed from the neutralization
reaction of the alkaline substances in MSWI fly ash with H+

ions. Moreover, the difference in the cumulative leaching
amount was associated with the heavy metal leaching perfor-
mance, which follows three distinct patterns: cationic,
oxyanionic, and amphoteric patterns (Komonweeraket et al.
2015b). Cd and Cr follow the cationic pattern where the level
of release increases as the pH decreases. For example, the
concentrations of Cd and Cr in GTs 3 and 4 (Fig. S1(a) and
(b)) increased on day 2 because the extracts changed from
alkaline to acidic. Pb, Zn, and Cu follow the amphoteric pat-
tern where the leaching reaches a minimum in neutral condi-
tions (pH=7) and increases under acidic or alkaline conditions
(Zhang et al. 2016a). As shown in Table 2 and Fig. 1, the
levels of release of Pb and Zn under near-neutral conditions
(HJ/T 300) were much lower than those under alkaline condi-
tions (HJ/T 299); this result was a consequence of their am-
photeric leaching patterns. As shown in Fig. 3(a), the leaching

Table 2 Leaching ratios of heavy metals in fly ash under the corrosion scenarios with SAR and SLL (%)

Element Method GT1 GT2 GT3 GT4 GT5 CFB1 CFB2 CFB3 CFB4 CFB5

Cd SAR 0.029 0.059 0.075 0.083 0.061 0.184 0.143 0.440 0.197 0.234

SLL 51.529 38.990 0.108 17.537 55.134 52.046 42.726 32.170 50.699 46.332

Cr SAR 6.535 4.914 3.137 1.328 3.764 2.640 0.247 2.277 0.109 2.046

SLL 0.535 ND 0.956 0.088 0.689 6.920 0.529 2.894 7.536 1.601

Cu SAR 0.879 0.394 1.249 1.115 0.181 0.049 0.159 0.060 0.022 0.022

SLL 29.803 2.139 0.124 7.936 36.389 0.948 13.457 16.958 10.035 9.923

Ni SAR ND ND ND ND ND ND ND ND ND ND

SLL 20.684 15.797 0.236 6.287 11.323 15.715 5.586 5.452 8.361 8.047

Pb SAR 35.682 12.648 24.532 26.590 2.933 0.269 2.794 0.579 0.054 0.044

SLL 14.325 0.465 0.926 1.158 2.538 8.236 1.459 0.903 5.228 2.288

Zn SAR 0.782 0.250 0.305 0.352 0.090 0.005 0.134 0.011 0.004 0.003

SLL 19.502 20.544 0.030 6.786 17.733 28.085 18.309 15.986 21.066 17.613

Fig. 1 End-point pH values of the leaching solutions under the corrosion
scenarios with SAR and SLL
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end-point pH of GT1–5 was lower than that of the original
extract after day 12, which might be associated with the dis-
solution of abundant chloride. The leaching end-point pH
values of CFB1–5 were slightly higher than the set value
(Fig.3(b)); this resulted from the existence of some particular
solid phases that are capable of resisting a pH decrease
(Isenburg and Moore 1992).

The rapid release times of heavy metals in stage 1 were 4
(Cd and Zn) and 6 days (Cu and Ni). Considering the Cr
release time, it took 7 days for GT1–5 to descend to a flat
leaching trend and this time doubled for CFB1–5. Although
the Pb daily leaching curve of GT5 exhibited a peak on day 3,
the cumulative leaching amount reached a stable period after 7
days. Moreover, it is remarkable that the Pb leaching amounts

Fig. 2 Long-term leaching behavior of targeted heavy metals in fly ash samples under the corrosion scenario with SLL
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in GT1–5 were an order of magnitude higher than those of
CFB1–5 and the Cu and Cd leaching amounts in GT1–5 were
two times higher. Higher leaching leads to higher contamina-
tion potentials, requiring more attention regarding the investi-
gation of Pb, Cu, and Cd in GT fly ash when exposed to
landfill leachate corrosion.

To thoroughly comprehend the differences in leaching be-
haviors among different heavy metals, it is also important to
consider the leaching control mechanism. Generally, potential
mechanisms can be categorized into two controls—solubility
control (Cd, Ni, and Cr) and sorption and precipitation control
(Cu, Pb, and Zn). Solubility control is highly related to the
dissolution of metal oxides while the sorption process controls
the release of heavymetals through the active sites on the solid
surface (Luo et al. 2019), such as those in (hydr)oxides (Zhao
et al. 2017a).

The dissolution of Ni(OH)2 metal hydroxide is considered
the cause of Ni leaching (Wang et al. 2018). as proposed by
Komonweeraket et al.; the mineral that controls the Cr
leaching is likely BaCrO4(s), which was further proven in
their recent research (Komonweeraket et al. 2015a; Mudd
et al. 2004). Another mineral in MSWI fly ash that potentially
controls the leaching of Cr is CaCrO4, which is formed by
oxidization with CaO at approximately 900 °C (Chen et al.
2012a). This mineral might be the reason for higher cumula-
tive leaching amounts in CFB fly ash, for which the content of
CaO was higher than that in GT fly ash. The leaching of Cd
(days 3–23) resulted from the dissolution of metal-bearing
minerals (carbonate and sulfate) due to the abundant presence
of H+ (Ni et al. 2017b) when the pH value decreased below 4.
The leaching of Cd and Cr was controlled by the solubility
process, which can be verified based on the rapid accumula-
tion of the leaching amount in stage 1. The research of Hyks
et al. suggested that the leaching behavior of Cr did not

conform to the sorption control mechanism (Hyks et al.
2009), accounting for extremely low concentrations (under
0.05 mg/L) in stage 2. In contrast, the higher concentrations
of Cu, Pb, and Zn in stage 2 (Fig. S1) can be attributed to the
Ca-bearing compounds, which are associated with the sorp-
tion and precipitation control. This conclusion was further
testified by the presence of rankinite, gismondine, vuagatite,
hillebrandite, and calcium iron oxide in the residue after
leaching, as shown in Fig. 4. After long-term leaching, there
were no significant peaks of soluble salts (i.e., KCl, NaCl,
carbonates, and sulfates) in Fig. 4, although such salts were
the main components in raw fly ash according to our previous
work (Long et al. 2020). As reported in a previous study
(Wang et al. 2018), the considerable loss of soluble salts is
related to the leaching of heavy metals, as controlled by the
solubility mechanism. The compounds in the residue were
mainly crystalline aluminosilicate and silicon dioxide. This
indicates that acid washing can be a beneficial treatment for
separating the recyclable and valuable aluminosilicates and
silicon dioxides from MSWI fly ash.

By comparing the long-term leaching curves, it was con-
cluded that the targeted heavy metals (except Pb in CFB1–5)
reached nearly saturated leaching amounts. However, the
leached amounts were far below the total amounts, as present-
ed in Table 2. Therefore, we hoped to develop a specific
quantitative interpretation through the heavy metal speciation
distribution.

Distribution pattern of heavy metals

Heavy metal speciation can be categorized into four fractions,
namely, acid-soluble (F1), reducible (F2), oxidizable (F3),
and residual (F4) fractions. The chemical speciation

Fig. 3 The trends for end-point pH values of the leaching solutions under the corrosion scenario with SLL
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distribution was presented in Fig. 5, and the BCR data are
listed in Table S5.

For all fly ash samples, the minimal fraction for these six
heavy metals was the F3 fraction. The dominant fractions of
Cd were the F1 and F2 fractions (approximately 90%). This
distribution trend was consistent with those of Cu and Zn. The
residual fraction exhibited the largest proportion of Cr in all
fly ash samples except GT1 and of Ni in all samples except
GT1-3. Considering Pb, almost 80% was the F2 fraction. The
dominance of fractions F1 and F2 yielded environmental tox-
icity. Previous studies (Wang et al. 2018; Zhang et al. 2016a;
Zhu et al. 2020) have indicated that the acid-soluble fraction
exhibits high leachability under most corrosion scenarios.
Wang et al. reported that Fe and Mn oxides belonging to F2
have an effective ability to retain some heavy metals (Wang
et al. 2015b). The speciation characteristics show that the great
mass of Cd, Cu, Pb, and Zn could easily transfer to the envi-
ronment under acidic conditions, as proven by their high cu-
mulative leaching percentages.

As shown in Fig. 5(e), GT1–5 had a higher proportion of
the F2 fraction of Cu (76.14–93.54%) than that of CFB1–5,
while the F4 fraction in CFB1–5 (20.96–50.08%) was ten
times higher. Moreover, the F4 fractions of Cr (49.81-
83.56%) and Ni (33.33–74.86%) were also predominant in
all fly ash samples except GT1. Only a small amount of Cr
and Ni appeared in the F1 fraction, which is the easiest frac-
tion to leach out. This kind of distribution made the environ-
mental risks of these twometals lower than others, because the
residual fraction is the most stable and difficult to leach. The
small leaching amount of Cr can be attributed to the formation
of some insoluble chromates (Xiong et al. 2014) in the F4

fraction. The Ni in the residual fraction is mostly contained
the silicate lattice and aluminate matrix within the MSWI fly
ash, the significant peaks of which can be observed in Fig. 4.

In summary, the residual fraction accounted for the main
fraction of Cr and Ni, and the large proportion of the bio-
available F1 and F2 fractions contributed to environmental
toxicity. Heavy metals in the F1 and F2 fractions can be-
come soluble under favorable pH and redox conditions (Li
et al. 2019), thus contaminating the soil and groundwater
and leading to ingestion by plants and animals. The poten-
tial environmental risk was tested based on the long-term
leaching behavior in the landfill leachate corrosion
scenario.

Conclusions

This study has provided a comprehensive understanding of
heavy metal leaching behavior from the perspective of differ-
ent MSWI fly ash samples obtained from GT and CFB incin-
erators. Moreover, we also compared the long-term leaching
characteristics and speciation distributions of heavy metals.
The experimental results and analysis can be condensed as
follows:

(1) The total contents of heavy metals showed increasing
hierarchies of Ni<Cr<Cd<Cu<Pb<Zn in GT1–5, and
Cd<Ni<Cr<Pb<Cu<Zn in CFB1–5. The contents of Cd and
Pb in GT1–5 were higher than those in CFB1–5 while the
amounts of Ni and Cr in CFB1–5 incinerators were larger than
those in GT1–5.

Fig. 4 XRD patterns of a GT and b CFB fly ash residue after the long-term leaching with SLL
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Fig. 5 Speciation distribution ratio of targeted heavy metals in the raw fly ash samples
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(2) Based on the comparison of MSWI fly ash samples
exposed to different simulative liquid corrosion scenarios,
the potential for heavy metal contamination under landfill
leachate corrosion was much more severe than that under acid
rain corrosion.

(3) During the simulation process in which MSWI fly ash
was exposed to the landfill leachate corrosion scenario, all
heavy metals followed the two-stage leaching mode, which
included quick accumulation in stage 1 and then stable release
in stage 2.

(4) It is worth noting that the leaching of Pb differed con-
siderably between the two types of fly ash. The total amount
of Pb in GT1–5 was approximately twice that of CFB1–5, and
the cumulative leaching amount was an order of magnitude
higher in GT1–5 than that in CFB1–5. According to the spe-
ciation distribution, these differences resulted from the larger
proportion of residual fraction, the most stable fraction, in
CFB1–5.

(5) Considering the six heavymetals, the ratio of the F1 and
F2 fractions was extremely high, leading to environmental
toxicity. This result indicated that MSWI fly ash requires ef-
fective treatment before landfilling. More importantly, the dif-
ferences in heavy metal leaching behavior require the appli-
cation of different treatments to GT and CFB fly ash.
Specifically, more attention should be given to the stabiliza-
tion or removal of Pb and Cd in GT fly ash, while the Cr and
Cu in CFB fly ash necessitate high-efficiency treatments.
More exploration and experiments are needed to verify these
treatment methods.
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