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Abstract

Incineration is widely adopted in municipal solid waste management, which produces large amounts of municipal solid waste
incineration (MSWI) fly ash. The harmless treatment of MSWI fly ash requires the appropriate disposal of heavy metals and
dioxins that are enriched in fly ash. This review summarizes recently developed harmless disposal methods for MSWI fly
ash including solidification/stabilization, thermal treatment, and separation/extraction. In addition, we discuss heavy metal
and dioxin fixation, and the removal capacity of fly ash via solidification/stabilization (including cement solidification,
chemical stabilization, hydrothermal processes, and mechano-chemical methods), thermal treatment (including sintering,
fuel-burning, or electric melting/vitrification), and separation/extraction (including water-washing, chemical reagent leaching,
biological leaching, electrodialysis separation, chemical reagent extraction, and nanomaterials extraction). The advantages
and disadvantages of different harmless treatment methods are compared and future research prospects and suggestions are

summarized. This review provides general guidelines for the harmless treatment of MSWI fly ash in the future.

Keywords Fly ash - Municipal solid waste incineration - Solidification/stabilization - Thermal treatment - Separation/

extraction

Introduction

The increase in population and the progress towards urbani-
zation and industrialization in modern society leads to the
generation of large amounts of solid waste, which places
a significant burden on the sustainable development of the
economy and society [1, 2]. As an important aspect of solid
waste management, the amount of generated municipal
solid waste (MSW) is also increasing. In China, the harm-
less treatment of MSW is constantly advancing in addition
to the increase of treatment capacity, as shown in Fig. 1.
According to the relevant data from the National Bureau
of Statistics [3], the harmless treatment of MSW in China
reached 248.1 million tons in 2017. These treatment pro-
cedures include sanitary landfills and incineration. The
sanitary landfill method is a relatively common means of
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handling MSW due to its convenient implementation [4].
However, MSW produces greenhouse gases such as CH,
and CO, in long-term landfills, and the leachate produced
also contains a large amount of chemical oxygen demand
(COD) and toxic heavy metal components that contaminate
soil and groundwater [5—8]. The landfill approach also occu-
pies land area and requires a long time for disposal. It is
not applicable to small countries and regions with limited
land resources such as Japan, Korea, and Singapore. As an
alternative disposal method, incineration can be used for the
rapid treatment of MSW. This approach requires a relatively
small land area, and greatly reduces the volume and quality
of MSW (up to 90% and 70% respectively) [9]. In addition,
energy can be recovered in the form of electricity and heat
[10-12]. Compared to sanitary landfills, incineration is more
valued in developed countries and regions because they tend
to have larger populations and land prices are higher, which
highlights the advantages of incineration for the treatment
of MSW [13].

However, the production of combustion residuals has
continued to increase with the adoption of municipal solid
waste incineration (MSWI). Incineration residues contain
bottom ash and fly ash. According to the definition by the
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Fig.1 Amount of municipal solid waste treatment from 2013 to 2017
in China

International Ash Working Group (IAWG) [14], fly ash spe-
cifically refers to ash that is discharged from the combustion
chamber without the addition of any type of sorbents, such
as the ash from a superheater, economizer, and air preheater.
In the study of MSWI, fly ash refers to the air pollution
control (APC) residues that include the ash trapped by elec-
trostatic precipitators and bag filters that are installed at the
rear of the incinerator [15]. It is estimated that the amount
of fly ash produced accounts for approximately 3—10% of
incineration waste. As such, the amount of fly ash that was
disposed in China in 2017 was approximately 7.07 million

Table 1 Management strategies for MSWI fly ash in various countries [22]

tons according to this country’s MSWI, which is at 108.77
million tons (Fig. 1).

Heavy metals and dioxins are the two main types of pol-
lutants in MSWI fly ash. Heavy metals refer to metallic ele-
ments that exist in nature and have a density greater than
5 g/cm?® [16]. These elements cannot be degraded in the
environment, and are easily enriched in living organisms.
They can be enriched in human beings along the food chain,
thus causing serious harm [17]. Generally, the heavy metals
in fly ash mainly include Zn, Pb, Hg, Cu, Cr, Cd, and Ni,
and Zn and Pb constitute the highest content [18]. Diox-
ins include compounds such as polychlorinated dibenzo-p-
dioxins (PCDD), polychlorinated dibenzofurans (PCDF) and
dioxin-like hydrocarbons that are highly toxic, persistent,
and bio-accumulative organic compounds. Dioxins easily
accumulate in living organisms and have a persistent nega-
tive impact on the environment and human health [19-21].

Numerous countries have introduced policies for the con-
trol and management of MSWI fly ash [22]. Waste manage-
ments of MSWI fly ash in various countries are concluded
in Table 1. There are four types of MSWI fly ash disposal
strategies include secured landfill, temporarily storage until
better options are available, solidification and stabilization
before landfill and resource utilization before landfill. Mean-
while, the Chinese government has also included MSWI fly
ash in the National Hazardous Waste List (2016 edition),
which treats fly ash as hazardous waste and therefore, can-
not be directly landfilled. As a result, MSWI fly ash must be
harmlessly disposed to reduce the negative impact of heavy
metals and dioxins on the environment, which facilitates the
disposal of MSW over a long period.

Country MSWI fly ash disposal strategies
Secured landfill USA MSWI fly ash is co-disposed with bottom ash in landfills which receive only MSWI
residues
Canada MSWI fly ash is disposed in a hazardous waste landfill after treatment
Sweden MSWTI fly ash is disposed in secure landfill after treatment
Germany MSWTI fly ash is disposed in underground disposal sites like old salt mines

Temporarily stored until better options Denmark
are available

MSWI fly ash is currently exported or stored temporarily in big bags until proper treat-
ment methods are developed

Netherlands MSWI fly ash is stored temporarily in large sealed bags until better treatment methods are

developed
Solidified and stabilized before landfill France MSWI fly ash is solidified and stabilized by hydraulic binders and stored in a specific
landfill
Italy MSWI fly ash is disposed by hydraulic binders (such as cement, lime, furnace slag, etc.)

and then stored in specific landfills

Portugal
sites

Resource utilized before landfill Japan

MSWI fly ash is treated by solidification/stabilization method and landfilled in specific

MSWI fly ash is pretreated by melting, solidification with cement, stabilization by chemi-

cal reagents or extraction by acid or other solvents. Melting slag may be used in road
construction and solidified cement is landfilled
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At present, there are numerous studies on the stabili-
zation/removal of heavy metals and dioxins from MSWI
fly ash. These harmless treatments can be classified into
solidification/stabilization, thermal treatment, and separa-
tion/extraction. Cement solidification refers to the use of
fly ash as an additive to the concrete production process.
The harmful heavy metal components in fly ash are fixed
in the concrete product during the production process [23,
24]. This method not only realizes the production of cement,
but also facilitates the harmless treatment of fly ash. Chemi-
cal stabilization uses different inorganic chemicals [25, 26]
or organic chelating reagents [27, 28] to reduce the leach-
ing of heavy metals in fly ash to facilitate subsequent dis-
posal. The disposal of fly ash by heat treatment consumes
external energy to create a high-temperature atmosphere.
The organic matter in the fly ash is burnt, and the inorganic
substance forms harmless slag, in which the heavy metals
are confined [29-31]. The thermal treatment can be divided
into sintering [32] and melting/vitrification [33], depend-
ing on the processing temperature. In addition, it can be
divided into fossil fuel melting [34, 35] and electric melt-
ing [36-38], depending on the different energy sources. The
separation/extraction method initially separates the heavy
metals from fly ash using a chemical reagent, biological
reagent, or electrodialysis method [39], then extracts heavy
metals from the leaching solution for metal recovery [40].
To date, there are many published reports on different meth-
ods for the disposal of MSWI fly ash, and new findings are
constantly being reported. The current research focuses on
the harmless treatment of fly ash, and relevant comparisons
between different treatment methods are considered. This
article summarizes state-of-the-art research on the harm-
less disposal of MSWI fly ash, and performs a comparison
between different methods in relation to heavy metals and
dioxins solidification/removal efficiency, and analyses their
advantages and disadvantages. This review is expected to
provide guidelines for future research, and to contribute to

the sustainable development of treatments for municipal
solid waste incineration.

Characteristics of municipal solid waste
incineration fly ash

MSWI Fly ash is a fine-powder particle with a grey or dark
grey coloration. Under a microscope, fly ash particles have
different shapes including needle, strip and spherical. They
also possess uneven particle size, high porosity, and a large
specific surface area [41]. Many studies have shown that
the physical and chemical characteristics of fly ash depend
on different incineration technologies, operating conditions,
and the property of MSW [42]. Therefore, it is necessary to
summarize the basic characteristics of MSWI fly ash accord-
ing to the aforementioned influencing factors, so that the
subsequent harmless disposal of fly ash is facilitated.

Chemical characteristics

Table 2 summarizes the major chemical element compo-
nents in MSWI fly ash from different countries. It can be
concluded that the chemical composition of fly ash from
different countries is similar, with major components
that include the metallic elements Ca, Si, Al, Fe, Na, and
non-metallic elements S and Cl. Among all the elements,
Ca represents the main component. The content of Ca in
fly ash from Japan and Korea is as high as 40% or more.
Most of the Ca arises from the process of flue gas treat-
ment. During this treatment, a large amount of Ca(OH),
is sprayed to remove SO, from the flue gas using a dry or
semi-dry scrubber, is subsequently trapped by the precipi-
tator, and remained in the fly ash. Compared to other coun-
tries, fly ash from China contains the highest Si component
of 11.18%. This may be because MSW in China also con-
tains more incombustible dust [43]. In addition, China’s

Table 2 Major chemical

Chemical Country

compqnents of MSWI fly ash components . .

from different countries (WL.%) Korea [44] China [38, 41, 45] Japan [46] Austria [47] Sweden [48]
Ca 44.50 10.30-33.52 54.31 20.50 14.10
Si 247 8.57-40.03 4.02 - 4.50
Al 0.55 1.70-17.80 2.10 3.90 3.20
Fe 0.32 1.50-5.80 0.80 1.21 1.90
Na 4.39 0.96-14.00 4.36 3.58 5.80
K 3.01 1.38-8.77 2.82 3.23 5.40
Mg 0.57 1.40-6.35 2.44 - 1.30

0.26 1.04-7.96 0.72 - 5.90

S 1.61 1.39-22.50 1.55 - 6.50
Cl 3.51 2.40-13.60 19.78 - 6.60
— Lack of data
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Table 3 Major chemical

Chemical CFB fly ash Grate fly ash

Componeqts of MSWI fly ash. components

];a;t]a obtained from reference (Wt.%) Sample A Sample B Sample C Sample A Sample B Sample C
Ca 20.27 19.47 22.28 27.00 20.65 23.61
Si 10.14 11.18 9.95 291 1.85 1.10
Al 7.09 5.14 7.15 1.53 1.29 0.69
Fe 4.30 2.36 3.57 0.56 0.50 0.53
Na 3.02 2.76 2.30 5.90 6.86 6.59
K 2.36 1.82 1.69 5.36 6.54 5.70
Mg 2.10 1.70 227 1.32 1.24 0.78
P 1.43 1.04 1.52 0.93 <DL <DL
S 2.19 1.39 1.98 3.15 3.71 2.52
Cl 9.98 6.04 8.80 22.11 21.23 20.43

DL detection limit

fly ash also has relatively high Al content (from 1.70 to
17.80%), thus creating a CaO-SiO,—Al, 05 system, which
can be further modified to facilitate resource utilization.

The type of technology used by the incinerator also
affects the chemical components of the fly ash. Table 3
shows the main chemical composition of waste incinera-
tion fly ash generated from grate furnace incineration and
fluidized bed incineration.

It is evident that the elements of Si (approximately
10%) and Al (approximately 7%) in the fluidized bed fly
ash are significantly higher than the Si (approximately 2%)
and Al (approximately 1%) from the grate furnace. It was
concluded that the reason is that coal is usually incorpo-
rated with MSW to enhance combustion in fluidized bed
incineration technology, and the fly ash may contain Si and
Al derived from coal ash [50]. The fly ash from the grate
furnace incineration contains more Cl (approximately
21%), Na (approximately 6%), and K (approximately 6%),
indicating that the fly ash from the grate furnace is more
likely to enrich a large amount of salts, e.g., NaCl and
KCI. These salts may be derived from the incineration of
kitchen waste.

Heavy metals and their leaching properties

Heavy metals refer to metallic elements whose densities are
over 5 g/cm’. In the process of MSWI, heavy metals in MSW
would first evaporate in the incinerator and then condense
accompanied by the flow of flue gas and finally enrich on
the surface of fly ash in the APC system. These heavy met-
als cannot be degraded in the environment. If these MSWI
fly ash ware not dispose properly, the heavy metals would
penetrate into the soil and water. Through the food chain,
these heavy metals eventually enriched in human bodies and
cause serious harm to human health [17].

Table 4 presents a summary of several major heavy met-
als in MSWI fly ash from different countries including As,
Cd, Cr, Cu, Hg, Ni, Pb, and Zn. Compared to other coun-
tries, China has more heavy metal content in MSWI fly
ash, which is associated with high potential environmental
pressure among the investigation countries. Zn and Pb ele-
ments are often the most abundant constituents in fly ash,
and was not correlated to any country. Considering China
as an example, the highest Zn and Pb content can reach
19,880 mg/kg and 4769 mg/kg, respectively.

Table 4 Heavy metal content

; Heavy metal ~ Country

of MSWI fly ash for different contents (mg/ . ‘

countries kg) Korea [51] China [52-55] Japan [51] Austria [47] Sweden [48]
As 22 82-300 12 47 460
Cd 280 35-350 90 140 270
Cr 160 250-340 89 250 490
Cu 1000 410-1026 420 702 2000
Hg - 25 - 12 0.51
Ni 33 67-185 18 54 100
Pb 3000 1400-4769 1100 1730 4600
Zn 7300 4100-19,880 5000 9750 37,000
— Lack of data
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The heavy metals in fly ash depend on the chemical reac-
tions between the heavy metals and non-metallic elements
during the incineration of MSW. Some heavy metals are
volatile. The Cl in MSW significantly promotes the volatili-
zation of these heavy metals and forms heavy metal chlo-
rides. These metal chlorides condense in the fly ash in an
APC system, resulting in the enrichment of heavy metals in
the fly ash [56]. Therefore, most of the heavy metals in fly
ash are volatile heavy metals. Non-volatile heavy metals may
be enriched with the flow of flue gas during incineration.
The content of these heavy metals in fly ash is relatively low
compared to volatile heavy metals. The factor that deter-
mines the content of heavy metals in fly ash is their boiling
point or that of heavy metal chlorides, and the heavy metals
or heavy metal chloride with low boiling points are easily
enriched in MSWI fly ash [57].

The main potential environmental risk during the disposal
and utilization of MSWI is the leaching of heavy metals.
Most heavy metals in fly ash are chlorides and are soluble
in water, making it easy to leach and contaminate soil and
water [58]. There are many factors that affect the leaching
characteristics of heavy metals, including the characteris-
tics of ash, liquid/solid (L/S) ratio, and the pH value. For
instance, fly ash with smaller particles can promote the
leaching of heavy metals [59]. However, heavy metals are
easily enriched on small particles. In addition, fly ash with

smaller particles has a larger specific surface area, resulting
in faster leaching kinetics [60]. The leaching of heavy met-
als is also closely related to their solubility. A higher lig-
uid—solid ratio contributes to the dissolution of heavy metals
and promotes the release of toxic elements [61]. Moreover,
the solubility of heavy metals is also affected by the pH of
the solution. Given that most heavy metals are present in
the form of cations (such as Cu, Zn, Pb, Cd), their leaching
pattern rises with a decrease in pH [62]. The leaching of As
occurs readily for strong acid (pH < 2) and strong alkaline
(pH> 12) conditions, thereby exhibiting an amphoteric char-
acteristic. Se and Ba exhibit an oxyanionic leaching behav-
ior, and have good leaching characteristics under alkaline
conditions [63].

Therefore, the leaching properties of heavy metals
in MSWI fly ash are highly dependent on their leaching
methods. Relevant leaching tests on MSWI heavy metals
by different leaching methods are summarized in Table 5.
The leaching methods discussed include Korean standard
leaching test (KSLT), Japanese test for leaching (JTL-13),
horizontal vibration extraction procedure (HVEP), and tox-
icity characteristic leaching procedure (TCLP). Compared
to other three methods, the TCLP method can be carried
out at a relatively larger fly ash particle size (<9.5 mm),
but these particles have to be leached in acid condition (pH
2.88-4.93) with a high L/S ratio (L/S =20). The KSLT

Table 5 Leaching methods and their heavy metal concentrations in the leachate from MSWI fly ash

method Korean standard leaching test ~ Japanese test for leaching Horizontal vibration extrac- Toxicity charac-
(KSLT) (JTL-13) tion procedure (HVEP, HJ teristic leaching
557-2010) procedure (TCLP,
USEPA SW846-
1311)
Leaching concentration Limit Leaching concentration Limit Leaching concentration Limit Leaching  Limit

concentra-
tion

As (mg/L) - 1.500 0.100 0.300 0.029-0.032 1.500 - 5.000

Cd (mg/L) 0.010-0.710% 0.300 0.020 0.300 0.112-0.118 0.300 1.400* 1.000

Cr (mg/L) 0.030-0.100 1.500 0.030-0.086 - 0.925-0.931 10.000 1.460 5.000

Cu (mg/L) - 3.000 - - 0.304-0.308 50.000 0.140 -

Hg (mg/L) - - - - 0.454-0.470% 0.050 - -

Ni (mg/L) - - - - 0.056-0.069 10.000 - -

Pb (mg/L) 0.090-110.000* 3.000 0.05-24.000* 0.300 48.200-50.680? 3.000 0.720 5.000

Zn (mg/L) 4.8-5.1 - 0.020-4.400 - 50.120-56.600% 50.000 2.900 -

MSWI fly ash particle ~ <0.85 <0.85 <3 <9.5

size (mm)
liquid/solid(L/S) ratio 10 10 10 20
(ml/g)

Leaching pH 5.8-6.3 5.8-6.3 7.0 2.88-4.93

Reference [51] [51] [53] [54]

— Lack of data.

*Means the leaching concentration exceeds the limit value.
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method, JTL-13 method and HVEP method have the same
L/S ratio at 10 mL/g. These methods aim to simulate the
leaching characteristics in the natural environment under the
weak acid condition.

The determination of the heavy metal (As, Cd, Cr, Cu,
Hg, Ni, Pb and Zn) leaching characteristics of MSWI fly ash
shows that Cu, Ni and As are low leached heavy metal, while
the Pb and Cd are highly leached heavy metal elements.
Despite different original Pb and Cd contents in fly ash, the
leaching of Cd by KSLT and TCLP method and the leaching
of Pb by KSLT, JTL-13 and HVEP method are all exceed
the regulation level (See in Table 4). Heavy metal Zn and Hg
may also exceed the limit value according to different fly ash
sample. Hence, relevant studies on the harmless treatment of
fly ash should focus on reducing the leaching of Pb and Cd,
and Zn and Hg also need to be paid attention.

Dioxins

During MSWI incineration processes, the formation of diox-
ins (or PCDD/Fs) is produced via three main mechanisms:
(1) Presynthesis. PCDD/Fs already exist in feeding material
and survive the incineration process. (2) Precursor synthe-
sis. Precursors including polyhalogenated phenols, ortho-
halogenated phenols, and chlorinated aromatic compounds
are thermally destroyed and rearranged to form PCDD/Fs.
(3) De novo synthesis. The de novo process is defined as a
pathway by which PCDD/Fs are formed in the absence of
aromatic precursors. The decomposition of macromolecular
carbon structures of MSW leads to the formation of aro-
matic precursors, thereby forming dioxins via mechanism
(2) [64, 65]. Various kinds of waste incinerators, especially
MSW incinerators have been identified as major dioxin con-
tributors given that incineration has become the mainstream
technology for waste treatment in many countries. To control
the emission of dioxins, the design of waste incinerators
follows the “3 T” principle, namely; high temperature (Tem-
perature > 80 °C), high turbulence, and long residence time
(Time > 2 s). In addition, activated carbon is spayed in the
incineration flue gas to absorbs dioxins. After absorption,
these activated carbons are trapped by APC equipment and
transferred to the fly ash. It is estimated that approximately

65.3% of dioxins produced by incinerators in China are dis-
charged into the environment in the form of fly ash. As the
number of incineration facilities continues to increase, the
pollution caused by dioxin will become increasingly sig-
nificant [66].

The International Toxic Equivalent Factor (I-TEF) was
adopted to evaluate the toxicity of different dioxin mole-
cules. The higher the value, the stronger toxicity the dioxin
molecules have. Given that 2,3,7,8-TCDD is the most toxic
dioxin congener, it was assigned a toxicity rating of 1.0 by
convention. The TEFs for the other 2,3,7,8-positional con-
geners were determined based on the ratio of the toxicity
of each individual congener to that of 2,3,7,8-TCDD. The
toxicity of dioxins with any mixture of PCDDs and PCDFs
can then be expressed using Eq. (1).

17

TEQpcppirs = Z[Ci x (I -TIF)], (D)
i=1

where C, is the i-th concentration of the toxic dioxins con-
gener, ng/g, and(I-TIF); is the i-th international toxicity
equivalent factor of the toxic dioxins. The toxic equivalent
quantity(TEQ) of the dioxins was obtained by the addition
of individual TEQs [67-69].

Table 6 summarizes the amount of dioxin, and their TEQ
in different MSWI fly ash samples from different countries.
The total content of PCDD/Fs in MSWI fly ash is between
23 and 294 ng/g, and the toxicity equivalent is between 0.71
and 6.71 ng TEQ/ng. The level of PCDD/Fs in the fly ash
varies with the type of incinerator, the capacity of the incin-
erator, and the APC equipment at the end of the incinerator.
The results of research on 15 large MSW incinerators in
China [21] suggest that most of the incineration types are
grate furnaces and fluidized bed furnaces. The treatment
capacity of MSW ranges from 300 to 800 tons/day. The
corresponding APC measures include semi-dry a scrubber,
activated carbon injection and a baghouse filter. The PCDD/
Fs content in the fly ash ranged from 2.8 to 190 ng/g, and
the toxicity equivalent was 0.034-2.5 ng TEQ/g. The content
of dioxin in fly ash is the same as that of the fly ash gener-
ated from a secondary copper and secondary zinc metallur-
gical plant [74]. Several studies have shown that if fly ash

Table 6 Amount of dioxins, and their TEQ for different MSWI fly ash samples from different countries

Country Korea [70] China [21, 71] Japan [72] Sweden [73]
Incinerator type Stoker Stoker Stoker CFB Stoker -

Capacity ton/d 200 900 800 800 - 480

Air pollution control devices SDA +BF SD+AC+BF SD+AC+BF SD+AC+BF ESP SD+BF
Total PCCD/Fs (ng/g) 35.46 23.53 81 294 218.1

Total TEQ (ng TEQ/g) 1.45 1.87 0.71 1.3 6.71 32

SD semi-dry scrubber, AC activated carbon, BF baghouse filter, SDA spray dry absorber, ESP electrostatic precipitation, — Lack of data
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is directly dumped in a landfill without treatment, dioxin
components will continue to leach and contaminate soil and
water sources [75, 76]. In general, MSWI plants produce fly
ash with high levels of dioxins, which is highly toxic. As
such, appropriate and harmless disposal is required.

Harmless method to dispose of municipal
solid waste incineration fly ash

MSWI fly ash is rich in toxic heavy metals and dioxins.
The harmless treatment of MSWI fly ash requires the reduc-
tion of leaching toxicity of heavy metals and the reduction
of dioxin content. This section summarizes the various
approaches for disposing of fly ash that have been developed
in recent years, including solidification/stabilization, heat
treatment, and separation/extraction.

Solidification/stabilization
Cement solidification

As an important harmless treatment method, cement solidi-
fication has a relatively low disposal cost and its solidified
product has long-term physical, chemical, and biological sta-
bility [77], which plays a very important role in the disposal
of hazardous waste [78-81]. As a procedure for treating haz-
ardous waste, the disposal of MSWI fly ash by solidification
has also undergone long-term research.

Principle of cement solidification method The hydration
reaction between cement and water is the key mechanism
for cement formation and solidification of MSWI fly ash.
The hydration reaction can be divided into two steps. The
first step is to form primary cementitious products such as
hydrated calcium silicates, hydrated calcium aluminates,
and hydrated lime. The second step is the continued decom-
position of alkaline calcium hydroxide to produce OH™ and
Ca”*, which continue to react with hydrated calcium sili-
cate and hydrated calcium aluminate to form the insoluble
compounds C-S—H and C-A-H gel [82]. Given that the
main chemical composition of fly ash (e.g., CaO, SiO,,
and Al,O;) is consistent with the chemical composition of
cement raw materials, fly ash can be used as an additive
during the production of cement [83]. When fly ash and
cement are mixed in a certain proportion and hydrated, the
heavy metals and dioxins are encapsulated in C—S—H gel or
C-A-H gel, thus leaching of these two hazardous byprod-
ucts is prevented from solidified products [84].

Heavy metal leaching characteristics of cement solidified
products It has been demonstrated in numerous studies

that cement solidification can effectively fix the heavy met-
als in MSWI fly ash [85-87]. However, the heavy metals
in cement products are not stable in the long term. On one
hand, the increase in the amount of fly ash increases the
content of heavy metals in the cement product, which also
improves the leaching ability of heavy metals in the solidi-
fied product [24]. On the other hand, the leaching character-
istics of heavy metals in the cement product are also affected
by the exposed environment. Lu et al. [88] conducted stud-
ies on the leaching characteristics of heavy metals in cement
products under different simulated environments including
seawater, underground water, and acid rain. The result indi-
cated that Cu, Cd, Pb, Zn, Mn, Sb, and Ti did not leach
under these environmental conditions, whereas Cr, Ni, As,
and V leached under the simulated acid rain and seawater
environment, and the amount of heavy metal leached was
inversely proportional to the particle size of the cement
product. Cr is the most unstable element and can be easily
leached especially in acid environments. This is consistent
with the results obtained in studies by Yu et al. [24] and Li
et al. [89].

When considering the long-term leaching characteris-
tics of solidified products, aging or carbonation will have
an effect on heavy metals. Supercritical carbonation can
accelerate the study of the aging characteristics of solidi-
fied products [90]. Zha et al. [91] used a CO, closed-cycle
system [92] to study the heavy metal leaching characteristics
of supercritical carbonated cement product, and found that
supercritical carbonation promoted the leaching of Cu and
Pb.

In addition, not all heavy metal elements such as Hg can
be fixed by cement solidification. Du et al. [93] demon-
strated that the Hg released by the solidified product reaches
8.51 ng/g—18.48 ng/g, which is in accordance with raw fly
ash. In addition, the rise of temperature and water content
promote the release of Hg.

Dioxins leaching characteristics of cement solidified prod-
uct The cement solidification process encapsulates the
dioxin from the fly ash in the cement C—S—-H gel or C-A-H
gel, thus reducing leaching. However, it has been shown in
several studies [94, 95] that the solidification product is sta-
ble in an acid environment. When humid acid is used as the
leaching agent, the dioxin leached from the fly ash is reduced
by 98%. Most of these leached dioxins are high chlorine-
containing such as HpCDD/F and COOD/F. However, when
using n-Hexane as the leaching agent, the dioxins that are
leached from the fly ash is significantly increased, includ-
ing not only high chlorine-containing dioxins, but also low
chlorine-containing dioxins. This result indicates that under
the influence of polar leaching agents (such as rainwater and
natural organic solutions), cement solidification can effec-

@ Springer



Waste Disposal & Sustainable Energy (2020) 2:1-25

tively fix dioxin, whereas, in the case of non-polar leaching
agents, cement solidification has the opposite effect.

However, the solidification process does not lead to the
degradation or destruction of these dioxins. As the solidified
product is impregnated and aging occurs in the environment,
the solidified dioxins are re-dissolved to contaminate the
solid. Wang et al. [96] investigated soils in which fly ash
solidified products enter the landfill, and noted that although
high concentrations of dioxins from fly ash solidification
product leachate were not detected, the dioxin concentration
in the soil near the landfill was 2.8 ng I-TEQ/g, which was
2.8 times higher than the standard value.

Effect of cement solidification of fly ash on the mechanical
strength of cement Although the cement solidification of
fly ash can reduce the leaching of heavy metals and dioxins,
the addition of fly ash has a negative impact on the strength
of cement. On one hand, excessive fly ash addition leads to
a decrease of C—S—H or C—A-H gel content in the cement,
resulting in a reduced cement strength. On the other hand,
MSWI fly ash contains a large amount of Cl. CI can react
with the aluminate in cement raw material to form Frie-
del’s salt, which affects the hydration process of the cement
and hinders its formation [52]. Several works indicate that
the addition of fly ash causes a decrease in the mechanical
strength of cement products. A study by Yu et al. [24] showed
that the addition of fly ash caused a significant decrease in
the compressive strength of cement product from 51.5 MPa
without fly ash to 22.6 MPa for the addition of 25% fly ash,
and to 19.2 MPa for the addition of 40% fly ash, with a total
reduction of compressive strength by 62%. The studies by
Yang et al. [97] and Bie et al. [98] also support this view. In
addition, the aging and carbonation of solidification prod-
ucts resulted in an increasing amount of calcium carbonate
in the voids of the cement. The generated calcium carbon-
ate exceeded the limit of the pores, which caused additional
internal pressure and micro-cracks, thereby reducing the
mechanical strength of the cement product [91]. It is evident
that the cement solidified product of MSWI fly ash can only
be used as a low-strength road basement, and base construc-
tion material [99].

Novel materials for solidification of MSWI fly ash In recent
years, research on the solidification of MSWI fly ash has
focused on new solidified materials. Portland cement is the
conventional solidification material for treating fly ash. The
new materials include magnesium potassium phosphate
cement, intermediate-calcium based cementitious material,
and blast furnace slag are currently under investigation for
the solidification of fly ash, with good results.

Potassium magnesium phosphate cement is chemically
bonded ceramic materials with excellent properties such
as rapid setting, high early strength, and high adhesive
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properties [100]. It has been experimentally demonstrated
[101] that the mechanical strength of solidified cement meets
the cement standard for construction when the amount of
fly ash is less than 20%, and the leaching of Cd and Pb also
meets the required standard.

Intermediate calcium-based cementitious material
(ICCM) has 30-40 wt.% CaO. The other component has a
CaO/Si0, ratio close to 1 or (CaO +MgO)/(5i0,+ Al,05)
ratio ranging from 0.75 to 0.90. The hydration products of
ICCM are ettringite, calcium hydroxide and C—S—-H gel. The
co-effect of these products makes the paste compactable and
hard [102]. It has been shown that the optimum solidification
condition depends on the (CaO +MgO)/(SiO, + Al,O;) ratio
and the addition amount of MSWI fly ash [103]. When fly
ash is added at 10 wt.%, the best resulting (CaO + MgO)/
(Si0,+ Al,03) ratio is 0.76-0.88. The compressive strength
of the solidified ICCM product can reach 42.5R in normal
Portland cement. The concentrate of Pb, Zn, Cu, and Cr
in leachate all meet the national standard (GB8978-1996).
Moreover, Cl in fly ash is also well-solidified.

MSWI fly ash can be solidified using ground granulated
blast furnace slag (BFS) to produce alkali-activated slag
(AAS) cement. The AAS cement presents is present in the
form of C—S—H gel and C—A-S-H gel. Research results have
shown [104] that the reduction of the compressive strength
of AAS cement is inevitable when fly ash is added. The
highest compressive strength reaches 64.37 MPa for the
addition of 30 wt.% fly ash, and a curing time of 28 days.
However, relevant research on the heavy metal leaching
characteristic of AAS cement is insufficient and needs to
be improved.

Chemical stabilization

The chemical stabilization is based on the chemical reac-
tion between heavy metals in MSWI fly ash and chemical
reagents to reduce the leaching of heavy metal ions, thereby
achieving stabilization of heavy metals. The chemical rea-
gents employed can be classified as inorganic and organic
reagents. Several types of different reagents are selected,
and this will be discussed in the following section, as well
as the stabilizing effects of these reagents on heavy metals.

Inorganic chemical reagents Phosphates The addition of
fly ash to the phosphate solution combines the heavy metals
in the fly ash with the phosphate radical to form insoluble
materials, which can reduce the leaching of heavy metals
[105]. Previous studies have shown that phosphate can effec-
tively immobilize the heavy metals Zn, Pb, and Cu [106,
107]. Phosphates can be sourced from biological material
such as fishbone [46, 108], which is rich in hydroxyapatite.
Wang et al. [109] used phosphoric acid to stabilize heavy
metals in fly ash. It was determined that under acidic con-
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ditions, a reduction of leaching was observed only for the
heavy metals Zn, Cd, and Cr, whereas the other heavy metal
showed an enhancement.

Silicates Silicates are another type of inorganic chemical
reagent. The stabilization principle of silicates is similar to
that of cement solidification, in that C—S—H gel is produced
to encapsulate the heavy metals. Silica fume is a pozzo-
lanic material with a high specific surface area and has good
potential for the fixing of heavy metals [110]. A study by Li
et al. [25] showed that silica fumes exhibit good stabilization
of the heavy metals Cu, Pb, and Zn.

Sulfides Similar to phosphates, the addition of sulfides
immobilizes heavy metals to form low soluble heavy metal
sulfides [111]. Sulfides have good fixation for Pb and Cd.
The research conducted by Zhao et al. [112] proved that the
amount of Na,S added reaches 1.8 wt.% and 5 wt.% of the
MSWI fly ash when the concentration of Pb and Cd in lea-
chate reached 7.26 mg/L and 0.10 mg/L, respectively. This
meets the leaching toxicity standard. The drawback of this
method is that heavy metal sulfides can be converted into
H,S under acidic conditions. Sun et al. [26] developed a new
and inexpensive polysulfide to achieve long-term stability of
Pb in fly ash, without producing H,S gas.

Iron oxides FeSQO, is an iron oxide that can effectively sta-
bilize heavy metals in fly ash. The Ferrox-process developed
by Lundtorp et al. [113] fixes heavy metals with FeSO,.
In the Ferrox-process, the MSWI fly ash is suspended in a
FeSO, solution and the suspension is subsequently oxidized
to form iron oxides on the fly ash. The salts are then washed
out and the heavy metals in the solids are retained, thereby
leading to a reduction of the leaching of the salts and metals
from the treated fly ash. The results indicate that the fly ash
treated using this method leads to a large amount of salt in
the leachate, and the leaching amount of Pb, Cd, Zn and Cu
is effectively controlled. However, it does not have a signifi-
cant impact on the leaching of Cr and Pb.

Organic chemical reagent Numerous organic chemical
reagents that can achieve chemical stabilization of heavy
metals have been investigated. In previous reports [52, 114,
115], thiodiglycolic acid (TGA), pyrrolidines, imines, car-
bamates, and thiols have been shown to effectively stabilize
heavy metals in MSWI fly ash. In addition, new chemical
reagents are also being developed. The following section
will introduce several new types of organic chemicals for
chemical stabilization of heavy metals.

Thiourea The thiourea functional group is a sulfur-con-
taining complexing ligand that can stabilize heavy metals
[116]. A new water-soluble thiourea-formaldehyde resin was
developed to verify its stabilization efficiency for MSWI fly
ash [117]. When the resin addition was 3 wt.% of the fly ash,
the concentration of the heavy metals Cr, Pb and Cd in lea-
chate was reduced by 96.7%, 92.4%, and 85.8%, respectively,

and meets the national standard. However, this study also
demonstrates that when the resin is used to stabilize fly ash,
it may be unstable and harmful to the environment. There-
fore, the stability and toxicity of the thiourea-formaldehyde
resin need to be evaluated in subsequent industrial-scale
applications.

Dithiocarbamates Dithiocarbamate ions can react with
a metal ion to form the non-polar compound, dithiocarba-
mate metal (DCM), to reduce the leaching of heavy metals
[118]. Wang et al. [109] used sodium diethyldithiocarbamate
(SDD) as a chelating agent and citric acid as a leaching agent
to study the leaching characteristics of the heavy metals Pb,
Zn, Cr, Cu and Ni in fly ash. The results showed that SDD
could effectively stabilize Pb, Cd, and Cu. However, in an
acidic environment, it could promote the leaching of Zn,
Cr, Ni, and Pb.

Sixthio guanidine acid and etrathio bicarbamic acid
The chelating groups in sixthio guanidine acid (SGA) and
etrathio bicarbamic acid (TBA) demonstrate excellent abil-
ity to stabilize heavy metals [119]. The study by Wang et al.
[120] proved that for SGA and TBA, the hydrosulfide groups
are more capable of binding to heavy metals compared to
SDD or Na,S. They can effectively limit the leaching of Pb,
Zn, Cr, Cu, Ni, and Cd. However, under an acidic environ-
ment, the leaching of heavy metals is accelerated.

Effect of chemical stabilization on different heavy met-
als Tables 7 and 8 summarize the effects of different chemi-
cal reagents on the leaching characteristics of heavy metals
from stabilized MSWI fly ash under neutral and acid condi-
tions, respectively. Comparing the leaching ability of differ-
ent heavy metals from Tables 7 and 8, it can be determined
that the leaching characteristics of different heavy metals
stabilized by different chemical reagents exhibit different
properties. Under acidic conditions, the leaching abilities of
most heavy metals are improved. This indicates that after
chemical stabilization treatment, the risk of MSWI fly ash
heavy metal re-dissolution increases in an acidic environ-
ment.

The Cd in the fly ash is an element that is relatively
easy to stabilize, and most chemical reagents can stabilize
it, such as the formation of stable Cd;(PO,), treated with
phosphoric acid [121], and the formation of stable chelat-
ing products due to an organic chelating reagent [27]. Only
the fly ash fixed by two organic chelating agents, SGA and
TBA, resulted in the increased dissolution of Cd under an
acidic environment.

The Cr in fly ash is an element that is difficult to fix
by chemical stabilization. Only thiourea reagent can fix
Cr, and this element is stable in the product only under a
neutral environment. The form of Cr in fly ash is mainly
Cr** and Cr*. At low pH, Cr’* can be oxidized to Cr®*,
which exists in the form of highly soluble HCrO*~ [122].
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Table 7 Effect of different

. o Chemical stabilization methods Leaching ability References
chemical stabilization reagents
on heavy metal leaching of Cd Cr Cu Ni Pb Zn
stabilized MSWI fly ash in
neutral leaching solution Inorganic reagents
Phosphates l 1 | ! l l [109]
Silicates - - | - l l [25]
Sulfides l 1 1 l l l [107]
Iron oxides l ) 1 - l l [113]
Organic reagents
Thiourea l 1 - - l - [117]
Dithiocarbamate l 1 ! l l l [109]
Sixthio guanidine acid l | ! l l l [120]
Tetrathio bicarbamic acid l | ! l l l [120]
| indicates that the leaching ability was inhibited
1 indicates that the leaching ability was accelerated
— indicates that the leaching ability was not studied
Table.8 Effec.t ,Of Qifferent Chemical stabilization methods Leaching ability Rreferences
chemical stabilization reagents
on the leaching of heavy metals Cd Cr Cu Ni Pb Zn
for stabilized MSWI fly ash in
acid leaching solution Inorganic reagents
Phosphates l l il i il [109]
Silicates - - l - 1 [25]
Sulfides - - - - i - [26]
Tron oxides ! - - - ! l [113]
Organic reagents
Thiourea - - - - - - -
Dithiocarbamate ! 1 ! 1 i 1 [109]
Sixthio guanidine acid 1 1 i i i 1 [120]
Tetrathio bicarbamic acid 1 1 i i 1 1 [120]

| indicates that leaching was inhibited

1 indicates that leaching was accelerated

— indicates that leaching was not studied

The improvement in the leaching ability of Cr stabilized
by an organic reagent is due to the insufficient oxyanions
HCrO*" trapping ability of the reagent [107].

Cu in fly ash is also easy to fix, but it can be leached in
an acidic environment. This is because the stabilized Cu is
partially present in the form of Cu(OH), (especially when
an inorganic chemical reagent is used), which is easily dis-
solved under acidic conditions [123].

To fix Ni in the fly ash using the chemical stabilization
method, the stabilized product should be placed in a neutral
environment. The dissolution of Ni then increases again [89]
no matter the kind of chemical reagent used.

Pb in fly ash is also an element that is easy to fix. Most
chemical stabilizers can stabilize Pb. However, similar to Cu
and Ni, when the stabilized product is placed in an acidic envi-
ronment, Pb is easily leached. For instance, Pb in fly ash will
be converted to Pb;(PO,), and Pbs(PO,);OH via phosphate
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stabilization. These products are more easily leached under
acidic conditions [124]. Similar results can be observed after
the treatment of an organic stabilizer [27].

Similar to Ni, the stabilized product of Zn from fly ash
remains stable under a neutral environment. Zn can be con-
verted into Zn3(PO,), and Zn;(PO,);Cl after treatment with
phosphoric acid, thus achieving the stabilization of Zn [125].
The organic chemical reagent can change the structures of Zn-
bearing minerals, which are altered during the stabilization
process, leading to more dissolution under acidic conditions
[126].

Collaboration of cement solidification and chemical
stabilization

To dispose of MSWI fly ash, at effective method is to com-
bine cement solidification and chemical stabilization. Ma
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et al. [127] selected 4 different chemical chelating agents
(dithiocarbamate, dithiocarbamic acid dipotassium salt,
amino dithiocarbamate chelating resin, and thiourea). The
chelating agent solution was mixed with a certain proportion
of fly ash, cement raw material, and water to achieve solidifi-
cation and stabilization of the fly ash. It was determined that
dithiocarbamate had the best performance in terms of the
stabilization of fly ash heavy metals, but the stabilized heavy
metals were easily leached in an acid solution. When chelat-
ing stabilization was combined with cement solidification,
the leaching concentration of the heavy metals continued
to reduce. The amount of the heavy metals Cd, Pb and Ni
that was leached decreased from 0.21 mg/L, 0.046 mg/L,
and 0.444 mg/L respectively without cement solidification,
to 0.095 mg/L, not detected and 0.285 mg/L respectively
for cement solidification. Nevertheless, the addition of fly
ash leads to a decrease in the compressive strength of the
cement. This is consistent with the treatment of fly ash by
solidification only.

Hydrothermal treatment

Hydrothermal treatment is a method for large-scale stabiliza-
tion of MWSI fly ash at a relatively low treating temperature
(150-200 °C) [128]. Under hydrothermal conditions, the
movement of water molecules is accelerated, thus increas-
ing the ionization product constant and diffusion coefficient,
thereby promoting the chemical reaction. The hydrothermal
treatment technology synthesizes aluminosilicate minerals
to stabilize heavy metals in minerals under alkaline condi-
tions (NaOH or KOH) using Al or Si sources in fly ash or
by adding external Al and Si.

In the synthesis of aluminosilicate minerals in an experi-
ment conducted by Bayuseno et al. [129], it was determined
that a significant amount of Al-substituted 11 A tobermorite
(Cas(Si,Al)¢(OH),0,4-4H,0) and katoite (Ca;Al,(SiO,)
(OH)y) in addition to minor amounts of zeolites were
formed under experimental conditions with 0.5 M NaOH at
a temperature of 180 °C for 48 h. The hydrothermal product
exhibited excellent stability for heavy metals and there was
a reduction of their release relative to the untreated parent
materials, even under acidic conditions.

To reduce energy consumption, the dissolution of Al and
Si is accelerated, the crystallization period is reduced, and
microwave technology is applied for hydrothermal treat-
ment. Gong et al. [130] determined that during microwave-
assisted hydrothermal treatment, the leaching of Pb, Cu,
and Zn in fly ash decreased while the leaching of Cr was
improved. This is probably because the Cr in fly ash is con-
verted from Cr** to Cr®*, forming HCrO*~, which is highly
soluble in leachate. Qu et al. [49] conducted research on
microwave-assisted hydrothermal treatment of MSWI fly
ash. Three process additives of NaOH, Na,HPO,, and H,O

were compared for the stabilization of heavy metals. The
result indicated that Na,HPO, is an efficient additive in the
microwave-assisted hydrothermal process for the stabiliza-
tion of heavy metals in fly ash. The leaching of Cd, Cr, Cu,
Ni, Pb, and Zn all met the national standard. Several types of
zeolites were formed during the disposal process. Compared
to conventional hydrothermal treatment, microwave-assisted
hydrothermal treatment offers a promising technology for
the management of MSWI fly ash with high efficiency and
energy savings.

Hydrothermal methods can also promote the decomposi-
tion of dioxins. Based on hydrothermal research [131], it has
been shown that the toxic equivalent of dioxins in fly ash
reaches the lowest value with the addition of 0.1 wt.% carbo-
hydrazide to fly ash for an operating temperature of 533 K.
Hu et al. [132] used a mixture of iron and ferrous sulfate to
enhance the decomposition of dioxins. The results revealed
that temperature is the most important factor that affects
the degradation of dioxins. A higher operating temperature
leads to further degradation. Washing-pretreatment and the
addition of iron and ferrous sulfate can also facilitate the
decomposition of dioxins. The effect of Fe addition on the
decomposition of dioxins is weaker than that of temperature.

Mechanochemical method

The principle of the mechano-chemical method is to induce
changes in the physical and chemical properties of solid
particles using various mechanical forces, such as collision,
compression, shear, and friction, thereby activating or accel-
erating the reaction between solid particles [133, 134].

Mechano-chemical methods can achieve the fixation
of heavy metals in MSWI fly ash using ball milling [135].
Nomura et al. [136] utilized CaO as an additive to mechani-
cally convert Pb from fly ash to a readily soluble PbCl, form
to a stable insoluble Pb;0,, effectively reducing the leaching
of Pb by 92.8%. The study by Li et al. [137] also confirmed
that the mechanochemical method has excellent stabilization
of Pb. The research conducted by Chen et al. [138] demon-
strated that the mechanochemical method can effectively fix
Cu, Pb, and Cr in fly ash, but has little effect on the stability
of Cd, Zn and Ni. To be specific, the leaching ability of Cd
and Zn does not change significantly, and the leaching ability
of Ni is enhanced.

Related studies have shown that mechanochemical meth-
ods can effectively reduce dioxin in MSWI fly ash [139]. To
promote the degradation of dioxin, CaO, SiO,, and iron pow-
der. are often used as additives during the disposal of fly ash.
Lu et al. [140] studied the mechano-chemical mechanism of
the degradation of 2,4,6-trichlorophenol via ball milling by
adding CaO and SiO, to 2,4,6-trichlorophenol. The reac-
tion mechanism of a four-step pathway was obtained, which
provided a basis for the study of the degradation mechanism
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of dioxins. Zhang et al. [141] investigated the mechano-
chemical degradation of dioxins in pentachloronitroben-
zene (PCNB) using iron powder as an additive. The results
revealed that the TEQ of dioxins in PCNB decreased from
1146 ng-TEQ/kg to 0.04 ng-TEQ/kg. Chen et al. [142, 143]
developed a new additive SiO,-Al to decompose dioxins.
The mechano-chemical degradation of dioxins resulted in a
decrease from 6.75 ng-TEQ/g to 0.64 ng-TEQ/g. In addition,
the detailed degradation path of the mechano-chemically
treated dioxins and the mechanism of action of the addi-
tives were revealed.

Thermal treatment

The thermal method to treat MSWI fly ash involves expos-
ing the fly ash to a high temperature to transform it into a
stable environmentally-friendly substance. During the heat
treatment process, organic matter is decomposed, burned,
and vaporized, whereas inorganic matter is transformed into
a stable glassy slag. After heat treatment, organic pollutants
such as dioxins in the fly ash are destroyed, whereas invola-
tile inorganic heavy metals are sealed in a glassy slag that is
safe to put in a landfill. Volatile inorganic heavy metals end
up in secondary fly ash and are discharged. The density of
fly ash significantly increases after thermal treatment, and
the volume reduction can be 50% or more. In addition, the
metals in the ash can be recovered, and the stable slag can be
used as a road base material or as other raw materials [144,
145]. Thermal treatment methods for fly ash can be divided
into sintering and melting/vitrification [146].

Sintering

The theory of sintering began in the middle of the twentieth
century and was introduced in the work of Frenkel [32].
Sintering is a mainstream thermal treatment method, and
the temperature of this procedure is generally between 900
and 1200 °C. It is viable to produce glass or glass—ceramics
from fly ash based on this approach. Sintering involves heat-
ing the fly ash to the point at which particle bonding occurs,
and chemical phases in the fly ash are reorganize. The fly ash
then aggregates from small particles into a coherent mass
[147]. The sintering product has reduced porosity and high
strength. The heavy metals in the sintering product are dif-
ficult to leach. Karamanov et al. [148] proposed that the
sintering process also causes crystallization of the MSWI fly
ash, which has a negative effect on densification and creates
small pores in the sintering products. A higher heating rate
leads to a superior sintering product with denser crystalliza-
tion and improved mechanical properties.

Effect of sintering on solidification of heavy metals Heavy
metals in MSWI fly ash can be solidified using the sinter-
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ing method. Based on experimental research [149], it has
been shown that the sintered heavy metals Zn, Cr, Pb, and
Cu are mainly presented in an oxidized form. The leach-
ing concentration of most heavy metals, except Pb, achieves
the national standard. After 30 days aging of the sintering
products, the leaching concentration of heavy metals did not
increase significantly. This result is indicative of the excel-
lent ability of sintering to solidified heavy metals in fly ash.

The operational conditions such as the temperature and
sintering time have an influence on the solidification of
heavy metals. Research conducted by Li et al. [29] estab-
lished an overall pollution toxicity index (OPTI) for the
evaluation of heavy metal pollution. The results revealed
that a higher sintering temperature led to more volatiliza-
tion of heavy metals, and the lowest value of the OPTI was
at 1040 °C. A long sintering time might also result in more
volatilization, leading to higher OPTI values. Thus, higher
integrated control efficiency conditions of heavy metals were
achieved at lower temperatures and shorter times.

In addition, the pre-washing of MSWI fly ash can affect
the leaching ability of sintered fly ash. Liu et al. [147] com-
pared the sintering results for raw fly ash (RFA) and washed-
pretreated fly ash (WFA) and discovered that washing pre-
treatment reduces the leaching rate of Cd, Pb, and Ni, but
increases the leaching rate of Cr. The heavy metal leaching
concentration of sintering products from RFA and WFA
both meet the Chinese regulatory level (GB5085.3-1996).

Effect of sintering on dioxins in fly ash In a study [150] on
the decomposition of dioxins in fly ash via sintering sug-
gested that most of the dioxins and their homologs in fly
ash are destroyed during the sintering process. However,
new dioxins homologs with lower chlorination and moder-
ate chlorination are synthesized. These toxic homologs are
present in the sintering flue gas. As a result, sintering can
reduce the dioxin content of fly ash; however, it leads to
more dioxins in the flue gas. The sintering treatment of fly
ash generates dioxins and has the potential harm to the envi-
ronment.

Melting/vitrification

Compared to the sintering process, melting/vitrification of
fly ash requires a higher processing temperature (usually
1100-1500 °C). The melting/vitrification technology was
derived from the metallurgical industry. It generally utilizes
fossil fuel or electricity for the melting/vitrification of mate-
rials [151, 152]. During the melting process, the organic part
of the MSWI fly ash is decomposed, whereas the inorganic
part is transformed into a glass slag via crystal phase trans-
formation. The difference between melting and vitrification
is that the latter requires glass-forming additives or other
solid waste to form a homogeneous liquid phase material
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that is subsequently cooled down to form an amorphous,
homogenous single-phase glass [146]. These vitreous prod-
ucts have excellent potential for resource utilization, and this
treatment is a promising approach for the harmless disposal
of MSWI fly ash.

The principle of melting/vitrification The study of fly ash
melting reveals that the melting process is an endothermic
reaction that involves the three main processes of dehydra-
tion, polymorphic transition and fusion [33], and occurs
in the temperature range of 100-200 °C, 480-670 °C and
1101-1244 °C, respectively (as shown in Fig. 2). Figure 3
illustrates the differential thermal analysis (DTA) and dif-
ferential scanning calorimetry (DSC) curves for a fly ash
sample under an oxygen atmosphere at 10 ‘C/min. Three
absorption peaks are observed in Fig. 3, which represent the
process of dehydration, polymorphic transition, and fusion.

The mechanism of the melting of MSWI fly ash involves
several steps [33]. When more than one crystal state of the
same substance is found, classic thermodynamic considera-
tions show that the polymorph with the lowest free enthalpy
is most stable. The crystal becomes mechanically unstable or
unrealizable when the temperature is increased, which leads
to a polymorphic transformation and equilibrium change
from one phase to another.

During melting treatment, the heat and temperature
required for melting mainly depend on the composition of
the fly ash. The interaction between its internal components
also affects the melting temperature. It has been experimen-
tally shown that the addition of SiO, increases the viscosity
of the liquid slag, thus leading to the increase of the melting
temperature [33]. When the fly ash has relatively low alka-
linity, CaO can be used to reduce the viscosity of liquid slag,
thereby lowering the melting temperature and accelerating
the melting and crystallization processes. In a study on the
influence of CaO and Fe,O; on the melting temperature of
MSWI fly ash [153], it was determined that as the propor-
tion of CaO/Fe,0j; increased, the melting temperature of the
fly ash initially increased, then slowly increased thereafter.
For other types of elements, Wang et al. [154] demonstrated
that both V and Ni can increase the melting temperature.
The study by Zhang et al. [155] proved that P can lower the
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Fig.3 Typical plots of DTA-DSC for fly ash melting at 10 °C/min

melting temperature only in fly with high Al,O; content. It
can be concluded that for MSWI fly ash, acidic oxides (such
as Si0,, P,0s, and TiO,) generally increase the melting tem-
perature, whereas basic oxides (such as Na,O, K,0, MgO,
CaO, and MnO,) generally lower the melting temperature
[156]. The amphoteric oxides of Al,O; and Fe,0;, Al,O04
exhibit the characteristics of an acidic oxide with respect to
increasing the melting temperature, and Fe,O; exhibits the
characteristics of a basic oxide in that the melting tempera-
ture is reduced.

Fuel-burning melting/vitrification Research on the utiliza-
tion of fuel to achieve melting/vitrification of fly ash has
been conducted over two decades. The fuel utilized in this
research includes natural gas, fuel oil and coke [152]. Sakai
et al. [157] summarized the properties of the fuel-burning
melting/vitrification furnace and system, including the sur-
face melting system, swirling-flow melting system, coke-
bed melting furnace, rotary kiln melting furnace, and the
internal melting furnace.

The high-temperature environment created by the melt
treatment is beneficial to the decomposition of dioxins
in fly ash, Sakai et al. [157] established that dioxins in
fly ash can be completely destroyed at 1400 °C, with a
decrease in the concentration of PCDD/Fs from 320 ng/g
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transition transition
FIv ash .| Intermediate .| Intermediate Molten slag
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Fig.2 Schematic illustration of melting mechanism of MSWI fly ash
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to 0.012 ng/g, and a corresponding decrease in the toxic-
ity equivalent from 3.7 to 0.0064 ng-TEQ/g. Wang et al.
[34] built a pilot-scale melting furnace that used a spray-
ing tower to rapidly reduce the temperature of flue gas
(below 200 °C) to avoid subsequent dioxin synthesis. The
testing results revealed that the dioxin toxicity equivalent
of the flue gas generated by the fly ash melting process
is 0.053 ng-TEQ/m;, which meets the national standard
requirements.

The involatile heavy metals in fly ash are transformed
and solidified in the dense lattice structure of melted slag,
thereby reducing their leaching rate. However, the volatile
heavy metals in fly ash exist in the secondary fly ash dur-
ing the melting process. The volatilization of these heavy
metals is related to the high content of CI in the raw fly
ash. The melting process in the surface melting furnace at
1260-1350 °C proves that although the leaching of heavy
metals meets the national standard, a relatively high concen-
tration of heavy metals is detected in the secondary fly ash
[34]. The residual levels of stabilized heavy metals are in the
order of Cr>Zn> Cu>Cd> Pb in melted slag. The main
components of secondary fly ash collected from fabric filter
bags were metal salts such as NaCl and KCI. Similar results
were obtained by Wang et al. [31] for a pilot-scale swirling
melting system at the melting temperature of 1250-1400 °C.
This indicates that Cr and Ni can be better solidified in melt-
ing slag, whereas the highly volatile heavy metals such as
Hg, Cd, Pb, and Zn are difficult to stabilize. In addition, the
study on co-melting and vitrification treatment with other
hazardous waste such as electroplating sludge, suggest that
the Cl present in fly ash during the melting process greatly
promotes the volatilization of heavy metals, resulting in the
volatilization of 96% of Pb, 79% of Cd and 81% of Cr [158].

In the study by Okada et al. [159], it was determined that
the volatilization of Cl in a fly ash melting furnace is directly
related to the molar ratio of Cl/(Na+K) in the raw fly ash
sample. A higher Cl/(Na+ K) molar ratio promoted the vola-
tilization of Cl, leading to the detection of more PbCl, in the
secondary fly ash. They then introduced ash circulation to
return the melting furnace fly ash to the melting furnace to
convert the ash to slag [35]. This study suggested that ash
circulation promotes the formation of HCI gas, which leads
to a high concentration of Pb in the secondary fly ash. In
addition, the lead extraction from the melting furnace fly ash
into NaOH solution was also enhanced by ash circulation,
and the recovery was over 90%. As such, a new solution
for the recycling of heavy metals from MSWI fly ash was
presented.

Oxygen-fuel melting/vitrification is a new technology for
the disposal of MSWI fly ash. On one hand, it enhances the
combustion process and increases the flame temperature,
which facilitates melting. On the other hand, the nitrogen
content in the flue gas is low after combustion. As such, the

@ Springer

heat loss due to the emission of nitrogen in flue gas is less,
which greatly conserves energy during the melting process.
Moreover, the flue gas contains a large amount of CO, after
oxygen-fuel combustion, and CO, is believed to be effective
in immobilizing heavy metals from fly ash via carbonation
[160, 161]. Therefore, oxygen-fuel melting/vitrification can
also reduce the leaching of fly ash heavy metals [162], which
is a promising approach and worthy of further investigation.

Electric melting/vitrification The electric melting/vitri-
fication treatments for fly ash were summarized by Sakai
et al. and utilize the electric-arc melting furnace, electric
resistance melting furnace, plasma melting furnace, and the
induction melting furnace [157]. Compared to fuel-burning
methods, the electric melting/vitrification of fly ash requires
electricity, which is highly suitable for coal-fired power
plants where a large amount of electricity is generated.

Plasma is currently the primary area of interest among
electric melting/vitrification methods. The high-energy—den-
sity and high-temperature of a plasma flame can promote
the melting/vitrification reactions and reduce the residence
time of MSWI fly ash. Related research [37, 38, 163, 164]
has shown that after plasma melting/vitrification treatment,
the volume reduction of MSWI fly ash is between 60% and
82.2%, and the mass reduction is between 10% and 56.7%.
The analysis of melting products [36, 38, 164] revealed
that the density is mostly concentrated between 2.75 and
2.9 g/cm?, and the hardness is in the range of 6-7 GPa. The
microstructures of most slags are completely uniform, dense,
glassy or contain a glass grid, but the low-temperature pro-
cess during the plasma melting/vitrification and the addic-
tive CaO in the MSWI fly ash affects the microstructure of
slag and reduces its hardness to some extent [164].

In the comparison of migration and the leaching charac-
teristics of heavy metals before and after plasma melting/vit-
rification [36-38, 163, 165], it is determined that most heavy
metals sealed in vitreous slag are Cr, and Ni, which are
involatile heavy metals. In comparison, Cd and Pb exhibit a
strong volatile property. The leaching of other heavy metals
in melting/vitrification slag such as Zn and Cu is signifi-
cantly lower than that of the original fly ash, which proves
that vitreous slag can seal the heavy metals from fly ash.
Zhao et al. [37] identified the different heavy metal composi-
tions in vitreous slag using different cooling methods such
as water-cooling, air-cooling, and composite-cooling. The
concentration of Zn, Cd, and Pb in air-cooled slag is signifi-
cantly higher than that of the other two methods, while the
concentration of As and Hg are opposite. The concentration
of Cr metal is almost the same for the three methods. The
results show that the Zn, Cd and Pb compounds in slag can
dissolve in water, thereby reducing the solidification of these
heavy metals. As and Hg are highly volatile metals but are
insoluble in water; therefore, a portion of these metals may
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diffuse into the air during air cooling, and their content is
consequently lower compared to water-cooling.

Plasma melting/vitrification also plays a significant
role in the decomposition of dioxins [38, 165]. It has been
experimentally shown that when fly ash passes through
the electron or ion stream generated by plasma, significant
mechanical damage occurs on the surface of these parti-
cles, and the dioxin compounds they contain are effectively
destroyed [166]. The degradation of the dioxins is affected
by its concentration in the fly ash. A higher concentration
leads to more decomposition. The highest destruction rate
of 2,3,7,8-T,CDD was 81% of its original amount. It was
also determined in a study that dioxins compounds with
a higher TEQ value were more easily destroyed in com-
parison to several dioxin congeners. This result indicates
that plasma technology can be used as an effective method
to eliminate highly toxic substances such as dioxins. Ren
et al. [167] developed a vortex-shaped gliding arc plasma
(VGAP), which has several advantages including a larger
plasma area, longer reaction time, and wider flow adjust-
ment range. The results indicate that the degradation rate
of dioxins via VGAP is 54.9-66.8%, and the corresponding
TEQ value is reduced by 60.7-70.1%. During processing,
some of the high chloride PCDD/Fs homologs in raw fly
ash were converted to low chloride homologs. Therefore,
dechlorination is considered to be the primary mechanism
for plasma degradation of dioxins.

Separation/extraction

Contrary to the principle of the solidification/stabilizing
method, the separation/extraction method involves a series
of separation methods (e.g., washing, electrochemical sepa-
ration, and chemical/biological reagent leaching) to separate
heavy metals from MSWI fly ash [168]. The heavy metals in
the heavy metal-rich leachate are then extracted to facilitate
recovery.

Water-washing

Compared to other harmless treatment methods, the water-
washing method is similar to a pretreatment method for the
removal of soluble, harmful, and toxic substances from fly
ash, thereby facilitating the subsequent disposal of MSWI
fly ash [147]. Given that fly ash contains approximately 6
wt.% of Cl, this causes difficulty in the utilization of con-
struction materials [99, 169, 170]. During thermal treatment,
the Cl in fly ash forms volatile heavy metal chlorides, which
hinders the fixation of heavy metals in the melting product
[171]. Therefore, it is necessary to perform dechlorination
treatment of fly ash prior to the aforementioned harmless
disposal method.

Cl in fly ash is mostly in the form of soluble chlorides
such as NaCl, MgCl,, and CaCl,. These chlorides are read-
ily soluble in water and can be removed by washing with
this liquid. The factors that influence the effect of chlorine
removal by water-washing include the liquid—solid ratio
(L/S) and the washing time. Jiang et al. [172] determined
that the removal rate of Cl in fly ash reached 72.8% when
L/S=10. A study by Yang et al. [173] demonstrated that
70% of the chloride in the fly ash could be removed using
the water washing method. The most economical washing
condition was achieved when the washing time was 5 min.
and L/S =3. However, in the study by Wang et al. [170],
the best washing condition was L/S=10 and 2 h of wash-
ing time, which yielded a chlorine removal rate of 75.33%.
Yang et al. [174] showed that the best washing condition
was achieved for L/S =25. The best washing conditions vary
in the literature, suggesting that the optimal dechlorination
operating conditions of fly ash are closely related to the char-
acteristics of the fly ash itself.

The removal of Cl is accompanied by the removal of Na,
Ca, K, and sulfide during the washing process [172, 173].
This is sometimes associated with negative effects such as
the lack of Ca in cement solidification when the water pre-
treated fly ash is added to the cement. Therefore, Chen et al.
[175] developed a multi-step, cyclic water-washing method
to enhance the removal of chlorine in fly ash without affect-
ing other soluble substances. The result facilitates subse-
quent cement solidification. In the study, CaCl, was used as
an additive. The multi-step recirculating water treatment was
successful in removing most of the chlorine salt in the fly
ash except CaCl,, and also reduced the total content of CI.

In general, the short-term washing process of fly ash
does not cause the dissolution of heavy metals [176]. As the
washing process is prolonged, part of the heavy metals may
be dissolved in the washing effluent. It has been experimen-
tally shown that the concentration of Co, Cr, Fe, Ni, and Cu
in the washing effluent is controlled by the reaction kinet-
ics, and increases with the progression of washing [173].
However, the extraction behavior of Pb and Zn is dominated
mainly by the carbonation effect, and their concentration
decreases with the washing time. The extracting behavior of
Ba and Mn are controlled by both reaction kinetics and the
carbonation effect. Their concentration in the water effluent
initially increased then subsequently declined. The concen-
tration of Cd and As do not change with the leaching time.

In addition, during the washing process of the fly ash,
the form of some heavy metals also changes, which influ-
ences their stabilization in the subsequent harmless treat-
ment process. Chiang et al. [177] investigated the effect of
water washing on the volatilization of heavy metals in fly ash
during the melting process. An experiment was conducted
at 1450 “C and the results revealed that the melting product
contains higher Pb, Cu and lower Zn, Cd, suggesting that
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the washing process changed the form of Pb and Cu and
promotes the solidification of these two metals, but did not
affect Zn and Cd. Similar results were obtained by Jiang
et al. [172], and it was shown that for a melting process
below 1350 C, the washing process only promotes the fixa-
tion of Cu and Pb, but has no effect on Cd and Cr.

Chemical reagent leaching

The chemical leaching method utilizes a chemical agent to
react with heavy metals in fly ash to promote the leaching of
heavy metals into the solution. The solution is then treated
by centrifugation to obtain fly ash with a low heavy metal
content and a leaching solution enriched with heavy metals.

Commonly used chemical agents for the leaching of fly
ash heavy metals include acids, bases, salts, and organic
chelating agents. Several studies have shown that the leach-
ing characteristics of heavy metals in fly ash are improved
under acidic conditions [178], especially for heavy metals
in the form of cations such as Cu, Zn, Cd, and Pb [179].
The acid used in the chemical leaching study includes inor-
ganic acids (e.g., HCI, H,SO,, and HNO;) and organic acids
(e.g., formic acid, acetic acid, lactic acid, and oxalic acid).
The results of several investigations reveal that the leaching
effect of organic acids on heavy metals is not as effective
as that of inorganic acids [180]. Different inorganic acids
have different extraction abilities for heavy metals. For
instance, Tang et al. [62] compared the leaching character-
istics of heavy metals treated using different inorganic acids
(HC1, H,SO,, and HNO;) and found that HCI had the best
effect on the leaching of Cu and Zn. Zhang et al. [181, 182]
showed that the extraction effect of H,SO, on different heavy
metals in fly ash followed the order Cd > Cu>Pb>Zn,
whereas the extraction effect of HNO; followed the order
Pb>Cd>Pu>Zn.

Heavy metals in the form of oxyanions in fly ash such as
Cr and Mo are easily removed in an alkaline environment
[179]. The alkaline used for leaching were NaOH, KOH, and
NH,OH. Kang et al. [183] used alkaline leaching solution
with 0.5 mol/L NaOH, KOH and NH,OH to leach heavy
metals in fly ash. It was determined that the NH,OH solu-
tion achieved the highest extraction rate of heavy metals in
fly ash, especially in Cu and Zn, while most of the Pb was
leached in KOH solution.

Salts can also be used as extractants to separate heavy
metals from fly ash. Lassesson et al. [184] studied the sepa-
ration of Cu from fly ash using NH,NO;, and found that the
leaching characteristics of Cu depended on its composition
in the fly ash. The Cu that is leached by NH,NOj; is mainly
in the form of copper sulfate, copper hydroxide, and copper
chloride, while the form of Cu in the remaining precipitate
is mainly divalent copper phosphate silicate, divalent copper
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oxide, and monovalent copper sulfide or chloride, indicating
that these forms of Cu are difficult to leach.

The organic chelating agent ethylenediaminetetraacetic
acid (EDTA) is an excellent heavy metal extractor. Yin
et al. [185] used EDTA to separate heavy metals from fly
ash collected using an electrostatic precipitator (ESP) and
bag filter (BF). The results showed that heavy metals in
ESP fly ash are more easily separated via EDTA. EDTA
has a better removal effect on Cd, Cu, Pb and Zn in fly ash
from ESP, and Cr, Pb and Ni in the fly ash from BF. The
EDTA leaching of heavy metals in fly ash is affected by
the dosage, leaching time and, geochemical properties of fly
ash. For example, the leaching of As, Cu, and Zn in EPS is
affected by the dosage of EDTA, whereas the leaching of Pb
decreases with the increase of the leaching time.

Biological reagent leaching

The biological reagent used for heavy metal extraction is an
acid-resisting and heavy metal-resisting strain. After cultur-
ing, it can extract heavy metals from fly ash under the appro-
priate conditions. Several strains can facilitate heavy metal
extraction including autotrophic thiobacillus species [186]
that are acid-resisting and can obtain energy from Fe** and
S%~ in solution, and heterotrophic Aspergillus niger [187].
The latter has good potential for generating a variety of
organic acids that are effective for metal solubilization. The
effectiveness of organic acid was enhanced when sulfuric
acid was added to the medium.

In the study of bioleaching of fly ash with thiobacil-
lus species, the amount of fly ash, the pH value and the
sulfide content all affect the efficiency of this process when
it is used to extract heavy metals. Research conducted by
Krebs et al. [188] revealed that the best bioleaching effect
was achieved in the presence of up to 8% fly ash, and a pH
value less than 4. Under this condition, the leaching rate of
Cd, Cu, and Zn all exceeded 80% with Al at approximately
60%, and Fe and Ni at approximately 30%. To reduce the fly
ash processing time, thiobacillus strains were co-cultured
with sewage sludge as inoculum, thus reducing the treatment
period from 110 to 70 days.

In the study of bioleaching of fly ash by Aspergillus niger,
Xu et al. [189] discovered that the precipitation of calcium
oxalate affects bioleaching via the weakening of molecule
combination in fly ash, thus facilitating the release of heavy
metals. Wang et al. [190] compared the bioleaching charac-
teristics of heavy metals in fly ash with and without washing.
It was determined that the chloride component in the fly ash
washing process was dissolved via washing, which resulted
in the creation of fine fly ash particles. This promotes the
bioleaching of heavy metals and reduces the required time
for this process. The experimental results revealed that the
washing process reduces the treatment period from 30 to
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20 days, and the leaching rate of the heavy metals is 96% Cd,
91% Mn, 73% Pb, 68% Zn, 35% Cr, and 30% Fe.

New alkali-resistant strains are also under investigation.
In Ramanathan et al.’s work [191], Alkalibacterium sp.
TRTYP6 is cultured to bio-leach heavy metals from fly ash.
The results indicate that Alkalibacterium sp. TRTYP6 can
achieve 52% Cu extraction from fly ash for 20% w/v fly ash
addition and growth in the pH range 8-12.5.

Considering chemical leaching and bioleaching, Funari
et al.’s study [192] showed that both methods could effec-
tively leach Mg and Zn (leaching rate >90%), Al and Mn
(leaching rate > 85%), Cr (> 65%), Ga (> 60%), Ce (> 50%)
from fly ash. The use of chemical reagents led to more effec-
tive leaching of Cu, Fe, and Ni, whereas biological reagents
promoted the leaching of Nd, Pb, and Co. Compared to
chemical leaching, bioleaching can reduce the H,SO, dos-
age by half, but requires more processing time (25 days in
this experiment).

Electrodialytic treatment

The principle of electrodialytic separation (EDS) or electro-
dialytic remediation (EDR) involves suspending fly ash in
a solution placed in an electrodialysis chamber. An electric
field is applied across the cell, causing the metal ions to
migrate towards the electrodes according to their charges.
Selective ion-exchange membranes placed between two
compartments prevent the metal ions from reaching the
electrodes. Instead, they are accumulated in “concentration”
compartments and are subsequently removed [193].

The presence of heavy metal ions in fly ash can affect
their separation via EDS. Research [194] has shown that
EDS can effectively remove heavy metals such as Cu, Hg,
and Zn, but have little effect on Cd, Cr, and Pb. In fly ash,
the heavy metal Cr is the most difficult to remove via EDS.
This is probably because of speciation and the formation of
uncharged species.

Changing the form of heavy metal ions in fly ash can
improve their removal efficiency via the EDS method. Rela-
tive methods involve water-washing of fly ash, reduction of
the pH value or changing the redox condition of the electro-
dialytic solution. Chen et al. [195] determined that the acid
environment during the EDS process resulted in an increase
in the leaching of Cd and Zn from fly ash, and the decrease
of the leaching of Cr. During this process, 58.6% of Zn and
5.5% of Pb were extracted. The researchers then developed
three electrodialytic cells to gradually increase the pH of
the electrodialysis chamber solution to obtain the maximum
leaching rate of Cr (27.5%) [196].

Heavy metal extraction

The chemical leaching, bioleaching, and electrodialysis
leaching discussed in the previous section all generate a
large amount of heavy metal-rich solution. These solutions
must undergo extraction to achieve heavy metal enrichment
and recovery.

Leachate is a solution containing a variety of salts includ-
ing heavy metal salts. It is feasible to remove water from this
solution by evaporation to achieve the enrichment of heavy
metal salts. In the field of desalination, multi-effect distilla-
tion [197], dew-vaporation [198], and submerged combus-
tion evaporation [199] can be used to evaporate water to
produce salts. However, the salts produced by these methods
are rich in a variety of heavy metals, and their composition
is complicated. Appropriate treatment is required to realize
the harmless disposal of these salts.

Heavy metals in a solution can be extracted using organic
extractants to form precipitates prior to removal. Among
them, LIX860N-I and Cyanex have good effects on the pre-
cipitation of Cu and Zn. Research conducted by Tang et al.
[200] proved that LIX860N-I and Cyanex can achieve 95%
Cu recovery and 61% Zn recovery, respectively. For different
Cyanex extractants [201], Cyanex572 has the best perfor-
mance for the extraction of Zn, and the Zn recovery process
is relatively simple and produces less pollution. However,
organic extractants are selective for the extraction of heavy
metals, and the extractant itself can also cause potential pol-
lution to the environment.

Nanomaterials are used as adsorbents for heavy metals in
solution due to their excellent adsorption capacity, mild sta-
bility, and environmental-friendly performance [202]. Novel
nanomaterials that have been adopted to absorb heavy met-
als in solution include metal-organic frameworks (MOFs)
[203], nano-zero-valent iron (nZVI) [204], two-dimensional
transition metal carbonitrides (MXenes) [205], and graphitic
carbon nitride (g-C3N4) [206]. These nanomaterials have
excellent ability to adsorb heavy metals such as As, Cr, Pb,
Hg, Cd, and Ni. However, they are easily aggregated in prac-
tical applications, and the surface properties of some nano-
materials are unstable and easily oxidized, which reduces
their sorption capacity. In addition, nanomaterials have low
selectivity for metal ions under complicated conditions.
Therefore, future research should focus on overcoming these
challenges to achieve superior ability to absorb and remove
heavy metals in solution.

Comparison of different disposal methods
After an extensive review of the literature on the harmless

treatment of MSWI fly ash, and summary of a wide vari-
ety of treatment methodes, it is concluded that solidification/
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stabilization, thermal treatment, and separation/extraction
methods are the mainstream harmless treatments at present.
These methods are dedicated to the effective removal of two
major pollutants, heavy metals, and dioxins, in fly ash. A
detailed comparison of heavy metal and dioxin stabilization/
removal including advantages and disadvantages of different
harmless disposal methods for MSWI fly ash are summa-
rized in Table 9.

By comparing different treatments for solidification/
removal of heavy metals in fly ash, it can be determined
that the solidification/stabilization method can effectively
fix heavy metals. However, with the aging of solidification/
stabilization products via continuous absorption of CO,
from the environment, these heavy metals are easily leached,
especially under acidic conditions. This indicates that the
solidification/stabilization of heavy metals is not permanent,
and an assessment of the long-term environmental impact
of this process is required. During thermal treatment, given
that fly ash contains a considerable amount of Cl element,
this procedure may cause volatilization of heavy metals such
as Zn, Pb, and Cd. Therefore, the water-washing pretreat-
ment is adopted to remove Cl from fly ash prior to ther-
mal treatment. This can reduce the amount of heavy metals
in secondary fly ash. Separation/extraction can facilitate
leaching and separation of heavy metals from fly ash, which
greatly reduces the content of heavy metals. In addition,
the extracted heavy metals can be recycled. However, the
reagents are selective, and all the heavy metals cannot be
extracted using a single reagent. At present, this method is
mostly used at the laboratory scale, and further research is
required for future development.

By comparing different treatments for the solidification/
removal of dioxins in fly ash, similar to the heavy metals, the
solidification method cannot achieve a long-term solidifica-
tion of dioxins. With the progression of time, the solidified
product ages and the dioxins that are released back into the
environment and cause pollution. Although, hydrothermal
treatment and mechano-chemical methods can destroy diox-
ins in fly ash, in thermal treatment, the temperature is not
high enough for sintering to completely destroy the dioxins
in the fly ash, and these dioxins can be transferred to flue
gas. However, the temperature used in the melting/vitrifica-
tion method is sufficiently high to destroy dioxins. Related
studies on the effects of chemical stabilization and separa-
tion/extraction methods to decompose dioxins in fly ash are
insufficient and require further research.

Given that the component of fly ash is similar to that
of cement raw materials, solidified raw material is cheap
and easy to obtain, and the process is relatively simple, the
cement solidification method for the treatment of MSWI
fly ash has been widely adopted. However, this approach
has certain limitations such as the volume expansion of the
fly ash after solidification, the decrease of the mechanical
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strength of the solidified product, and long-term instabil-
ity of heavy metals and dioxins, which limit the applica-
tion of cement products. In recent years, research on new
types of cement solidification materials has become more
widespread, with the objective of overcoming the afore-
mentioned difficulties related to cement solidification.

The different chemical agents have a significant influ-
ence on heavy metal stabilization in MSWI fly ash. Simi-
lar to the cement solidification method, chemically stabi-
lized heavy metals are unstable in an acidic environment.
To improve the stability of heavy metals, the combina-
tion of chemical stabilization and cement solidification
has proven to be reliable. In addition, the hydrothermal
method, which is the combination of chemical stabiliza-
tion and thermal treatment, and the mechano-chemical
method, results in the reduction of the leaching of heavy
metals, and can achieve the degradation of dioxins, which
has great potential.

Compared to the sintering method, the melting/vitrifi-
cation method has a superior for the removal of dioxins,
which is the primary objective in current thermal treat-
ment research. The limitation with respect to the develop-
ment of the melting/vitrification method for the disposal
of MSWI fly ash is mainly the volatilization of heavy met-
als and the consumption of large amounts of energy for
melting. Pretreatment of fly ash using the water-washing
method can effectively reduce the volatilization of heavy
metals during the melting process. The fly ash circulation
process proposed by Okada et al. [35, 159] exploits the
volatility of heavy metals in fly ash, and the realization of
the enrichment of these metal in secondary fly ash, lead-
ing to a new approach for recycling. Oxygen-fuel melting
can achieve higher melting temperatures by consuming
less fossil fuel, resulting in a new approach for energy
conservation during the melting process.

The washing method is usually combined with other
methods to realize the harmless treatment of MSWI fly
ash. For example, this method is utilized with cement
solidification and thermal treatment to improve the stabil-
ity of solidification product and to reduce the volatiliza-
tion of heavy metals, respectively. The biological leaching
method requires a long processing time, and the amount of
fly ash disposed is strictly controlled. Currently, research
is only being conducted at the laboratory scale. Chemi-
cal leaching and electrodialysis separation produce a large
amount of salty wastewater, which requires subsequent
extraction for the recovery of heavy metals. However, the
extractant is selective for heavy metals, and it is difficult
to extract them. In addition, the extractant poses a poten-
tial risk to the environment; therefore, further research
is required to identify more general and environmentally
friendly heavy metal extractants.
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Conclusions

The development of society and the improvement of liv-
ing standards have resulted in the increasing production of
MSW. To address the problem of harmless disposal of MSW,
the incineration method has been widely adopted because
of its fast processing time and excellent volume reduc-
tion of MSW. However, incineration generates MSWI fly
ash that is rich in heavy metals and dioxins, and therefore
requires appropriate disposal properly. Harmless disposal
of MSWI fly ash includes solidification/stabilization, ther-
mal treatment, and the separation/extraction methods. It
can be concluded based on a review of recent literature that
the solidification/stabilization method is capable of fixing
the heavy metal and dioxin components in fly ash, but the
solidification/stabilization effect is poor under acidic condi-
tions or after a long period of aging. The melting/vitrifica-
tion method, as one of the thermal treatment approaches,
has a significant effect on the decomposition of dioxins, but
most heavy metals cannot be fixed in the melting product. As
such, the water-washing pretreatment of raw fly ash, or fly
ash circulation is required to enrich heavy metal in the sec-
ondary fly ash for further utilization. The separation/extrac-
tion method can selectively recover heavy metal elements,
but a large amount of salty wastewater is generated after
the treatment, which increases the difficulty of subsequent
harmless disposal. This method is still in the laboratory scale
and further research is required. Therefore, it is necessary to
comprehensively consider the advantages and disadvantages
of different treatment methods, and to identify appropriate
methods to achieve harmless disposal of MSWI fly ash.
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