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Focusing on the great potential of municipal solid waste incineration (MSWI) residues in the construction

sector, the applications of recycling MSWI residues in construction materials are discussed in this review.

Incineration is a promising method for managing the great quantity of municipal solid waste (MSW).

Careful handling of incineration residues including fly ash, air pollution control (APC) residues, and

bottom ash is required for this approach. The yield of these residues is large, and they contain many

toxic and harmful substances. On the other hand, these residues contain valuable components such as

SiO2, CaO, Al2O3, MgO, which are important components of building materials. Therefore, MSWI

residues present huge opportunities for potential recycling and reuse in the construction and building

industry. This paper summarized and discussed the application of MSWI residues in four typical building

materials including cast stone, glass-ceramic, cement, and concrete. Before utilization, three types of

pretreatment methods can be used to reduce the toxicity of the residues and improve the performance

of the products. In addition, the current issues and the prospects of this field, and the environmental

impacts of this application were discussed. It was concluded that MSWI residues can be used to prepare

building materials after proper treatment which can improve the mechanical and chemical properties of

the residues. The recycling can gain significant economic and environmental benefits at the same time.

However, further researches on treatment methods for fine particles are needed.
1 Introduction

Nowadays, the yield of municipal solid waste (MSW) is enor-
mous and the growth rate is high. It has been estimated that the
quantities of MSW may markedly increase to 2200 million
tonnes per year by 2025 because of the rapid urbanization
progress and economic growth.1,2 Incineration is a promising
alternative approach to landll as a treatment method for the
huge number of MSW. It does not only reduce the volume and
weight of solid waste by 90% and 70% respectively3 but also
generate energy and heat that could be used for other purposes.
On average, over 10% of the generated MSW globally are
incinerated at present.4 The percentage is up to over 50% in
many European countries such as Sweden, France, the Nether-
lands and Denmark.1,5 Many countries, like China, have been
rapidly developing incineration facilities in recent years.
Statistics further suggested the amount of city-generated solid
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waste in China was 228 million tons in 2018, approximately 102
million tons (45% of the total quantity) were incinerated.6 The
prominent application ways of municipal solid waste incinera-
tion (MSWI) residues in these countries are showed in Table
1.7–9

The biggest concern of incineration, however, is the vast
number of residues generated from the process, including y
ash, air pollution control (APC) residues and bottom ash.
Studies have found that the incineration of per ton MSW
produces 250–300 kg of bottom ash and 25–30 kg of APC resi-
dues and y ash.10 These residues are poisonous and harmful
because of containing heavy metals, salts and organic pollut-
ants such as dioxins,11 therefore treatment and disposal
methods are needed for safe handling and management. Two
basic ways of handling MSWI residues are recycling aer
appropriate treatment and landlling.12,13 These residues
contain SiO2, CaO, Al2O3, MgO, etc. valuable composites,
therefore many researchers have explored the recycling and
reuse of them in different elds. In general, these applications
can be summarized into four elds, including construction
materials, geotechnical applications, agriculture and other
application ways, as summarized in Fig. 1.1,14 MSWI residues
oen contain elements of Si, Ca, Al and Fe, like the building
materials composition. They are therefore considered to be an
RSC Adv., 2022, 12, 6279–6291 | 6279
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Table 1 Prominent application of MSWI residues in different countries worldwide7–9

Continent Country Application ways of MSWI residues

Europe United Kingdom Road construction, structural platforms
Sweden Road construction, landll cover
Netherlands Construction material
Italy Road construction, cement
German Road base
Denmark Subbase layer
Belgium Construction material
Poland Road construction
Spain Embankments, road subbase, cement and

concrete
Czech Republic Soil surface
France Road construction
Norway Landll construction

Asia China Road construction
Japan Cement clinker

Fig. 1 The four main application categories of MSWI residues.
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alternative rawmaterial for producing building materials,3 such
as glass-ceramic,15 cement,16 concrete,17,18 etc. 50 percent of
MSWI bottom ashes mixed with metakaolin were used to
prepare mixed alkali-activated binders successfully.19 Alkali-
activated MSWI y ash was used blending with 10% meta-
kaolin to manufacture cementitious material.20 MSWI y ash
and bottom ash were used as substitutes for Portland cement to
prepare concrete for 3D printing.21 Rotary kiln sintering and
non-sintering methods were used to prepare ceramists with
MSWI y ash.22 The second way of using MSWI residues is
geotechnical engineering such as roads, embankments, etc.23

MSWI residues used in agriculture as soil amendment has also
been studied. Moreover, one of the main components of MSWI
residues, CaO is a candidate for thermochemical energy
storage. MSWI y ash was a promising thermochemical energy
storage material.24 Many other application ways have been
studied as well. In short, MSWI residues have wide potential for
many purposes, and a large number of studies have investigated
6280 | RSC Adv., 2022, 12, 6279–6291
specic applications for MSWI residues. Compared with land-
lling, the recycling of MSWI residues can obtain both
economic and environmental benets. Landlling of MSWI
residues is likely to cause additional environmental impacts
such as climatic change and acidication,25 whereas the recy-
cling of MSWI residues can save more natural resources and
energy than landlling,25,26 save available landlling sites and
costs at the same time.27 Therefore, the adequate treatment of
residues and their reutilization is preferred rather than
landlling.27

Among the four types of application ways, construction
materials have an important place. In some European coun-
tries, nearly 50% or more of bottom ash has been used for road
construction or used as raw material for manufacturing
building materials.1,28 A large number of studies showed that
the utilization of MSWI residues as an alternative for producing
construction materials has broad potential and prospects.

Herein, the possibilities and methods of preparing four
typical building materials including cast stone, glass-ceramic,
cement, and concrete from MSWI residues were summarized
and discussed. In order to better reuse the residues, their
physical and chemical properties ought to be well recognized
and appropriate treatment methods should be chosen. The
current challenges and the prospects, as well as the environ-
mental impacts of recycling MSWI residues in construction
materials were also discussed.

2 Characteristics of MSWI residues
2.1 Denition

Different types of MSWI residues are named according to their
collection locations in the incinerator.4 The raw particulate
matter collected from the ue gas before the addition of any
sorbent material is typically called y ash.4,11 The mixture of y
ash and ne particulate solids collected in scrubbers and fabric
lters can be called APC residues.29 That means APC residues
include all particulate materials captured before discharging
the gases to stack. In some studies, APC residues and y ash are
regarded as one type of wastes to be discussed. Bottom ash is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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usually found on the grate or collected from the bottom of the
furnace.
2.2 Characteristics

Some characteristics like major elements, particle size, density,
mineralogical composition and toxicity are various among
different types of MSWI residues. Examples of chemical
compositions of MSWI y ash, APC residues and bottom ash are
shown in Table 2 for comparison.17,30 However, the composed
oxides, treatment methods, potential applications and factors
affecting characteristics are same or similar among all kinds of
MSWI residues.

2.2.1 Characteristics of y ash. The particle size of y ash is
small. It has a dusty appearance and gray or dark gray color. The
density of MSWI y ash ranges from 1.7 to 2.4 kg m�3.31 In
MSWI y ash, except for O and C, Ca, Si, Mg, Fe, Al, K, Pb, Zn, S,
and Cl are the most abundant elements (>10 000 mg kg�1). The
primary compositions of MSWI y ash are CaO, SiO2, Al2O3,
MgO, etc. As for mineralogical compositions, MSWI y ash
mainly consists of amorphous, sulfate and chlorides minerals.32

Besides, MSWI y ash oen consists of toxic organic
compounds such as polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCB), and polychlorinated dibenzo-
p-dioxins and furans (PCDD/Fs).33 In addition, alkali chlorides
and soluble metals salts may lead to the leaching of heavy
metals.32

Six main methods were summarized for managing MSWI y
ash and APC residues, including backlling, landlling, detox-
ication, product manufacturing, practical applications and
recovery of materials.34 Among them, the last four methods
presented the potential for recycling and utilization.

2.2.2 Characteristics of APC residues. The characteristics
of y ash and APC residues are similar. APC residues mainly
consist of Si, Ca, Al, Cl, K, Na, S and Fe, and these elements are
mostly present as oxides, chlorides, sulfates and carbonates.12,35

The most common mineralogical phases in APC residues are
halite, sylvite, calcite, anhydrite, quartz, gehlenite, hematite,
portlandite and calcium hydrochloride.29 As far as the toxicity is
concerned, the leaching risk of APC residues is mainly from Pb
and soluble salts.29

2.2.3 Characteristics of bottom ash. Bottom ash is porous
and grayish. The particle size of bottom ashes is larger than that
of y ash31 and predominantly more than 1 mm.36 The most
abundant elements in bottom ash are Si, Fe, Al, and Ca except
for O and C,11 and their content is related to particle size.6 SiO2

is the main component of MSWI bottom ash. CaO, and Al2O3

are also important components (about 10%).31 As for minerals,
Table 2 Examples of chemical compositions of MSWI residues (wt%)17,3

Residues CaO SO3 SiO2 MgO

MSWI y ash 41.8 4.2 3.1 1.7
MSWI APC residue 49.1 — 2.4 1.2
MSWI bottom ash 14.3 0.3 53.8 1.9

a Cl stands for chloride. b LOI stands for loss on ignition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the main substances are magnetite, quartz and calcite.6,37

Compared with y ash and APC residues, bottom ash is less
toxic but still contains heavy metals such as Zn, Cr, Pb, Cu, Ni,
Cd, etc.6 and poisonous substances. Any change in environ-
mental conditions can result in the release of heavy metals from
MSWI bottom ash, and the leaching characteristics are related
to the types of metals, particle size of bottom ash and solid/
liquid ratio, etc.6

MSWI bottom ashes exhibit remarkable potential to be
recycled as resources. For example, scrap metals can be recov-
ered from bottom ash.26 Furthermore, MSWI bottom ash has
been proved to be an important alternative to natural aggregates
and other natural materials used in construction industry.26,37

Bottom ashes can be commonly recycled as sub-grade mate-
rials, ceramics raw materials, mineral admixtures and concrete
aggregates36 as well as glass-ceramic preparation or cobble-
stones for street paving.38
2.3 Factors inuencing characteristics

The properties of MSWI residues are not immutable. Many
factors make a difference to the characteristics and can be
divided into two aspects.39,40 One is incineration conditions
including types of fuel, operating parameters, types of furnaces
and the APC system design,1,4,25 and the other is the incinerated
waste compositions,39 which are usually affected by human
habits, local economic policies and the recycling system before
incineration.39,40

Variation in physical and chemical compositions of MSWI
residues caused by the heterogeneous nature of MSW and
incineration factors is a fundamental barrier for reusing MSWI
residues. Therefore, proper treatments are necessary before
recycling to reduce the impact of the variation of residues on the
properties of products.
3 Treatment methods of MSWI
residues

The treatment of MSWI residues before commercial application
is signicant. In general, the treatment methods are summa-
rized into three categories.1,11 As shown in Fig. 2,41 one category
is physical or chemical separation such as washing, chemical
extraction, etc., another is solidication/stabilization such as
chemical stabilization, aging, etc., and the third category is
thermal treatment such as vitrication, etc.42
0

Al2O3 Cla Na2O P2O5 LOIb

1.2 16.6 7.3 0.4 17.6
1.4 14.8 — 0.12 29.6
8.7 0.6 11.7 1.7 0.7
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Fig. 2 Treatment methods of MSWI residues.
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3.1 Separation

The goal of separation is to improve the quality of MSWI resi-
dues and to enhance their utilization potential through sepa-
rating specic components thereby minimizing their leaching
risk.1,41 The main drawback is the generation of waste which
becomes the secondary pollutant.43 Separation process includes
sieving, magnetic separation, mechanical resizing, washing/
leaching process, etc.1,4,41 Among all the separation methods,
washing is the simplest, and water washing can decrease the
number of soluble salts and reduce the leaching risk of heavy
metals.32 Through systematic investigation of MSWI APC resi-
dues, it was found that a large proportion of chlorides (over
70%) and nearly 25% of sulfates could be removed aer water
washing treatment.35 Similar conclusion was drawn that water
washing removed 23% dry mass of soluble salts.44

As an efficient pretreatment method, water washing was
usually used combining other methods to improve the treat-
ment effect and conducive to the large-scale application of
products. The MSWI boiler y ash was treated with the combi-
nation of wet sieving and water washing and reduced the
leachability of the ash.45 On the other hand, more combined
reagent washing has been used which has been proved more
efficient. Combined reagent washing involves stepwise reac-
tions. Usually, washing out oxyanions such as Cr and Mo under
alkaline condition. Mobilizing of cations such as Zn, Cd, and Pb
under acid condition follows. The pH can be lowered by adding
acidic or through intermediate storage in contact with air.46 The
MSWI y ash in Sweden was treated by a two-step washing
process with acid and base solutions respectively.46 A three-step
combined washing47 was used for the MSWI y ash and the
efficiency was increased by 10–1000 fold for different heavy
mental elements compared with water-only treatment.

3.2 Solidication/stabilization

Solidication/stabilization process mainly aims at minimizing
the solubility, leachability and toxicity of pollutants.41 Physical
strength and the durability of the materials can be enhanced
6282 | RSC Adv., 2022, 12, 6279–6291
through most of the solidication/stabilization methods. It also
benets the reuse process of the residues.1 Solidication/
stabilization process includes weathering/aging, carboniza-
tion, accelerated carbonization, binder stabilization and solid-
ication.1,4,41 Among them, binder stabilization is one of the
main solidication/stabilization treatments. Various binders
include polymeric binders, bitumen and cement-based binders,
etc. When it comes to binder stabilization, the cost is oen
considered in binder selection, and cement is the most adapt-
able binder commonly used.1

3.3 Thermal treatment

Thermal treatment mainly includes vitrication, melting and
sintering.1,11 They are distinguished by the characteristics of the
products generated by the process. Thermal treatment methods
aim at destroying toxic organic and inorganic pollutants,
stabilizing the heavy metals, reducing the leachability of
harmful constituents, reducing the volume of residues and
producing materials with good environmental stability.1,41

However, the high temperature during the process also leads to
high energy consumption and high treatment costs, which are
the main disadvantages of thermal treatment.11

Aer thermal treatment, the MSWI residues exhibit great
application potential. Foremost, the obtained environmentally
stable materials can be used as raw or alternative materials in
construction or other applications such as the production of
concrete, ceramic tiles, bricks and different type of glass or
glass-ceramic.11 Moreover, the thermal-treated MSWI residues
can even be used as fertilizer material in agriculture industry,
owing to the separating of poisonous heavy metals.11

Amongst all the thermal treatment methods, vitrication is
considered a promising approach and has been widely studied.
Typical vitrication temperature is 1000–1500 �C.1,11 The vitri-
cation of boiler ash (a kind of APC residues) from one MSWI
company in the Netherlands was studied.40 The uniform vitri-
ed slag was formed at 1400 �C, and most elements in vitried
slag exhibited lower leachability than original ash. In another
study regarding electrostatic precipitator ash (another kind of
APC residues collected aer the boiler ash collection by elec-
trostatic precipitators), similar conclusions were reached.48 It
was found that the glass made by vitrication of the bottom ash
had good mechanical and chemical properties and could be
used for many purposes.49 Sand (SiO2), limestone (CaCO3), soda
ash (Na2CO3), boric acid (H3BO3), etc. are typical raw materials
of vitrication.11 In addition, the vitried glassy materials can
be further modied with additives (such as the compound of
alkali metals and alkaline earth metals) to change melting
temperature, chemical resistance, water solubility, and devitri-
cation tendency, etc.11 In one study, the formation of glass
phase of MSWI y ash was promoted and the melting temper-
ature was reduced with B2O3 (decomposed from H3BO3 when
the temperature was over 160 �C) as a uxing agent.50

3.4 Comparison of treatment methods

In general, the contents of toxic substances in MSWI residues
can be reduced through treatment, therefore increasing the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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application potential of these residuals.32 However, the mech-
anism, target toxic substance and treatment cost varies among
different treatment methods and each of these methods has
advantages and disadvantages, as shown in Table 3.32,33 It
should be noted that the characteristics of the treatment
methods include many dimensions, and three categories of
treatments are difficult to be evaluated quantitatively. There-
fore, only the qualitative comparison for pretreatment methods
have been provided. Among these methods, the most
commonly used is solidication/stabilization treatment,43

whilst thermal treatment is considered to be the most prom-
ising approach for removing hazardous substances and reusing
the residues.42 In order to improve the quality and to make
better use of the MSWI residues, proper treatment can be
adopted selectively before recycling in accordance with the
purpose and economical efficiency. Among various application
elds, preparing construction materials from proper-treated
MSWI residues saves natural resources and reduces costs,
having good social and economic benets. Therefore, it has
attracted widespread attention and research.
3.5 Roles of treatment methods

One of the roles of treatment for MSWI residues is improving
the mechanical and chemical properties of the original resi-
dues. Ebert et al.51 indicated that electrodialysis remediation
improved the performance of MSWI y ash in Portland cement-
based materials. Cement solidication methods can decrease
the amount of the considerable mobile heavy metals contained
in MSWI residues,52 thus improving the chemical properties of
the residues. The thermal treatment can reduce the toxicity of
raw ash effectively, thereby achieve residues detoxied.53

Another signicant roles of the three categories of treatment
methods is to reduce environmental risk of reusing MSWI
residues.41 For MSWI y ashes and APC residues, washing
Table 3 Comparison of three categories of treatment methods for MSW

Category Specic methods Advantages

Separation Water washing Simple
High dioxins degradation
High soluble salts removal

Wet grinding Simple
No additional chemicals

Electrodialysis Good heavy metals removal e

Solidication/
stabilization

Chemical
stabilization

No secondary pollutant

Carbonation Utilizing CO2 from stack gas
Reducing off-gas emission
Carbon sequestration

Cement
stabilization

Stabilizing heavy metals
Low technical requirement
Low cost

Thermal treatment Vitrication High removal efficiency of ch
organicsMelting

Sintering

© 2022 The Author(s). Published by the Royal Society of Chemistry
treatment makes a great importance.35 The simple water-
washing can not only effectively remove soluble chlorides
such as NaCl, KCl and CaCl2 thereby improving compressive
strength of prepared products,54 but also partially remove some
heavy metals such as Pb and Zn. In short, using washed resi-
dues can eliminate the corrosion and leaching problem.35 For
MSWI bottom ash, magnetic separation and stabilization are
usual methods for reducing the environmental impact. Two
main methods were proposed to reduce the leaching of metals
and one of them was the recovery of ferrous and non-ferrous
metals.39 Solidication/stabilization is also an efficient
method to reduce the environmental risk of MSWI bottom
ash.55 The solidication of MSWI bottom ashes in the autoclave
led to over 99% of total heavy metals being immobilized in the
obtained matrices, and the leaching concentrations were below
the limits.56 The effect of accelerated carbonation on MSWI
bottom ash with incinerator chimney gas was studied.57 Aer
accelerated carbonation, the whole sample was carbonized aer
only one week and the quality of bottom ash was improved.
Either for MSWI y ash and APC residues or MSWI bottom ash,
thermal treatment is a good way to reduce environmental risk of
leaching because of destroying toxic organic pollutants and
stabilizing heavy metals.58 The toxicity characteristic leaching
procedure (TCLP) was used to evaluate the emission of Pb and
PAHs from thermal treated MSWI y and bottom ash. Results
showed that the thermal treatment reduced the toxicity of raw
y ash and thus reduced the impacts on the environment.53

Cheng et al.59 used vitried MSWI scrubber ash and y ash at
a mixing ratio of 3 : 1 and 1 : 3 to prepare glass-ceramic with
desirable properties. The leachability characteristics for heavy
metals were low because the heavy metal ions were locked
within the framework of glass.

In short, proper treatments play important roles on reducing
the environmental risk of recycling MSWI residues and
improving the product's engineering properties. However,
I residues32,33

Disadvantages

Secondary pollution possible increase leaching of heavy
metals

Secondary pollution

fficiency High technical requirement
High cost
Secondary pollution
Unable to destruct organic pollutants

Not very fast

Unable to destruct organic pollutants

lorine and High energy consumption
High cost
Formation of low volatilization of oxides or alumina/
silicates

RSC Adv., 2022, 12, 6279–6291 | 6283
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studies have also shown that not all pretreatment methods are
effective,41 the choice of the pretreatment methods is signi-
cant. It is worth noting that contaminants in the ne particles
(0–2 mm) barely change aer treatment,55 therefore the roles of
treatment for reducing environmental risk on ne MSWI resi-
dues particles are not obvious enough.
4 MSWI residues recycled as building
materials

Herein, the possible use of MSWI residues as raw or substitute
materials for manufacturing building materials (cast stone,
glass-ceramic, cement, and concrete) was discussed and the
process of each product was described.
4.1 Cast stone

Cast stone is a kind of crystalline silicate material that is
prepared from four processes named melting, cast molding,
crystallization and annealing.60–62 Cast stone is characterized by
resistance to abrasion and corrosion, and it has excellent
insulation properties as well as high compressive strength.
Because of its signicant benet, cast stone is widely used in
metallurgy, thermal power, mining, chemical, building mate-
rials and other industrial sectors.60 Natural minerals and solid
waste residues are two main categories of raw materials for cast
stone production.60,62

At present, the majority of the researches has focused on the
use of natural rock or industrial waste residues including tail-
ings or metal smelting slags to produce cast stone, such as
igneous rock.61 However, preparing cast stone with this method
has the problem of high energy consumption. To achieve the
cost-effective and environment-friendly purpose, the liquid slag
from furnace was used directly to prepare cast stone as deco-
rative building material.62

The main reason for preparing cast stone from natural rock
or waste residues is that these raw materials contain the oxides
that are needed in cast stone preparation such as SiO2, CaO,
Fe2O3, Al2O3, MgO, etc. It is not difficult to nd that these oxides
are abundant in the MSWI residues. The components of MSWI
residues belong to the SiO2–CaO–Al2O3 ternary-component
phase which is imperative in the compositions of raw mate-
rials for cast stone production. Therefore, it can be deduced that
MSWI residues have great potential in cast stone production.
Fig. 3 (the picture of cast stone is from ref. 63) shows the design
process for preparation of cast stone from MSWI residues. The
composition of MSWI residues was analyzed rst, then the
appropriate additives (such as SiO2, CaO, Al2O3, etc.) were
selected to mix with it. The mixture was melted at high
temperature, cast in the mold, and then subjected to heat
treatment named crystallization and annealing. At last, the cast
stone products were obtained.

In short, the use of MSWI residues to prepare cast stone with
excellent performance instead of expensive metal materials or
synthetic materials can save metal materials, reduce production
costs, extend the service life of equipment and reduce
maintenance.
6284 | RSC Adv., 2022, 12, 6279–6291
4.2 Glass-ceramic

Glass-ceramic has excellent mechanical performance and
outstanding stabilization efficiency of heavy metals therefore
has a good application prospect.64,65

During the process of glass-ceramic production, the
composition and phase design of the mixture take great
importance because they will determine the physicochemical
and mechanical properties of nal product.64 As glass-based
products, [SiO4] tetrahedral units are widespread in internal
structure of glass-ceramic. Si and O elements are covalently
linked to form a stable glass network structure.66 In terms of
elemental composition, oxides that act as network formers such
as SiO2 and P2O5, network-modier (Na2O, K2O, MgO and CaO)
and intermediates such as Al2O3, Fe2O3, etc. are required.64

What excites people is that these required oxides all exist in
MSWI residues. In other words, MSWI residues contain CaO,
SiO2, A12O3, MgO etc., which are consistent with the raw
materials composition needed for the glass-ceramic produc-
tion, therefore, MSWI residues can be used as the raw materials
to produce glass-ceramic. SiO2 and CaO are glass network
former and modier. The presence of Al2O3 is conducive to
form stable glass skeleton structure. MgO and Na2O serving as
network modier make for reducing the soening temperature
of materials.67 Therefore, MSWI residues have great potential
for recycling and being utilized in glass-ceramic production.
The process of preparing glass-ceramic from MSWI residues by
sintering method is shown in Fig. 4. The suitable batchedMSWI
residues were melted and quenched and then molded. Aer
nucleation and crystallization heat treatment, the products
were polished nally, and then the glass-ceramic could be ob-
tained. During the process of glass-ceramic production, the
used residues have usually been pre-treated by immobilization,
vitrication, alkali activation, or adding additives and other
materials. Pre-stabilized y ash mixed with clay and recycled
soda-lime glass has been used to prepare glass-ceramic by direct
and inexpensive viscous ow sintering method.66 The glass-
ceramic had excellent properties and was proved to be an
environmentally safe product. Sintered glass-ceramic material
was prepared from vitried iron-rich MSWI bottom ash
powder.68 When sintering temperature was increased to 1120–
1130 �C, the glass-ceramic material with zero water absorption,
low closed cell percentage and high crystallinity was produced.
In another study, four different types of glass-ceramic were
prepared successfully with vitried MSWI bottom ash as raw
material by the combination of alkali activation and sintering.2

Samples A and B used vitried MSWI bottom ash (100%) as raw
material and the sintering temperature is 900 �C with different
concentrations of alkali solutions (A: 1 M NaOH; B: 1.5 M
NaOH). Samples C and D used vitried MSWI bottom ash (90%)
and soda-lime glass (10%) as raw materials with the same alkali
solution concentration (1 M NaOH), however, the sintering
temperature are 800 �C and 900 �C, respectively. The high
porosity and high strength of the products were achieved with
low production cost.

In addition to using single kind of residues to prepare glass-
ceramic, the use of mixed residues has also been investigated.
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Design process for preparation of cast stone from MSWI residues.
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Low-cost glass-ceramic composites were prepared successfully
withMSWI bottom ash and oil shale y ash and the best content
ratio of vitried ash to oil shale y ash was 8 : 2.67 Similar
conclusions could be reached in another study.69 The mixture of
MSWI bottom ash and y ash was the raw material, and the
petrurgic method was used. The petrurgic method is
a controlled and very slow process, during which the parent
glass was cooled from the molten state directly without heat
preservation process at an intermediate temperature. The
optimal mass ratio of bottom ash to y ash was also 8 : 2. An
additive-free glass-ceramic was prepared withMSWI bottom ash
and coal y ash as raw materials.70 The glass-ceramic products
had the best compressive strength and corrosion resistance
when the basicity (CaO/SiO2 ratio) was 0.25. It could be
concluded that the preparation of glass-ceramic with MSWI
residues as raw materials was a feasible and promising method.
Fig. 5 Process flow of preparation of Portland cement from MSWI
residues.
4.3 Cement

Cement is a building material widely used all over the world.
However, cement manufacturing industry is energy-intensive
and emits a considerable amount of CO2 and other green-
house gases, which is considered to be a challenge to cement
industry.71,72 It is estimated that 850 000 kcal of energy and 1.7
tons of natural raw materials were consumed as well as 0.85
tons of CO2 released approximately for the production of one
Fig. 4 Process of using MSWI residues to prepare glass-ceramic by sint

© 2022 The Author(s). Published by the Royal Society of Chemistry
ton of cement clinker.17 It is a fact that cement industry has
large pressure on reducing its CO2 emission. Using cement
substitution is a good choice for cement industry.71,73 Fig. 5
describes the process of preparation of Portland cement from
MSWI residues. The limestone and other raw materials were
broken and batched rst. The raw material powder was ground
ering method.
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Fig. 6 Process of concrete preparation using the MSWI residues.
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and homogenized and then put into the cement rotary kiln and
red at high temperature to transform into cement clinker. The
clinker is mixed with MSWI residues, gypsum and other raw
materials and then put into the cement mill to grind into ne
powder. Aer that the cement can be obtained.

It was studied the effect of large-scale application of MSWI
y ash in Portland cement production on the heavy metal
content in cement.74 They found that the total content of Cd,
Hg, Pb and Zn in cement increased aer the addition of
untreated MSWI y ash from grate incinerator, but the content
was still lower than the threshold stated by the Austrian regu-
lations for cement industry. The feasibility of using energy, ash
and carbon dioxide generated from MSW incineration to
produce cement was studied.75 With y ash and APC waste-lime
serving as main sources of silica and lime respectively, cement
material was synthesized successfully, and carbon dioxide
activated the product rapidly. With waste materials accounting
for 85% of the raw material, this clean cement material had
a similar binding ability to ordinary Portland cement. Stabilized
MSWI bottom ash was used in Italy as aggregates in cement-
bound mixes and asphalt concrete for road surface with
a maximum content of 10%.76 30% of the cement was replaced
by ground MSWI bottom ash in cement composites produc-
tion.77 Results of leaching tests demonstrated that the cement
composite had good durability under ocean conditions, and the
concentration of most heavy metals was within the prescribed
range except for As in saline water. The maximum replacement
ratio of Portland cement of 30% was concluded by Cristelo et al.
as well.78 The recommended content of MSWI bottom ash in the
blended cement was also less than 30%.79

However, some studies showed that the application of MSWI
residues could retard the cement hydration due to the low
hydraulic activity of the residues. Hydraulic activity is repre-
sented by hydraulic ratio (HR), one of the parameters used to
dene the characteristics of clinker. HR can be calculated as
eqn (1):80

HR ¼ CaO

SiO2 þAl2O3 þ Fe2O3

(1)

The bottom ash nes (<2 mm) from two different waste-to-
energy plants in the Netherlands were used as cement
replacement.80 It demonstrated that the bottom ashes from
both factories could be used as a substitute material for cement.
However, the bottom ashes have very low hydraulic activity,
which retarded the cement hydration. Similar conclusions were
reached in Li's study.79 MSWI bottom ash was used as supple-
mentary cementitious material to prepare blended cement.
They found the addition of MSWI bottom ash may retard
cement hydration because of its lower reactivity than that of
Portland cement, and the mechanical properties gradually
decreased with the increase of MSWI bottom ash addition. The
pre-washed MSWI y ash and bottom ash were used as
supplementary cementitious materials to prepare blended
cement.30 It was found that the lower activity of washed MSWI
y ash and bottom ash led to a negative impact on the
mechanical strength of cement composites.
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It was further found the MSWI residues could not be applied
directly on large scale under some conditions. The statistical
entropy of the distribution of Cd, Pb and Cu as selected metals
was evaluated aer mixing MSWI y ash or bottom ash with
cement clinker respectively.81 The author used this method to
quantify the statistical entropy of the distribution of selected
substances. Statistical entropy analysis is a method of evalu-
ating the ability of material ow systems to concentrate or dilute
a substance throughout its entire life cycle.82 It can quantify
changes in the substance distribution pattern throughout
a system in which materials undergo transitions. During the
processes, the statistical entropy of substances may increase,
decrease or unchanged.83 The results showed that neither MSWI
y ash nor bottom ash should be used in cement on a large scale
without any pretreatment.

In short, MSWI residues are promising alternative raw
materials in cement production, however, there's a limitation
on the maximum additional amount to decrease the effect of
MSWI residues on cement properties.

4.4 Concrete

Concrete is also a kind of widely used building material all
around the world.84 The most common components of concrete
include cement, water and aggregates which consist of ne and
coarse natural aggregates and sometimes chemical and mineral
admixtures. Due to consisting of cement and wide use, concrete
has a signicant impact on environment as well. Therefore,
making the concrete industry more sustainable has important
signicance. One of the most popular methods is to use recy-
cled materials as substitution of concrete components. Indus-
trial by-products such as y ash, blast furnace slag, silica fume
as well as recycled aggregate are commonly replacement mate-
rials for cement.85,86 The products with these alternative mate-
rials always have good properties. Moreover, the utilization of
recycled materials decreased the emission of CO2 related to
cement production, thereby decreasing the environmental
impacts of concrete.85,86

MSWI residues are also competitive materials that can be
used in concrete. Fig. 6 shows the process of MSWI residues
recycled for concrete production. MSWI residues serve as
cement or aggregate partial substitute materials. Cement,
natural aggregate, other additives and water are added and
mixed. The mixture is fully stirred, and then concrete products
can be obtained.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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MSWI residues serving as cement replacement is one of the
common applications. MSWI bottom ash was used partially
replacing cement.87 The equivalent substitution of bottom ash
for cement reduced the compressive strength of concrete. The
maximum ratio of replacing cement with bottom ash was 15%
and this binder was suitable for application in low strength
concrete.88 When MSWI bottom ash and recycled aggregate
were added, the consistency measured by slump was reduced by
more than 50%.

In addition, MSWI residues can serve as ne or coarse
aggregates substitution. 100% MSWI bottom ash (0–2 mm) was
used to replace natural sand.89 They found that the upgraded
MSWI bottom ash had the same properties as the natural sand,
except the higher water absorption. Adding some mineral
additives as superplasticizers could reduce the water adsorption
and improve the workability of the mixture, proving the possi-
bility of MSWI bottom ash for replacing natural sand in
concrete. MSWI y ash and foundry residues were used as
recycled aggregates in concrete production aer treatment of
water washing, inorganic reagents stabilization–solidication
and grinding.54 The recycled concretes had good structural and
environmental quality. Exhausted sand and bottom ash from
uidized bed incinerators were used to partially replace natural
aggregate and found that the average compressive strength and
material reliability of concrete containing recycled aggregate
were comparable to that of reference concrete.90 For different
types of concrete, the replacement ratio of MSWI residues for
aggregate is variable. The upgraded MSWI bottom ash could
replace up to 20% sand and/or gravel in reinforced concrete,
however, the ratio could rise to 50% in plain (non-structural)
concrete, whereas, the bottom ash was not recommended for
prestressed concrete, as prestressed steels may present a higher
risk of stress corrosion.91

In summary, the MSWI residues could be used as both ne
and coarse aggregate replacement in concrete.92 The prepared
concrete always had the performance of low density, high
consistency and lower compressive strength. Therefore, the
additive quantity has a limitation.
4.5 Summary

Take four typical building materials (cast stone, glass-ceramic,
cement and concrete) as examples, the characteristics of using
MSWI residues to produce each product are compared in Table
4.34 Each production process has benets or challenges on
products properties, resources, environment and economy.

In general, in the eld of building materials, MSWI residues
exhibit wide application potential and great economic and
environmental benets because of recycled as supplementary
materials in constructionmaterials, thereby returning the waste
materials to the economic cycle and saving natural resources. In
Europe, the stabilized MSWI y ashes can be sold as a ller,
thereby saving calcite and talc natural resources. It was esti-
mated that, in Europe alone, recyclingMSWI y ashes instead of
landlling may save approximately 1.6 million euros per day.
The saved carbon dioxide emission into the atmosphere is
approximately 960 kilotons per year.27 In China, the biggest
© 2022 The Author(s). Published by the Royal Society of Chemistry
cement production country around the world, about 72 million
tons of cement can be saved per year according to calculation if
the maximum replacement of MSWI y ash and bottom ash
(40 wt% and 20 wt% respectively) for cement composites can be
achieved. It means large quantities of raw materials (about 131
million tons of limestone, 23 million tons of clay, 8 million tons
of sand and 2 million tons of hematite) can be saved per year.30

Therefore, the recycling of pretreated MSWI residues in
construction materials, especially in the production of cement,
is a cost-effective and eco-friendly application.

Meanwhile, studies have shown that the properties of the
building materials containing MSWI residues canmeet relevant
standards. When considering the use of MSWI residues as
building materials, besides the mechanical properties of the
products, the environmental risk of the residues is another
major problem concerned.
5 Environmental impact of recycling
MSWI residues
5.1 LCA method

When MSWI residues are recycled, the leaching of toxic and
harmful composition to soil and water as well as other envi-
ronmental impact are important points of concern.93 Many
approaches94 can be used to assess environmental impacts such
as life cycle assessment (LCA), cost-benet analysis and statis-
tical entropy analysis. Among them, LCA is an effective method
for assessing comprehensive environmental impacts95 and has
been widely used in waste management eld.25

When recycling MSWI residues as rawmaterials or aggregate
alternatives in building materials production, using LCA
method can not only obtain long-term impacts of the recycling
but also verify the validity of reuse as well as the environmental
and economic benets. Fig. 7 (the upper le and upper right
pictures of the “building materials” in the gure are from ref. 62
and 63) describes the materials and energy owing into and out
of the system from a life cycle perspective during the process of
preparing building materials with MSWI residues. LCA was
used to compare the environmental impacts of lightweight
aggregates with and without APC residues.96 Results showed
that in all categories, a reduction of environmental impacts
could be found when 3% of natural clay was replaced by APC
residues.
5.2 The environmental impacts

From LCA perspective, recycling MSWI residues in building
materials production has both benets and drawbacks. Fore-
most, this application reduces the production and depletion of
primary materials compared with the management of land-
lling.25 However, the environmental risk exists deriving from
the potential leaching of toxic substances,97 for the residues
contain enriched concentrations of heavy metals and salts.98

Using MSWI residues may negatively affect the products' quality
and performance as well. For example, the presence of metallic
Al or Zn in MSWI residues may cause early cracking in struc-
tured concrete, and the high concentration of Cl may cause
RSC Adv., 2022, 12, 6279–6291 | 6287



Table 4 Characteristics of recycling MSWI residues for building materials34

Building
material

Type of MSWI
residues Pretreatment Role of MSWI residues

Waste
generation Leaching Benets Challenges

Cast stonea Fly ash, bottom ash,
mixture

Not required Raw material None Low Good performance High treatment
temperature

Glass-
ceramic

Fly ash, bottom ash,
mixture

Not required Raw material None Low/
medium

Natural resources
protection

Possible leaching
Economic viability

Cement Fly ash, bottom ash,
mixture

Advised Partial substitute for raw
materials

Off-gas Low Easy to implement Possible leaching
CO2 emission
reduction

Concrete Fly ash, bottom ash Advised Substitute for cement or
aggregate

Off-gas Low Resource
conservation

Possible leaching
Early cracking in
structured concrete
Chemical corrosion of
product

a Inference results derived from the preparation of cast stone from metallurgical waste slag.
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corrosion of reinforcement steel.99 When 20% MSWI y ash
were mixed into hardened cement paste, the specimens
expanded and microcracks appeared because of the metallic
aluminum in MSWI y ash. The cement strength was reduced
as well.100

Among the disadvantages, the possible leaching of contam-
inants has drawn the most attention.25 It has been concluded
that ash properties, pH and liquid to solid ratio (L/S) are the
main factors accounting for the leaching from MSWI residues,
besides, solubility and sorption are the two major leaching
mechanisms.41 Usually, solubility control occurs when a solu-
tion touching with the solid is saturated in regard to the
constituent species of interest. On the other hand, if the
elements show sorptive affinity to the solid surface's active sites,
sorption control occurs. The release properties of selected
Fig. 7 Materials and energy flowing into and out of the system during t
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metals (Cd, Cr, Cu, Ni, Pb, and Zn) fromMSWI bottom ash were
investigated. The results showed that precipitation/dissolution
reactions make a great importance on the leaching of Cu, Pb
and Zn, while the leaching of Cr, Cd, and Ni were mainly
controlled by adsorption.101 However, the leaching of pollutants
from MSWI residues is complicated and still a research hotspot.
The leaching of 15 types of elements from fresh and aged MSWI
y ashes was investigated under different pH ranges from 2 to
14.102. For a majority of the heavy metal elements, the leached
concentration decreased when pH increased. Furthermore, the
potential leaching from products containing MSWI residues has
also attracted wide attention. The successive leaching concen-
tration of heavy metals from cement with MSWI y ash was
studied and found that the leaching concentrations and leaching
time had strong positive relationships.103 In the circumstances of
he preparation of building materials with MSWI residues.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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factual utilization, leaching is a very slow and gradually diluting
process. The element leaching of Cd, Cr, Hg, Pb, etc. was inves-
tigated from an ecological cement prepared with MSWI resi-
dues.10 The concentrations of all the heavy metals in the leachate
were below regulatory limits, and the leaching tests validated the
stability of the product. To assess the environmental impact of
MSWI bottom ash contained in permeable asphalt mixture, the
leaching behaviors of four heavy metals (Zn, Pb, Cu and Cr) were
studied. Result showed that the leachate has very little negative
impact on surrounding surface and underground water quality
and the permeable asphalt mixture containing MSWI bottom ash
would be safe for the environment.104 It can be concluded that the
leaching concentration of poisonous substances was usually
below the relevant limitation when recycling MSWI residues for
different purposes. However, the environmental impact from
leaching is still worth focusing on. Before using MSWI residues,
it is important to pre-treat them to reduce the environmental
impacts.

6 Conclusion and perspective
6.1 Conclusion

The composition of the huge number of MSWI residues is like
raw materials used for construction sector, having been studied
extensively. This paper reviews and discusses the possibility and
benets of recycling MSWI residues as raw material or aggre-
gate replacement in four construction materials (cast stone,
glass-ceramic, cement and concrete) production. A few conclu-
sions can be drawn.

(1) Before reusing MSWI residues, the ingredient and char-
acteristics should be well learnt because of the heterogeneity of
the residues from diverse sources and incineration conditions.
Usually, y ash and APC residues aremore harmful than bottom
ash.

(2) The residues can be treated by separation, solidication/
stabilization or thermal treatment selectively before recycling,
thereby reducing the content of toxic substances, decreasing the
environmental impact and increasing the properties of
products.

(3) For the four typical building materials discussed in this
review, MSWI residues were usually used as supplementary
material and the prepared products have better performance
meeting relevant standards. Besides, little waste was produced
during the preparation process.

(4) In general, the residues have broad application potential
in construction eld serving as raw materials or aggregate
substitutes. The application way has economic and environ-
mental benets. However, the additional proportion of the
residues in construction materials has a threshold to limit its
negative impacts on the property and quality of the products.

(5) The environmental impacts of preparing building mate-
rials from MSWI residues are usually lower than the limit value
of relevant standards, but the hazards caused by possible
leaching are still concerns.

(6) Management methods should vary according to size
fractions of the residues. Proper treatments can reduce the
environmental impact, but the effect on ne residues particles
© 2022 The Author(s). Published by the Royal Society of Chemistry
below 2 mm is not obvious, thereby more attention should be
paid to the ne particles when reusing MSWI residues.

6.2 Challenge and opportunity

To decrease the environmental risk of utilizing MSWI residues,
the combination of multiple treatments and new treatment
methods should be investigated extensively, especially the
effective treatment for the ne particles.

Besides, in order to use MSWI residues on a large scale in
construction sector, more attempts ought to be made to use
MSWI residues as primary raw material rather than additives.
Also, in-depth studies could be conducted to explore broader
application potential of MSWI residues to reduce the
consumption of energy and natural resources.

At the same time, attention should be drawn to the long-term
leaching behavior and the leaching mechanism of the
contaminants. Ultimately, it is also important to further
improve performance of the products prepared from MSWI
residues. The development of standardized quality-control
protocols for utilizing MSWI residues would be signicant.
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