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a b s t r a c t

Municipal solid waste incineration (MSWI) bottom ash fine particles (0e2 mm, BAF) are a potential
building material, but their possible environmental risk and poor physical properties hinder their
application scale. In this study, the cold bonded pelletizing technique is applied to produce artificial
lightweight aggregates using BAF and other industrial waste powders, as a way of recycling BAF mainly.
The properties of the produced aggregates are determined and compared with other artificial aggregates.
Moreover, the growth mechanism of the pellet with BAF and the role of BAF on pellet strength are
addressed. The leaching properties of this aggregate are evaluated according to the environmental
legislation. In addition, this aggregate is used as natural aggregate replacement in concrete to investigate
its influence on concrete properties.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Recycling and reuse of solid waste from the industrial or con-
struction field are significant and crucial nowadays; in consider-
ation to the environment, plenty of research has been done on
different types of solid wastes (Xuan et al., 2016a, 2016b; Zhang,
2013). Municipal solid waste incineration bottom ash (MSWIBA)
is the main solid residue inwaste-to-energy plants, which accounts
for around 80%e90% of the total by-products; its coarse fraction
(above 2 or 4 mm) generally needs cleaning, considering its envi-
ronmental impact, and then reused as aggregate in concrete
(Keulen et al., 2015). However, its fine fraction (such as under
2mm) (BAF), which have the potential to be used as sand substitute
inmortar or concrete (Al-Rawas et al., 2005; Li et al., 2012), contains
relatively high amount of heavy metals (such as Cu, Sb, Mo, etc.)
and salts (such as chlorides, sulphates, etc.), the leaching concen-
tration of which exceed the limit value according to relevant
environmental legislation (Tang et al., 2015; Soil Quality Decree,
2008). According to the Dutch legislation (Soil Quality Decree,
2008), the BAF without any treatment can only be used when the
nvironment, Eindhoven Uni-
lands.
material is isolated and monitored during the application period.
Moreover, it is reported that the BAF contains metals which can
lead to cracks when the BAF is used in mortar or concrete, and then
reduce the strength and decrease the durability of the concrete
(Tang et al., 2015; Müller and Rübner, 2006). The BAF can also end
up in landfills (Bosmans et al., 2013); however, due to the
decreasing available space and increasing cost for landfilling, this is
not a preferable option and will not be allowed by Dutch legislation
in the future.

In order to improve the properties of the BAF and eventually
apply it as a usable/valuable material instead of treating it only as a
waste, series of treatments are introduced, such as separation (Tang
et al., 2016), carbonation (Meima et al., 2002), washing (Cossu et al.,
2012), stabilization/solidification (Luna Galiano et al., 2011), etc.
Nevertheless, the efficiency of the treatments on the BAF is limited
compared with the coarse fraction of BA. For instance, due to the
small particle size, the recovery rate of metals by the eddy currency
separator is very low (Rahman and Bakker, 2013). Washing of BAF
can reduce the leaching of salts significantly (Colangelo et al.,
2012); however, a large amount of waste liquid will be generated,
causing further problems. Weathering and carbonation could
improve the leaching properties of the BAF under specific
controlled conditions during the process (Santos et al., 2013), but
the treated BAF is a porous material, with a low crushing strength,
which may limit its application scale (can only be used in low
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quality concrete). Regarding stabilization/solidification, it is well
known that cementitious materials have an excellent capacity to
immobilize waste materials (Brouwers et al., 2007; Zhang et al.,
2013; Voglar and Le�stan, 2011), but the use of binders increases
the treatment costs. So far, the recycling and reuse of MSWI BAF
remains an issue to be solved in practise.

Nowadays, the cold bonded pelletizing technique is widely used
to recycle industrial waste powders for producing artificial aggre-
gates for application in concrete, and the raw materials (powder
level) used are extended to various waste powders in recent years,
such as iron ore fines (Dutta et al., 1997a), coal fly ash (Geso�glu
et al., 2007; Ferone et al., 2013) and bottom ash (Geetha and
Ramamurthy, 2010a), granulated blast furnace slag (Geso�glu et al.,
2012), quarry dust (Thomas and Harilal, 2015), etc. The wide-
spread research on the production of artificial aggregates using
waste powders through cold bonded technique proposes a positive
view on the investigation of producing artificial aggregate using
BAF, which is rarely studied. This could be a method for the integral
purposes of immobilizing the contaminants of BAF by cementitious
materials, producing an artificial aggregate which can be used in
concrete, and in this way transfer BAF from waste to value.

Regarding the recycling of industrial waste powdered materials
by the cold bonded pelletizing technique, there are several aspects
which have been investigated from literature (Geetha and
Ramamurthy, 2010a; Geso�glu et al., 2004, 2007, 2012, 2014;
Thomas and Harilal, 2015; Dutta et al., 1992; Cioffi et al., 2011;
Geetha and Ramamurthy, 2013; Bui et al., 2012; Colangelo et al.,
2015; Manikandan and Ramamurthy, 2008; Dutta et al., 1997b;
Baykal and Doven, 2000; Güneyisi et al., 2015a) and need to be
considered for the design of pelletization, as listed in below:

� Types of waste powders to be recycled as raw materials for
pelletization

The most used solid waste is coal fly ash, which accounts for
over 50% of the total solids used for pelletization. In most study,
cold bonded pelletization is treated as an efficient method to
manage the coal fly ash (Thomas and Harilal, 2015; Colangelo et al.,
2015). However, among all these recycled solid materials, the par-
ticle sizes of these materials are rather small (<125 mm) compared
to corresponding pellets they produced (>4 mm). The use of rela-
tively bigger particles (>125 mm) rather than only powders has
rarely been reported. Moreover, the inherent characteristics of the
raw materials have a significant influence on the properties of the
produced lightweight aggregates.

� Binder/activator

To guarantee the strength of the produced lightweight aggre-
gates, a certain amount of ordinary Portland cement is added,
which normally accounts for 5e10% of the total solid mass (Dutta
et al., 1997b; Geso�glu et al., 2014; Geso�glu et al., 2004). Another
binder system is an alkali-activated binder (geopolymer), which
consists of chemical activator and slag or fly ash (Geetha and
Ramamurthy, 2013; Bui et al., 2012). Using this binder system for
pelletization, the chemical activator in liquid form is generally
sprayed on the powder as gluing agent instead of water, to promote
the formation of granulates at the very early age of pelletization and
later activate the slag or fly ash to provide strength to the pellets.

� Additives

There is research which shows that the addition of CaO or
Ca(OH)2 contributes positively to the pelletization efficiency and
the strength of the produced pellets (Geetha and Ramamurthy,
2010a; Cioffi et al., 2011). Ground-granulated blast-furnace slag
(GGBS) from the steel industry and rice husk ash (RHA) from the
combustion of rice husk were also used to improve the properties
of the lightweight aggregates due to their contribution to cement
hydration, or their own chemical activation (Bui et al., 2012).

� Curing methods

Several curing methods were applied in others’ studies,
including water curing, moisture curing, steam curing at different
temperatures, autoclave curing, etc. (Manikandan and Rama-
murthy, 2008). In most of the studies, moisture curing is per-
formed by sealing the freshly produced aggregated in bags or
buckets until testing date, this is also possible in large scale pro-
duction. The other three types of curing can promote the strength
development of the aggregates; however, it depends on the prop-
erties of the raw materials and the available conditions in practice.

� Pelletizing parameters

The pelletizing parameters include the diameter of the pan, its
angle and speed, and the feeding speed of raw materials. The effect
of the pelletizing parameters on the properties of the pellets de-
pends on the pelletizer used and the other procedure parameters.
The disc pelletizer used in literature had a diameter between 40
and 80 cm, and the rotating angle and speed were 45e55� and
35e55 rpm, respectively.

1.1. Integral recycling of BAF and other industrial solid wastes by
cold bonded pelletization in this study

Considering the recycling of BAF in this study using the cold
bonded pelletizing technique, the above-mentioned parameters
need to be considered and determined. Due to the fact that BAF has
a particle size between 0 and 2 mm, it might be necessary to add
other powdered materials to make sure there are enough fines to
fill the space between bigger particles and then to glue all the
particles together in a spherical shape when water is added. The
powdered materials chosen are expected: 1) to act as filler to
condense the microstructure of pellets which is significantly affect
the pellet properties, and to have a good compatibility with other
materials during pelletizing process; 2) to have pozzolanic or hy-
draulic characteristics which will contribute to the binder hydra-
tion, and eventually enhance the pellet properties; 3) the use of
these chosen powdered materials can be eco- and environmental
friendly, such as using wastes from industrial fields. In this way, the
recycling of BAF by pelletizing technique is further valorised.

In the present study, except BAF, the chosen powderedmaterials
are coal fly ash (FA), paper sludge ash (PSA) andwashing aggregates
sludge (WAS). In literature, the pelletization of FA to produce cold
bonded aggregates has been widely studied and the technique is
improved from both the mechanical and economic points of view
(Geso�glu et al., 2014; Baykal and D€oven, 2000). Secondly, it is re-
ported that FA could be used as filler, additive, or pozzolanic ma-
terial in concrete, having a positive influence (Berryman et al.,
2005). Hence, coal fly ash (FA) is chosen as one of the powder in-
gredients in this study. According to research (Cioffi et al., 2011;
Geetha and Ramamurthy, 2010b), the addition of Ca(OH)2 or lime
can increase the pelletizing efficiency, and improve the hydration of
the binder, which improves the pellet properties indirectly. It is
known from literature that paper sludge ash (PSA) is a solid waste
from the paper recycling industry, which mainly contains free lime
and calcite. It could be used as a hydraulic binder (Wong et al., 2015;
Bin Mohd Sani et al., 2011), or raw material for eco-cement (Yen
et al., 2011) for concrete. Therefore, the PSA which is available in



Table 1
The chemical compositions and specific density of the raw materials.

Composition [% wt.] CEM I 42.5 N BAF PSA FA WAS

CaO 67.9 18.6 54.9 6.2 1.5
SiO2 14.9 39.1 13.6 45.2 73.3
Al2O3 3.6 7.6 8.6 27.5 11.3
Fe2O3 3.3 12.9 1.0 6.6 6.0
K2O 0.8 1.1 0.5 2.2 1.9
Na2O 0.0 1.0 0.0 1.0 0.6
MgO 1.6 1.9 2.1 1.4 0.9
CuO 0.0 0.4 0.1 0.0 0.0
ZnO 0.1 0.7 0.1 0.1 0.0
Cl 0.1 0.3 2.2 0.0 0.0
SO3 4.5 4.3 1.0 1.7 0.2
P2O5 0.4 0.9 0.3 0.8 0.1
TiO2 0.3 1.1 0.7 1.5 0.4
Others 0.4 1.9 0.2 2.1 0.6
LOI 2.2 9.2 14.6 5.3 3.6

Specific density [g cm�3] 3.10 2.69 2.71 2.32 2.68
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the Netherlands is recycled and reused as a powder ingredient in
this study from both the technical and economic points of view. To
obtain the granulate during the pelletizing, particularly during the
early stage, the moisture content and the plasticity of the raw
materials are very important. Washing aggregate sludge (WAS) is a
water-solids mixture (most of the solid particles are under 63 mm)
collected from the aggregate washing plant, which needs to be
settled in the clarifier before further use or deposit. This procedure
is time consuming and not economically friendly. In other studies,
this sludge is used to produce artificial aggregate by sintering
(Gonz�alez-Corrochano et al., 2009; Volland and Br€otz, 2015). The
sludge normally contains 45%e55% liquid, which need to be
drained out in normal treatment procedure; however, when being
used for pelletization, the sludge mixture could be directly used
without any other treatment (settling or draining). This is due to
the fact that firstly the dried sludge is generally agglomerated and
needs to be crushed or milled before use; secondly, during the
pelletizing of raw material in this study, a certain amount of water
is needed. Hence, the utilization of washing aggregate sludge
(WAS) as one ingredient in pelletizing is a more cost-effective way
to recycle it, which can avoid the pre-treatment of the sludge and
decrease the consuming of water during the pelletizing process. In
this way, the waste materials are directly used as raw resources for
new products without additional treatments, which combine the
reduction, recycle and reuse of the waste materials at the same
time.

Therefore, in our current research, the MSWI BAF is one of the
main solid wastes which need to be reused or recycled soon instead
of being disposed in landfills according to the circular development
plan in the Netherlands (Green deal, 2012). Meanwhile, FA, PSA,
and WAS are chosen as raw materials to produce the lightweight
aggregates, those materials are also solid wastes which need to be
solved in consideration of environmental and economic aspects.

Hence, the main purpose is to investigate the potential of
recycling the MSWI fine bottom ash (0e2 mm) through the
pelletizing technique; meanwhile, the other industrial waste
powders are also recycled in this way as powder ingredients due to
their potential benefits on the pellet production. The possibility of
recycling these solid wastes together using the pelletizing tech-
nique needs to be investigated firstly. The properties (such as
density, pellet strength, crushing resistance, water absorption, etc.)
of the artificial aggregate produced are evaluated. The leaching
properties of the BAF and the aggregate are determined and
compared with the legislation. The practical application of this
artificial aggregate in concrete is also studied.

2. Materials and methods

2.1. Raw materials and characterization

The MSWIBA used in this study is collected from the waste-to-
energy plant in Moerdijk (the Netherlands) which is in operation
since 1997, and has an annual processing capacity of approximately
one million ton of waste. The received municipal solid waste is
mixed and directly incinerated at an average temperature of
950e1100 �C, followed by water quenching. Then the ferrous and
non-ferrous metals are recycled from the wet bottom ash in the
plant. The wet bottom ash fine particles fraction (0e2 mm) is
selected for the investigation in this study. These bottom ash fine
particles (BAF) were obtained by sieving and sealed in a bag before
use to avoid the variation of moisture content (around 1000 kg was
collected and stored at once to reduce sample variety). Three other
industrial powder wastes, which are facing similar reuse/recycling
issues as BAF in the Netherlands as mentioned before, were also
used in this study. These powders are coal fly ash (FA) from a Dutch
power plant, paper sludge ash (PSA) from a Dutch paper recycling
company, and washing aggregate sludge (WAS) from a gravel
washing factory (Smals, the Netherlands). An Ordinary Portland
Cement (OPC) CEM I 42.5N (ENCI, the Netherlands) is used as
binder.

The chemical compositions of the used materials are deter-
mined by X-ray fluorescence (XRF) and the X-ray diffraction (XRD,
Cu tube, 40 kV, 30mA, 3e75�, 0.02�/step, 0.2�/min) is used to detect
the crystalline phases present in the materials. Laser diffraction
(Mastersizer 2000 Malvern) is employed to determine the particle
size distributions (PSDs) of the powder materials, and the PSD of
the particle aggregates is measured following the standard EN 933-
2, (1995). A helium pycnometer (AccuPyc II 1340) is used to mea-
sure the specific densities.

Table 1 shows the chemical compositions of the rawmaterials. It
can be seen that BAF has high amounts of SiO2 and Fe2O3, and a low
amount of CaO; paper sludge ash (PSA) contains a quite high
amount of CaO and a lower amount of SiO2. Combustion fly ash (FA)
has high amounts of SiO2 and Al2O3, and a low amount of CaO.
Washing aggregate sludge (WAS) is mainly composed of SiO2 and
Al2O3. It is also shown that BAF, PSA and WAS have very similar
specific densities, intermediate between OPC and FA. The particle
size distribution of the powders (OPC, WAS, PSA, FA) used are very
similar, as shown in Fig. 1. Fig. 2 shows that the main crystalline
phases in BAF are quartz, anhydrite, calcite and hematite. PSA
mainly consists of calcite, calcium hydroxide, a small amount of
quartz. The main crystalline phase in WAS is quartz, and FA con-
tains quartz and calcite as well.

Isothermal calorimeter (eight-channel TAM Air, Thermometric)
is employed to investigate the hydration development of the
blended binders. The influence of the PSA and FA on the cement
hydration are studied by replacing the cement by different pro-
portions, respectively. The interaction between PSA, FA and cement
is studied as well, based onwhich the proportions of PSA and FA for
the pelletization are determined.
2.2. Cold bonded lightweight aggregate manufacture and
characterization

� Pelletization

As stated before, the size of the disc pelletizer and parameters
during the pelletization used in the literature varies, hence, the
chosen pelletizing parameters are determined based on the infor-
mation from literature and the practical experience acquired
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during the utilization of the disc pelletizer as described in our
study. The disc pelletizer used for the pelletization process has a
diameter of 100 cm and collar height of 15 cm. The angle of the disc
is fixed at 45� and the speed is 15 rpm (Geso�glu et al., 2007).
Considering the speed, and collar height of the disc, about 10 kg of
material is fed for each running cycle. The pelletizing procedure is
shown in Fig. 3.

Firstly, the rawmaterials are mixed in a concretemixer to obtain
a homogenously mixed material, and then the material is fed to the
disc. A certain amount of water is sprayed during the first 5 min for
the generation of new nuclei. Then the disc is continuously run for
the generation and compaction of granulates; the total time used
for one cycle is around 15min. After one cycle, the green granulates
Fig. 2. The XRD pattern of the raw materials used for pelletization (Q-Quartz; C-
Calcite; CH-Portlandite; G-Gehlenite; CS-Calcium silicate; M-Mullite; CM-Chlorite
mineral; F-Feldspar; H-Hematite; A-Anhydrite.).
are collected and cured in sealed plastic film; around 100 kg of
granulates in total is produced for further tests. The proportions of
thematerials used (based on total driedmass) is 10% OPC, 20%e80%
BAF (with a moisture content of around 22% wt.), 5% WAS (with a
water content of 53% wt.), and 5e65% FA and PSA. The determi-
nation of these proportions will be discussed in Section 3.

� Characterization of produced aggregates

After a certain curing time, a batch of aggregate is collected for
relevant tests. The bulk density of the aggregates is determined
following EN1097-3, (1998) and the water absorption of the
aggregate is measured following the EN 1097-6, (2013), the value is
equal to the average of three tested values. The individual pellet
strength is tested using a similar test method to the one described
and used in (Geso�glu et al., 2007, 2012) 45 pellets are chosen to be
tested for each curing age. The crushing resistance of the aggregates
is also evaluated after different days of curing following EN 13055-
1, (2002) (Annex A, procedure 1) to describe the strength of the
produced aggregates and three samples are tested for each value.
Optical microscopy and scanning electron microscopy (SEM,
Quanta 650 FEG, FEI) are used to observe the cross section of the
pellet.

� Application of artificial aggregates in concrete

The produced aggregate is used in concrete as aggregates with a
proportion of 50% and 100% replacement by volume of the natural
quartz aggregate (2e8 mm). Concrete cubes with artificial aggre-
gates (150 � 150 � 150 mm3) are produced; the proportions used
are: cement 280 kg/m3, sand (0e4 mm) 830 kg/m3, and the gravel
(2e8 mm) 1248 kg/m3. The water to cement ratio is 0.5 for samples
with 50% gravel replacement, and 0.6 for samples with 100% gravel
replacement in order to get a similar flowability due to the high
water absorption of artificial aggregates. The compressive strengths
of the cubes are determined after 28 days.
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� Leaching property evaluation

To estimate the environmental impact of the BAF and the
generated aggregate, column leaching tests according to Dutch
standard NEN 7383, (2003) are performed on the representative
samples. The liquid to solid ratio is kept at 10 l/kg; during the test,
the water is forced to flow through the material from the bottom to
the top of the container for a certain period. The concentration of
chemical elements in the eluate is analysed using inductively
coupled plasma-atomic emission spectrometry (ICP-AES) according
to NEN 6966, (2005), and the content of chloride and sulphate is
determined through high performance liquid chromatography
(HPLC) following NEN-EN-ISO 10304-2, (1996). The leaching values
of studied elements are compared with the limit values according
to the Dutch legislation (Soil Quality Decree, 2008). The column
leaching test is also performed on the crushed concrete cubes to
observe the leaching properties of recycled concrete. The concrete
cubes are crushed under 4 mm and then column leaching as
described above is conducted.

3. Results and discussions

3.1. Proportion optimization of raw materials for pelletization

The compatibility of the chosen available industrial solid wastes
and MSWI BAF need to be firstly investigated and then the pro-
portions of these solid wastes will be determined for the
pelletization.

It is reported that the increasing amount of binders results in
higher pellet strength, lower water absorption, etc. (Thomas and
Harilal, 2015; Dutta et al., 1997a). It is also noticed in nowadays
research that generally the cement dosage is around 10% of the total
mass, and it can be 4%e6% when the binder is finer (Dutta et al.,
1997a). Hence, the amount of the binder is controlled at 10% of
the total solid mass in order to compare the results to others in
literature. It is worth to mention that this binder dosage can be
increased or decreased depending on the requirement of aggregate
strength and cost in practical conditions. The initial water contents
of the mixed rawmaterials are important for the growth of the new
pellet, and was normally controlled at 21%e31% in others’ work
(Geso�glu et al., 2007, 2012; Manikandan and Ramamurthy, 2008;
Güneyisi et al., 2013a, 2015a). Therefore, the total amount of the
dried WAS that can be used is controlled to less than 5% of the total
solid mass (due to the fact that its water content is around 45%e
55%). Hence, the influence of the WAS amount on the cement hy-
dration is not further studied.

The influence of PSA and FA on the cement hydration individ-
ually and integrally is evaluated by the isothermal calorimetric tests
and results are shown in Figs. 4e6.

Fig. 4 demonstrates the heat development of samples mixed
with cement and PSA. The heat flow peak occurred after 12 h of
plain cement hydration (peak 2 in Fig. 4(a)) happens earlier when
PSA is added (peak 1). The more PSA is added, the earlier the peaks
appears. The height of this peak increases with the increasing
amount of PSA. This peak in plain cement hydration represents the
reaction of C3S (tricalcium silicate) with the production of calcium
silicate hydrate (C-S-H) gel phase and calcium hydroxide. It can be
addressed that the addition of PSA accelerates the cement hydra-
tion. Fig. 4(b) shows that the total heat released from samples with
10e20% PSA is higher than that of plain cement (from 104.6% to
101.1%, compared to 100% - plain cement), and for samples with
30e60% PSA it is lower than that of plain cement (from 99.3% to
86.7%), which demonstrates that the PSA contributes to the
chemical reaction of the mixed samples. Hence, the addition of PSA
for the pelletization is supposed to increase the strength of the
pellets.

Fig. 5(a) shows that the height of the main hydration peak (peak
1) at around 20 h decreases with the increasing amount of FA; the
duration of this peak of samples with FA is longer than that for the
plain cement sample. There is a pozzolanic reaction after around
45e50 h (peak 2), which contributes to the additional hydration
peak. The total heat released decreases with the increase of FA, and
it is always lower than the plain cement sample (Fig. 5(b)). How-
ever, the decrease of the total heat is lower than the replacement
ratio of FA. For instance, after 120 h, the total heat released from the
solid mixtures decreases from 283 J/g (100% OPC) to 156 J/g (60% FA
addition), and its reduction is 45% (when 60% FA is used as OPC
replacement) compared with plain OPC. This indicates that the FA
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contributes with 15% to the heat release. It can be stated that the FA
may have a slight contribution to the cement hydration at early age,
even though it is much less compared to that of PSA.

From the above shown calorimetric results, it can be assumed
that at early ages of aggregates curing, the strength of the pellets is
mainly influenced by cement and PSA, while the use of FA can have
positive effects on the pellet strength after long term curing, due to
its slow pozzolanic properties (De Weerdt et al., 2011). To achieve a
good combination of these two wastes, the relative proportions of
FA and PSA should be determined when cement amount is fixed at
10% for pelletization. Fig. 6 shows the interaction between PSA and
FA in cement system. It can be seen that, with a fixed amount of
cement (10% wt.), the addition of PSA accelerates the cement hy-
dration, and when PSA and FA is mixed with proportion 1:1, the
total heat released is the closest to that of the plain cement sample.
Therefore, the mix proportion of PSA and FA is 1:1 wt. of total PSA
and FA for artificial aggregate production based on the calorimetric
study.
The amount of BAF in this study is chosen based on its leaching

properties, as well as the consideration of economic factors from
the company (due to the fact that the BAF properties could differ
from plant to plant, the design of the recipe could change. In our
study, the amount of BAF is in the range of 20e80% of the total
solids mass and the exact value is confidential).

To summarize, in the current study the proportions of the raw
materials used are 10% cement, 20%e80% BAF, 5% WAS and the
remaining part is a mixture of PSA and FA (1:1 wt.).

3.2. Characteristics of the produced artificial aggregates

3.2.1. Artificial aggregate properties
The particle size range of the produced aggregates is mainly

around 2e8 mm (Fig. 1). It can be noticed that the 28-day sample
has slightly higher amount of small particles (<2mm,1%more) and
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a bit lower amount of coarse particles (>8 mm, 3% less) compared
with the 1 days samples, this could be due to the shrinkage of the
pellets and the metallic Al in the BAF which may cause the cracking
and break down of some pellets. Meanwhile, the powders on the
pellet surface, which are less bonded into the matrix of the pellets
may be removed by frictions when transferring the samples.

The specific density (Fig. 7(a)) of the aggregates produced is
around 2.50 g/cm3 which is slightly lower than that of natural
quartz aggregates (2.65 g/cm3), and the specific density of the
fractions are very similar, which indicates the homogeneity of the
produced aggregate. It can be noticed as well that the specific
densities are decreasing slightly with the curing time; this could be
attributed to the hydration of cement, the hydration product of
which fills the pores inside the aggregate, and eventually decreases
the porosity of the aggregates and finally their shrinkage. This could
be further confirmed by the loose bulk density of the aggregate
above 4 mm, which shows an increasing trend along with the
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curing days (Fig. 7(b)). The loose bulk density of the aggregate
above 4 mm is lower than 1200 kg/m3, hence this aggregate frac-
tion can be defined as lightweight aggregate according to EN
13055-1, (2002). The apparent density of the produced aggregate
is 2323e2358 kg/m3; its oven dried particle density is
1709e1730 kg/m3, and the saturated and surface-dried particle
density is 1975e1988 kg/m3.

Fig. 8 shows the water absorption of the produced aggregates
above 4 mm. The 24 h water absorption after 28 days curing is
around 14.9%, which is lower comparedwith the artificial aggregate
produced by fly ash in literature which is 21.2% (Güneyisi et al.,
2015a) and 18.7e21.2% (Thomas and Harilal, 2015), etc. It can be
seen that the water absorption has a decreasing trend along with
the curing time, and the difference between 7 and 28 days cured
samples is small. Moreover, the water absorption increases signif-
icantly during the first hour. After 5 min, the water absorption
already reach 94% of the 24 h’water absorption for the 1-day cured
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sample, and this value is decreasing with the curing days (from 88%
to 85% for 3-day and 28-day cured samples, respectively). After 1 h,
the water absorption of all the samples reach around 95e96%
of their 24 h’ water absorption, respectively. It can be concluded
that, the porosity of the artificial aggregate is decreasing along
with the curing time, which also indicates the hydration of the
binder. The water absorption reflects the porosity of the aggregate,
which is related to its strength. For the artificial aggregate, it also
reflects the compaction of the pellets during the pelletizing
procedure.

The strength of the pellets depends on the binder dosage and
the microstructure of the pellet (void ratio/porosity of the pellet). It
can be seen in Fig. 9 that the strength of the individual pellets in-
creases with the curing age, and after 7 days the pellet strength is
around 84% of its 28-day pellet strength; the pellet strength also
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increases with the particle size (around 125 Ne650 N for pellet size
from 4 to 16 mm); these findings are in agreement with the results
in (Geso�glu et al., 2007, 2012). However, the results of the individual
pellets strength are quite dispersing, as this test would be influ-
enced significantly by the chosen pellets. Therefore, the crushing
resistance of the aggregate according to EN 13055-1, (2002) was
also evaluated to demonstrate the strength of the produced ag-
gregates. The result is shown in Fig. 10. It can be seen that the
crushing resistance increases steeply during the first 7 days of
curing; after that there is only a small increase. The crushing
resistance of 7 days-cured samples achieves 94% of the 28 days-
cured samples (around 7.5 N/mm2). This results suggest that after
7 days, the artificial aggregates can be ready for use or for delivery
in practical conditions.
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3.2.2. Comparison with other artificial aggregates
In literature (Geetha and Ramamurthy, 2010a; Geso�glu et al.,

2004, 2007, 2012, 2014; Thomas and Harilal, 2015; Dutta et al.,
1992; Cioffi et al., 2011; Geetha and Ramamurthy, 2013; Bui et al.,
2012; Colangelo et al., 2015; Manikandan and Ramamurthy,
2008; Dutta et al., 1997b; Baykal and Doven, 2000; Güneyisi
et al., 2015a), the particle size of the cold bonded lightweight ag-
gregates was below 20 mm and the bulk density was between 800
and 1600 kg/m3. The water absorption of the pellets was between
14 and 27%. Geso�glu et al. (2007) applied the cold bonded pellet-
izing technique to recycle fly ash from thermal power plant, in
which the cement/fly ash ratio was 0.1 by weight and the pellet-
izing duration was 20 min in total (compared to 15 min in the
present study). The produced aggregate had a particle size between
4 and 14 mm, its water absorption was around 32%, and individual
particle crushing strength after 28-days curing was around
70e310 N for particle sizes from 6 to 14 mm (125e650 N for
4e16 mm in this study). Güneyisi et al. (2013b) produced a light-
weight aggregate from a mix of powders of class F fly ash and
Portland cement (9:1 of wt.) using the same device and pelletizer as
described in Geso�glu et al., (2007). The particle size of the produced
aggregates was 4e16 mm with a water absorption of around 18%,
and its maximum pellet strength for pellets between 4 and 8 mm
was 127 N. Colangelo et al. (2015) used OPC, hydrated lime and coal
fly ash as binding materials to recycle MSWI fly ash, and the binder
accounted for around 30e50% of the total solid mass. The produced
aggregate was surface treated using cement/coal fly ash mixture
(1:1 by mass), and the total cement used for the pelletization
accounted for around 14% of the total mass. The produced aggre-
gates had a particle size of 4e18 mm, and the crushing resistance is
2e6 MPa (7.5 MPa in the present study) and their maximumwater
absorption was 15%. Comparing with other lightweight aggregates,
the one produced in this study has a slightly lower water absorp-
tion, and higher pellet or crushing strength. Hence, it can be
concluded that the production of the artificial lightweight aggre-
gate using MSWI BAF together with other industrial solid powders
is possible and the properties of the pellets are comparable or even
better than the artificial aggregate reported in literature.

� Benefits of BAF in cold bonded aggregate from the mechanical
point of view

Fig. 11 demonstrates the pellet microstructure produced with
only powered materials (Fig. 11(a)) and with MSWI BAF (Fig. 11(b)).
The higher crushing resistance of the artificial aggregate produced
in this study with BAF particles compared with the others may be
attributed to the following reasons: 1) the BAF particles in the pellet
(a) (b)

FA

Fig. 11. Schematic representation of cross section of pellets pro
can act as a skeleton of the single pellet, which has the similar role
as the aggregate acts in the concrete, resulting in the enhancement
of the pellet strength compared with pellets produced with only
powders. In another study (Cioffi et al., 2011), the incineration
bottom ash was milled into powder for artificial aggregates pro-
duction, which on one hand increased the production cost; while
on the other hand, disrupted the contribution of bottom ash par-
ticles as skeleton to increase the pellet strength. Hence, the direct
use of BAF for pelletization in this study is more beneficial; 2) the
angular particle shape of BAF enhances the interlocking force and
bonding between the powder matrix and the BAF particles, which
increase the failure force of the pellet; 3) comparing the use of BAF
with the use of only powder materials for producing artificial
aggregate, with a fixed amount of binder and pellet size, the BAF
has lower specific surface area than powder particles. This means
less binder is needed for binding all the particles together and the
pellet shape will be more stable (less powder will be removed from
the surface of the pellets), similar to the statement in (Kim et al.,
2016). Hence, with the same amount of binder, higher strength
can be obtained for pellets with BAF than pellets with only
powders.

� Transferring disadvantages of BAF into advantages in new
products

Fig. 12 shows the cross section of the pellets with BAF under
optical and scanning electronmicroscope, where the distribution of
BAF particles, WAS and PSA can be seen clearly, and the BAF par-
ticles are well embedded into the matrix (Fig. 12(a)). It can be seen
in Fig. 12(b) that the BAF particle is porous and has an irregular
shape. Moreover, there are pores inside the BAF particles which
contribute to the slightly lower specific density and lower loose
bulk density of the produced aggregates as the results shown in
Fig. 7. In general, the BAF has angular particle shapes and the sur-
face of the particles is covered by dust, which contributes to the
high water absorption during its application in mortar or concrete
(Tang et al., 2015). However, these disadvantages of BAF in concrete
can be positive factors during the pelletizing process in this study.

The BAF used in this work is collected from the MSWI bottom
ash by sieving and it has a moisture content around 22% because of
the water cooling of the bottom ash after the combustion. When
the wet BAF is mixed with the powders, some powder particles are
firstly agglomerated on the BAF particles due to their moisture
content, which can shorten the pelletization duration to save en-
ergy consumption on a large-scale industrial production. When
extra water is added, more fine powders are coated on the BAF
particles, also the fine powders themselves start to agglomerate.
BAF

duced (a) with only powders and (b) with addition of BAF.
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Fig. 12. The cross surface of a produced pellet (a) under optical microscope and a BAF particle (b) under scanning electron microscope.

P. Tang et al. / Journal of Cleaner Production 165 (2017) 1371e13841380
Moreover, due to the bigger particle size compared to powder
materials (such as fly ash) and rough surface structure, the
compaction of the pellets during the pelletizing procedure is more
efficient. The powder materials can easily absorb water on their
surfaces, which generates a water layer, contributing to a longer
compaction duration or a porous microstructure of the dried pel-
lets. The agglomeration of powder and particles, and the compac-
tion of the pellets happen during the whole pelletizing process.

It is observed during the tests that there are pellets which have
cracks on their surface before crushing test or application. This
could be attributed to the metallic Al in the BAF which reacts with
alkalis and then generates H2, then leads to the cracking of the
pellet before any external force is applied. Fig. 13 shows the cross
section of a pellet and there is a piece of metallic Al found. Around
the metallic Al piece there is a white trace observed, which might
be the reaction rim of aluminium hydroxide due to the reaction of
metallic Al with the alkaline surroundings during curing (Müller
and Rübner, 2006). When the BAF is directly used in concrete,
this gas formation could lead to the damage of the concrete like
cracking and spalling (Tang et al., 2016). The same phenomenon
takes place in the pellets. However, this does not mean that the
crushing resistance of the whole pellet fraction will be decreased
dramatically, because few pellets will undergo cracking (as shown
Metallic Al 
particle

Reaction rim of 
aluminium 
hydroxide

Metallic Al 
particle

Reaction rim of 
aluminium 
hydroxide

Fig. 13. The cross surface of a pellet under optical microscope where a metallic Al
particle was found.
in Fig. 1, the difference between the particle size distribution of
samples after 1 day and 28 days curing is around 1e3%). Mean-
while, this reaction can take place during the curing of the pellets,
which means there will be less risk due to the metallic Al when the
aggregates are used in concrete. Hence, in the application of arti-
ficial aggregate with BAF, the metallic Al is not a problem anymore.

Compared with traditional cold bonded artificial aggregate, the
use of BAF is of more beneficial considering both the properties of
produced pellets and the recycling of BAF. Therefore, the cold
bonding technique is a good way to recycle the BAF for producing
lightweight cold bonded aggregate together with other industrial
waste powders.
3.3. Evaluation of environmental properties of the artificial
aggregate

Due to the fact that the BAF is a waste residue from the com-
bustion of various materials together, it contains some elements,
whose leaching levels are limited by legislation on behalf of envi-
ronmental safety. The column leaching results show that the BAF
belongs to the IBC category (Soil Quality Decree, 2008) and the
leaching of Sb, Cu, chloride and sulphate exceed the limit value of
non-shaped material (Fig. 14) according to the soil quality decree
(SQD) (Soil Quality Decree, 2008) in the Netherlands. The leaching
of the other elements in the bottom ash in our study is well under
the limits according to our previous study (Tang et al., 2015),
therefore, in the current study only Mo, Sb, Cu, chloride and sul-
phate are observed during the leaching test.

It is shown that BAF contains high amounts of Cu e around
3100 mg/kg of dry solid (d.s.), chloride (2100 mg/kg d.s.) and sul-
phate (22,900 mg/kg d.s.), and also Sb (83 mg/kg d.s.) and Mo
(19 mg/kg d.s.). The leachability of the elements is calculated by
dividing the total amount of the elements in the BAF by their
leached out amount from the tested sample (BAF or artificial
aggregate), respectively. The leaching level shows that chloride and
sulphate in BAF has quite high leachability during the column test
(around 45.2% of the total chloride and 48% of the total sulphate
from the BAF is leached out, respectively).

The leaching of the artificial aggregate after 28 days curing
shows that the Mo and chloride leaching exceed the limit value for
non-shaped materials in the Dutch legislation (Soil Quality Decree,
2008). It can be seen that the leaching of the other investigated
elements is well under this limit value. The leachability of Cu and
Mo in the artificial aggregate increase compared with that of the
BAF, especially for Mo which increases more than 3 times (Meima
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et al., 2002). The leachability of Sb and sulphate in the artificial
aggregate decreases compared with that of the BAF and the sul-
phate leaching decreased dramatically. For chloride, the total
amount in the artificial aggregate is 0.3% (test value), and the
leached out amount is 0.24%, indicating that the chloride in the
artificial aggregate is highly leachable.

Considering the binding capacity of these elements, it seems
that Sb and sulphate are well bound, for the others the leaching
capacity is increased. This is mostly attributed to the influence of
the pH (Meima et al., 2002). The sulphate leaching is improved
significantly in the artificial aggregate; this could be attributed to
the fact that the sulphate in the BAF could contribute to the cement
hydration (Tang et al., 2015). For the leaching of chloride, the high
amount in the PSA (2%, Table 1) contributes to the higher leaching
of chloride compared with calculated leaching based on the BAF
only.

The leaching properties of the BAFwill vary between plants, and
also the leaching legislation on the BAF and aggregate with BAF are
different between countries, the leaching properties can be
adjusted by changing the amount of BAF or binder used according
to specific requirements. Additionally, the produced aggregate can
be used as aggregate replacement in concrete, even if its leaching
properties do not meet the requirement for non-shaped materials,
by controlling its replacement ratio to guarantee the leaching of the
final shaped concrete products complies with the environmental
legislation (Soil Quality Decree, 2008). In this way, the concrete
with artificial aggregate, the leaching of levels under the limit
value, will be the final product available for further application,
considering the environmental legislation. Therefore, it is of inter-
est to study the properties of concrete with this artificial aggregate
from the mechanic point of view, which is relevant to its applica-
tions in the construction field.

3.4. Concrete properties with artificial aggregate

The 28-day compressive strength of the concrete with this
artificial aggregate decreases with the increasing amount of
aggregate replacement, from 37.1 MPa to 27.7 MPa when the
replacement ratio of natural quartz aggregate increases from 50% to
100%. This is attributed to the low strength of the artificial aggre-
gate, similar to (Thomas and Harilal, 2015; Colangelo et al., 2015;
Güneyisi et al., 2015a, 2015b).
It can be seen from Table 2 that, with a similar water to binder
ratio, comparable particle size and replacement ratio of artificial
aggregate, the compressive strength of concrete in this study with
much less amount of cement, is higher than that in literature
(Thomas and Harilal, 2015; Cioffi et al., 2011; Güneyisi et al., 2013b,
2015a; Geso�glu et al., 2006, 2013).

It is reported in (Güneyisi et al., 2015a) that the concrete
strength is decreased by 43% when the replacement ratio increased
by 50% (from 50% to 100%), and in (Güneyisi et al., 2015b) the
concrete strength decreased by 18.5% after the replacement ratio
increased from 30% to 45%. It can be concluded that the concrete
strength decrease is higher than the replacement ratio of the
aggregate, which indicates the adding of the artificial aggregate
could not contribute to the concrete strength properly. However, in
this study, the compressive strength of the concrete decreased by
25% when the replacement ratio increased by 50% (from 50% to
100%), which means the artificial aggregates contribute to the
concrete strength. This could be attributed to the higher crushing
strength of the artificial aggregate produced in this study than
others. Therefore, it can be concluded that the application of arti-
ficial aggregate in concrete produced in this study has better results
than other artificial aggregates.

There are several factors that influence the application of this
kind of artificial aggregate in concrete: aggregate strength which
relates to the concrete strength directly; water absorption which
influences the fresh properties of concrete and aggregate density
which is related to the concrete density. Fig. 15 shows the rela-
tionship between the water absorption, crushing resistance and
loose bulk density of the artificial aggregate produced in this study.
It can be seen that both the crushing resistance and loose bulk
density of the aggregate have a linear relation with its water
absorption.

A lower water absorption value means lower porosity of the
aggregate. The loose bulk density of artificial aggregate is influ-
enced by raw material density and aggregate porosity. The lower
density of rawmaterials or higher porosity of aggregate results into
lower loose bulk density. The crushing resistance in this study is
related to the pellet strength (which is porosity related), packing of
the sample during test, etc. Therefore, by adjusting the porosity of
the artificial aggregate to determine its application in concrete
where the concrete strength is more focused or the density of
concrete, is more important. A lower porosity of the aggregate will



Table 2
Literature summary of cold bonded aggregate application.

Reference Water to binder ratio Cement [kg/m3] Diameter [mm] Replacement ratio [%] Compressive strength [MPa]

This study 0.5
0.6

280 2e8 50
100

37.1
27.7

Ferone et al. (2013) 0.45 250
350
450

10e20 100 20e28
21e30
21e30

Cioffi et al. (2011) 0.5 345 5e20 100 12.8e25.8
Güneyisi et al. (2015a) 0.4 440 0.25e4 50

100
37
21

Geso�glu et al. (2004) 0.55 400 4e9.5 30
45
60

22
27
21

Güneyisi et al. (2013b) 0.55 400 4e16 100 29
Geso�glu et al. (2006) 0.55 400 4e9.5 100 23.2e37.8
Geso�glu et al. (2013) 0.55 350 4e16 100 27.5
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Fig. 15. The relation between water absorption, crushing resistance, and loose bulk density of the artificial aggregate.
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also lead to decreased contaminant leaching.
The column leaching test on the crushed concrete samples with

50% aggregate replacement (Fig. 14) shows that its leaching con-
centrations of Sb, Cu, Mo and sulphate are far below their limit
values according to SQD (Soil Quality Decree, 2008), which means
this crushed concrete can be used as recycled aggregate again after
its useful service life and the leaching of heavy metals would not be
a problem. The leaching of chloride in the concrete is slightly higher
than its limit value, which may limit its application in reinforced
concrete. On the other hand, the binder amount of the concrete
may influence the immobilization of contaminants; in general,
more binder can reduce the leaching of heavy metals. Hence, for
environmental considerations, the amount of produced aggregates
applied in concrete can bemodified according to the binder content
in practice.

4. Conclusion

This paper presents the recycling of MSWI bottom ash fine
particles (BAF, 0e2 mm) through a cold bonding technique to
produce lightweight aggregate, together with other waste powders.
From the results obtained in this paper the following conclusions
can be drawn:

� The cold bonded technique, which is widely used to recycle the
fly ash, slag, or quarry dust, can also be used to recycle MSWI
BAF successfully.

� The properties of the lightweight aggregate produced in this
study are comparable to or even better than the other artificial
aggregates in literature. The use of BAF instead of only powders
for pelletization has a positive effect on the properties of the
artificial aggregate.

� The BAF particles act as skeleton in the pellets, playing a similar
role as aggregates do in concrete and the angular BAF particle
shape improves the interlocking force and bounding between
the BAF particles and the powder matrix in the pellets, which
contributes to a higher crushing resistance of the produced
lightweight aggregates.

� Less cement is needed for producing artificial lightweight
aggregate with similar crushing resistance using BAF than using
only powders, due to the lower specific surface area of BAF
compared with powders.
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� The leachability of sulphate and antimony in the artificial
aggregate is decreased, while for copper it is increased due to
the influence of pH. The leaching of the sulphate, copper and
antimony of the produced artificial aggregate is well under the
limit value for the non-shaped material according to the legis-
lation. The leaching of Mo and chloride can be further decreased
in the final concrete samples by using a lower replacement ratio
in case the requirements for non-shaped products are not met.

� Compared with concrete with other artificial aggregates, a
higher compressive strength of concrete with artificial aggre-
gate produced from BAF can be obtained due to the higher
aggregate crushing resistance compared with other artificial
aggregates. The leaching of heavymetals and salts from concrete
with artificial aggregates is below the limit values according to
the Dutch legislation, which indicates that the recycling and
reuse of these concretes after their service life will comply with
the current environmental legislation.
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