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ment coupled with nano-silica
filling to promote the engineering property of
municipal solid waste incinerator bottom ash

Qingna Kong,a Jun Yao, *a Qian Yang,b Dongshen Shenc and Yuyang Longc

A new approach including weathering treatment and nano-silica filling was employed to promote the

engineering properties of municipal solid waste incinerator (MSWI) bottom ash. X-ray diffraction (XRD),

scanning electron microscopy (SEM) and electron dispersive spectroscopy (EDS) was used to

characterize the mineralogical and morphological changes due to the treatment. Changes of chemical

stability, compressive strength and heavy metal leaching of MSWI bottom ash were also explored. After

the weathering treatment, the content of organic matter decreased from 2.70% to 1.07%, while the

carbonates increased from 0.70% to 2.05%. The nano-silica treatment filled the intrinsic and neo-formed

micropores and coated the surface of MSWI bottom ash. Due to this process, the chemical stability was

promoted. The compressive strength increased from 4.83 to 5.32 MPa. The leaching of Cu, Zn, Pb, Cr

and Cd sharply decreased from 250.05 to 89.97 mg L�1, 1080.45 to 173.14 mg L�1, 1.25 to 0.70 mg L�1,

72.58 to 12.96 mg L�1 and 0.94 to 0.30 mg L�1, respectively. The results suggested that the weathering

treatment coupled with nano-silica filling could greatly promote the engineering properties of MSWI

bottom ash, which is beneficial with respect to the reuse of MSWI bottom ash as the building material.
1. Introduction

Incineration is playing a more and more important role in
municipal solid waste (MSW) treatment. For instance, in the
past decade, the number of municipal solid waste incinerator
(MSWI) facilities increased sharply from 47 to 220 in China,
with the treatment capacity rising from 15 000 to 219 080 t d�1.1

In 2016, a totally 61 750 000 ton of MSW was incinerated in
China. In the incineration process, about 20% of the inciner-
atedMSWwas transformed to the solid residue, in which 80% is
MSWI bottom ash.2 It is estimated that about 9 880 000 ton of
MSWI bottom ash was produced per year, which has turned out
to be a great waste stream.

MSWI bottom ash is classied as non-hazardous waste, which
is strongly encouraged to be reused as a secondary construction
material, such as road coffering and brick-making.3 The utiliza-
tion of the MSWI bottom ash can save the natural resource like
gravels and crushed rocks, and reduce the waste to be landlled.4

However, several negative properties might inhibit its benecial
reuse. First, MSWI bottom ash has high porosity. The high
porosity can affect the compressive strength of MSWI bottom
ash. Compressive strength is the maximum stress that a material
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can withstand before failure in compression. It represents the
stiffness of the material, that is, the ability to resist deformation.
Secondly, MSWI bottom ash contains a certain content of organic
matter.5 The organic matter will be degraded during the reuse
process, which can form new pores in the MSWI bottom ash.
Thirdly, MSWI bottom ash is a mineral assemblage, containing
large amounts of soluble minerals and heavy metals.6,7 The
leaching of minerals may interfere with the integrity of
construction. The release of heavymetals is another concern with
the respect of environmental protection. The engineering prop-
erties of MSWI bottom ash can be greatly promoted if these
disadvantages can be overcome. Weathering is reported a simple
and effective pretreatment for the MSWI bottom ash.8–11 During
the weathering treatment, the amorphous and highly reactive
minerals undergo carbonation and oxidation change and trans-
form into stable assemblage.12 Besides, the residual organic
matter can be premeditatedly degraded to avoid the forming of
new pores during the reuse process. However, weathering has
little effect on the porosity reduction. In contrast, it may increase
the porosity due to the degradation of the residual organic
matter. To promote the mechanical properties of the MSWI
bottom ash, these micropore need to be covered. The introduc-
tion of nanoparticles may be the solution. The size of the nano-
particles is usually in the range of 5 to 100 nanometers, allowing
its diffusion into the micropore. It has been applied in several
areas including industry, package, high performance coating and
electronics, where nanoparticles improve the mechanical prop-
erties ofmaterials.13Nano-silica is favorable ller due to the small
RSC Adv., 2018, 8, 38701–38705 | 38701
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size and self-aggregation to form three-dimensional network. As
the silica is also the main composition of MSWI bottom ash, the
nano-silica was thus selected as the ller in this study. To our
best knowledge, although several technologies have been devel-
oped for the pretreatment of MSWI bottom ash, such as vitri-
cation, water washing and immobilization with cement, few
studies had focused on promoting the engineering properties of
MSWI bottom ash by solving the above problems simulta-
neously.14,15 However, this theme is of great importance as it can
facilitate the reuse of MSWI bottom ash.

In this study, MSWI bottom ash was treated by weathering
treatment and nano-silica lling. The weathering treatment was
used to degrade the residual organic matter premeditatedly. The
nano-silica treatment was used to ll the micropores and
improve the surface characteristics. The mineralogical and
morphological changes during the process were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM) and
electron dispersive spectroscopy (EDS). The effect of the process
on the chemical stability, compressive strength and heavy metal
leaching was also discussed. We aim to provide a feasible way to
promote the engineering properties of the MSWI bottom ash.

2. Material and methods
2.1. MSWI bottom ash sampling

Fresh MSWI bottom ash sample was taken fromWeiming plant
in Zhejiang province, East China. The plant was consisted of
three parallel stoker incinerators with a MSW treatment
capacity of 900 t d�1. The source MSW was collected from
several residential area of Taizhou. The operating temperature
of the incinerators was 900–1100 �C, and the residence time of
waste in the incinerator was about 50 min. MSWI bottom ash
had been through water quenching and magnetic separation
before being sampled. The sampling period lasted for 5 days.
Approximately 30 kg fresh MSWI bottom ash sample was taken
daily from the plant. A totally 150 kg MSWI bottom ash sample
was obtained. Then, MSWI bottom ash was mingled and
homogenized. Subsequently, a probably 30 kg of the MSWI
bottom ash was oven-dried and grounded into less than 154 mm
(100-mesh) with grinder for bulk composition analysis, while
the remaining part was prepared for the weathering treatment.

2.2. Weathering treatment

MSWI bottom ash was treated by the accelerated weathering
method reported in our previous researches.12,16 It was carried
out in a lab-scale airtight column reactor where a continue air
ow (2.0 m3 min�1) was blown by an external pumping appa-
ratus. The diameter of the reactor was 50 cm, and the height was
60 cm. The accelerated weathering treatment lasted for 129
hours until the pH of the MSWI bottom ash kept relatively
steady. The samples were taken from the different depths
within the reactor at different time.

2.3. Nano-silica surface modication

Nano-silica was purchased from Yuanjiang chemical company,
with the grain size of 30 nm and zeta potential of �15.32 mV.
38702 | RSC Adv., 2018, 8, 38701–38705
1000 mL DI water and 100 g nano-silica were mixed with
magnetic stirring plate for 30 min. Then, 200 g weatheredMSWI
bottom ash was added into the mixture. The mixture was stirred
for 30 min and reuxed at 60 �C for 24 h. Aer cooling, the
MSWI bottom ash was separated by centrifugation and heated
at 80 �C for 24 h to remove the residual water.

2.4. Leaching procedure

Leaching experiments were conducted according to the standard
leaching test procedures synthetic precipitation leaching proce-
dure (SPLP), which was set to simulate heavy metal leaching
behavior under the acid precipitation (USEPA, 1996). In the
procedure, 5 g fresh, weathered and nano-silica treated MSWI
bottom ashwere added into 100mL acid solution with a pH of 4.20
respectively (adjusted with HNO3 and H2SO4 with the volume ratio
of 4 : 6). Solutions were shaken for 20 h at 25 �C. Aer being
shaken, the solution was ltered through 0.45 mm membrane
lter. The resulting solutions were analyzed for Cu, Zn, Pb, Cr and
Cd by ICP-AES. The SPLP was conducted in triplicate.

2.5. Analytical procedure

The moisture content was determined by ASTM D2216. The pH
was determined for the suspension aer 24 h equilibration
period with liquid-to-solid ratio of 5. The LOI, including LOI600
�C and LOI950 �C were determined by heating the bottom ash
samples at 600 �C and 950 �C respectively, according to the
Chinese standard GB7876-87. Respectively, the value of (LOI600
�C � moisture content) indirectly reected the organic matter
content in MSWI bottom ash, while the value of (LOI950 �C �
LOI600 �C) reected the content of carbonate minerals.
Measurements were conducted in triplicate.

Mineralogical investigations of theMSWI bottom ash samples
were carried out by XRD. Morphological characteristics of the
MSWI bottom ash samples were characterized by SEM by using
a mode Quanta 200 FEG ESEM l. The semi-quantities chemical
analysis of the MSWI bottom ash samples were carried by EDS.

The chemical stability of the MSWI bottom ash sample was
determined by the standard method of China (T 0314-2000),
which was used to evaluate the mass loss under high the salinity
circumstance. The compressive strength of the MSWI bottom
ash sample was determined by the standard Proctor compac-
tion test. In the test, MSWI bottom ash was subjected to
a comprehensive load. The cylindrical specimens were 102 mm
in diameter and 122.5 mm long, with a total volume of 1 L.
Loading is performed at a uniform rate (1.0 mm min�1). The
stress–strain curve was obtained in the compression test. The
maximum compressive strength is recorded as the maximum
stress that MSWI bottom ash can withstand. Measurements
were conducted in triplicate.

3. Results and discussion
3.1. Variation of the physi-chemical properties during the
weathering treatment

3.1.1 pH. The initial pH of the equilibrated suspension of
fresh MSWI bottom ash was 11.54 (Fig. 1), which was basically
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Profile of pH evolution during weathering treatment.

Fig. 3 Profile of evolution of LOI900 �C and LOI600 �C during weath-
ering treatment.
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in agreement with the previous researches.11,17 Aer the incin-
eration, most of the alkali metals were presented as oxides in
the MSWI bottom ash, which transformed into hydroxides aer
the quench treatment. The high pHwas probably resulting from
the dissolution of the hydroxides. Due to the weathering treat-
ment, the mineralogical characteristics of MSWI bottom ash
were changed. Especially, carbonation was thought to be the
primary weathering reaction. The atmospheric CO2 reacted with
the surface alkaline minerals and formed carbonates. This was
conrmed by the XRD pattern of MSWI bottom ash, which
showed the content of CaCO3 increased aer the weathering
treatment (Fig. 2). Therefore, the pH of MSWI bottom ash
decreased with the progress of weathering (Fig. 1). Aer 117
hours, the pH of MSWI bottom ash decreased to 8.18. Since
then, no further signicant pH decrease was observed. Meima
and Comans11 had pointed out that the pH of completely
carbonated MSWI bottom ash was mainly controlled by the
equilibrium of CaCO3, which ranged from 8.0–8.5. This result
was consistent with this study.

3.1.2 Content of carbonates. With the progress of weath-
ering treatment, the value (LOI950 �C � LOI600 �C) showed an
increasing trend (Fig. 3), indicating the increase of carbonates
Fig. 2 XRD pattern of the MSWI bottom ash samples ((a) fresh sample;
(b) weathered sample; (c) nano-silica treated sample).

This journal is © The Royal Society of Chemistry 2018
inMSWI bottom ash. This result was in agreement with the XRD
pattern of the MSWI bottom ash samples, in which the increase
of CaCO3 was observed aer the weathering treatment (Fig. 3).
The variation of carbonates was also consistent with the
evolution of pH. At the rst 8 hours, the carbonates increased
sharply from 0.7% to 1.3%, corresponding to the sharp decrease
of pH from 11.54 to 10.41. It could be attributed to the fast
consumption of hydroxides by CO2. Aer 8 hours, the decrease
of pH slowed down as the surface reactive hydroxides had been
greatly reduced. Till the end of the study, the content of
carbonates came to 2.05%.

3.1.3 Content of organic matter. During the weathering
treatment, the content of organic matter in MSWI bottom ash
decreased from 2.70% to 1.07% (Fig. 3). Previous studies had
shown that the weathering could decrease the organic matter by
the oxidation and biodegradation, which was in agreement with
this study.8,18 The oxidation or biodegradation of the organic
matter could change the surface morphology of MSWI bottom
ash. As shown in Fig. 4(b), new pores formed in the micro-
surface aer the weathering treatment. The forming of new
pores should also be expected if fresh MSWI bottom ash was
reused as construction material, which could inuence the
intensity of construction in the long run. The premeditatedly
consumption of organic matter by the weathering treatment
could help to repair the pores and avoid the risk.
3.2. Variation of the chemical stability

The fresh MSWI bottom ash sample showed 13.8% of mass loss
in the chemical stability test, which could be due to the leaching
of the soluble minerals of MSWI bottom ash (Fig. 5). The mass
loss ratio decreased to 9.0% aer the MSWI bottom ash was
weathering treated. It suggested that the weathering treatment
could immobilize part of minerals in MSWI bottom ash. For
example, the transformation of calcium hydroxide into calcium
carbonate lowered the solubility of the mineral, which
decreased the leaching of the mineral. Surprisingly, the nano-
silica treated MSWI bottom ash showed an increase of the
mass by 4.24%. The increase of the mass was probably due to
the reaction of Ca2+ with SO4

2� (used as a reagent in the
chemical stability test), forming the insoluble CaSO4. Besides,
RSC Adv., 2018, 8, 38701–38705 | 38703
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Fig. 4 SEM micrographs of MSWI bottom ash samples ((a) fresh sample; (b) weathered sample; (c) nano-silica treated sample).

Fig. 5 Variation of the mass of MSWI bottom ash during the chemical
stability test.
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the surface modication by nano-silica also restricted the
mineral leaching from MSWI bottom ash. As shown in Fig. 4(c),
the surface of the MSWI bottom ash became smoother aer the
surface modication. It showed that not only the micropore was
lled by the nano-silica, the surface of the MSWI bottom ash
was coated by the dispersed nano-silica sheet (Fig. 4(c)). The
surface coating was also evidenced by the EDS results, which
showed that the content of O and Si increased aer the nano-
silica treatment, while the content of Al, Ca, K and Na
decreased (Table 1). The surface coating prevented the contact
of intrinsical minerals with the leachates. Aer the stability test,
the residual solution was determined for the element concen-
tration, which was shown in Table 2. Compared with the fresh
MSWI bottom ash, the leaching of Ca and Mg was greatly
mitigated aer weathering treatment, while the leaching of Na
and K was generally at the same level. For the nano-silica treated
Table 1 Element composition of MSWI bottom ash samples (%)

O Si Al Ca K Na

Weathered MSWI bottom ash 44.7 11.7 7.6 8.9 3.9 4.2
Nano-silica treated MSWI bottom ash 47.2 21.0 6.3 3.7 1.7 2.4

Table 2 Element concentration in the solution of the chemical
stability test (mg L�1)

Na K Ca Mg

Fresh MSWI bottom ash 21.22 16.45 90.77 24.35
Weathered MSWI bottom ash 20.36 17.11 36.43 13.44
Nano-silica treated MSWI bottom ash 8.76 9.77 14.53 5.44

38704 | RSC Adv., 2018, 8, 38701–38705
MSWI bottom ash, the leaching of Na, K and Ca was greatly
reduced compared with the fresh and weathered MSWI bottom
ash. This result veried the fact that weathering treatment
could immobilize part of the minerals, while the nano-silica
treatment could coat the surface of the MSWI bottom ash and
further decrease the leaching of minerals.
3.3. Variation of the compressive strength of MSWI bottom
ash

Weathering treatment slightly increased the compressive
strength of MSWI bottom ash. The maximum compressive
strength value of the weathered MSWI bottom ash was
4.97 MPa, while the maximum compressive strength value of
fresh MSWI bottom ash was 4.83 MPa (Fig. 6). Previous study
has showed that the weathering treatment improve the
mechanical response to load.18 The neo-formed phase was re-
ported as a binder in MSWI bottom ash, resulting in the
increase of the compressive strength. Although new pores were
formed during the weathering treatment, as shown in the SEM
micrographs (Fig. 4(b)), the increase of compressive strength
seemed to be able to cover disadvantage of the neo-formed
pores. Aer the nano-silica treatment, the maximum compres-
sive strength of MSWI bottom ash further increased to
5.32 MPa. As shown in Fig. 4, pores were lled by the nano-
silica, which improved the ability to spread the load of the
MSWI bottom ash. This result suggested that the weathering
treatment and nano-silica lling could improve the mechanical
properties as building materials, which is benecial for the
reuse of the MSWI bottom ash.
Fig. 6 Stress–strain curves of the MSWI bottom ash samples.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Leaching behavior of heavy metal from the MSWI bottom ash
samples.
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3.4. Variation of the metal leaching behavior

Due to the weathering treatment, the leaching of Cu, Zn, Pb, Cr
and Cd decreased from 250.05, 1080.45, 1.25, 72.58 and
0.94 mg L�1 to 111.17, 376.79, 0.47, 39.97 and 0.54 mg L�1,
respectively (Fig. 7). The weathering treatment was thought to
be able to change the speciation of the heavy metals.16 The neo-
formation of carbonates makes the heavy metal relatively stable
in the SPLP test. Therefore, the release of the heavy metals was
restricted. The nano-silica treatment lled the micropores and
coated the surface of the MSWI bottom ash, which prevented
the heavy metal from releasing (Fig. 4). Therefore, the leaching
of Cu, Zn, Cr and Cd further decreased to 89.87, 173.14, 12.96
and 0.30 mg L�1, respectively. However, no further reduction of
leaching was observed for Pb. The leaching of Pb had been at
a low level aer the weathering treatment. The above results
showed that the weathering treatment and nano-silica treat-
ment process could signicantly decrease the heavy metal
leaching from MSWI bottom ash, which was benecial for the
reuse of MSWI bottom ash.

4. Conclusions

The process including weathering treatment and nano-silica
lling could promote the engineering properties of municipal
solid waste incinerator bottom ash. Weathering treatment
could degrade the residual organic matter premeditatedly and
change the mineralogy and morphology of MSWI bottom ash.
The intrinsical and neo-formed pores due to the weathering
treatment was then lled by the nano-silica. Besides, the nano-
silica also coated the surface of MSWI bottom ash. As a result,
the chemical stability of MSWI bottom ash increased. The
compressive strength increased from 4.83 MPa to 5.32 MPa. The
leaching of heavy metals, including Cu, Zn, Pb, Cr and Cd,
decreased notably. It is believed that the reuse of MSWI bottom
ash can be facilitated aer being treated by the process of this
study, which is important as MSWI bottom ash has turn out
a great waste stream for a lot of cities.
This journal is © The Royal Society of Chemistry 2018
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