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Incineration has been recognized as one of the most applied strategies for the processing of the municipal
solid waste (MSW). The primary output from the incineration of the MSW is Bottom Ash (BA), whose par-
ticles are highly porous and contaminated with heavy metals, chlorides, and sulphates, limiting its appli-
cation in concrete. For improving the applicability as aggregates, many porous materials are impregnated
with a pozzolanic solution, easing their use as building materials. However, this treatment has never been
applied to by-products like BA, and therefore the influence of a coating on the leaching behaviour of the
by-products has never been investigated. This study analyses the effect of an impregnation treatment
based on different sodium silicate amounts on BA particles between 1 and 2 mm. The application of
the coating lowers the pore volume of BA by 2.5 times, allowing a sand replacement up to 100% and
improving the rheological behaviour of mortars till 38%, compared to uncoated samples. Replacing 50
vol.% of coated BA achieves 22% higher flexural and comparable compressive strength than the uncoated
BA samples, thanks to the reduction of the Ca/Si ratio in the reaction products. Finally, in the presence of
the coating, the leaching of the following contaminants Cl, Ba, Cu, Zn is reduced by 88, 98, 94 and 97%,
respectively, compared to the uncoated BA application. Therefore, the impregnation treatment not only
favours the application of higher amounts of BA, but it also improves the final performances of the pro-
duct both mechanically and environmentally.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Incineration has been recognised as one of the most effective
strategies for the processing of the municipal solid waste (MSW)
produced in many European countries. By the use of Waste-to-
Energy plants (WtE), not only the waste is reduced by 90 vol.%
(Tang et al., 2016), but sustainable energy is generated by produc-
ing steam from the incineration process, and hence electricity
(Ghouleh and Shao, 2018; Saffarzadeh et al., 2011). Among the
residues originated, the MSWI bottom ash (BA) represents the
majority of the output of the WtE plant (i.e. 80–90 wt.%) (Yao
et al., 2011; Wongsa et al., 2017). The Netherlands promote the
re-use of this by-product, regulating its application as secondary
building material by the Soil Quality Decree (SQD) (‘‘Soil Quality
Decree’’, 2015; Tang et al., 2017). However, the application of BA
with this purpose is challenging. Depending on the source of the
waste, BA has a variable chemical composition including slag,
stone, glass, ceramic, sand and metals (Keulen et al., 2016). More-
over, high concentration of heavy metals, sulphates and chlorides
can be detected in BA (Tang et al., 2016; ‘‘Soil Quality Decree”,
2015; Tang et al., 2017). Due to the potentially harmful leaching
and the risk of accelerated corrosion of steel bars in reinforced con-
crete, BA contamination limits its application as sand replacement.
Additionally, the BA particles are usually porous, presenting a
rough surface and irregular shape, caused by the quenching pro-
cess after incineration (Chandler et al., 1997; Kim and Lee, 2011;
Kumar et al., 2014; Lynn et al., 2016; Wongsa et al., 2016). These
features often result in a great surface area and high adsorption
properties, causing a high water demand, and, therefore, the reduc-
tion of the workability of the paste during the application in con-
crete (Li et al., 2012). In presence of porous aggregates such as
recycled aggregates (RCA), several studies applied an impregnation
treatment, which involves the use of a pozzolanic solutions for
improving the aggregate performances (Katz, 2004; Li et al.,
2009; Sallehan and Mahyuddin, 2014; Zamorano, 2016). Surface
treatments based on sodium silicate solutions (waterglass, WG)
(Spaeth and Djerbi-Tegguer, 2013), nano-silica (Kutcharlapati
et al., 2011) or silica fume (Katz, 2004) are often beneficial as they
enhance the rheological behaviour of the paste. Furthermore, the
presence of silicates available for reaction improves the interfacial
bond between the aggregates and the cement matrix, leading to a
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higher strength (Sallehan and Mahyuddin, 2014). In spite of the
benefits of this treatment on porous materials, its application has
not been investigated on MSWI BA yet. Furthermore, in those stud-
ies (Katz, 2004; Li et al., 2009; Sallehan and Mahyuddin, 2014;
Zamorano, 2016), the influence of the coating on the aggregates
morphology and porosity before application in mortars have not
been thoroughly studied, since more attention is given to the beha-
viour of the final building materials. In addition, little considera-
tion has been given on quantifying the coating amount as
function of the aggregates and coating physical properties, such
as density and BET surface area. The estimation of the silicate
amount used for the pre-soaking is often measured after the appli-
cation (by mass gain) or based on arbitrary rates. Finally, owing to
the relative low content of heavy metals in alternative aggregates,
the impact of the impregnation treatment on their environmental
properties has not been investigated yet.

This study examines the influence of a WG coating on MSWI BA
particles (1–2 mm) and their subsequent application as fine aggre-
gates in mortars. Initially, a physical and chemical characterization
in comparison with standard sand is performed. Secondly, a quan-
tificationmethod for theWG coating quantity is proposed based on
the physical properties of the particles such as BET surface area and
density. Different amounts of WG are applied on BA and the impact
on the particles structure is evaluated. The optimal quantity of the
coating is determined based on the maximum reduction achieved
in the pore structure. Finally, the BA with the optimal coating is
applied as fine aggregates and the mechanical and environmental
properties of the mortars are tested based on EN 196-1 and by a
reduced tank test. The effect of the coating on the performances
of the mortars is analysed for different sand replacement levels
(25%, 50%, 75% and 100 vol.%).
2. Experimental

2.1. Materials

The MSWI bottom ash applied in this study is provided by Heros
Sluskill (NL), with a particle size below 4 mm (FBA). By drying and
sieving, the fraction 1–2 mm is separated and applied in this study
as sand replacement. The particle size range was chosen in order to
be close to standard sand that is used as a reference. BA below
1 mm was not used due to its high water adsorption. Henceforth,
this 1–2 mm fraction will be named BA. For the mortars manufac-
ture CEM I 52.5 R (PC) (supplied by ENCI, the Netherland) and stan-
dard sand (98% SiO2, Norm Sand, ISO 679, EN 196–1) are applied. A
commercial sodium silicate solution (waterglass, WG) is used as
coating, having a composition of 27.69% SiO2 8.39% Na2O and
63.92% H2O, by mass. The purpose of employing WG is creating a
uniform coating around the BA particles, which would close the
porosity and maximize the availability of silicates. Nowadays, the
WG environmental footprint can be reduced using alternative
routes for production, such as olivine dissolution and precipitation
process (Lazaro, 2014). Among the alternative sources, waste glass
(Keawthun et al., 2014), rice husk ash (Cui et al., 2015; Passuello
et al., 2017), biomass waste (Dodson et al., 2013), olivine nano-
silica (Gao et al., 2017a) and even the bottom ash itself (Hendrix
et al., 2017), contribute to a more environmental friendly produc-
tion of the product.
2.2. Methods

Initially the BA was dried at 60 �C for 72 h, in order to avoid
mineral changes in the BA. The specific gravity of the BA was mea-
sured by a Helium pycnometer (AccuPyc II 1340), while a conven-
tional pycnometer was used for determining the bulk density of
the loose aggregates. The dry bulk density of the mortars was mea-
sured according to EN 1015-10:2006 (EN 1015-10, 2006). The
determination of the water absorption was quantified by mass gain
after 24 h in water on the oven dried uncoated BA. To obtain the
saturated surface dry weight, the BA was drained into a 500 mm
sieve for 5 min while drying the bottom of the sieve with absorbent
paper. The water absorption of loose BA in presence of the coating
could not be determined, due to the solubility of the waterglass in
aqueous medium. Therefore, the effectiveness of the coating for the
reduction of the water absorption is indirectly measured by spread
flow test on mortars. The particle size distribution (PSD) was mea-
sured by sieving using a vibratory sieve shaker (Retsch: AS 450
Basic) according to DIN EN 933-2 (EN 933-2, 1996). For the maxi-
mization of chlorides and sulphates reduction before application, a
washing procedure has been applied using a dynamic washer (ES-
SM-30, Edmund Buhler GmbH) with a liquid to solid ratio (L/S) of 3
for 60 min at 250 rpm (Alam et al., 2017). The BET surface area and
total pore volume were measured by nitrogen physisorption mea-
surement (Micromeritics, Tristar II 3020V1.03). The samples are
named BAn, where n indicates the theoretical coating thickness.
Chemical characterization was performed by X-ray Fluorescence
(XRF) (PANalytical Epsilon 3 range, standardless OMNIAN method)
on pressed powder. Information about the morphology of the par-
ticles before and after treatment was obtained by Scanning Elec-
tron Microscopy (Phenom ProX). The analysis was performed
using a backscattering electron detector with a spot size of 4.0
and 15 kV voltage. Energy-dispersive X-ray spectroscopy (EDX)
was carried out using the same settings applied during the SEM
analysis. The calculation of the effective element ratios by EDX
(Ca/Si and Na/Si) was done by averaging two different areas of
the same sample, by using a grid of 3 by 4 points with increasing
distance from the aggregate (30, 60, 90, 120 mm). An example of
this grid is provided in the Appendix A. This analysis provides an
overview of the effective interaction between the WG coating
and the PC paste. Aware of the influence of an high alkaline envi-
ronment (pH 13–14) during cement hydration and knowing the
acid neutralizing capacity of BA (Johnson et al., 1995), its pH devel-
opment in time is evaluated reproducing the L/S present during the
mortars manufacture. The pH measurement during BA submersion
in water for 24 h was performed with a VOLTCRAFT equipment
(PH-100 ATC) on a system having liquid to bottom ash mass ratio
of 2. The leachates were analysed by ion chromatography (Thermo-
scientific Dionex ICS-1100) after filtration for the main alkali met-
als (Na, K, Ca, and Mg).

2.2.1. Mechanical behaviour
The rheological behaviour of the pastes was determined using

the Hägermann cone and a mortar flow table (Jolting table) accord-
ing to EN 1015-3:2007-05 (EN 1015-3, 2007), using a liquid solid
ratio of 0.5 independently from the replacement level. The mortars
are manufactured by replacing the sand fraction of 1–2 mm with
BA by volume for different rates (25%, 50%, 75% and 100% named
BAn_25, BAn_50, BAn_75, BAn_100, respectively where n indicates
the coating thickness). The mechanical performances were evalu-
ated according to the EN 196-1 (EN 196-1, 2005), testing 3 samples
for flexural and 6 for compressive strength.

2.3. Determination of the coating amount

In this study, a systematic approach for the determination of the
WG coating amount has been investigated, taking into account fac-
tors such as BET surface area of the aggregates, density of the
amorphous silicates and density of the industrial WG used. The
choice of using a WG with a SiO2/NaO2 ratio of 3.3 originates from
the necessity of having pH conditions lower than 12, in order to
avoid the partial dissolution of BA particles with time. The pH of
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the WG solution used is around 11.5 limiting this phenomenon (PQ
Europe, 2004). Moreover, a low content of alkalis reduces the pos-
sible occurrence of alkali silica reaction (ASR) in cement pastes. The
silicates will dissolve in presence of water, due to their soluble
form, and the high SiO2/NaO2 ratio will limit the availability of
alkali hydroxides in the pore solution, avoiding ASR. Three solu-
tions with different WG amounts are taken into account for the
coating, corresponding to three theoretical average coating thick-
nesses (t) assumed as uniform (10, 15, 20 nm named BA10, BA15
and BA20, respectively). Nevertheless, the effective coating thick-
ness of each particle can vary as it depends on their morphology,
size and porosity. The choice of those thickness values aims to min-
imize the WG content of the system as well as to create a coating
layer which could dissolved within the interfacial transition zone
of the aggregates (ITZ, transition region of 15 mm thick)
(Scrivener et al., 2004).

For calculating the coating thickness the following formulas are
used:

VS ¼ t � SABA ð1Þ

mS ¼ VS � qS ð2Þ

mStot ¼ mS �mBA ð3Þ

qSWG ¼ ðr=100Þ � qWG ð4Þ

VWG ¼ mStot � qSWG ð5Þ

mWG ¼ VWG � qWG ð6Þ
where Vs is the volume of silica [m3], t the theoretical coating thick-
ness [m], SABA the BET surface area of the BA [m2/g], ms the mass of
silica [g/g of BA], mstot the total mass of silica [g], qs the density of
amorphous silica [2.2 g/cm3], mBA the mass of BA to treat [g], qsWG

the density (concentration) of silica in WG solution [g/ m3], r the
rate of silica in WG [%], qWG the WG density [g/m3], VWG the volume
of WG [m3], mWG the mass of WG [g]. The particle coating was
applied by pre-soaking the oven dried BA with the prepared WG
solution with an L/S of 1. After 24 h, the BA was drained for 5 min
by using a 500 mm sieve, in order to remove the excess solution.
Thereafter, coated BA was oven dried for 24 h at 70 �C, and then
applied in mortars as sand replacement.

2.4. Environmental impact

The environmental impact of the BA fraction (granular or
unshaped material) is evaluated according to the EN 12457-2
(One stage batch leaching test) (Holm and Hansen, 2003; Florea,
accepted for publication) by using a dynamic shaker (ES-SM-30
Edmund Buhler GmbH) in ambient conditions (L/S 10, 250 rpm,
24 h). On the other hand, the leaching assessment of the final prod-
ucts are tested as shaped material in the form of mortar prisms was
addressed by using a reduced testing protocol for monolithic
cement including MSWI products (van der Sloot et al., 1994), based
on the standard tank leaching test for monolithic material is
described in NEN 7345 (NEN 7345, 1995). The concise version used
in this study reduces the testing time from 64 to 16 days, analysing
the leachates after 2, 8, 24, 48, 72, 102, 168, 384 h (16 days) and
monitoring the pH for every time step. Previous studies have
Table 1
Physical properties of the reference sand and bottom ash applied in the study.

Bulk density, g/cm3 Specific gravity, g/cm3 BET surface area, m2/g Tota

BA 1.0 2.68 4.247 0.01
Sand 1.5 2.65 0.848 0.00
shown the comparability of this test with the official tank test
(Kosson and van der Sloot, 1997; Lewin, 1996; Van Der Sloot,
1996; van der Sloot et al., 1996). The pH of the leachates of the tank
test was measured by using VOLTCRAFT (PH-100ATC). The suspen-
sions were filtered with 0.017–0.030 mm membrane filters and
part of the solution was taken for chlorides and sulphates quantifi-
cation by ion chromatography (Thermoscientific Dionex ICS-1100).
The analysis of the heavy metals was performed after acidifying
the samples with 0.2% HNO3 by using inductively coupled plasma
atomic emission spectrometry (ICP-OES) according to NE 6966
(NEN-EN 6966, 2005). The legislation limit for the leaching of con-
taminants for shaped material are set by the Dutch Soil Quality
Decree (SQD), where sulphate, chlorides and heavy metals are reg-
ulated (‘‘Soil Quality Decree”, 2015).
3. Results

3.1. Characterization of the materials

The MSWI BA particles are chemically and physically tested. A
comparison between BA and standard sand with the same particle
fraction is provided in Table 1. The used BA presents 3.23 wt.% TOC,
compared to the 0% of sand, due to the heterogeneity of the house-
hold waste collected for incineration, often containing residual
organic matter (Qiao et al., 2008). Although having a similar speci-
fic gravity, BA presents a higher surface area and pore volume com-
pared to sand, resulting in a lower bulk density and a higher water
absorption (20 wt.%). BA shows an irregular morphology of the par-
ticles characterized by sharp edges, a rough surface and an open
structure (Fig. 1b)). Despite the coarser particle size distribution
of BA compared to sand (Fig. 1a)), smaller residues covering the
BA surface are also visible in Fig. 1b). This so called ‘‘fragile zone”
is a layer of poorly-bonded ultrafine incineration residues (below
200 mm), which can include metals, organics and calcite particles
(Saffarzadeh et al., 2011; Inkaew et al., 2014). The formation of this
layer takes place after the quenching process, during weathering.
The consolidation of quenching products around bigger melted
particles occurs via the formation of capillary bridges and the hard-
ening of newly formed phases (Inkaew et al., 2016). Due to these
features, according to some studies (Saffarzadeh et al., 2011) this
layer contributes to the porosity, and hence water adsorption, of
the BA.

Chemically, BA shows differences from the standard composi-
tion of sand (98% SiO2), as it includes various elements such as cal-
cium, iron, and alumina, as well as alkalis (Table 2). Due to the
presence of soluble phases, especially on the surface of the BA par-
ticles, the leachate of stored (landfilled) BA usually ranges between
pH 8–11 (Johnson et al., 1995). As reported in literature also in this
case, in mortars manufacture conditions (L/S 2) the pH increases
up to 10.1, within 24 h (Fig. 2a)). This phenomenon is related to
the concentrations of highly soluble alkali metal hydroxides or
salts (Na, K, Mg, and Ca) released when BA is in water (Fig. 2b)).
The different concentrations of those alkali metal depend on their
content in the BA, and on the solubility of the phases, where those
elements are incorporated.

Environmentally, the uncoated BA selected is not in compliance
with the Dutch Soil Quality Decree (SQD) (‘‘Soil Quality Decree”,
2015) as granular material (Table 3). The main elements
l pores volume <125 nm, cm3/g Water Absorption, wt.% TOC (550 �C), wt.%

49 20.4 3.23
17 1.0 –
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Fig. 1. (a) Particle size distribution of the BA and the reference fine sand aggregates,
and (b) overview of BA particles before the application of the coating.
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Table 3
One batch leaching test of the BA (NEN 12457-2) and the SQD legislation, performed
by column test for granular materials. Values in bold are above the threshold.

SQD Unshaped material, mg/kg BA, mg/kg

Cl� 616 3830
SO4

2� 1730 9590
Sb 0.32 1.7
As 0.9 <0.3
Ba 22 0.6
Cd 0.04 <0.02
Cr 0.63 0.5
Co 0.54 0.02
Cu 0.9 6.47
Pb 2.3 0.6
Mo 1 0.97
Ni 0.44 0.2
Se 0.15 <0.02
Sn 0.4 <0.1
V 1.8 <0.1
Zn 4.5 2.19

Table 2
Oxides composition of the materials applied in the study.

Compound BA CEM 52.5 I R
wt.% wt.%

Na2O 3.35 –
MgO 2.22 1.80
Al2O3 7.32 3.93
SiO2 38.20 19.31
P2O5 1.37 0.8
SO3 2.25 3.69
K2O 1.24 0.64
CaO 19.47 64.02
TiO2 1.25 –
Fe2O3 10.21 3.25
CuO 0.78 –
Cl 0.98 0.02
Other Oxides 2.63 –
LOI 9.7 –
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overcoming the thresholds for leaching are chloride and sulphate,
(6 and 15 times higher than the SQD limit, respectively) as well
as antimony and copper (5 and 7 times higher than the SQD limit,
respectively).

3.2. Influence of the waterglass coating in the BA particle morphology

The amount of waterglass applied to achieve each theoretical
thickness (10, 15, 20 nm) is shown in Table 4(a), as rate of the BA
dried mass. After the application of the coating treatment, the
modification of the BA structure is analysed for all the samples
with different layer thicknesses. For all cases, the particles appear
smoother and more homogeneous due to the adsorption of the WG
on their surface (Fig. 3(a)), which shows a chemical composition of
19.10% SiO2 and 10.47% NaO2, based on the atomic weight (EDX
analysis). Neither the fragile zone nor the major pores are visible
in the coated particle. A graphical representation of this process
is provided in Fig. 3(b).

The BET surface area and total pore volume of BA as a function
of the different theoretical coating thicknesses are shown in Fig. 4
(a). Compared to the uncoated BA (0 nm), the BET surface area and
pore volume decrease with the increase of the coating thickness.
The improvement provided by the coating is maximized for the
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Table 4
(a) Waterglass amounts used for achieving different coating thicknesses based on the BET surface area of the BA (b) Materials quantities applied in the mortars manufacture,
based on the total mass of the mortars.

Section (a) – WG coating amounts and computed thicknesses based on BET

Initial BET surface area BA, m2/g WG solution (Na2SiO3 + H2O), % BA wt. WG oven dried (Na2SiO3), % BA wt. Coating Thickness, nm

BA10 4.25 33.74 12.17 10
BA15 4.25 50.61 18.26 15
BA20 4.25 67.49 24.35 20

Section (b) – Materials rates for mortars including 20 nm coated BAa

BA, wt.% WG oven dried, wt.% Sand, wt.% PC, wt.%

BA20_25 6.13 1.50 60.53 22.22
BA20_50 11.15 2.70 55.51 22.22
BA20_75 16.73 4.10 49.93 22.22
BA20_100 22.31 5.40 44.35 22.22

a Water rate is set at 11.11% wt. for every sample.

Fig. 3. SEM picture of (a) uncoated BA particle and (b) the sodium silicate coating layer on the BA surface after the impregnation treatment.
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20 nm thickness (WG content corresponds to 24 wt.% of the oven
dry BA mass, Table 4), where WG fills the pores reducing the pore
volume by 56% and the BET surface area by 60%. For pore sizes
lower than 50 nm, an increasing difference with the coating thick-
ness in the cumulative pore area is observed (Fig. 4(b)). Compared
to standard sand, the coated BA presents a higher cumulative pore
area independently on the coating thickness (Fig. 4(b)). As the clos-
est surface area is achieved in presence of 20 nm coating, all fur-
ther analysis will be performed considering different sand
replacements based on the theoretical thickness. For the optimal
thickness chosen, the amounts of materials used for the mortars
manufacture are presented in Table 4(b).

3.3. Influence of the waterglass coating on the mechanical properties of
the mortars including MSWI BA

Optimized the coating thickness (BA20), the rheological proper-
ties of the cement paste are evaluated. Fig. 5(a) illustrates the mini
spread flow for sand replacement of 25%, 50%, 75% and 100 vol.%,
for coated and uncoated particles. The spread flow is highly
reduced (up to 36%) for 50% replacements of uncoated BA
(BA_50). This phenomenon is caused by the high water adsorption
of the BA aggregates, which results in higher viscosities for the
pastes. By having a low spread flow, the application as normal con-
crete is not possible for BA_50, BA_75 and BA_100 without BA
treatment. Once WG coating is applied the water adsorption of
the BA is significantly reduced, with a difference of 15%
(BA20_100) compared to the reference PC.

The mechanical performances of the mortars at 28 days are rep-
resented in Fig. 5(b) and (c) as function of the uncoated and coated
BA replacement (BA and BA20, respectively). In absence of coated
BA, samples show always lower performances compared to PC,
due to the BA porous structure (Bogas and Gomes, 2013; Chen
et al., 2013; Gao et al., 2017b). The BA_75 and BA_100 display
higher mechanical performances compared to BA_25, BA_50,
BA20_75 and BA20_100, due to the high water absorption of the
uncoated BA (Table 1). This phenomenon is measured also during
the workability test (Fig. 5(a)), where the spread flow diameters
of BA_75 and BA_100 is limited to 9.5 cm preventing their applica-
tion as secondary building material. However, by absorbing the
water available for reaction, BA_75 and BA_100 result in a lower
effective L/S ratio and hence a denser and stronger matrix.

3.3.1. Flexural strength
With a 50% replacement, high mechanical strength is achieved.

Compared to the reference (6.8 MPa), the 50% replacement of
coated BA results in a similar flexural strength (BA20_50,
6.5 MPa) overcoming the strength of the uncoated sample by 22%
(Fig. 5(b)). In spite of the use of weak aggregates, the high flexural
values of BA20_50 can be explained by the presence of the WG
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coating. The flexural strength mainly depends on the performance
of the interfacial transition zone (ITZ) between matrix and aggre-
gates (Chandra and Berntsson, 2002; Newman and Choo, 2003).
In the presence of standard aggregates, the ITZ consists principally
of calcium hydroxide (CH) and ettringite (AFt) anchored directly on
the aggregates (Hu and Stroeven, 2004). The precipitation of those
reaction products is related to the higher mobility of ions such as
Ca2+, Al3+ of SO4

2� on the ITZ due to its higher water to binder ratio
(w/b) compared to the paste (Hu and Stroeven, 2004; Scrivener
et al., 2004). The presence of CH and AFt phases creates weaker
areas in the matrix, where the failure is more likely to occur. The
presence of pozzolanic material within the ITZ makes silicates
available for reaction and it favours the formation of C-S-H gel
rather than Aft and CH phases (Hu and Stroeven, 2004; Scrivener
et al., 2004), leading to improved mechanical performances.

For the evaluation of this phenomenon, the effective trends of
the Ca/Si atomic ratio, measured by EDX, are shown in Fig. 6(a),
as function of the distance from the aggregates. The Ca/Si ratio of
hydrated PC ranges between 2.5 and 2.7, due to the presence of
C-S-H phases (Ca/Si �1.75, (Rossen et al., 2015)) and reaction prod-
ucts such as AFt, AFm and CH, which increase the overall calcium
content, and, thus, the Ca/Si ratio. For BA20_50, the WG coating
dissolves quickly providing silicates and lowering the Ca/Si ratios
compared to the reference (Fig. 6(a)). Therefore, the presence of
available silicates stimulates the formation of hydration products
(i.e. C-S-H) with higher silica content, explaining in greater
mechanical performances (Kunther et al., 2017). Although not all
the silicates participate to the gel formation, the presence of WG
coating on BA seems beneficial for the reinforcement of the ITZ
within 50% replacement.
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Over 50% replacements, the presence of the coating results in a
decrease of the flexural strength compared to the reference (35%
and 44%, for BA20_75 and BA20_100 respectively). Analysing
Fig. 6(a), the Ca/Si ratio in proximity of the aggregates for
BA20_75 is higher than BA20_50. Because the Ca/Si ratio is similar
to the PC one, it is likely that the WG layer is not properly dis-
solved, limiting the availability of silicates in BA20_75 (high Ca/
Si). In Fig. 6(b) the Na/Si ratio displays similar trends for
BA20_50, BA20_75 and the pure WG (Na/Si ratio 0.31), whereas
PC is characterized by a lower alkali ratio. Since the increasing
amount of Na2+ is mainly related to the presence of WG, the corre-
spondences of the Na/Si ratios indicate that a similar dissolution
behaviour of the coating is taking place. However, in spite of the
lower WG content the chemical compositions of the reaction prod-
ucts (Fig. 6(c) and (d)) show higher rates of both Na and Si in
BA20_50 compared to PC and BA20_75. Therefore, in sample
BA20_75 the WG coating is not dissolving as much as BA20_50
providing lower concentration of Na and Si ions and resulting in
a higher Ca/Si ratio, as detected in Fig. 6(a). The high content of
WG in cementitious systems is known to be able to affect the PC
hydration, causing fast setting in early stages of reaction (Brykov
et al., 2002; Caijun et al., 2006; Inkaew et al., 2016). The fast setting
is mainly related to the presence of alkali metals, which stimulates
the dissolution of PC catalysing the hydration products (e.g. C-S-H
gel), due to the presence of additional silicates (Inkaew et al.,
2016). In BA20_75 the formation of those reaction products limits
the further dissolution of the WG due to the fast hardening of the
paste, resulting in mortars with low strength. This phenomenon is
further confirmed by the EDX analysis in Fig. 7(a), where the WG
coating is still observable around the particles after 28 days reac-
tion. In this case, the weakest area of the system becomes the
WG layer, where cracks and failure are observed.

3.3.2. Compressive strength
The compressive strength of the mortars is not improved by the

presence of the WG independently of the replacement level: in the
case of 25–50% replacement, the mechanical performances of
coated and uncoated BA mortars are the same (Fig. 5(c)). Knowing
that the ITZ is improved in presence of the coating, the develop-
ment of a comparable compressive strength suggests that failure
is not localized in this area. In presence of porous aggregates many
Fig. 7. (a) SEM overview of the undissolved WG coating after 28 days curing in
studies have observed the failure mechanism localized in the
aggregate itself, pointing out them as the weakest part of the sys-
tem (Bogas and Gomes, 2013; Gerritse, 1981). This phenomenon is
also observed in BA20_50 samples (Fig. 7(b)). The presence of
cracks developing through the BA aggregate, instead of along the
ITZ, supports the failure mechanism of lightweight concrete
(LWC). Contrary to normal concrete, in LWC the stress distribution
occurs mainly through the matrix, because of the lower stiffness of
the porous aggregates compared to sand. Therefore, being the ITZ
stronger in presence of the coating, the failure path (crack) travels
through the BA aggregate, limiting the mechanical strength of the
mortars (Lo and Cui, 2004). For replacement higher than 50 vol.%, a
lower compressive strength is measured in presence of the coating
(Fig. 5(c)), due to the failure localized in the unreacted WG coating
(Fig. 7(a)), which means that the weakest part now is the coating.

Finally, the density of the mortars is also affected by the BA
replacement, resulting in 1700 kg/m3 for 100 vol.% replacement
(Fig. 5(d)). Because of the low density generated by the combina-
tion of normal-weight aggregates and porous by-products (BA),
BA20_75 and BA20_100 can be classified as semi-lightweight pro-
duct, as defined in ASTM C 330 (ASTMC 330 - Lightweight Aggregates
for Structural Concrete, 2000). Therefore, the presence of WG coat-
ing allows the successful manufacture of a lightweight product,
enhancing the rheological behaviour and leading to a proper com-
paction during casting.

3.4. Influence of the coating on the environmental impact of the BA

The environmental impact as shaped material is evaluated by a
reduced tank test. The evaluation of the leachates shows a pH
trend ranging between 11.7 and 12, independently on the replace-
ment level and on the coating thickness. This ensures a correct
comparison among the leachates due to the similar testing
conditions.

The leaching behaviours of the coated and uncoated samples
are described in Fig. 8. Independently on the replacement level,
all the samples completely fulfil the legislation threshold for
shaped material for all the contaminants, showing the beneficial
immobilization provided by the hydrated PC matrix (Appendix
B). In the samples without coating, the leaching trends of chlorides,
barium, copper and zinc are increasing with the content of MSWI
BA20_75 and of (b) the failure of BA aggregates in the sample BA20_50.
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BA, due to the rising contaminants amount. In the presence of the
coating, the leaching of chlorides, barium, copper and zinc are
reduced by 88, 98, 94 and 97%, respectively. The lower leaching
is due to the presence of a denser matrix around the BA aggregates,
limiting the dissolution and dispersion of the contaminants located
internally. Moreover, the addition of WG reduces the Ca/Si ratio of
the reaction products (Fig. 6(a)), favouring the immobilization of
the contaminants. This phenomenon is in agreement with the find-
ings of Giergiczny and Król (2008) and Nocun-Wczelik and
Malolepszy (1997), which showed that the presence of a gel with
a low Ca/Si ratio is beneficial for the immobilization of heavy met-
als. On the other hand, a reverse trend is observed for sulphates,
whose leaching is increased in presence of the coating. This could
be due to the formation of highly soluble phases incorporating
SO4

2� (e.g. Na2SO4) during the pre-treatment with WG as was pro-
posed by Alam et al. (2017). However, no proof of the presence of
sulphate phases was obtained, since the concentration of sulphates
is below the detection limit of XRD analysis.

4. Conclusions

This study evaluates the influence of waterglass impregnation
treatment on the performances of BA as sand replacement in mor-
tars. Based on the analysis performed the following conclusions
can be drawn:

� The impregnation treatment based on sodium silicate creates a
uniform coating on the aggregates smoothing their surface and
reducing porosity. The BET surface area and the total pore vol-
ume of the BA aggregates is reduced by 56% and 60%, respec-
tively when WG to form a 20 nm coating is employed.

� The presence of the coating limits the water adsorption of the
MSWI BA enhancing the paste spread flow by 38% when 100%
sand is replaced.

� Using 20 nm coating, optimal mechanical performances in pres-
ence of coated BA are observed for 50% replacement, having a
flexural strength of 6.5 MPa, which is the same as the reference.
For this replacement level, the compressive strength is only
reduced by 28% (32 MPa) compared to the reference material
(45 MPa).

� Lightweight mortars with densities below 1800 kg/m3 can be
successfully produced with sand replacement levels above 50
vol.% The minimal strength requirement is also fulfilled, with
values 58% above the requirement (17 MPa).

� Independent of the replacement level, the leaching values com-
ply with the Dutch legislation thresholds for shaped materials.
In presence of the coating, the leaching of barium, copper, zinc
and chlorides is reduced by 98, 94, 97 and 88%, respectively.

� Overall, the impregnation treatment based on sodium silicate is
beneficial for the application of MSWI BA as fine aggregates.
The enhancement of the mechanical and leaching behaviour of
the final product ismainly linked to the reduction of the particles
porosity and surface area. As a consequence, the mortar paste
shows a rheological behaviour comparable to the reference
despite the high BA rate. Moreover, the high content of silica
leads to the modification of the ITZ chemical composition,
enhancing mechanical behaviour and limiting the release of
contaminants.

Appendix

Appendix A:. Graphical representation of the methodology applied in
the study for the determination of the effective elements ratio by EDX



Appendix B:. Chemical composition of the leachates from the mortars tested as shaped material at 16 days, tested by IC and ICP/OES

SQD Shaped
material, mg/m2

BA_25,
mg/m2

BA20_25,
mg/m2

BA_50,
mg/m2

BA20_50,
mg/m2

BA_75,
mg/m2

BA20_75,
mg/m2

BA_100,
mg/m2

BA20_100,
mg/m2

Cl� 110,000 160.0 232.8 330.0 36.6 576.7 37.6 823.3 119.2
SO4

2� 165,000 85.7 123.4 87.7 183.6 96.7 199.3 146.7 252.6
Sb 8.7 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
As 260 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Ba 1500 90.0 3.3 106.7 2.0 130.0 1.0 146.7 1.0
Cd 3.8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Cr 120 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Co 60 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Cu 98 3.3 0.1 3.7 0.2 3.3 0.2 3.7 0.3
Pb 400 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
Mo 144 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Ni 81 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Se 4.8 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Sn 50 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
V 320 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
Zn 800 4.7 < 0.2 6.3 0.2 7.0 0.2 9.0 0.2
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