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This work evaluated the reactivity and leaching potential of municipal solid waste incineration (MSWI) bottom
ash as supplementary cementitious material (SCM) and precursor for alkali-activated materials (AAM). The
chemical composition of the amorphous phase in MSWI bottom ash was found to be in the same range as that of
Class F coal fly ash. The reactivity of MSWI bottom ash as SCM and AAM precursor was tested to be much lower
than that of blast furnace slag, but similar to that of Class F coal fly ash. The method of thermodynamic modeling

was found useful in providing references for the mix design of MSWI bottom ash-based AAM. Grinding MSWI
bottom ash into powder for the application of SCM and AAM precursor increased its leaching potential. Based on
the findings of this study, recommendations were provided on how to use MSWI bottom ash to prepare blended

cement pastes and AAM.

1. Introduction

With continued population and economic growth, global municipal
solid waste generation is expected to reach 3.40 billion tonnes by 2050,
almost twice as much as that in 2016 [1]. Over the past few decades, the
municipal solid waste sent to waste-to-energy plants around the world
has increased rapidly, especially in countries like China and India [2-5].
The disposal of municipal solid waste incineration (MSWI) residue is
becoming the primary environmental concern for the wide application
of waste incineration techniques [6]. Although municipal solid waste
incineration significantly reduces the amount of waste sent to landfills,
the mass of waste incineration residue can still reach around 20 % of the
waste input [7-9]. The ash collected at the bottom of the incinerator is
the main residue generated after municipal solid waste incineration,
accounting for around 80 % to 90 % of the total incineration residue
[10,11]. In recent years, the utilization of MSWI bottom ash as a mineral
resource for construction materials has attracted increasing attention.

Cement production is estimated to contribute about 8 % of anthro-
pogenic global COy emissions [12]. Reducing the proportion of clinker
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in cement can help reduce the carbon footprints of construction mate-
rials [13]. The life cycle analysis results indicated that replacing Port-
land cement with alkali-activated materials could reduce 40 to 80 % of
CO, emissions [14-22]. The alkali-activated materials (AAM) are
clinker-free binders prepared by reacting aluminosilicate precursors
with alkaline solutions [23]. At present, blast furnace slag and coal fly
ash are the most commonly used supplementary cementitious materials
and AAM precursors. However, according to the World Business Council
for Sustainable Development, the availability of blast furnace slag and
coal fly ash will decrease in the next 30 years [24]. There is a need to
explore alternative industrial by-products for the low-carbon transition
of the cement industry [25].

The application of MSWI bottom ash as supplementary cementitious
material (SCM) and AAM precursor strongly depends on its reactivity. In
MSWI bottom ash, the amorphous phase, which mainly consists of waste
glass particles, is found to be the primary reactive phase [26,27].
Although the content of the amorphous phase was quantified in previous
work, the chemical composition of the amorphous phase was not
determined [28]. Up till now, the contribution of the amorphous phase
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to the reactivity of MSWI bottom ash has not been very well understood.

Different standardized methods have been used to measure the
pozzolanic reactivity of MSWI bottom ash [28]. However, there is no
standardized method for measuring the reactivity of MSWI bottom ash
as AAM precursor. The alkali activation in AAM is generally considered
as a series of reactions involving dissolutions of precursors and precip-
itation of products [29,30]. The dissolution of precursors in alkaline
solution is the first step in the chemical reaction to form AAM [29,30].
Previous researchers assessed the reactivity of MSWI bottom ash as AAM
precursor by measuring the amount of SiO; and Al,O3 that can dissolve
from MSWI bottom ash in alkaline solutions [31,32]. However, this
method neglects the contribution of other elements to the reaction
product formation and thus provides limited information about the
reactivity of MSWI bottom ash.

Thermodynamic modeling combined with accurate and complete
thermodynamic databases can predict the phase formation in alkali-
activated materials [33]. This method has been used to simulate the
phase diagrams for alkali-activated blast furnace slag, when NaOH,
NaySiOs3, NaySizOs, NagsCOs, or NasSOy is used as activator [34]. The
phase assemblages and pore solution predicted by thermodynamic
modeling can be used to guide the mix design of alkali-activated mate-
rials [35]. It is meaningful to explore the possibility of using thermo-
dynamic modeling to simulate the phase assemblages and pore solution
in alkali-activated MSWI bottom ash. The simulation results may pro-
vide insight into the reactivity of MSWI bottom ash as AAM precursor
and can be used as references for the mix design of alkali-activated
MSWI bottom ash.

Soluble salts and heavy metals present in MSWI bottom ash may
leach into the environments during the use stage of MSWI bottom ash-
containing construction materials. When used as SCM or AAM precur-
sor, MSWI bottom ash is usually ground into powder through mechan-
ical treatments. The size reduction of MSWI bottom ash can facilitate the
leaching of heavy metals. Giro-Paloma et al. [36] ground MSWI bottom
ash aggregates (0-2 mm) into fine powder for the application of AAM
precursor. The concentrations of As, Cr, Mo, and Sb in the leachate of
MSWI bottom ash powder almost doubled that in the leachate of MSWI
bottom ash aggregates. The leaching of contaminants from MSWI bot-
tom ash determines its acceptable dosage in blended cement and AAM.
Therefore, measuring the leaching potential of MSWI bottom ash pow-
der is required prior to its application as SCM and AAM precursor.

This work aims to provide a comprehensive understanding of the
reactivity and leaching potential of MSWI bottom ash as SCM and AAM
precursor and provide guidance to the mix design of blended cement
pastes and AAM prepared with MSWI bottom ash. The following aspects
are covered in this work.

e The chemical composition of the amorphous phase in MSWI bottom
ash is determined and compared with that of the amorphous phase in
blast furnace slag and Class F coal fly ash.

The reactivity of MSWI bottom ash as SCM and AAM precursor is
measured and compared with that of blast furnace slag and Class F
coal fly ash. A dissolution test is proposed to measure the reactivity of
MSWI bottom ash as AAM precursor.

The solid phase assemblages and pore solution compositions of
alkali-activated MSWI bottom ash paste are predicted with thermo-
dynamic modeling. The modeling results are compared with exper-
imental data reported in the literature to assess the reliability of the
simulation. The modeling results provide references for the mix
design of MSWI bottom ash-based AAM.

The leaching of contaminants from MSWI bottom ash is assessed, and
the risks of environment contamination caused by the addition of
MSWI bottom ash in blended cement pastes and alkali-activated
pastes are also discussed.
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Fig. 1. Particle size distribution of MBA, BFS, and FA determined by laser
diffraction method.

2. Materials and methods
2.1. Materials

The MSWI bottom ash powder used in this work was obtained after
the mechanical treatments of MSWI bottom ash aggregates (4-11 mm).
The production of MSWI bottom ash aggregates followed the same
method as Keulen et al. [37], where MSWI bottom ash was treated with
dry separation, wet separation, and weathering. The mechanical treat-
ments consist of crushing, grinding, and sieving. In this context, the
MSWI bottom ash powder is named mechanically treated MSWI bottom
ash (MBA). The particle size of MBA is below 63 um. MBA also contains
around 0.13 wt% residual metallic Al.

The Class F coal fly ash (FA) and blast furnace slag (BFS) were used as
reference materials. BFS met the specifications of NEN-EN 15167-1 [38]
and was provided by Ecoscem Benelux B.V.. FA complied with the re-
quirements of Class F coal fly ash and was supplied by Vliegasunie B.V..
The densities of MBA, FA, and BFS, as measured by pycnometer, are 3.2
g/em®, 2.7 g/em®, and 3.5 g/em?, respectively. The particle size distri-
bution of these materials was measured using the laser diffraction
method (Malvern Mastersizer). As illustrated in Fig. 1, FA with Dsg of
44.2 pm is coarser than MBA and BFS. The D5 of MBA is 24 um, larger
than that of BFS (18.3 um). The free lime content in MBA is zero, as
measured by following the NEN-EN1744-1 [39].

2.2. Characterization techniques

2.2.1. Chemical and mineralogical compositions

The Panalytical Axio Max WD-XRF spectrometer was used to mea-
sure the chemical composition of MBA, FA, and BFS. The unburned
organic content in the raw materials, also referred to as loss on ignition
(LOI), was measured according to NEN-EN 1744-7 (2010) at 550 C.

The mineralogical compositions of MBA, FA, and BFS were deter-
mined by X-ray diffraction (XRD) techniques using Bruker D8 Advance
diffractometer. For the sample preparation, the raw materials were
manually milled in agate mortar to ensure their particle sizes were be-
tween 1 and 5 ym. The mineral phases were identified with Bruker
software DiffracSuite.EVA 4.3.

For the quantitative XRD analysis (QXRD), ten percent (10 wt%) of
silicon powder was mixed with MSWI bottom ash powder during the
sample preparation process. The amount of each mineral phase was
estimated by using the Rietveld method with the software Profex-BGMN
[40]. The crystal structure models taken from the Inorganic Crystal
Structure Database (ICSD) were used to fit the observed XRD pattern.
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Fig. 2. (a) Image of 0.5-1.6 mm size fraction of MSWI bottom ash aggregates. (b) Image of glass particles separated from 0.5 to 1.6 mm size fraction.

2.2.2. Analysis of amorphous phase

The content of the amorphous phase in MBA was determined by
quantitative XRD analysis (QXRD) analysis, the same method as that
used in our previous work [41]. The percentages of SiOj, Al;03, CaO,
Fey03, Nay0, K20, and MgO present in the amorphous phase of MBA
were obtained by subtracting the percentages of these oxides in crys-
talline phases from the bulk composition of MBA [40]. The proportions
of Si0y, Al,03, CaO, Fey0O3, NayO, K20, and MgO in the crystalline
phases were calculated from the Rietveld refinement results with the
software Profex-BGMN [40]. The bulk compositions refer to the chem-
ical compositions determined by the XRF measurement. The methods
used in the analysis of the amorphous phase MBA were also used to
study the amorphous phase of FA and BFS.

The existence of the amorphous phase was further proved by per-
forming chemical dissolution treatments on MBA. This method was also
used by Ma [42] and Zhang et al. [43] to determine the contents of the
amorphous phase and the reactive silica in Class F coal fly ash. Ac-
cording to NEN-EN 196-2 [44], the fraction of the SiO, dissolved during
the chemical dissolution treatments is defined as reactive silica content.
The treatments were performed following the description in NEN-EN
196-2 [44]. MBA was successively treated with a hydrochloric acid so-
lution and boiling potassium hydroxide solution. The insoluble residue
of MBA was ignited at 950 °C. After all these steps, the amorphous phase,
such as the glass and the organics, was removed from MBA. The insol-
uble residue was analyzed with XRD and XRF. The test results were
compared with that of MBA to evaluate the composition changes.

Since waste glass is one of the primary sources of the amorphous
phase in MBA, the chemical composition of the glass particles in MBA
was compared with that of the amorphous phase of MBA. The glass
particles in MBA were analyzed by measuring the chemical and miner-
alogical compositions of the waste glass particles initially present in
MSWI bottom ash aggregates (4-11 mm). The glass particles were
manually separated from the 0.5-1.6 mm size fraction of MSWI bottom
ash aggregates according to their transparent appearance. The images of
the MSWI bottom ash particles within the 0.5-1.6 mm size fraction and
the separated glass particles are illustrated in Fig. 2. After grinding
separated glass particles into fine powders, the compositions of glass
particles were determined by XRF and XRD analysis, in the same way as
that for MBA.

It is worth mentioning that there are two reasons for choosing
0.5-1.6 mm size fraction for glass composition analysis. First, the
mineralogical composition of MBA is also the same as that of MSWI
bottom ash aggregates. The chemical and mineralogical composition
varies slightly among different size fractions of MSWI bottom ash ag-
gregates [45]. Second, the 0.5-1.6 mm size fraction accounts for around
50 wt% of MSWI bottom ash aggregates. Separating glass particles from
0.5 to 1.6 mm size fraction is much easier than the fraction with smaller
particles.

2.2.3. Reactivity test for the application as SCMs

The pozzolanic reactivity of MBA, which determines its application
as SCM, was measured using isothermal calorimetry test. The experi-
ment design followed the R3 method [46,47], where the reaction of SCM
in blended cement pastes is mimicked. The test was conducted by
following the procedures and protocols described in ASTM C1897-20
[47]. The test pastes (also called R® pastes) were prepared by mixing
11.11 g SCM with 33.33 g Ca(OH),, 5.56 g CaCOs, 0.24 g KOH, 1.2 g
K2S04, and 60 g deionized water [46]. The supplementary cementitious
materials (SCMs) measured in this work are MBA, BFS, and FA. The heat
released during the hydration of the pastes at 40 °C until 7 days was
recorded by isothermal conduction calorimeter (TAM-Air-314). The
cumulative heat released by the pozzolanic reaction of 1 g of SCM was
calculated after recording the heat release for 7 days. It is worth noting
that the compressive strength was not used as an indicator for the
pozzolanic reactivity of MBA. Since MBA contains metallic Al, the
method of strength measurement will underestimate the pozzolanic
reactivity of MBA. The metallic Al in MBA will react with Ca(OH), and
release hydrogen gas, causing a strength decrease [48].

2.2.4. Reactivity test for the application as AAM precursors

The solubility of precursor in alkaline solution determines the
amount of Si, Al, Ca, Fe, and Mg that can participate in the formation of
reaction products. The reactivity of MBA as AAM precursor was assessed
by dissolution test, where the reaction of MBA in the alkaline environ-
ment of AAM was reproduced. The same test was performed on BFS and
FA to compare with the test results of MBA.

The reactivity test was designed by adapting the dissolution test
proposed for measuring the reactivity of synthesized blast furnace slag
and coal fly ash in alkaline environment [49]. The solid-to-liquid ratio
was set as 1 g to 1 L. At this ratio, the solution was in the undersaturated
condition, preventing the precipitation of the reaction products to the
largest possible extent [49,50]. To accelerate the dissolution of tested
precursors, the pH of the NaOH solution used in the tests was slightly
higher than that of the pore solution of alkali-activated slag
(13.77-14.67) and alkali-activated fly ash (13.08-14.07) reported by
Zuo et al. [51]. The sodium hydroxide solution with different molarity
(4 M, 5M, and 6 M) was selected to mimic the alkaline environment in
the pore solution of AAM. The pH of 4 M, 5 M, and 6 M NaOH solutions is
14.6, 14.7, and 14.8, respectively.

In the experiment, 1 g of precursor (MBA, FA, or BFS) was dissolved
in 1 L. NaOH solution stored in a polypropylene container, and the so-
lution was stirred continuously for 24 h. The whole setup was kept in a
temperature-controlled room at 25 °C. After the dissolution test, the
concentrations of dissolved Si, Al, Ca, Fe, and Mg in the solution were
determined. The filtered solutions were diluted with nitric acid (0.2 vol
%). The diluted solutions were analyzed through inductively coupled
plasma-optical emission spectroscopy (ICP-OES), model PerkinElmer
Optima 5300DV.
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Table 1
End-members in the CNASH_ss model used to describe the C-(N-)A-S-H gel [54].
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End-member groups End-member names Formulae Molar ratios
Ca/Si Al/Si Na/Si
C-A-S-H 5CA (Ca0);.25-(Al203)0.125-(Si02)-(H20)1 625 1.25 0.25 0
INFCA (Ca0)-(Al203)0.15625°(Si02)1.1875:(H20)1.65625 0.84 0.26 0
C-N-A-S-H 5CNA (Ca0);.25-(Naz0)o.25-(Al203)0.125.(Si02)-(H20)1.25 1.25 0.25 0.50
INFCNA (Ca0)-(Naz0)0.34375-(Al203)0.15625-(8102)1.1875-(H20)1 .3 0.84 0.26 0.58
C-N-S-H INFCN (Ca0)-(Nap0)g.3125:(Si02)1 5-(H20)1 1875 0.67 0 0.42
C-S-H T2C (Ca0);.5:(5i03)-(H20)2 5 1.50 0 0
T5C (Ca0);.25:(Si02)1.25°(H20)2.5 1.00 0 0
TobH (Ca0)-(8i02)1.5:(H20)25 0.67 0 0
Table 2 simulation of gel phases formed in alkali-activated fly ash. The details of
able

End-members in the MA-OH-LDH_ss model used to describe the
hydrotalcite-like phases [55].

End-member names Formulae

M4AH1 (Mg0)4-(Al203) (H20)10
MeAH12 (MgO0)e:(Al203) (H20)12
MgAH 4 (MgO0)g:(Al,03) (H20)14

2.2.5. Thermodynamic modeling

Thermodynamic modeling was used to predict the solid phase as-
semblages and pore solution compositions of alkali-activated MBA
paste, alkali-activated BFS paste, and alkali-activated FA paste. This
information can be used to guide the application of MBA as AAM pre-
cursor. In the modeling, MBA was activated by NaOH solution. The
reason for this mix design is to prevent the ions in the activator (espe-
cially Si**) from affecting the reaction of the ions released by MBA. The
NaOH solution was reacted with 100 g MBA, 100 g BFS, or 100 g FA. The
water-to-precursor ratio in these three AAM systems was kept at 0.35.
The alkalinity of NaOH was represented as the percentage of NayO
relative to the mass of the precursor.

The changes in phase assemblages were simulated by changing the
NayO content in the activator from 2 wt% to 10 wt%. It was assumed
that only the SiOj, CaO, AlxOs, FesO3 NaO, Kp0, and MgO in the
amorphous phase of MBA, FA, and BFS were reacted in alkali activation,
and their reaction degree was 100 %. The remaining components in the
amorphous phase, together with the crystalline phases, were considered
as the un-reactive fraction. The AAM system was under (metastable)
thermodynamic equilibrium conditions.

The thermodynamic calculations were performed using the Gibbs
energy minimization software GEMS-Selektor v.3 (https://gems.web.ps
i.ch/) [52,53] and the Cemdata 18 database [33]. The ideal solid solu-
tion model (CNASH_ss) derived by Myers et al. [54] for calcium (so-
dium) aluminosilicate hydrate (C-(N-)A-S-H) gel was used to simulate

the end-members used in these three idea solid solution models are listed
in Table 1, Table 2, and Table 3.

For the simulation of the gel phases formed in alkali-activated MBA
paste, the selection of the ideal solid solution model was based on the
types of reaction products detected in alkali-activated MSWI bottom ash
by previous researchers. The reaction products of the alkali activation of
MSWI bottom ash were mainly amorphous phases, including calcium
silicate hydrate (C-S-H) gel [57-59], calcium aluminosilicate hydrate
(C-A-S-H) gel [57], and sodium aluminosilicate hydrate (N-A-S-H) gel
[60]. Therefore, apart from CNASH_ss model [54] and N(C)ASH_ss
model [56], the CSHQ model [33,61] usually used for Portland cement
simulation was also selected in the setting of the database. Table 4
provides the details of the end-members included in the CSHQ model.

2.2.6. Assessment of leaching potential

One stage batch test was used to assess the leaching of contaminants
from MBA. The test was performed following the standard NEN-EN
12457-4 [62]. The leaching agent was mixed with MBA at the liquid-
to-solid ratio of 10 L/kg. The mixture was agitated for 24 h. After the
test, the eluate was filtered over a 0.45 pm membrane filter. The con-
centrations of heavy metals were measured by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). The chloride (CD),
bromide (Br), and sulfate (SO?{) in the filtered eluate were analyzed by
ion chromatography (IC). The content of Fluoride (F) was determined by
flow injection analysis with spectroscopic detection. The test results
were compared with the limiting level described in the Dutch Soil
Quality Decree, 2015 [63].

Table 4
End-members in the CSHQ model used to describe the C-S-H gel [33,61].

End-member names Formulae Molar ratios
the gel phases in alkali-activated blast furnace slag. The hydrotalcite- Ca/Si
like ph?ses formfed in a'lkah—actlvated blast furnace slag were simu- TobH (CaO) s (Si09) (HaO)1s 067
lated with the solid solution model MA-OH-LDH_ss [55]. The ideal solid TobD (Ca0)s e (Si03)2/3 (H20)1 85 1.95
solution model (N(C)ASH_ss) proposed by Zuo [56] for sodium (cal- JenH (Ca0).33 (Si02) (H20)217 1.33
cium) aluminosilicate hydrate (N-(C-)A-S-H) gel was used for the JenD (Ca0)1.5 (Si02)0.67 (H20)2.5 2.24
Table 3
End-members in the N(C)ASHss model used to describe the N-(C-)A-S-H gel [56].
End-member groups End-member names Formulae Molar ratios
Ca/Si Al/Si Na/Al
N-C-A-S-H NCASH_1-0.1 (Naz0)g.05:(Ca0)o.45:(Al203)0.5-(Si02)1-(H20)1 0.45 1.00 0.1
NCASH_2-0.1 (Naz0)0.05-(Ca0)g 45-(Aly03) 5-(Si02)2-(H20); 0.23 0.50 0.1
NCASH_3-0.1 (Na20)g.05:(Ca0)g.45-(Al503)0.5:(Si02)3-(H20), 0.15 0.33 0.1
NCASH_4-0.1 (Na30)g.05.(Ca0)g.45-(Al203)g.5-(Si02)4-(H20)1 0.11 0.25 0.1
N-A-S-H NASH_1-1 (Naz0)o.5-(Aly03)0 5-(Si04)1 -(H20); 0 1.00 1
NASH_2-1 (Na20)g 5:(Al503)0.5-(S102),-(H20)1 0 0.50 1
NASH_3-1 (Naz0)g 5:(Al503)0.5-(Si02)3-(H20) 0 0.33 1
NASH 4-1 (Na20)o.5-(Al203)0.5-(S102)4-(H20)1 0 0.25 1
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Table 5

Chemical compositions of MBA, FA, and BFS, as determined by XRF analysis.
Compounds (wt.%) MBA FA BFS
SiO, 52.91 55.29 34.99
CaO 13.44 4.43 36.33
Al,03 10.18 25.03 14.32
Fe,03 9.29 6.94 0.40
Na,0 4.24 0.91 0.24
K>0 0.84 1.66 0.46
SO3 0.70 0.73 1.36
Cl 0.27 0.01 0.02
P,05 1.03 1.01 0.01
MgO 2.40 1.41 9.42
ZnO 0.55 0.03 -
CuO 0.31 0.01 0.18
TiOy 1.12 1.23 1.21
MnO 0.21 0.04 0.26
PbO 0.09 0.01 -
Cry03 0.07 0.02 -
BaO 0.09 0.07 0.04
NiO 0.03 0.01 -
ZrO, - 0.06 0.04
SrO 0.04 0.12 0.05
Sn0, 0.02 - -
Rb,O - 0.01 -
Nb,Os - - -
Y,03 - 0.01 0.01
V505 - 0.04 0.02
CeO, - - 0.08
LOIs50 2.17 0.92 0.56
Sum 100 100 100

3. Results and discussion
3.1. Compositions of MBA

3.1.1. Chemical composition

The chemical composition of MBA provides information about the
presence of major components and hazardous components (such as
soluble salts and heavy metals). The chemical compositions of MBA,
BFS, and FA are listed in Table 5. The chemical composition of MBA is
within the same range as the compositional ranges reported for the
MSWI bottom ash in existing literature [28]. In MBA, the main con-
stituents are SiO,, CaO, Al;03, and Fe;O3. The SiO4 content in MBA is
52.91 wt%, close to that in FA but higher than in BFS. The CaO content
in MBA is 13.44 wt%, three times as much as that in FA but much lower
than that detected in BFS. The amount of Al,O3 in MBA is 10.18 wt%,
less than half of the Al;03 content in FA. The Al,O3 content in MBA is
around 4 wt% less than that in BFS. Regarding Fe,Os, its content in MBA
is higher than in FA and BFS. In addition to the major components, the
contents of heavy metals, unburned organics, equivalent alkalis
(Na0e), SO3, and Cl are of concern when MBA is used as SCM or AAM
precursor.

As illustrated in Table 5, MBA contains much more heavy metals,
unburned organics, alkalis, and chloride than FA and BFS. Only the SO3
content in MBA is lower than that in FA and BFS. Although the toxic
heavy metal components, such as CuO, PbO, and Cry03, are present in
trace amounts in MBA (<1 wt%), their contents are much higher in MBA
than in FA and BFS. In MBA, the unburned organic content, referred to as
LOI550, is 2.17 wt%, more than two times as much as that in FA and BFS.
The heavy metals and unburned organics in MSWI bottom ash were
found to be the primary sources of the heavy metals leached from the
building materials prepared with MSWI bottom ash [64].

The NayO, content in MBA is 4.79 wt%, as calculated according to
the equation NayO, = NagO + 0.658 K»0. This value is 2.01 wt% and
0.54 wt% in FA and BFS, respectively. The NayO present in the waste
glass is responsible for this high Na;O, content in MBA, which will be
confirmed in section 3.1.3. For Portland cement concrete prepared using
MSWI bottom ash as aggregates, the products of alkali-silica reaction
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(ASR) were observed [65], and the cracks induced by the formation of
ASR gel were also identified [66]. However, when using MSWI bottom
ash as SCM and AAM precursor, it remains unclear whether adding
MSWI bottom ash will induce alkali-silica reaction. More research is
required in this area.

The chloride content in MBA is 0.27 wt%. This value is much higher
than that in FA or BFS. According to the European standard NEN-EN 206
[67], the chloride content in binder may not exceed 1 wt% for concretes
without steel reinforcement or other metal embedment. For reinforced
and pre-stressed concretes, the maximum chloride content in binder is
restricted to 0.2 wt%. Given that the Cl content of MBA is slightly higher
than 0.2 wt%, it is suitable to use MBA as binder materials in non-
reinforced concretes. For the application of reinforced concretes, the
risk of steel reinforcement corrosion induced by the Cl in MBA can be
mitigated by reducing the percentage of MBA in the binder.

3.1.2. Mineralogical composition

The contents of the reactive crystalline phases and the amorphous
phase determine the reactivity of MBA. Fig. 3 (a) presents the XRD
spectrum of MBA. This figure shows that quartz is the primary crystal-
line phase in MBA. Besides, the peaks of silicates and calcite are also
identified in the spectrum of MBA. The silicates detected include geh-
lenite, albite, orthopyroxene, diopside, and wollastonite. Table 6 lists
the formulae and the Inorganic Crystal Structure Database (ICSD) codes
of all the crystalline phases found in MBA. The proportion of each phase,
as determined by the QXRD analysis, is also presented in the same table.
The mineralogical composition of MBA is similar to the MSWI bottom
ash investigated in previous studies [28]. According to the QXRD
analysis, quartz accounts for the largest proportion (12.1 wt%) among
all the crystalline phases. The second major crystalline phase in MBA is
diopside, with its content of 4.4 wt%. Except for diopside, the contents of
other silicates are all below 3 wt%. The content of calcite is around 2.1
wt%. Phases like halite, corundum, goethite, gibbsite, and iron are
present in trace amounts (<1 wt%).

The diffraction pattern of MBA also illustrates the “hump” feature. By
enlarging the area marked in Fig. 3 (a), a broad hump centered at a 26
angle of 32.5° between 25° and 40° can be observed in Fig. 3 (b). As
presented in Table 6, the amorphous phase in MBA reaches 68.1 wt%.
The quantity of the amorphous phase in MBA is slightly lower than in
FA, but much lower than in BFS. As illustrated in Fig. 4 (a) and (b), the
broad amorphous hump can be easily recognized in the spectra of FA
and BFS. In the XRD patterns of FA and BFS, the hump centered at 20 of
22.5° and 30°, respectively. Unlike entirely amorphous BFS, FA contains
crystal phases, mainly quartz and mullite. The QXRD analysis results
indicate that FA has 11.5 wt% quartz and 11.7 wt% mullite (Table 7).
The amorphous phase makes up 74 % of the total weight of FA.

Fig. 3 (c) shows the XRD spectrum of the insoluble residue obtained
after the dissolution treatments of MBA. The hump representing the
amorphous phase is not found in Fig. 3 (c), indicating that the amor-
phous phase in MBA was dissolved during the chemical dissolution
treatments. This observation further confirms the presence of amor-
phous phase in MBA. According to the results of XRF analysis, the
insoluble residue mainly consists of SiO2 (70.5 wt%), AlyO3 (12.5 wt%),
CaO (5.5 wt%), FeoO3 (3.8 wt%), and MgO (2.5 wt%). In the XRD
pattern of the insoluble residue, mainly the peaks of quartz, augite, and
wollastonite are observed. Quartz and wollastonite are the phases of
MBA that remained undissolved after the chemical dissolution tests,
while augite (CaMg ¢Feg 2Alg 7Si1 506, ICSD 16905) is the newly formed
crystalline phase. The mass of MBA decreased by 78.5 % due to disso-
lution treatments, higher than the amorphous phase content calculated
by the QXRD analysis (68.1 wt%). This is because part of the mass loss is
caused by the dissolution of the crystalline phases during the chemical
dissolution treatments of MBA.

3.1.3. Chemical composition of amorphous phase
When MBA is used as SCM and AAM precursor, it is necessary to
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Fig. 3. (a) XRD spectrum of MBA. (b) Enlarged image of the area labeled in the XRD spectrum of MBA. (c) XRD spectrum of the insoluble residue of MBA obtained
after chemical dissolution treatments. The peak labels follow the labels described in Table 6.

Table 6
Mineral phases present in MBA and QXRD analysis results of MBA.
Phases Proportions Labels  Formulae ICSD
(wt.%) codes
Quartz 121 1 SiO, 541,929
Cristobalite 0.4 2 SiO, 1,251,919
Magnetite 0.9 3 Fe304 92,356
Hematite 0.4 4 Fe,03 453,828
Woustite 0.2 5 FeO 309,924
Gehlenite 2.8 6 CayAl,Sio, 1,411,155
Albite 1.9 7 NaAlSizOg 1,402,109
Orthopyroxene 1.4 8 Cag.02Mgo.30Fe0 685103 1,615,622
Diopside 4.4 9 CaMgy. soFep 3151206 77,809
Wollastonite 2.6 10 CaSiO3 1,253,098
Calcite 2.1 11 CaCO3 1,611,066
Halite 0.4 12 NaCl 311,644
Phosphammite 1.1 13 H(NH4)2(PO4) 1,401,715
Corundum 0.7 14 Al,03 527,601
Goethite 0.4 15 FeO(OH) 71,810
Gibbsite 0.2 16 Al(OH); 1,005,040
Iron 0.1 17 Fe 1,503,158
Amorphous 68.1 - - -
phase
Sum 100 - - -

determine the chemical composition of the amorphous phase in MBA.
The amorphous phase is the primary reactive phase in MBA, and its
chemical composition can influence the reaction product formation.
Table 8 lists the chemical composition of the amorphous phase in MBA,
FA, and BFS. The percentages are absolute values and are presented
without normalization. As shown in Table 8, SiOy is the primary
component (34.2 wt%) in the amorphous phase of MBA. In terms of CaO,
Aly03, Nay0, Fep03, and MgO, the content of each compound is less than
10 wt%. It is worth noting that the SiO, content calculated for the
amorphous phase of MBA in the QXRD analysis is slightly lower than the
reactive silica content (37.77 wt%) determined by the chemical disso-
lution treatments. One possible explanation is that the chemical disso-
lution treatments overestimate the content of the amorphous phase in
MBA, resulting in a higher value of the reactive silica content.

Compared with FA, MBA contains less SiO5 in the amorphous phase.
The SiO; content in the amorphous phase of MBA is almost equal to that
in BFS. The CaO content in the amorphous phase of MBA is 8.8 wt%,
which is about one-fourth of its content in BFS but twice the content
found in FA. The Al,03 content in the amorphous phase of MBA is 7.9 wt
%, only around half of that in the amorphous phase of FA or BFS. Be-
sides, much more NayO was found in the amorphous phase of MBA (3.8
wt%) than in FA or BFS (lower than 1 wt%). The amount of Fe;Os3 in the
amorphous phase of MBA is also higher than that in FA and BFS. In terms
of the MgO content, MBA has 1.7 wt% MgO, much lower than BFS.
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Table 7
Mineral phases present in FA and QXRD analysis results of FA.
Phases Proportions Labels  Formulae ICSD
(wt.%) codes
Quartz 11.5 1 SiO, 156,198
Mullite 11.7 2 Al 24Sio 760488 313,794
Hematite 0.5 3 Fe,03 2,070,090
Lime 0.1 4 CaO 1,503,123
Calcite 0.2 5 CaCO3 1,611,066
Hexapotassium 0.1 6 Kg(Fex0g) 16,534
hexaoxodiferrate
Iron(III) oxide 1.3 7 FeO(OH) 94,874
hydroxide
Periclase 0.3 8 MgO 1,110,749
Wadsleyite 0.3 9 Mg s4Fep 165104 66,491
Amorphous phase 74.0 - - -
Sum 100 - - -
Table 8

Chemical composition of amorphous phase in MBA, FA, and BFS, calculated by
subtracting the percentages of the elements in crystalline phases from the
chemical compositions of MBA, FA, and BFS.

Compounds Percentages in the amorphous phase (wt.%)
MBA FA BFS
SiOy 34.2 41.3 35.0
CaO 8.8 4.3 36.3
Al,03 7.9 15.7 14.3
Fe,03 6.2 5.1 0.4
NaO 3.8 0.9 0.2
K20 0.8 1.6 0.5
MgO 1.7 0.9 9.42
Others 4.7 4.2 3.9
Sum 68.1 74.0 100

3.1.4. Composition difference between the amorphous phase and the glass
in MBA

Given that waste glass is one of the major sources of the amorphous
phase in MBA, it is necessary to examine whether the amorphous phase
of MBA and the glass particles in MBA have the same composition. The
XRD spectrum in Fig. 5 (a) proves that these manually selected glass
particles are almost 100 % amorphous. The QXRD analysis results
indicate that these glass particles only contain 1 wt% quartz. The hump
representing the amorphous phase appeared in the XRD spectrum of the
glass particles at the same location as that observed in the XRD spectrum
of MBA (Fig. 3 (a)).

The chemical composition of the glass particles in MBA is illustrated

in Fig. 5 (b). The main components in the glass particles are SiO3 (70.2
wt%), NayO (12.9 wt%), and CaO (10.7 wt%). This chemical composi-
tion is almost the same as that of the soda-lime glass used in the pro-
duction of glass containers and glass windows [68]. In the SiO3-CaO-
Al;03 and the SiO3-NagO-Feo03 ternary diagram, the location of the dot
representing the composition of glass particles does not overlap with the
dot of the amorphous phase in MBA (see Fig. 6 (a) and (b)). This
observation indicates that the chemical composition of the glass parti-
cles is quite different from the chemical composition determined in the
amorphous phase in MBA. In addition to soda-lime glass, other amor-
phous phases containing CaO, Al;03, and Fe;Oj3 are also present in MBA.

3.1.5. Relative contents of SiO2, CaO, and Aly03 in the amorphous phase of
MBA

The chemical composition of the amorphous phase in MBA was
compared with the chemical composition of the amorphous phase in
Class F coal fly ash and blast furnace slag reported in the literature. The
reference data collected for Class F coal fly ash are the chemical
composition of the amorphous phase [69-76]. The reference data
collected for blast furnace slag are the XRF results [49-103]. There are
two reasons for this choice. First, the information about the composition
of the amorphous phase is very limited in the literature. Second, blast
furnace slag usually contains more than 90 % amorphous phase
[132,133]. The XRF results of blast furnace slag primarily reveal the
chemical composition of the amorphous phase. As shown in the SiO»-
Ca0-Aly03 ternary diagram (Fig. 6 (a)), the chemical compositions of
the amorphous phase in FA and BFS used in this work are typical for
Class F coal fly ash [69-76] and blast furnace slag [49-103]. The dot
representing the relative contents of SiOy, CaO, and Al,O3 in the
amorphous phase of MBA is within the same region as that in the
amorphous phase of Class F coal fly ash reported in the literature
[69-76].

The mass ratio of CaO/SiO; in the amorphous phase of blast furnace
slag is usually used as an indicator to assess its reactivity as AAM pre-
cursor [133]. BFS with higher CaO/SiO5 usually has a more depoly-
merized and disordered structure, resulting in a higher reactivity for the
application of AAM precursor [134-136]. As demonstrated in Fig. 7, the
Ca0/SiO, ratio of MBA (0.3) is much lower than that of BFS (1.0),
suggesting that the reactivity of MBA is much lower than that of BFS. In
the case of coal fly ash, the mass ratio between SiO3/AlO3 in the
amorphous phase can be used to indicate its reactivity as AAM precursor
[133]. As shown in Fig. 7, the Si0O3/Al,03 ratio for the amorphous phase
of MBA is 4.3, almost two times that in the amorphous phase of FA. The
aluminosilicate glass with its Si05/Al03 ratio within the range of 2 to 4
was found to be a suitable precursor for alkali-activated materials
[137-143]. Unlike FA, the SiO5/Al,03 ratio of the amorphous phase in
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Fig. 5. (a) mineralogical composition (determined by XRD analysis) and (b) chemical composition (determined by XRF analysis) of the glass particles shown in
Fig. 2 (b).
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Fig. 7. Mass ratio of CaO/SiO; and SiO5/Al,03 calculated for the amorphous
phase in MBA, BFS, and FA.

MBA is not within the desirable range.

3.1.6. Reactivity of MBA as SCM

The information about the pozzolanic reactivity of MBA can be used
in the mix design of blended cement pastes. The reactivity of MBA as
SCM was studied by measuring the hydration heat evolution of R®
pastes. The calorimetry test results of the R> pastes prepared with MBA,
FA, or BFS are presented in Fig. 8 (a). The cumulative heat collected
after different time intervals is shown in Fig. 8 (b). After 7 days of re-
action, the cumulative heat generated by MBA is only one-third of that
by BFS, but slightly more than that of FA. These results indicate that
MBA is much less reactive than BFS but could be as reactive as FA.

The difference in the heat release between MBA and FA is significant
during the first 3 days (Fig. 8 (a)). Afterward, this heat release difference
decreased, reaching the lowest value at 7 days. The big difference
observed at early ages (<3 days) can be attributed to the intensive
oxidation of the residual metallic Al in MBA. The residual metallic Al in
MBA reacts readily with Ca(OH),, which is introduced excessively in the
R3 pastes [46]. The oxidation of the metallic Al is expected to finish
within 1 day [144].

At room temperature, in the alkaline solution, metallic Al first reacts
with water to form AI(OH)3 and Hs, then AI(OH)s3 reacts with OH ™.
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different time intervals.

Theoretically, the reaction of 1 g of metallic Al with water generates
16.3 kJ of heat (2Al + 6H5;0—2A1(OH)3 + 3H5) [145]. The mass of
metallic Al in 1 g of MBA is 0.0013 g. In this case, the reaction heat
contributed by the reaction between metallic Al and water in the calo-
rimetry test of MBA would be 21 J. As shown in Fig. 8 (b), after sub-
tracting the reaction heat of metallic Al, the heat released by the reaction
of the reactive minerals in MBA is around 158 J, almost the same as the
7-day heat of FA (161 J). It can be concluded that as SCM, the reactivity
of MBA is similar to FA.

3.1.7. Reactivity of MBA as AAM precursor

The reactivity of MBA as AAM precursor was assessed via dissolution
tests. The dissolution tests mimic the dissolution of precursors in the
pore solution. Analysis of the dissolution behavior of MBA provides in-
formation about the elements that participate in the formation of reac-
tion products and delivers a fundamental understanding of the early-age
reaction. The concentrations of Si, Al, Ca, Fe, and Mg (hereafter denoted
as [Sil, [All, [Ca], [Fe], and [Mg], respectively) in the filtrated solution
are shown in Fig. 9. This solution was obtained after dissolving MBA, FA,
or BFS in NaOH solution for 24 h.

3.1.8. Concentrations of dissolved elements
e [Si], [Al], and [Ca]

As shown in Fig. 9, the filtrate of MBA, FA, and BFS is enriched with
Si and Al Regardless of the concentration of the NaOH solution, MBA
and FA released much less Si and Al than BFS. Compared with MBA and
FA, the amorphous phase of BFS with higher CaO/SiO2 has a more
depolymerized and disordered structure [134] and dissolves more easily
in alkaline solution. Accordingly, the reactivity of MBA and FA is much
lower than that of BFS. The high [Si] and [Al] in the filtrate of BFS in-
dicates that a large amount of BFS has been dissolved.

Given that the mass ratio between SiO, and CaO in the amorphous
phase of BFS is one, the [Ca] in the filtrate of BFS is expected to be in the
same range as [Si]. However, the [Ca] in the filtrate of BFS is much lower
than [Si]. When 4 M NaOH solution was used in the dissolution test, the
[Ca] in the filtrate of BFS was higher than that in the filtrate of MBA and
FA. Further increasing the concentration of NaOH solution to 5 M or 6
M, the [Ca] in the filtrate of BFS decreased and was similar to that in the
filtrate of MBA and FA.

The low [Ca] in the filtrate of BFS can be attributed to the formation
of Ca-bearing phases, such as Ca(OH);, C-S-H gel, and C-A-S-H gel.
Although a large liquid-to-solid ratio is used to prevent the precipitation
of reaction products, there exists a concentration gradient in the vicinity

of the surface of BFS particles [146]. The [Ca] in the region close to the
surface of BFS particles is higher than the bulk solution [146]. As a
result, the Ca®* ions in this region could combine with OH™ and form Ca
(OH);, precipitates. In the NaOH solution with a pH higher than 11.5, Ca
(OH), is thermodynamically more stable than Ca2' ions [147].
Compared with Ca(OH)s,, the Ca’" ions are less likely to interact with the
silicate and aluminate species to form a C-S-H or C-A-S-H layer on the
surface of BFS particles. This is because if Ca" ions are consumed due to
the formation of C-S-H or C-A-S-H gel, the decline of [Si], [Al], and [Ca]
in the filtrate should be in the same order of magnitude. In reality, [Ca]
is much smaller than [Si] and [Al] in the filtrate of BFS.

The [Si] and [Al] in the filtrate of MBA are higher than in the filtrate
of FA, indicating that MBA is more soluble than FA. Considering that the
CaO content in the amorphous phase of MBA is around two times that in
FA, MBA with higher solubility is expected to release more Ca>* than FA
during the dissolution tests. However, the [Ca] in the filtrate of MBA
appeared to be in the same range as that in the filtrate of FA. As dis-
cussed above, precipitation of Ca%* jons cannot be avoided during the
dissolution test. The precipitate formed is more likely to be Ca(OH)
than the C-S-H gel or C-A-S-H gel. It is possible that the Ca®" ions
released by MBA also react with OH™ to form Ca(OH)s, resulting in a low
[Ca] in its filtrate.

e [Fe] and [Mg]

The [Fe] in the filtrate of MBA is only around one-quarter of [Si]. The
[Fe] in the filtrate of MBA is higher than that of FA and BFS. This higher
Fe concentration in MBA may be due to the higher Fe;O3 content in the
amorphous phase of MBA compared with FA and BFS. In the filtrate of
MBA, the [Mg] is the lowest (<0.5 mg/1) among the measured elements
([Sil, [All, [Cal, [Fe], and [Mg]). The concentration of Mg remained at a
very low level regardless of the molarity of NaOH. Similar phenomena
can also be observed for the Mg dissolved from BFS and FA.

3.1.9. Ratio of dissolved Si and Al

The compressive strength of AAM can be used as an indicator of the
reactivity of precursors. The AAM prepared with a more reactive pre-
cursor usually has a higher compressive strength. Duxson et al. [148]
indicated a correlation between the compressive strength of AAM and
the Si/Al molar ratio in the mixture of precursor and alkaline activator.
When increasing the Si/Al molar ratio from 1.15 to 1.9, the compressive
strength of the AAM became higher due to the formation of a more
homogeneous and denser microstructure. The optimal Si/Al molar ratio
was 1.9 for preparing AAM with aluminosilicate materials [148].
Therefore, the Si/Al molar ratio in the filtrate of MBA, FA, or BFS was
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(M: molarity).

calculated to provide additional insight into the reactivity of these
precursors and the mix design of AAM.

As illustrated in Fig. 10, the Si/Al molar ratio in the filtrate of MBA
fluctuates around 0.9, lower than the ratio in the filtrate of FA and BFS.
The molar ratio of Si and Al released by MBA is far below the optimal
value found by Duxson et al. [148]. This low Si/Al molar ratio is not
favorable for the strength development of alkali-activated MBA at an
early age. In our preliminary research, alkali-activated MBA paste did
not harden within 24 h at room temperature when NaOH solution (4 M)
was used as activator. The hardened paste samples can be obtained after

10

increasing the Si content in the AAM system by adding water glass to the
activating solution. Therefore, when MBA is used to prepare AAM, it is
recommended to increase the Si/Al ratio in the mixture of precursor and
activator by adding Si-enriched precursors or NaySiO3 solution.

3.1.10. Thermodynamic modeling of the reactions in alkali-activated MBA
paste

Thermodynamic modeling was used to predict the solid phase as-
semblages and the pore solution in alkali-activated MBA paste. The
modeling results provide insight into the evolution of the reaction
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Fig. 10. Si/Al molar ratio in the filtrate, calculated using the dissolution test results presented in Fig. 9 (M: molarity).

products and the pore solution in alkali-activated MBA paste when the
NayO content in the activating solution changes from a low level (2 wt%)
to a high level (10 wt%). This information can also be used as a rough
guide to the mix design, making it possible to control the reaction
product formation and tailor the properties of MBA-based AAM.

3.1.11. Total amount of reaction products

The amount of reaction products that can form upon alkali activation
is strongly influenced by the proportions of reactive phases (mainly the
amorphous phase) in AAM precursors. MBA contains less amorphous
phase than FA and BFS (see Table 8), suggesting that the reaction
products formed in alkali-activated MBA paste would be less than that in
alkali-activated FA paste and alkali-activated BFS paste. Fig. 11 presents
the solid phase assemblages predicted by thermodynamic modeling in
alkali-activated MBA paste, alkali-activated FA paste, and alkali-
activated BFS paste. According to the prediction, the reaction products
obtained after activating 100 g BFS with NaOH solution would be much
more than those obtained from the reaction of 100 g MBA or 100 g FA.
Compared with alkali-activated FA paste, the mass of reaction products
formed in alkali-activated MBA paste would be slightly lower.

Apart from the reaction products, Fig. 11 also shows that the un-
reactive fraction in MBA is larger than in FA and BFS. The un-reactive
fraction illustrated in Fig. 11 refers to the crystalline phases and part
of the amorphous phase. In the modeling, only the components
including SiO2, CaO, Al0s3, FepO3 NaO, Ko0, and MgO of the amor-
phous phase were assumed to participate in reaction product formation.
The remaining components of the amorphous phase were considered to
be unreactive. Regarding the pore solution, its mass in alkali-activated
MBA paste was forecast to be roughly equivalent to that of alkali-
activated FA paste but much larger than that of alkali-activated BFS
paste (Fig. 11).

3.1.12. Predicted solid phase assemblages

It is meaningful to predict the gel phases that can form in alkali-
activated MBA. This information can be used as a reference when
designing MBA-based AAM mixtures. The nanostructure of the gel
phases formed in alkali-activated materials has a significant effect on the
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mechanical properties of synthesized alkali-activated materials [149].
According to thermodynamic modeling (Fig. 11 (a)), the major reaction
products formed after MBA reacting with NaOH solution are C-(N-)A-S-
H gel, N-(C-)A-S-H gel, and zeolite. The details about the chemical
compositions of predicted C-(N-)A-S-H gel and N-(C-)A-S-H gel can be
found in Appendix A. The zeolite minerals predicted in alkali-activated
MBA paste include natrolite (NaAl;Si3019-2H20) and Ca-chabazite
(Cap.111Al0.111Si0.778-:0.667H20). The mass of C-(N-)A-S-H gel shows
little changes with the increase of the Na,O in the NaOH solution. When
the NapO content was higher than 4.5 wt%, the amount of N-(C-)A-S-H
gel in alkali-activated MBA paste started to decrease with the increase of
NayO content. Meanwhile, more natrolite was expected to be found in
alkali-activated MBA paste [150]. The Ca-chabazite was forecast to form
only when the NayO content was lower than 2.5 wt%.

The prediction about the solid phase assemblages in alkali-activated
MBA paste at the NaO content of 10 wt% agrees with the experimental
results reported by Maldonado-Alameda et al. [57]. The MSWI bottom
ash used by Maldonado-Alameda et al. [32,57] has a chemical compo-
sition (determined by XRF) and amorphous phase content (determined
by QXRD analysis) falling within the same range as that of MBA. In their
work, the 28-day alkali-activated MSWI bottom ash paste was prepared
using an activator containing 9.7 wt% NayO with SiO2/Na0 molar ratio
of 2.9. In the synthesized paste specimen, the C-(A)-S-H gel, N-A-S-H gel,
and zeolite were all identified. The total amount of N-A-S-H gel, zeolite,
and C-(A)-S-H dissolved in HCI extraction was 59.9 wt%. The amount of
C-(A)-S-H gel was around 33.5 wt%, as determined by the salicylic acid/
methanol (SAM) extraction. By subtracting the amount of C-(A)-S-H gel
dissolved by HCI extraction, the total amount of N-A-S-H gel and zeolite
is around 26.4 wt%. The mass ratio between C-A-S-H gel and the sum of
N-A-S-H gel and zeolite is 1.26. This value is slightly higher than 0.95,
the mass ratio predicted by thermodynamic modeling at the NayO
content of 10 wt%. This discrepancy in the mass ratio may be due to the
difference in the SiO, content in the activator.

The types of zeolite phases predicted in alkali-activated MBA paste
are the same as those in alkali-activated BFS paste. The Ca-chabazite and
natrolite formed in alkali-activated BFS paste are expected to be much
less, only in trace amounts. According to the modeling results, the alkali
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Fig. 11. Thermodynamically simulated phase assemblage, solid reaction product mass, and pore solution mass after activating 100 g MBA, 100 g FA, or 100 g BFS
with NaOH solution. The simulation was performed with GEMS-Selektor v.3 [52,53]. The data is presented as a function of the Na,O content in the activator. The

percentage of NayO is with respect to the mass of the precursor.

activation of FA only leads to the formation of Ca-chabazite, and its
content decreases with the increase in the NayO content. Previous re-
searchers also detected zeolite minerals in alkali-activated MSWI bottom
ash. However, instead of Ca-chabazite and natrolite, the zeolite mineral
found in literature was gismondine (CaAl,Si;Og-4H20) [57]. This zeolite
mineral was formed after the MSWI bottom ash reacted with a mixture
of NaOH and Na,SiO3 solution for 28 days. In the activator, the NaO
content was 10.7 wt% with respect to the content of MSWI bottom ash,
and the SiO2/Nay0 molar ratio was 2.6 [57].

The minor reaction products in alkali-activated MBA paste were
predicted to be goethite (FeO(OH)) and brucite (Mg(OH)3). These two
phases with small quantities were also likely to form in alkali-activated
FA paste. The formation of goethite and brucite could be attributed to
the existence of Fe;O3 and MgO in the amorphous phase of MBA
(Table 8). However, the detection of these two phases in alkali-activated
MSWI bottom ash is rarely reported in the literature. It is worth
mentioning that the primary crystalline reaction products of alkali-
activated BFS paste, including katoite (3Ca0O-Al,03-6H20), stratlingite
(2Ca0-Al03-Si02-8H30), and hydrotalcite-like phases (MA-OH-LDH),
were not expected to form in alkali-activated MBA paste. Portlandite,
the reaction product of alkali-activated FA paste, was not likely to form
after MBA reacted with NaOH solution.
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3.1.13. Predicted pore solution

The prediction of the pore solution in alkali-activated MBA paste can
help people understand the role of MBA in the formation of reaction
products. Fig. 12 provides information about the simulated pore solution
of alkali-activated MBA paste, alkali-activated FA paste, and alkali-
activated BFS paste. The concentrations of Al, Ca, Fe, and Mg in the
pore solution were forecast to be very small (close to zero) for alkali-
activated MBA paste, alkali-activated FA paste, and alkali-activated
BFS paste. This prediction indicates that most of these elements
released by MBA, FA, and BFS were incorporated into the reaction
products. The main differences in the pore solution of these three AAM
systems were predicted to lie in the pH and the concentrations of Na and
Si.

The alkalinity of the pore solution affects the leaching of heavy
metals [151] and the long-term stability of calcium-aluminosilicate
hydrates [152] and alkali-aluminosilicate gels [153] in AAM. There-
fore, it is useful to predict the pH of the pore solution in alkali-activated
MBA paste. As shown in Fig. 12, the pH of the pore solution of alkali-
activated BFS paste was expected to be the highest (14.43 to 14.92).
The predicted alkalinity in the pore solution of alkali-activated MBA
paste, ranging from 13.8 to 14.74, was higher than that of alkali-
activated FA paste, between 9.17 and 14.48. This difference in pre-
dicted pH of pore solution could be explained by the CaO content dif-
ference in the amorphous phase of precursors. The CaO content in the
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Fig. 12. Simulated pH of the pore solution and simulated concentration of Na, Si, Al, Ca, Fe, and Mg in the pore solution. The data is presented as a function of the
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amorphous phase, from the largest to the smallest, was in the following
order: BFS, MBA, and FA. This order was the same as that of the pre-
dicted pH of the pore solution in synthesized alkali-activated materials.
This finding was consistent with the thermodynamic modeling results
reported by Xiao et al. [35]. When the NazO content in the activator was
fixed, increasing the CaO content of the amorphous phase would also
increase the pH of the pore solution [35].

Fig. 12 shows the predicted concentrations of Na in the pore solution
of alkali-activated MBA paste, alkali-activated FA paste, and alkali-
activated BFS paste. The Na concentration in the pore solution of
alkali-activated MBA paste was forecast to be slightly higher than that of
alkali-activated BFS paste. The pore solution of alkali-activated FA paste
was predicted to have the lowest Na concentration. The concentration of
Na in the pore solution AAM would increase due to the release of Na
after the dissolution of precursors. The NayO content in the amorphous
phase of MBA (3.8 wt%) is much higher than that in FA and BFS. The Na
dissolved from MBA could be much more than FA and BFS, dramatically
increasing the Na concentration in the pore solution.

It is worth noting that the NapO content in the amorphous phase of
FA (0.9 wt%) is much higher than that in BFS (0.2 wt%). However, the
Na concentration in the pore solution of alkali-activated FA paste is
lower than that of alkali-activated BFS paste. One possible explanation
for the lower Na concentration in the pore solution of alkali-activated FA
paste can be that more Na was incorporated in the Na-bearing reaction
products. The Na concentration would decrease when the Na in the pore
solution was consumed in the reaction product formation. As predicted
by the thermodynamic modeling, the N-(C-)A-S-H gel formed after the
alkali activation of FA was more than that obtained from the reaction of
MBA and BFS (Fig. 11).

In the pore solution of alkali-activated MBA paste, the concentration
of Si was forecast to become higher with the increase of NayO content in
the activator. When the NayO content exceeds 4 wt%, the concentration
of Si in the pore solution of alkali-activated MBA paste is the highest
among these three AAM systems. The increase in the concentration of Si
in the pore solution of alkali-activated MBA paste could be attributed to
the reduction in N-(C-)A-S-H gel formation. The Si/Al ratio of the N-(C-)
A-S-H gel could reach as high as four. However, at the NasO content
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above 5 wt%, the N-(C-)A-S-H gel mass was predicted to decrease while
more natrolite was formed (Fig. 11). The Si/Al molar ratio of natrolite is
around 1.5, less than half of that in the amorphous phase of MBA (3.67).
In this case, only part of the Si released by the amorphous phase of MBA
could be incorporated into the reaction products. The remaining Si could
not form stable reaction products with Na. Introducing Ca- or Al-
enriched resources into MBA-based AAM is recommended. In this
case, the excessive Si and Na in the pore solution can be consumed,
forming stable N-(C-)A-S-H gel or C-(N-)A-S-H gel.

3.1.14. Leaching potential of MBA

Possible leaching of contaminants from MBA should be checked prior
to its application as SCM and AAM. This information is required to guide
the mix design and prevent environmental contamination caused by
using MBA in construction materials. Fig. 13 provides information about
the mass of heavy metals, chloride, bromide, and sulfate leached from 1
kg MBA. Among all the tested constituents, only the leaching of sulfate
and antimony (Sb) is above the threshold values specified in the Dutch
Soil Quality Decree 2015 [63]. The amount of sulfate and Sb leached
from MBA is almost twice the threshold value. The leaching of bromide,
fluoride, and most heavy metals is below the allowable level. The
amount of Cl released by 1 kg MBA is 610 mg, just below the upper limit
set by the Dutch government (616 mg/kg). The Cl detected in the
leachate can be traced back to the soluble salt in MBA, as halite (NaCl)
was found in the XRD analysis of MBA.

o Leaching of sulfate

Sulfate is usually leached from the mineral phases in MSWI bottom
ash, such as ettringite and gypsum [154]. However, ettringite and
gypsum were not found in the XRD analysis of MBA. The SO3 content in
MBA was lower than FA, BFS, and Portland cement clinker. Given that
the SO3 content determined by XRF analysis is very low (0.7 wt%), the
contents of sulfate-containing mineral phases may be too small to be
detected. It is worth mentioning that the leaching of sulfate may not be
an issue when MBA is used as SCM. The sulfate released by MSWI bottom
ash can be immobilized by forming ettringite (AFt) and monosulfate
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(AFm) [48].
e Leaching of antimony

The excessive leaching of Sb can be attributed to the organic acids
(such as humic and fulvic acids) in MBA and the alkalinity of MBA. The
organic acids would form mobile organo-metallic complexes with Sb,
promoting the leaching of Sb from MBA [155-159]. Tang et al. [48]
found that the leaching of Sb is associated with the organics in MSWI
bottom ash. The leaching of Sb was reduced after removing the decar-
boxylation of organic acids from MSWI bottom ash via heat treatment at
400 °C [160]. The end pH of the leachate obtained after the leaching test
of MBA is 9.7. Verbinnen et al. [160] performed the leaching test at a
liquid-to-solid ratio of 10 L/kg, the same as that used in this research.
The leaching of Sb from MSWI bottom ash was highest at the pH be-
tween 8 and 10.

Using MBA as SCM would dramatically reduce the leaching of Sb. In
cement system, the pore solution is supersaturated with Ca(OH),. The
pH value of the pore solution lies in the range of 12.4-13.5 [161].
Verbinnen et al. [160] found that the leaching of Sb from MSWI bottom
ash reached the lowest value at the pH between 12 and 14, which was
around one-quarter of the amount of Sb leached at pH of 9. Accordingly,
the leaching of Sb under the alkalinity of cement pore solution would be
much lower than that at the pH of 9.7. Besides, the Ca®" dissolved by
Portland cement clinker could react with Sb released from MBA to form
calcium antimonate precipitates [162], which could inhibit the leaching
of Sb. The hydration products, such as C-S-H gel and ettringite, could
also incorporate the heavy metals released by MSWI bottom ash via
physical and chemical adsorption [163,164].

The excessive leaching of Sb would not be an issue when using 100 %
MBA to prepare AAM. According to the thermodynamic simulation re-
sults illustrated in Fig. 12 (a), the pore solution of alkali-activated MBA
paste would have a pH of around 13.8 to 14.74. At this alkalinity, the
leaching of Sb from MSWI bottom ash would be very small [160]. The
zeolite minerals (including natrolite and Ca-chabazite) predicted to form
in alkali-activated MBA paste could function as adsorbents to immobi-
lize heavy metals [165]. The N-(C-)A-S-H gel and C-(N-)A-S-H gel, the
predicted reaction products in alkali-activated MBA paste, also have the
potential to encapsulate the heavy metals [166,167].

It is recommended to add BFS to MBA-based AAM systems in order to
reduce the leaching of contaminants. Blending MBA with BFS can reduce
the proportion of MBA in the AAM, decreasing the total amount of heavy
metals in the system. Adding BFS also increases the amount of reactive
Ca in the MBA-based AAM system, which in turn raises the pH of the
pore solution [35] and promotes the formation of calcium antimonate
precipitates [162]. In this way, the Sb released from MBA would be
immobilized. Since BFS is much more reactive than MBA, the reaction
products formed in AAM prepared with blends of BFS and MBA would be
more than that in AAM prepared with MBA. The gel phases formed in
AAM would contribute to the encapsulation of heavy metals.

3.2. Remarks on using MBA as SCM and AAM precursor

Based on the above analysis of the composition, reactivity, and
leaching potential of MBA, the following remarks are made about how to
use MBA for the preparation of blended cement pastes and alkali-
activated pastes.

e Quality upgrade treatments of MBA

It is not recommended to increase the reactivity of MBA by
increasing its amorphous phase because the amorphous phase already
accounts for 70 wt% in MBA, which is close to the amorphous content in
FA. The amorphous phase of MBA is rich in SiO, but deficient in CaO and
Al,03. Increasing the contents of reactive CaO and Al,O3 in MBA is more
beneficial to the reactivity enhancement of MBA.
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It is possible to use MBA as SCM and AAM precursor even without
removing heavy metals and soluble salts. The leaching of contaminants
from the construction materials prepared with MBA can be minimized
by limiting the addition of MBA to a low level. The reaction products
formed in MBA blended cement pastes or MBA-based AAM can immo-
bilize sulfate and Sb released by MBA.

It is important to reduce the metallic Al content in MBA and deter-
mine a threshold value before using MBA as SCM and AAM precursor.
The metallic Al in MBA will pose risks of volume expansion and strength
reduction to pastes prepared with MBA.

e Mix design of using MBA in blended cement pastes and AAM

When preparing blended cement pastes and alkali-activated pastes
with MBA, previous experience with Class F coal fly ash-based pastes can
be used as a reference because the reactivity of MBA is similar to that of
FA. However, it is challenging to obtain equivalent compressive strength
when the same mix design is used for MBA and FA. The presence of
metallic Al in MBA can lead to a strength decrease in MBA-based pastes.

The content of alkalis and Cl in MBA exceeds the acceptable upper
limits in Portland cement clinker. A threshold value for the dosage of
MBA in the binder of steel-reinforced concretes should be specified to
prevent the risk of steel corrosion. When using MBA in the binder of
concretes, the total amount of alkalis in the system should be controlled
to avoid the alkali-silica reaction caused by excessive addition of MBA.

According to the dissolution test results of MBA, the molar ratio of
dissolved Si/Al is much lower than the optimal value (1.9), indicating
that alkali-activated MBA may have low early-age strength. For the mix
design of MBA-based AAM, it is recommended to add an appropriate
amount of water glass or more reactive Si-enriched precursors to the
MBA-based AAM system to increase the early-age strength.

The results of thermodynamic modeling indicate that when the Na;O
content in the activator is higher than 5 wt%, some of the Si released by
MBA cannot form stable reaction products with the Na provided by the
activator. This information needs to be considered when designing the
mix of MBA-based AAM. The NayO content in the activator may not
exceed 5 wt% to ensure that all the Si released by MBA is incorporated
into the reaction products. If the NayO content in the activator is set to be
higher than 5 wt%, it is recommended to add Ca- or Al-enriched pre-
cursors, such as blast furnace slag, to MBA-based AAM. Adding Ca- or Al-
enriched precursors can promote gel formation by consuming Si dis-
solved from MBA, resulting in a strength increase of MBA-based AAM.
The Ca®* dissolved from Ca-enriched precursors could also facilitate the
immobilization of Sb by forming calcium antimonate precipitates.

4. Conclusions

In this work, the reactivity and leaching potential of MSWI bottom
ash powder (MBA) as supplementary cementitious material (SCM) and
precursor for alkali-activated materials (AAM) were studied. Based on
the experimental results and analysis, recommendations about how to
use MBA in blended cement pastes and AAM were provided. The find-
ings of this study are summarized as follows:

e The chemical and mineralogical compositions of MBA are similar to
those of the MSWI bottom ash reported in the literature. The amor-
phous content in MBA is slightly lower than Class F coal fly ash (FA),
but much lower than blast furnace slag (BFS). The amorphous phase
of MBA has a chemical composition falling within the same range as
that of Class F coal fly ash. Calculating the relative contents of SiOo,
Ca0, and Al,Os3 (such as the CaO/SiO, and SiO5/Al;O3 ratios) in the
amorphous phase can be used as a simplified method to select the
AAM precursors that may have high reactivity.

When using the rapid, relevant, and reliable (Rg) methods to measure
the pozzolanic reactivity of MBA, the effect of metallic Al on the test
results needs to be considered. The reactivity of MBA as AAM
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Fig. Al. (a) and (b) Molar percentages of the end-members in the solid solution used for the description of the C-(N-)A-S-H gel predicted in alkali-activated MBA
paste and alkali-activated BFS paste. (c) and (d) Molar percentages of the end-members in the solid solution used for the description of the N-(C-)A-S-H gel predicted
in alkali-activated MBA paste and alkali-activated FA paste. These end-members were defined in the N(C)ASH_ss model [56] and C(N)ASH_ss model [54]. Detailed
information about these end-members can be found in Table 1 and Table 3. The data is presented as a function of the Na20 content in the activator. The percentage of
Na20 is with respect to the mass of the precursor.

precursor can be measured by dissolution tests. The dissolution test
results provide information about the early-age reaction of MBA.
According to the dissolution test of MBA, the molar ratio of dissolved
Si/Al is much lower than the optimal value (1.9), indicating that
alkali-activated MBA may have low early-age strength. It is recom-
mended to add soluble Si or more reactive Si-enriched precursors
into MBA-based AAM to increase the early-age strength.
Thermodynamic modeling is a promising method to guide the mix
design of MBA-based AAM. The chemical and mineralogical com-
positions of MBA are within the same ranges as the compositions of
MSWI bottom ash used by previous researchers. The phase assem-
blages of alkali-activated MBA paste predicted by thermodynamic
modeling are in good agreement with the experimental results re-
ported in the literature. The modeling results for the composition and
the pH of the pore solution in alkali-activated MBA provide in-
dications about the reaction of MBA. The predicted pH value can be
used to analyze the risk of contaminants leaching from the MBA-
based AAM.

The accuracy of thermodynamic modeling results is determined by
the ideal solid solution model used for the simulation of the gel
phases. Given that the composition of the amorphous phase in MSWI
bottom ash is within the same range as Class F coal fly ash, it is
recommended to extend the N(C)ASH_ss model proposed for Class F
coal fly ash and improve its accuracy in predicting the reaction
products of alkali-activated MSWI bottom ash. The experimental
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study of the solid phase evolution of alkali-activated MSWI bottom
ash pastes is required to validate the simulated solid phase evolution.
Considering the wide variety of the MSWI bottom ash produced in
the world, it is recommended to study the ones with representative
chemical and mineralogical compositions.

e As SCM and AAM precursor, the reactivity of MBA is close to FA but
much lower than BFS. When MBA is used to prepare blended cement
pastes and alkali-activated pastes, the mix design can refer to pre-
vious experience with the pastes prepared with Class F coal fly ash.
However, it is necessary to determine the threshold value for the
metallic Al content in MBA. The dosage of MBA in blended cement
pastes and alkali-activated pastes should not exceed 50 wt% to avoid
the excessive leaching of contaminants (especially antimony and
sulfates) into the environment.
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Appendix A

Thermodynamic modeling was used to predict the reaction products
that could form after the alkali activation of mechanically treated MSWI
bottom ash (MBA), Class F coal fly ash(FA), or blast furnace slag (BFS).
According to thermodynamic modeling, the gel phases formed in alkali-
activated MBA paste will be C-(N-)A-S-H gel and N-(C-)A-S-H gel. The
gel phase generated upon the alkali activation of BFS is C-(N-)A-S-H gel.
The N-(C-)A-S-H gel is the amorphous reaction product formed in alkali-
activated FA paste. The chemical composition of the gel formed in alkali-
activated MBA paste is compared with that of the gel formed in alkali-
activated BFS paste and alkali-activated FA paste, respectively.
Detailed information is presented in the following sections.

e Predicted C-(N-)A-S-H gel

In thermodynamic calculation, the chemistry of the C-(N-)A-S-H was
simulated by the sublattice solid solution. The changes in the solid so-
lution reflect the structure and composition changes of the C-(N-)A-S-H
gel. Figure A 1 (a) and (b) provide information about the end-members
chosen within the CNASH_ss model to define the C-(N-)A-S-H gel in
alkali-activated BFS paste and alkali-activated MBA paste.

As illustrated in Fig. Al (a), the solid solution used to describe the
chemistry of the C-(N-)A-S-H gel in alkali-activated BFS paste consists of
eight end-members. The molar percentages of the C-A-S-H end-members
(5CA, INFCA) and the C-S-H end member (T5C) in the solid solution
model decreased with increasing Na,O content in the activator. Mean-
while, the molar percentages of C-N-A-S-H end-members (INFCNA and
5CNA) increased in the solid solution model. The C-N-A-S-H end-
members have a higher Na content than the C-A-S-H and C-S-H end-
members. This composition change in the solid solution indicates that
the Na content of C-(N-)A-S-H gel in alkali-activated BFS paste would
increase after increasing the NayO content in the activator.

For alkali-activated MBA paste (see Fig. A1 (b)), the C-N-S-H end-
member (INFCN) was the dominant component of the solid solution
used for the description of the C-(N-)A-S-H gel. The INFCN has a Ca/Si
molar ratio of 0.67 (see Table 1). This value is lower than most end-
members selected in the solid solution that represents the chemical
composition of the C-(N-)A-S-H gel in alkali-activated BFS paste.
Accordingly, the Ca/Si molar ratio of the C-(N-)A-S-H gel in alkali-
activated MBA paste could be much lower than that in alkali-activated
BFS paste. The lower Ca/Si in the C-(N-)A-S-H gel of alkali-activated
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MBA paste can be attributed to the lower CaO content in the amor-
phous phase of MBA (Table 8).

Apart from the C-N-S-H end-member (INFCN), the solid solution used
to describe the C-(N-)A-S-H gel of alkali-activated MBA paste also in-
cludes C-A-S-H end-members (INFCA, 5CA) and C-N-A-S-H end-member
(INFCNA). The total amount of these Al-bearing constituents in the solid
solution was predicted to be less than 10 mol%, and their molar per-
centages decreased with the increase in NayO content. In the case of
alkali-activated BFS paste, much more Al-bearing end-members (54 to
67 mol %) were included in the solid solution to simulate the C-(N-)A-S-
H gel. This forecast suggests that the C-(N-)A-S-H gel formed in alkali-
activated MBA paste would incorporate much less Al than that in
alkali-activated BFS paste. The low Al content in the C-(N-)A-S-H gel of
alkali-activated MBA paste could be explained by the low Al;O3 content
(7.9 wt%) in the amorphous phase of MBA.

In addition, as predicted by the modeling, the total amount of the C-
S-H end-members in the solid solution would not exceed 15 mol% for the
C-(N-)A-S-H gel of alkali-activated MBA paste. At the same NayO wt.%,
the molar percentages of the C-S-H end-members in the solid solution
representing the C-(N-)A-S-H gel in alkali-activated MBA paste was
forecast to be much lower relative to alkali-activated BFS paste (Figure A
1 (a) and (b)). For alkali-activated MBA paste, the molar percentages of
the C-S-H end-members in the solid solution decreased with the increase
of NayO content. The C-S-H end-members (T2C, T5C, TobH) selected in
the solid solution model to define the C-(N-)A-S-H gel were derived from
the downscaled CSH3Tmodel [61]. The C-S-H end-members defined in
the CSH3T model have a Ca/Si ratio between 0.67 and 1.5.

According to Zhu et al. [59], the chemical structure of the C-S-H gel
formed in alkali-activated MSWI bottom ash paste was similar to that
detected in 10-month Portland cement paste. Although the C-S-H end-
members belonging to the CSHQ model were selected in the database,
these endmembers were chosen by the model for the simulation of the C-
(N-)A-S-H gel in alkali-activated MBA paste. The CSHQ model [33,61] is
usually used in the thermodynamic modeling of Portland cement [61].
The Ca/Si ratio of the C-S-H gel described in the CSHQ model ranges
from 0.67 to 2.25 [61]. A possible explanation for this prediction could
be that the amorphous phase of MBA has much less CaO than cement
clinker [168], resulting in a lower Ca/Si ratio of the C-S-H gel. In
comparison, the CaO content (determined by XRF) in the MSWI bottom
ash used by Zhu et al. [59] was almost two times that in MBA. The C-S-H
gel synthesized by Zhu et al. [59] could have a higher Ca/Si ratio and
thus was more similar to the C-S-H gel of Portland cement.

e Predicted N-(C-)A-S-H gel

The compositions of the solid solution used for the description of the
chemistry of the N-(C-)A-S-H gel in alkali-activated FA paste and alkali-
activated MBA paste are shown in Figure A 1 (c) and (d). The solid so-
lution representing the N-(C-)A-S-H gel in alkali-activated MBA paste
was predicted to mainly consist of the N-A-S-H end-members. The N-A-S-
H end-members were also expected to be the main components of the N-
(C-)A-S-H gel formed after the alkali activation of FA. These modeling
results about the solid solution suggest that the N-(C-)A-S-H gel in alkali-
activated MBA paste and alkali-activated FA paste could be similar in
chemical structure and composition. This prediction is consistent with
the experimental results reported by Zhu et al. [59,60]. In their research,
the aluminate silicate gel found in alkali-activated MSWI bottom ash
paste had a chemical structure similar to that found in the 180-day
alkali-activated Class F coal fly ash.

In addition to the N-A-S-H end-members, the N-C-A-S-H end-
members were also included in the solid solution model to consider
the uptake of Ca by N-A-S-H gel in alkali-activated MBA paste and alkali-
activated FA paste. Compared with alkali-activated FA paste, the pro-
portions of these Ca-bearing end-members selected to model the N-(C-)
A-S-H gel in alkali-activated MBA paste were smaller. For alkali-
activated MBA paste, the Ca-bearing end-members in the solid
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solution decreased from around 20 mol% to zero when increasing the
NayO content from 2 to 10 wt% in the activator. For alkali-activated FA
paste, the total amount of N-C-A-S-H end-members in the solid solution
was in the range of 15 to 40 mol %. The prediction about the Ca-bearing
end-members indicates that the Ca content of the N-(C-)A-S-H gel in
alkali-activated MBA paste would be lower than that in alkali-activated
FA paste.
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