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Abstract

Hazardous heavy metals in municipal solid waste incineration (MSWI) fly ash are a threat to the
environment and eco-systems. Alkaline activation was considered as a potential method in the
waste management field. In this thesis work, the solidification/stabilization of MSWI fly ash were
investigated through the alkaline activation reaction. First, the effects of metallic aluminum on the
expansion and microstructure of alkali-activated MSWI fly ash-based pastes were investigated.
Then, effects of aluminum dosage on gel formation and heavy metals immobilization in alkali-
activated MSWI fly ash were given. After that, the influence of waste glass on the immobilization
of heavy metals originated from MSWI fly ash was studied. Finally, co-disposal of MSWI fly ash
and spent caustic was investigated.

In these experiments, the compressive strength was performed to assess the consolidation effect,
and heavy metals concentration measurement was used to get qualitative the immobilization effect
of heavy metals. Then alkali-activated MSWI fly ash-based pastes were characterized by scanning
electron microscopy (SEM), x-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS) and 2°Si nuclear magnetic resonance (NMR)
spectra for the microstructure and immobilization mechanisms of heavy metals. Total organics

carbon (TOC) was measured to access the organics immobilization effect.

Through studying the effects of metallic aluminum on the expansion and microstructure of alkali-
activated MSWI fly ash-based pastes, it is concluded that MSWI fly ash could be consolidated
through alkaline activation when using a small amount of aluminosilicate additives to adjust the
reactive silica and aluminum ratios. The expansion in alkali-activated MSWI fly ash-based pastes
could be eliminated using an optimized preparation process, with which the compressive strength
of the pastes increased. Through studying the aluminum dosage on gel formation and heavy metals
immobilization in alkali-activated MSWI fly ash, it is found that 1) small amount of aluminum
addition increased compressive strength and improved the immobilization of heavy metals; 2) the
addition of aluminum dosage converted soluble chloride salt into Friedel’s salt, subsequently,
improve the immobilization of heavy metals. By investigating the influence of waste glass on the
immobilization of heavy metals originated from MSWI fly ash, it is concluded that waste glass
addition effectively reinforced the consolidation of MSWI fly ash and immobilized the heavy

iv
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metals. As 40% addition of waste glass, the compressive strength reached a maximum of 3.55 MPa.

The immobilization efficiency of Cr increased with the addition of waste glass, while that of Cu,
Pb, Zn and Cd is dependent on the eluant final pH, which decreased with the decrease of eluant
final pH. The main immobilization mechanisms include physical encapsulation, alkaline
environment formation and the generation of insoluble compounds. Through studying co-disposal
MSWI fly ash and spent caustic, it was found that the sulfate in spent caustic favored the ettringite
formation in spent caustic-activated pastes. Compared with NaOH-activated pastes, spent caustic-
activated pastes formed less Q*(4Al), leading to the compressive strength of spent caustic-activated
pastes was higher than that of NaOH-activated pastes. However, the spent caustic-activated pastes
exhibited a weaker immobilization performance for Cu, Pb, Zn and Cd, and a better performance
for Cr (V1), comparing to NaOH-activated pastes. The presence of organics and the formation of
ettringite in spent caustic-activated pastes made the immobilization of Cr(VI) more feasible. For

the immobilization of organics, the spent caustic-activated pastes were of a medium performance.

Keywords: MSWI fly ash; Alkaline activation reaction; Microstructure; Si NMR spectra, Waste

glass; spent caustic
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Resumen

Los metales pesados peligrosos presentes en las cenizas volantes de la incineracidn de residuos
sdidos urbanos (RSU) representan una amenaza para el medio ambiente y los ecosistemas. La
activacicn alcalina se considerGun méodo potencial en el campo de la gesticn de residuos. En este
trabajo de tesis, se investigd la solidificacién/estabilizacicn de las cenizas volantes de RSU
mediante la reaccicn de activacicn alcalina. En primer lugar, se investigaron los efectos del
aluminio metdico en la expansién y microestructura de las pastas a base de cenizas volantes de
RSU activadas con dcali. A continuacidn, se analizOlos efectos de la dosis de aluminio sobre la
formacidn de gel y la inmovilizacidn de metales pesados en las cenizas volantes de RSU activadas
con dcali. A continuacid, se estudidla influencia del vidrio reciclado en la inmovilizacicn de los
metales pesados procedentes de las cenizas volantes de RSU. Por dtimo, se investigd la co-

eliminacién de las cenizas volantes de RSU y la sosa caustica gastada.

Durante la experimentacidn, se determindla resistencia a la compresin para evaluar el efecto de
consolidacidn, y se utilizGla medicidn de la concentracién de metales pesados para obtener el
efecto cualitativo de inmovilizacicn de los metales pesados. A continuacid, las pastas a base de
cenizas volantes activadas con dcali se caracterizaron mediante microscop & electrénica de barrido
(MEB), difraccicn de rayos X (DRX), espectroscopia de infrarrojos por transformada de Fourier
(FTIR, por sus siglas en ingles), espectroscopia de fotoelectrones de rayos X (XPS, por sus siglas
en ingles) y espectros de resonancia magnéica nuclear (Espectroscop B RMN) de 29Si para la
microestructura y los mecanismos de inmovilizacicn de los metales pesados. Se midiGel carbono

organico total (COT) para determinar al efecto de inmovilizacicn de los organicos.

Mediante el estudio de los efectos del aluminio metdico en la expansin y microestructura de las
pastas a base de cenizas volantes de RSU activadas con dcali, se concluydque las cenizas volantes
de RSU podr &n consolidarse mediante activacicn alcalina cuando se utiliza una pequefa cantidad
de aditivos de aluminosilicato para ajustar las proporciones de sfice reactiva y aluminio. La
expansian en las pastas a base de cenizas volantes de RSU activadas con dcali pod m eliminarse
utilizando un proceso de preparacicn optimizado, con lo que aumentaba la resistencia a la
compresicn de las pastas. Comparando las diferentes dosis de aluminio en la formacién de gel y la
inmovilizacicn de metales pesados en las cenizas volantes de RSU activadas con dcali, se

Vi
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encuentra que 1) Una pequefa cantidad de adicicn de aluminio aumentd la resistencia a la

compresicn y mejoro la inmovilizacidn de los metales pesados; 2) La adicicn de la dosis de
aluminio convirtié la sal de cloruro soluble en sal de Friedel, posteriormente, mejor® la
inmovilizacicn de los metales pesados. Al investigar la influencia del vidrio reciclado en la
inmovilizacidn de los metales pesados procedentes de las cenizas volantes de RSU, se concluye
que la adicicn de vidrio reciclado reforz&eficazmente la consolidacidn de las cenizas volantes de
RSU e inmovilizdlos metales pesados. Con un 40% de adicicn de vidrio de desecho, la resistencia
a la compresicn alcanzoun m&imo de 3,55 MPa. La eficiencia de inmovilizacicn del Cr aument®
con la adicién de vidrio de desecho, mientras que la del Cu, Pb, Zn'y Cd depende del pH final del
eluyente, la cud disminuy® con la disminucicn del pH final del eluyente. Los principales
mecanismos de inmovilizacidn incluyen la encapsulacicn fEica, la formacidh de un entorno
alcalino y la generacicn de compuestos insolubles. Mediante el estudio de las cenizas volantes de
RSU y la sosa caustica gastada, se descubrioque el sulfato de la sosa caustica gastada favorec & la
formacid de etringita en las pastas activadas con sosa caustica gastada. En comparacién con las
pastas activadas con NaOH, las pastas activadas con sosa caustica gastada formaban menos
Q*(4Al), lo que hac & que la resistencia a la compresién de las pastas activadas con sosa caustica
gastada fuera mayor que la de las pastas activadas con NaOH. Sin embargo, las pastas activadas
con sosa caustica gastada mostraron un menor rendimiento de inmovilizacicn para el Cu, Pb, Zny
Cd, y un mejor rendimiento de inmovilizacicn para el Cr (VI1), en comparacidn con las pastas
activadas con NaOH. La presencia de sustancias organicas y la formacin de ettringita en las pastas
activadas con sosa caustica gastada hicieron m& factible la inmovilizacian de Cr(V1). Para la
inmovilizacidn de organicos, las pastas activadas con caustica gastada tuvieron un rendimiento

medio.

Palabras clave: Cenizas volantes de RSU; Reaccidn de activacicn alcalina; Microestructura;

Espectros de RMN de 29Si, Vidrio reciclado; Caustico usado
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Introduction

With the urbanization and the development of industry and economy, municipal solid waste is
growly generated. In the treatment of municipal solid waste, landfill is mainly used. However, vast
areas occupation, toxic bacteria and viruses remain, and underground water pollution in landfill
area prompt to seek other methods for the treatment of municipal solid waste. Waste-to-energy
technology is becoming a more preferred method for the disposal of municipal solid waste (Luo et
al., 2019; Mroueh et al., 2001; Phua et al., 2019; Sarmiento et al., 2019), due to its advantages of
mass and volume, recycles thermal energy, and disinfects toxic bacteria and viruses (Du et al.,
2019; Tian et al., 2020b; Y. Wang et al., 2018; Xin-gang et al., 2016). In the incineration process,
municipal solid waste incineration (MSWI1) fly ash was produced. It contains a large amount of
heavy metals (e.g., Pb and Cr) and toxic organics (e.g., PCDD). When exposed to landfill
conditions, it would pose environmental threats due to its leaching behavior of heavy metals and
toxic organic matter (Nowak et al., 2012). Therefore, it has been defined as hazardous waste (Zhan
et al., 2018).

Alkaline activation is the generic term that is applied to the reaction of a solid aluminosilicate
(termed the “precursor’’) under alkaline conditions (induced by the “alkaline activator”) to produce
a hardened binder with combined phases of hydrous alkali-aluminosilicate (N-A-S-H) and calcium
silicate hydrate (CSH). Alkali-activated materials could be designed to have superior properties
compared to binders prepared from Ordinary Portland Cements (OPC), namely better resistance to
acids and sulfate (Bakharev, 2005), better heat resistance (Sarker et al., 2014; Sarker and Mcbeath,
2015), lower drying shrinkage and creep (Sagoe-Crentsil et al., 2013), and higher strength (Bakri
etal., 2013). It is proved that many materials containing silica and aluminum can be alkali-activated
(Lietal., 2010).

Alkali-activated materials have found a variety of applications, particularly since the 1970s, such
as agricultural, industrial, residential, transportation (e.g., railway ties), mining, various high-
volume applications, oil well cements, and water stop or sealing applications. As discussed, one of
the major newer applications expected to play an increasingly important role is in waste

management, including nuclear waste management and immobilization of toxic metals.
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In the current thesis work, we investigated the consolidation of MSWI fly ash using alkaline

activation reaction, and immobilization of its heavy metals through the produced gel.

Justification

In MSWI fly ash, the content of heavy metals is generally 10-100 times higher than the background
value of the soil. In addition, the MSWI fly ash is powdery, and it has a strong mobility, so it is
easily washed away by the water and spreads the pollutants (Audry et al., 2004; Bolan et al., 2014;
Conesa et al., 2010). According to the United States Environmental Protection Agency (USEPA),
the maximum concentration of contaminants for toxicity characteristic leaching procedure is
summarized in Table 1. These contaminations are known to have adverse effects on individual
biological recipients and populations (Bolan et al., 2014; Kom&ek et al., 2013). Therefore, the safe
disposal of MSWI fly ash is an essential environmental protection task. This disposal mainly

involves the consolidation of MSWI fly ash and the immobilization of toxic components in it.

Table 1. Maximum concentration of contaminants for toxicity characteristic leaching procedure

USEPA hazardous waste code Contaminants Regulated level (ppm)
D004 arsenic (As) 5.0
D005 barium (Ba) 100.0
D006 cadmium (Cd) 1.0
D007 chromium (Cr) 5.0
D008 lead (Pb) 5.0
D009 mercury (Hg) 0.2
D010 selenium (Se) 1.0
D011 silver (Ag) 5.0
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Hypothesis

In the present thesis, we hypothesize that MSWI fly ash can be consolidated through applying
appropriate regimes in the alkaline activation process, and the heavy metals can be immobilized in
the formed alkali-activated cementitious binders based on MSWI fly ash. Several reasons would
support the solidification/stabilization of MSWI fly ash through alkaline activation based on the
reaction parameters. 1) MSWI fly ash is calcium oxide and aluminosilicates, which are suitable
raw materials for alkaline activation; 2) minerals in MSWI fly ash are highly activated by the
incineration process; 3) MSWI fly ash contains high alkalinity, which could be partly activator; 4)
Alkaline activation materials have high compressive strength and the formation of alkaline
surroundings with high acid resistance and durability, which could retain heavy metals in the form
of hydroxide; and 5) the three-dimensional microstructure of Alkaline activation materials is

beneficial to micro-encapsulate heavy metals.
General Objective

We attempt to consolidate the MSWI fly ash and to immobilize its heavy metals through the
alkaline activation process, as well as to obtain a further understanding of the mechanisms.

Particular objectives

1) To collect and characterize MSWI fly ash samples.

2) To study the preparation regimes and processes in the preparation of alkali-activated MSWI fly

ash-based paste.
3) To characterize the microstructures of the prepared alkali-activated MSWI fly ash-based paste.

4) To study the effect of the dosage of silicon and aluminum on the solidification/stabilization of
MSWI fly ash-based paste.

5) To study the mechanisms for the consolidation of MSWI fly ash and immobilization of heavy

metals through the alkaline activation process.

6) To find a waste-derived alkaline activator for the co-disposal of MSWI fly ash.

10
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CHAPTER 1.

Literature Review
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1.1. Origin of MSWI fly ash

According to the National Bureau of Statistics of China (2020), more than 242 million tons of
municipal solid waste were collected in 2019, which surging increase compared to the 157 million
tons in 2009. It is estimated that more than 300 million tons of municipal solid waste will be
collected in 2030 (Lu et al., 2017). How to dispose of millions of tons of municipal solid waste is
becoming the biggest issue for environmental managers (Kanhar et al., 2020); alternatively,
municipal solid waste disposal is expected to make developments in improved landfill bioreactors,
composting and thermal processes. Amongst these, incineration is widely accepted because it
dramatically reduces the mass and volume, recycles thermal energy, and disinfects toxic bacteria
and viruses (Du etal., 2019; Y. Wang et al., 2018; Xin-gang et al., 2016). Because of its advantages,
the amounts of waste incineration increased from 20 million tons in 2011 to 101 million tons in
2018 in China (National Bureau of Statistics of China, 2019).

In an incineration plant, there is the combustion chamber where the waste is burnt for volume
reduction, the boiler system to recover energy, and the air pollution control system to reduce
emissions. The air pollution control system removes fine particulates (with devices such as the
electrostatic precipitator, fabric filter, or cyclone) and regulates harmful gases (with devices such
as dry lime scrubbing or wet lime scrubbing) (Phua et al., 2019). According to the International
Ash Working Group (IAWG), MSWI fly ash is defined as the ash that is discharged from the
combustion chamber without the addition of any type of sorbents, such as the ash from a
superheater, economizer and air preheater. However, in the study of municipal solid waste
incineration (MSWI1), fly ash is referred to the air pollution control (APC) residues that include the
ash trapped by electrostatic precipitators and bag filters. It is estimated that the amount of MSWI
fly ash produced accounts for approximately 3—-10% of incineration waste (Yao et al., 2014). The
MSWI fly ash possesses a higher amount of heavy metal concentrations than that of bottom ash,
which is resulted from the chemical partitioning of heavy metals accelerated by the temperature
and the presence of chlorine, originated from the types of wastes incinerated (food, PVC, etc.)
(Wang et al., 2019). Therefore, various countries, such as the USA, France, Canada, Japan, Italy,
Germany, Sweden, etc., have introduced policies for the proper control and management of MSWI

fly ash.
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1.2. Properties of MSWI fly ash

The properties of MSWI fly ash were influenced by some factors such as the source of waste
incinerator design, combustion method, combustion conditions, and type of air pollution control
system. Therefore, the properties of MWSI fly ash will be quite complicated. Therefore, it is
necessary to understand the properties of the MSWI fly ash itself before disposal or recycling of
the MSWI fly ash.

1.2.1. Physical properties of MSW!I fly ash

Physical properties such as particle size distribution, permeability, moisture content, and density
generally affect heavy metal leaching and determine the environmental impacts after disposal. The
particle size distribution, which is estimated by sieving, is one of the most important physical
properties as MSWI fly ash with smaller particle size tends to retain a higher concentration of heavy
metals (Shi and Kan, 2009; S. Wan et al., 2018) due to the larger surface area for condensation of

volatile heavy metals.

The particle size of MSWI fly ash is on the micron scale. Size is influenced by the municipal solid
waste feedstock and location that the particulates are collected, and it also is largely dependent on
operating conditions of the incinerator, such as flue gas velocity and temperature in the heat
recovery system (boiler). As we can see from Table 1.2.1, the average size in terms of % volume
passing Dso of MSWI fly ash is between 10-166.41 um. Other information such as the Dio and Dgo
indicating the smallest 10% and largest 10% fraction can also be used to illustrate the size
distribution. Besides, among the different types of MSWI fly ash, the more downstream the point
of the collection is, the smaller the particle sizes are, as the larger fly ash particles are captured by

the upstream systems (boiler, economizer).

Table 1.2.1. The particle size distribution of MSWI fly ash

. . L
Volume particle size passing (%) References
Dio Dso Dao
2.15 10.02 31.03 (H. Lietal., 2015)
5 30.34 77 (Mangialardi, 2001)
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0.2 55 300 (De Boom and Degrez, 2012)
13.32 70.72 2.56 (Florea et al., 2016)
12.05 40 72 (Karlfeldt and Steenari, 2007)

104 166.41 332.08 (Linetal., 2018)

1.2.2. Chemical components of MSW!I fly ash

Table 1.2.2. The Chemical components of MSWI fly ash

Major elements (%)

References
SiO2 | Al203 | Fe203 | CaO | Na20 | K20 | MgO | CI SOs3
154 | 72 | 36 | 288 | 65 | 4.3 - 1196 | 87 | (Zhengetal., 2011)
422 | 133 | 203 | 496 | 254 | 517 | 1.66 | 12.48 | 6.15 | (X. Liuetal. 2018)
3.37 | 1.69 | 1.04 | 3943 | 2.88 | 2.65 | 1.02 |16.32 | 2.94 (Diaz-Loya et al.,
154 | 72 | 36 | 288 | 65 | 43 | 22 | 196 | 87 | (Zhengetal., 2010)
164 | 4.7 59 | 315 - - 6.9 145 | 6.3 (Lietal., 2014)
Heavy metals (ppm)

Pb Cd Cr Cu Zn Ni Rb Sr

826 103 | 1369 | 2817 | 3692 78 - - (Zheng et al., 2011)
339 - 22 160 | 1994 - - - (X. Liuetal., 2018)
826 103 1785 | 2817 | 3692 - - - (Zheng et al., 2010)
1232 66 70 553 5060 - - - (Lietal., 2014)
1030 - 210 710 | 8800 44 200 (Assi et al., 2020)

The chemical components of MSWI fly ash were classified as major elements and heavy metals.

The major elements were characterized by X-ray fluorescence (XRF) and given in the form of
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oxide. The heavy metals were usually determined through digesting the sample and then was

measured by an inductively coupled plasma spectrometer (ICP). Table 1.2.2 lists the composition

of MSWI fly ash in several countries and regions. It can be seen that MSWI fly ash is a CaO-

SiO2-Al203-SO3-Cl based system that is rich in the elements of calcium and chlorine and

relatively have scarcity in silicon and aluminum. For air pollution control (scrubber unit), lime is

added to the gas stream to neutralize the acidic gases such as HCI to form CaCl.. This leads to

MSWI fly ash contains high contents of calcium and chlorine. Except for these major elements,

there also are many kinds of heavy metals, such as lead (Pb), zinc (Zn), copper (Cu), chromium

(Cr), cadmium (Cd), arsenic (As), and selenium (Se). Even though their contents are relatively

low, they have been studied extensively due to their high toxicity.

Other than inorganic elements, MSWI fly ash also contains toxic organic pollutants. Chlorinated

organic compounds, such as chlorobenzene, polychlorinated biphenyls (PCBs), polychlorinated

dibenzodioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs), have been detected (Tabata

et al., 2013). The presence of various forms of organic and inorganic chlorides results in the

formation of PCDDs and PCDFs during the cooling process of the flue gas.

1.2.3. Mineralogy of MSW!I fly ash

Table 1.2.3. The mineralogy of MSWI fly ash

Mineralogy

References

Calcium chloride hydroxide (CaCIOH), halite (NaCl), sylvite (KCI),
anhydrite (CaSOa4), calcite (CaCOs), and quartz (SiOz2)

(Zheng et al., 2011)

Calcium chloride hydroxide (CaCIOH), sylvite (KCI), anhydrite
(CaS0s4), quartz (SiOz2), and halite (NaCl)

(Zheng et al., 2010)

Halite (NaCl), sylvite (KCI), quartz (SiO2), calcite (CaCOs), and
anhydrite (CaSQa)

(Lietal., 2014)

Halite (NaCl), sylvite (KCI), Calcium chloride hydroxide (CaCIOH),
anhydrite (CaSOa4), calcite (CaCOs3), and calcium oxide (CaO)

(Liu etal., 2021)

quartz (SiO2), mullite (AleSi2013), calcium oxide (CaO), and
corundum (Al203)

(Guo and Zhang, 2020)

Calcium chloride hydroxide (CaCIOH), sodium chloride (NaCl),
sylvite (KCI), calcite (CaCOs), anhydrite (CaSQa), and Ca(OH)z.

(Assi et al., 2020)
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The mineralogy of MSWI fly ash was studied by X-ray diffraction (XRD). XRD analysis measures
the intensity of different crystal peaks from each unique compound to estimate relative amounts
within the sample. However, MSWI fly ash contains many different phases, which can cause
overlapping and difficulties in identifying the phases. This problem is usually overcome by using
software programs to simplify the matching process. As can be seen in Table 1.2.3, the main
mineral phases in MSWI fly ash contain Calcium chloride hydroxide (CaCIOH), halite (NaCl),
sylvite (KCI), anhydrite (CaSOa), calcite (CaCQs), a certain kind of MSWI fly ash contains a minor

amount of quartz (SiO2).
1.2.4. Leaching behavior

MSWI fly ash is often disposed of in landfills (Lo and Liao, 2007). It has been reported that MSWI
ash may be recycled for the production of cement and concrete, road pavement, glasses and
ceramics, agricultural nutrients, stabilizing agents, adsorbents, and zeolites ((Dabo et al., 2009;
Ferreira et al., 2003). However, leaching of harmful elements, such as soluble heavy metals and
toxic organic compounds (e.g., dioxins and furans), is the main concern for MSWI ash disposal
and recycling (Baun and Christensen, 2004; Gao et al., 2017; Yin et al., 2018).

The leaching characteristics are influenced by several factors, including pH, liquid to solid (L/S)
ratio, ash properties, weathering and aging, leaching methods, contact time, and investigation scale
(Dou et al., 2017; Phoungthong et al., 2016). Static batch tests and dynamic column tests have been
used to evaluate the leaching of MSWI ash (Di Gianfilippo et al., 2016b). Column leaching tests
provide more reliable information because the percolation-based data are obtained from a flow-

through pattern similar to field conditions (Meza et al., 2010).

The pH is the most important physical property of MSWI fly ash as this affected the leaching of
heavy metals in it when it was exposed to the solution. On the other hand, MSWI fly ash contains
a significant amount of alkaline substances. Normally, it could establish an alkaline pH of around
11 to 12 in water, which exhibited a high buffering capacity against acidification called acid
neutralization capacity (ANC) (Dou et al., 2017). Moreover, the leaching of trace elements is highly
pH-dependent. In particular, the solubility of heavy metals is sensitive to pH. However, the degree

of sensitivity differs among different metal species (Quina et al., 2009). Most metal species (e.g.,
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Ca, Cu, Mn, Zn, Cd, and Pb) follow a cationic leaching pattern, and the concentrations of leached

elements decrease with increasing solution pH (Figure 1.2.1). In comparison, the maximum
leaching of Al and As is observed at extremely acidic (pH~2) and alkaline (pH ~12) conditions,
assigned to an amphoteric leaching pattern. Se and Ba show an oxyanionic leaching pattern and the
highest concentrations are reached at a very alkaline condition (pH>11) (Y. Zhang et al., 2016).
According to previous studies, the pH-dependent leaching of elements, except As, Se, Ag, and Cr,
is controlled by the dissolution of common minerals from MSWI fly ash (Di Gianfilippo et al.,
2016a) or by the precipitation of their hydroxides, carbonate, and sulfate solids (Cetin et al., 2012).
Sorption-controlled leaching mechanisms are proposed for As, Se, and Ag, while Cr leaching is

likely controlled by BaCrOa(s) minerals (Komonweeraket et al., 2015).
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Figure 1.2.1. Typical pH-dependent leaching behavior of Cr, Cu, Zn and Pb from different
MSWI fly ash (Luo et al., 2019)
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1.3. Methods to dispose of MSWI fly ash

Due to MSWI fly ash containing high chloride and toxic metals, it is necessary to be treated before
its disposal into landfill. The National Hazardous Waste List clearly designates that MSWI1 fly ash
must be stabilized before landfill. Therefore, various treatment techniques are exercised to
eliminate the hazardous and toxic content in MSWI fly ash. The characteristics of MSWI fly ash
may serve as a key tool to choose the best option for treatment (Zou et al., 2013). At present, there
are lots of studies carried out on the stabilization/removal of heavy metals from MSWI fly ash. The
treatment techniques can be classified as (1) separation processes, (2) thermal processes, and (3)
solidification/stabilization (S/S) processes. This section summarizes the treatment techniques of
fly ash developed in recent years. The treatment methods and principles of treatment of MSWI fly

ash are discussed below in Figure 1.3.1.

Separation Thermal Soli-di-ﬁca‘tion/
stabilization
Washing Sintering Chemical stabilization
Leaching Vitrification Accelerated carbonation
Electrochemical remediation Melting Portland cement solidification

Hydrothermal treatment

Figure 1.3.1. the treatment methods of MSWI fly ash

1.3.1. Separation process

Separation methods are mainly making use of the different chemical and physical properties in the
ash components to separate them using water washing, leaching, and electrochemical remediation.
The main goal of these methods is to improve the quality and homogeneity of the product for
further treatment or utilization, but some methods can also extract valuable metals (De Boom and
Degrez, 2015).

1.3.1.1. Washing processes

Washing processes are the most commonly applied pre-treatments of MSWI fly ash and have been

extensively investigated. MSWI fly ash contains a high amount of salt, which is detrimental to the
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stability and quality of final products (Chen et al., 2017). Therefore, washing processes are usually

a pretreatment method to remove these salt before the MSWI fly ash is consolidated. Washing pre-
treatment efficiency is dependent on the liquid to solid (L/S) ratio and on the number of washing
steps, especially for chloride extraction (L. Wang et al., 2010b). Generally, the washing process
could remove 90~95% of the chlorides at a properly L/S ratio and duration (Chen et al., 2016). The
L/S ratio of 25 with a 15-min duration was recommended by Mangialardi (2001), while Wang et
al. (2009) used only an L/S ratio of 2 with a 1-h duration to reduce the amount of effluent. It has
been reported that multi-step washing pre-treatment allowed better chlorides removal even at a low
L/S ratio (Mangialardi et al., 1999). In fact, due to the repetition of washing steps, it was possible
to increase the volume of water, which enhanced the removal of chlorides; the extraction of
chlorides was improved with greater volumes of water (Chen et al., 2017).

The extraction efficiency and leaching of undesirable metals are highly dependent on the pH of
the MSWI fly ash, the L/S ratio, and the metal of concern. Due to MSWI fly ash contains large
amount of alkaline substances, its pH higher than 12 when it exposed to water, resulting in the
amphoteric metals (Pb, Zn and Cr) to be leached out. Funari et al. (2017) investigated the
recovery of heavy metals after the washing process. They concluded that the results are highly
dependent on the particle size of the raw MSWI fly ash. Another study towards washing is to
develop agitation equipment and recirculation of wastewater in various sequential washing steps

to reduce the amount of wastewater generated (Chimenos et al., 2005).

1.3.1.2. Leaching

The objective of leaching is to extract heavy metals from MSWI fly ash under an aggressive
leaching environment. After that, the heavy metals were recovered from the leachate. The
extraction efficiency of heavy metals is dependent on the kind of extraction solvent, pH and liquid-
to-solid ratio. In a leaching solution, an increase in pH may hinder the leachability of heavy metals
because of the formation of insoluble hydroxides. Some researchers compared the efficiencies of
EDTA, HCIO4, HCI, NH4CI, NH4NOs, and various organic acids with usually used mineral acids
and water (Fedje et al., 2010; Okada et al., 2007). They found that strong mineral acids were
effective in the leaching of heavy metals compared to organic acids. In particular, Cu and Pb were

effectively removed by using EDTA, whereas NH4NO3s was seen as effective for Cu. Usually, the
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recovery efficiency is higher in acid leaching than alkaline leaching. Due to MSWI fly ash is of
high acid neutralization capacity (ANC), acid leaching is not economically feasible because it
would consume large amounts of acid used (Okada et al., 2007). Such a result highlighted the
economically suitable applicability of different options compared to the acid leaching, such as the
alkaline and the ammonia/chloride processes (Okada et al., 2007). Moreover, despite the lower
extraction efficiency compared to the acid leaching, the alkaline leaching displayed a better
efficacy for selective element recovery (Nagib and Inoue, 2000).

Bioleaching is considered perspective because it is more economical and environmentally-
sustainable alternative to the chemical leaching treatment (Xu et al., 2014). It has been reported
that the extraction efficiency of bioleaching is comparable to the chemical leaching with the use of
organic acids biologically produced by Aspergillus niger fungi (Bosshard et al., 1996; Wu and Ting,
2006). Similarly, the use of sulfur-oxidizing and iron-oxidizing bacteria mixed cultures provided
an elevated bioleaching efficiency towards several heavy metals, overcoming the limitations

arising from the use of the pure cultures, in separate or mixed applications (Ishigaki et al., 2005).
1.3.1.3. Electrochemical remediation

Electrodialytic remediation is a technique that combines electrodialysis with electromigration of
ions for the removal of heavy metals from MSWI fly ash. The basic principle of the electrodialytic
remediation technique involves the suspension of MSWI fly ash in a solution placed in
electrodialytic cells. An electric current is then applied across the cells, which enables the metal

ions to migrate towards the electrodes based on their charge (Kanhar et al., 2020).

The advantage of this method is that no additional chemicals are required and no residues are
generated. Jensen et al. (2015) have investigated the potential of electrodialysis on three different
types of MSWI fly ash. However, the removal efficiency of heavy metals was generally low when
the metal concentration becomes low. The operational parameters may help to achieve somehow
better results; like with low pH, higher amounts of heavy metals can be removed. Also, removal of
heavy metals was shown to be dependent on the current, density and the type of incineration residue
rather than the type of electrodialytic cells (Ottosen et al., 2016). (Viader et al., 2017) have tried
electrodialytic separation assisted by cationic membranes and achieved good removal efficiencies

for Cr, Cu, Ni, Pb, and Zn. In another study, pretreatment steps (water washing and sieving) were
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used to improve the electrodialytic process (Chen et al., 2018). Furthermore, research studies

should be carried out to minimize time consumption, lowering the demand for continuous energy
(Kanhar et al., 2020).

1.3.2. Thermal treatment

The thermal treatments are aimed to acquire stabilization in the residue, which is resistant to
leaching and creating a residue for utilization. Thermal treatment thus ensures the maximum
detoxification of residue. In contrast to this, Mangialardi et al. (1999) reported the threat by the
presence of alkali chlorides, sulfates and volatile compounds during the thermal treatments.
Therefore, these processes involve high temperatures, which increases the cost but creates a
possibility for the removal of pollutants and toxic materials (Margallo et al., 2015). Wang et al.
(2010a) reported an option to dodge heavy metal volatilization, achieving immobilization in a
specific atmosphere, use of additives, temperature and pretreatment. As thermal treatment
undergoes an air control system, Haiying et al. (2010) reported to take measures for cooling
methods because it may influence the characteristics and leaching behavior of residues. The major

thermal treatments are grouped as sintering, vitrification, melting and hydrothermal treatment.

1.3.2.1. Sintering

Sintering is the coalescence and densification of powdered substances into larger particles at
elevated temperatures below their melting point. This process usually takes place at temperatures
between 900 and 1100 <C. Sintering involves heating the MSWI fly ash to the point at which
particle bonding occurs and chemical phases in the MSWI fly ash reorganize; then the solid phase
transformation and recrystallization occurs, which results in a product with lower porosity and with
higher density and strength. The sintered product with lower porosity tends to eliminate the chances

of leachability from the final product.

Several studies have been performed to investigate the effects of sintering on MSWI fly ash (Fedje
et al., 2010; Mizutani et al., 1996). According to R. Li et al. (2015), the sintered heavy metals (Zn,
Cr, Pb, and Cu) were mainly present in an oxidized form. Except for Pb, the leaching concentrations
of most of the heavy metals were within the limits of the national standard. No significant increase
was seen in the leaching concentrations of heavy metals even after 30 days of aging of sintered

products. The operational conditions, such as sintering time and treatment temperature, may have
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an influence on the solidification of heavy metals. Therefore, to establish an overall pollution

toxicity index (OPTI), a study was conducted by Chou et al. (2009) for the evaluation of heavy
metal pollution. According to experimental results, higher sintering temperature led to more
volatilization of heavy metals, and the lowest value for the overall pollution toxicity index (OPTI)
was at 1040 <C. Wang et al. (2008) concluded that higher integrated control efficiency conditions
of heavy metals were achieved at lower temperatures and shorter times. Some suggested various
pretreatments such as water washing, ball milling, sieving and pelletizing of the MSWI fly ash
(Wang et al., 1998). These pretreatments are comparable to traditional ceramic processing as the
glass-ceramics produced by the sintering process often undergo pre-melting (Boccaccini et al.,
2000). The study on untreated fly ash by Mangialardi (2001) proved ineffective for the production
of concrete aggregates because of the adverse chemical characteristics of these MSWI fly ashes in
terms of chloride, sulfate, and vitrifying oxide contents. Contrastingly, to counter the presence of
soluble salts, water-washing treatment can enhance the chemical properties of sintered products,
which, according to Wey et al. (2006), satisfies the basic requirements for concrete aggregates.
Water washing treatment is not only effective for the removal of metal chlorides but also serves as
an effective tool for reducing the sintering temperature and treatment time. Although water washing
lowers the power consumption during the sintering, it would require further treatment for

wastewater generated.

Co-sintering with various additives such as bottom ash and slag to achieve the optimal proportion
of CaO and SiOz ratio for better mechanical properties has been demonstrated (Hu et al., 2016). It
is also found that Ca aluminosilicate formed during co-sintering is capable of suppressing ash

agglomeration and favoring metal chloride recovery via volatilization.

1.3.2.2. Vitrification

Vitrification is the melting of ash residues with other glass-forming additives to produce a
homogenous liquid phase between 1100 and 1500 <C, followed by rapid cooling to form a rigid
and amorphous glassy matrix without crystallization (Quina et al., 2008a). Vitrified products are
generally more consistent and chemically stable due to the incorporation of heavy metals into the
glass matrix to form a homogenous solid phase and also the encapsulation effects provided by the

outermost glassy layer (Ghouleh and Shao, 2018). Although vitrification is a technically feasible
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solution, the high energy consumption during the process increases the treatment cost and this has

limited its potential due to economic issues. Therefore, the research has focused on using other
additives such as biomass (Alhadj-Mallah et al., 2015) or make use of co-treatment with other
wastes (Huber et al., 2016) to reduce the energy demand and make this process more economically
viable. However, due to the heterogeneous nature of MSWI fly ash, the quality of the final product

is affected, and the subsequent utilization can be limited.

1.3.2.3. Melting

Melting process operates at a similar temperature as vitrification, but the main difference is that
during melting, no additives are added. Also, the final product formed is homogenous and contains
various major crystalline phases. As compared to vitrification, melting is preferable as no additives
are required and there is no need for rapid cooling of the final product. Melting systems are reported
to be used on a commercial scale to treat MSWI fly ash especially in Japan where disposal at
landfills is costly (Ecke et al., 2000). According to Sakai and Hiraoka (2000), the two main systems
are (i) fuel-burning melting system and (ii) electric melting system. The fuel-burning melting
involves fuel oil, coke and gas. In this regard, a detailed study is presented by Sakai and Hiraoka
(2000), which summarizes the properties of fuel burning and electric melting furnaces and systems.
The volatilization of heavy metals during melting processes were studied by several researchers
(Okada and Tomikawa, 2012; Tian et al., 2012; X. Wang et al., 2017; Yue et al., 2019; Zhao et al.,
2010). The low volatile heavy metals are transformed and solidified in the dense lattice structure
of melted slag, thereby reducing their leaching rate. However, the easily and semi-volatile heavy
metals in MSWI fly ash exist in the secondary fly ash during the melting process. The volatilization
of these heavy metals is related to the high content of Cl in the raw fly ash. According to Okada
and Tomikawa (2012), the volatilization of Cl in MSWI fly ash melting furnace is directly related
to the molar ratio of Cl/(Na + K) in the raw fly ash sample. A higher Cl/(Na + K) molar ratio
promoted the volatilization of Cl, leading to the detection of more PbClI2 in the secondary fly ash.
Similarly, Yue et al. (2019) shows that low volatile heavy metals (Cr, Ni) were better solidified in
the melting slag. In contrast, the easily and semi-volatile heavy metals such as Hg, Cd, Pb, and Zn
are challenging to stabilize. Plasma is currently an area of electric melting. The high-energy-density
and high-temperature of a plasma flame can promote the melting reactions and reduce the residence

time of MSWI fly ash. Related research has shown, after plasma melting treatment, the volume

23



Consolidation of Municipal Solid Waste Incineration Fly Ash and Immobilization of Heavy Metals through Alkaline Activation System

reduction of MSWI fly ash (Q. Wang et al., 2010; Zhao et al., 2010). The volatilization and leaching
characteristics of heavy metals before and after plasma melting determined that most heavy metals

sealed in vitreous slag are Cr, and Ni, which are low volatile heavy metals (Carnogurska et al.,
2015; Ma et al., 2017; Q. Wang et al., 2010; Zhao et al., 2010). In comparison, Cd and Pb exhibit
a strong volatile property. The leaching of other heavy metals in melting slag such as Zn and Cu is
significantly lower than that of the original MSWI fly ash, which proves that vitreous slag can seal
the heavy metals from MSWI fly ash.

1.3.2.4. Hydrothermal treatment

Hydrothermal process is a form of thermochemical of subcritical or supercritical water at relatively
low temperature with the advantage of self-generated pressure. In recent years, investigations of
hydrothermal treatment on MSWI fly ash have become more popular due to the destruction of
organic contaminants and improved stability of heavy metal leaching (Hu et al., 2015). In general,
reaction catalysts (such as ferric compounds) can be added during the treatment to enhance the
contaminant decomposition. The hydrothermal process with ferric compounds carried out on
water-washed MSWI fly ash increased leaching of heavy metal leaching and slightly improved the
degradation of polychlorinated dibenzo-dioxins (PCDDs) and dibenzo-furans (PCDFs). This
outcome could be ascribed to the formation of magnetite (FesOa4) in the hydrothermally treated
washed MSWI fly ash, which functioned as a catalyst during the decomposition of PCDDs/PCDFs
(Huetal., 2012). Bayuseno et al. (2009) reported contrasting information, stating that hydrothermal
treatment decreased the efficiency of metal leaching from washed MSWI fly ash due to the
incorporation of the metals into low soluble tobermorite -11 A<formed during the hydrothermal
step. However, Hu et al. (2015) achieved a more efficient solution to decrease metals leaching by
applying an acid leaching pre-treatment of MSWI fly ash by the hydrothermal process compared
to water-washed MSWI fly ash. Additionally, possible acid post-treatment could also further
improve metals separation and recovery since their enhanced exposure due to MSWI fly ash

aggregated particles disintegration occurring during the hydrothermal process (Hu et al., 2015).
1.3.3. Solidification/stabilization (S/S) processes
Stabilization/solidification (S/S) are widely employed processes for MSWI fly ash. S/S processes

tend to deal with waste residues whose properties (physical, chemical and mechanical) favor
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reducing the leachability of contaminants from waste (Sabbas et al., 2003). The S/S indicates the

processes, which involve additives or binders to either physically or chemically immobilize the
hazardous content in waste (Lam et al., 2010). The goal of the stabilization process is to decrease
the toxicity and solubility of contaminants to make it less soluble and less toxic with or without
solidification. Contrastingly, in solidification in order to lessen the leachability and to immobilize
contaminants, binders such as cement are usually added. This process reduces the mobility of
contaminants in the treated material through encapsulation. The approach to S/S includes chemical

stabilization, accelerated carbonation, and Portland cement solidification.
1.3.3.1. Chemical stabilization

Chemical stabilization makes use of chemical additives to produce thermodynamically favored
solid phases in order to reduce the total availability for leaching. This treatment method consists of
(1) dissolution of the waste residues, (2) addition of chemicals for stabilization and pH adjustment,
and (3) filtration to separate the high salt filtrate from the stabilized residues. The technology is
quite established, and various additives such as soluble phosphates, sulfides, and activated carbon
have been used at full scale (Nzihou and Sharrock, 2002). Eighmy et al. (1997) demonstrated that
1.2 mol of H3PO4 per kg MSWI fly ash with an L/S ratio of 0.4 could reduce Pb leaching by 99.5%,
while the pH of the final product was not affected by the HsPO4 added due to high alkalinity. Quina
et al. (2010) suggested that HsPO4 could affect the neutralizing capacity since both Zn and Pb were
stabilized, and there was increased leaching of Cr (VI). Recently, H. Wang et al. (2017) have
utilized phosphate and other chelate agents to stabilize MSWI fly ash, while the leaching effect
was examined using citric acid. Other additives such as ferrous sulfate, colloidal silica, Bayer red
mud, and alumina oxides have also been investigated with good immobilizing potential (Hu, 2005;
Liu et al., 2018; Park, 2009). In general, MSWI fly ash is commonly treated via chemical
stabilization due to the high alkalinity and high acid-neutralizing capacity.

1.3.3.2. Accelerated carbonation

Carbonation is a natural weathering process due to the dissolution of CO2 in water, which lowers
the pH and eventually results in the formation of calcite and other new minerals capable of
entrapping heavy metals. Ecke (2003) has reported decreased leaching of MSWI fly ash at 2 orders

of magnitude for amphoteric metals such as Zn and Pb after carbonation but also highlighted the
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increased release of other metals such as Cd, Cr, Ni, and Sb. Li et al. (2007) studied the effect of

the L/S ratio between 0.1 and 0.8 using accelerated carbonation and suggested the optimum L/S
ratio is 0.3. The main factors affecting the rate of carbonation are diffusivity and reactivity of
carbon dioxide, and these can be controlled by adjusting the pH, L/S ratio, humidity, temperature,
and pressure (Mccarthy et al., 2017). Gerven et al. (2004) reported that supercritical carbonation
could enhance/accelerate the aging characteristics of solidified products. It has been reported that
using supercritical carbonated cement product to study the heavy metals’ leaching characteristics
and found that supercritical carbonation promoted the leaching of Cu and Pb (Zha et al., 2019).
Furthermore, not all heavy metals can be fixed through solidification, such as Hg. The study of Du
et al. (2018) showed that Hg released by the solidified products reaches 8.51 ng/g—18.48 ng/g,
resembling that of raw fly ash. Additionally, the increase in temperature and water content also
promoted the release of Hg. According to Quina et al. (2008), this process has a drawback, which
makes it ineffective for the treatment of soluble salts, and in return, long-standing leaching will
bring an environmental issue. During this process, a significant increase in the volume of waste

may occur, which may affect shipping and landfill costs (Margallo et al., 2015).
1.3.3.3. Portland cement solidification

The addition of inorganic binders such as Portland cement for S/S has been in practice for a long
time in several parts of the world. Numerous research studies have shown that cement solidification
can fix the heavy metals (Conner and Hoeffner, 1998; Valls and VVazquez, 2002; Zhang et al., 2009).
The enhanced properties of the final product, such as lower hydraulic conductivity and lower
porosity, limit the leachability of the heavy metals by reducing contact, while the increase in
structural strength and durability ensures long-term stability and structural integrity (Bie et al.,
2015). In addition, the formation of a crystalline structure during the pozzolanic reaction is capable
of incorporating heavy metals into the matrix to provide potential long-term immobilization.
However, heavy metals in cement-solidified products are not stable in the long term and also the
exposed environment may increase the leaching ability of heavy metals. The introduction of a new
stabilization technique by Derie (1996) is shown to be capable of destroying the toxic content,
reducing the heavy metal reactivity, and solidifying the hazardous waste beyond the leaching limit.
This four-stage technique involves eliminating alkali chlorides by solidification, the addition of

phosphoric acid, calcination, and solidification with cement. The combined treatments, such as
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washing-immobilization treatments, can remove noteworthy quantities of sulfate and mainly

chloride from MSWI fly ash. This treatment would encourage the development of the hydrate phase,
which will change the heavy metals into less reactive forms. Afterward, the water remained as
waste after washing treatment could be treated as explained by Mangialardi et al. (1999). This
treatment can not only help to treat the MSWI fly ash and stabilize it in cement with any issue of

heavy metals leaching but can also reduce the cost to make this treatment economical.

On the other hand, S/S using a binder results in an increase in the mass of the secondary waste
which has to be disposed of. A new trend to resolve the increase in the mass of the secondary
product is to use the combination of MSWI fly ash, and solidifying agents to increase the proportion

of waste-to-binder ratio (Wang et al., 2015).
1.4. SIS MSWI fly ash through alkaline activation reaction

Alkaline activation reaction exhibited high prospect in waste management field and was
extensively studied. In the alkaline activation reaction, alkaline solution activates aluminosilicates
in waste to produce a monolithic matrix with enough strength by the formation of cementitious gel
(Liu et al., 2021). Alkaline activation materials are considered as an eco-friendly alternative for
OPC (Haider et al., 2014). They exhibited superior acid resistance comparing to matrices prepared
from OPC (Ye et al., 2016a), which allows them to retain heavy metals in matrices when exposed
to the landfill environment. As for the S/S of MSWI fly ash, researchers conducted some work but
limited. Some critical problems need to be further investigated using an alkaline activation reaction
to treat MSWI fly ash.

1.4.1. Expansion in alkali-activated MSWI fly ash-based matrix

Commonly, metallic aluminum that originates from aluminum foils and nails (Joseph et al., 2017)
usually remains in MSWI fly ash after the incineration process, in which the incineration
temperature is generally between 800°C and 1000°C, and the residence time of calcined solid waste
in the furnace is generally 1-1.5 s. The short residence time and the newly formed oxides on the
metal surface resulting in metallic aluminum can not be effectively oxidized and remains in the
MSWI fly ash. Most of the non-oxidized metal blocks are separated into the bottom ash after
passing through the combustion furnace, and the finer metal particles are collected together with

the flue gas through the bag filter to form fly ash. When it reacts with alkalis in alkaline activation
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process, hydrogen gas (H2) releases, as noted in equations [1.1] and [1.2]. The emission of H:
results in porous structure in the alkali-activated MSWI fly ash-based pastes, leading to low
compressive strength and durability. For example, in OPC solidified MSWI fly ash-based pastes,
it was found that the pastes expanded 25% in 10 h (Aubert et al., 2006). Therefore, pretreatments
such as washing and heating were explored to remove the metallic aluminum before alkaline
activation, but they are costly in industrial applications (Saikia et al., 2015; Tang et al., 2016).
Therefore, the expansion in alkali-activated MSWI fly ash-based matrix should be eliminated to

increase the encapsulation capacity and durability of the matrix.
Al + 20H™ + H,0 — [AIO(OH),]~ +H, 1 [1.4.1]

2A1 + 20H™ + 6H,0 — 2[AI(OH),]", + 3H, 1 [1.4.2]

1.4.2. Additives

Usually, the composition of the MSWI fly ash is a CaO-SiO2-Al203-SOs-Cl based system that is
rich in the elements of calcium, chloride and sulfur, and relatively have scarcity in silicon and
aluminum. Except for CaO, few compositions are congruent with the activation of the alkaline
reactions. The characteristic of MSWI fly ash that is deficient in silicon and aluminum components
necessitates extra aluminosilicate addition in alkaline activation reaction. Some researchers used
metakaolin (Cyr et al., 2012; Lancellotti et al., 2010), coal fly ash (Diaz-Loya et al., 2012; Galiano
et al., 2011), and silica fume (Li et al., 2014) as additives in the S/S of MSWI fly ash through
alkaline activation technology. For example, Li et al. (2014) studied the feasibility and
effectiveness of the silica fume on the immobilization of heavy metal waste in the MSWI fly ash.
They found that heavy metals leaching could be significantly reduced by only 10% of silica fume
used. Diaz-Loya et al. (2012) used 80% MSW!I fly ash and 20% coal fly ash were alkali-activated
by sodium hydroxide and sodium silicate, producing pastes with compressive strength higher than
15.8 MPa. The S/S process for heavy metals in MSWI fly ash should meet the few requirements
on the priority basis, namely, strong fixing ability, structural stability of the solidified paste with
considerable strength, and low volume-added rate (Zheng et al., 2010). Therefore, a low amount of

active silicon is necessary to be added to the process.
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1.4.3. Alkaline activator

In studying alkaline activation materials (AAMs), the environmental impact remains an open
debate in the life cycle assessment. Generally, AAMs consist of a high concentration of alkaline
activator (i.e., sodium hydroxide and silicate) and aluminosilicate raw materials (Liu et al., 2021).
The CO2 footprint reduction of AAMs is less than expected if considering the transport of the raw
materials, the energy required to prepare the alkaline activators, and the high temperature used to
achieve comparables strength (Ouellet-Plamondon and Habert, 2015). However, these cannot
overcome the critical advantage that alkaline activation can be a way to manage solid waste due to
alkali-activated binders have high acid resistance durability and the immobilization ability for
heavy metals (X. Liu et al., 2018). It has been reported that the compacted three-dimension
tetrahedral aluminosilicate structure formed in AAMs could protect the matrix from attacking by
chloride ions (Albitar et al., 2017; Kwan et al., 2018) and favor the heavy metals immobilization
(Liu et al., 2021; Tian et al., 2020b; Zhu et al., 2019a). In the alkaline activation process, the
commonly used traditional alkaline activators are sodium hydroxide and silicate (Diaz-Loya et al.,
2012; Zhan et al., 2018), which relates to the high cost, and thus dramatically reduces the economic
advantage (Ouellet-Plamondon and Habert, 2015; J. Wang et al., 2018). Therefore, the most recent
studies are trying to use waste-derived activators for the sustainable development of the alkaline
activation field (Ahmed et al., 2018; Moraes et al., 2018).

1.4.4. Immobilization mechanism of heavy metals

Currently, alkaline activation is reported as an effective S/S process in the treatment of MSWI fly
ash (Li et al., 2014; Zheng et al., 2010). In such treatment, hazardous heavy metals are stabilized
through the formation of heavy metal compounds (Q. Wan et al., 2018), physical encapsulation
(Phair and Deventer, 2001; Wan et al., 2019b), the formation of alkaline surroundings (Zhan et al.,
2018) and the formation of the gel structure of the pastes (Q. Wan et al., 2018; Zhan et al., 2018).
For example, Li et al. (2014) studied the feasibility and effectiveness of the silica fume on the
immobilization of heavy metal waste in the MSWI fly ash. They found that heavy metals can be
immobilized through physical entrapment and chemical incorporation of precipitates. Zhan et al.
(2018) reported the S/S process for MSWI fly ash with electrolytic manganese residue. They
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concluded that the stabilization mechanism of the heavy metals in the S/S matrix is likely due to

the alkaline conditions and encapsulation ability created by alkaline activation reaction.
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CHAPTER 2.

Experimental
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2.1. Research line

Research line of the work is presented schematically in Figure 2.1. As it shows, in Chapter 1, the
literature concerning the characteristics and treatment method for MSWI fly ash were reviewed.
Chapter 2 presents the experimental of the thesis work. Chapter 3 shows the results and discussion.
In Chapter 3.1, the effects of metallic aluminum on the expansion and microstructure of alkali-
activated MSWI fly ash-based pastes were investigated. The metallic aluminum in MSWI fly ash
caused expansion of alkali-activated MSWI fly ash-based pastes due to the generation of hydrogen
gas. An optimum synthesis process was employed to mitigate the expansion, improve the formation
of geopolymer gel and enhance the compressive strength of pastes. Chapter 3.2 showed the effects
of aluminum dosage on gel formation and heavy metals immobilization in alkali-activated MSWI
fly ash. It was found that moderate aluminum addition increased the compressive strength of pastes.
The addition of aluminum converted soluble chloride salt into Friedel’s salt and subsequently
improved the immobilization of heavy metals. A small amount of aluminum can improve
immobilization dominantly because of the effective encapsulation ability of the pastes. Chapter 3.3
determined the influence of waste glass on the immobilization of heavy metals originated from
MSWI fly ash. It was found that waste glass addition effectively reinforced the consolidation of
MSWI fly ash and immobilized the heavy metals. As 40% addition of waste glass, the compressive
strength reached a maximum of 3.55 MPa. The immobilization efficiency of Cr increased with the
addition of waste glass, while that of Cu, Pb, Zn and Cd is dependent on the eluant final pH, which
decreased with the decrease of eluant final pH. The main immobilization mechanisms include
physical encapsulation, alkaline environment formation, and the generation of insoluble
compounds. Chapter 3.4 studied co-disposal of spent caustic and MSWI fly ash through alkaline
activation system. It was found that the sulfate in spent caustic favored the ettringite formation in
spent caustic-activated pastes, and a large number of organics presented in spent caustic-activated
pastes. Compared with NaOH-activated pastes, spent caustic-activated pastes formed less Q*(4Al),
leading to the compressive strength of spent caustic-activated pastes was higher than that of NaOH-
activated pastes. The spent caustic-activated pastes exhibited a weaker immobilization
performance for Cu, Pb, Zn and Cd, and better performance for Cr (V1), comparing to NaOH-

activated pastes. The presence of organics and the formation of ettringite in spent caustic-activated
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pastes made the immobilization of Cr(VI) more feasible. For the immobilization of organics, the

spent caustic-activated pastes were of a medium performance.

Literature review

4

Collect and classify municipal solid waste
incineration fly ash

—=—— Preparation work

~=—— Transitional work

Effects of metallic aluminum on
the expansion and microstructure
of alkali-activated MSWI fly
ash-based pastes

Effects of aluminum dosage on
gel formation and heavy metals
immobilization in alkali-activated
MSWI fly ash

—=—— Main work

Influence of waste glass on
immobilization of heavy metals
originated from MSWI fly ash

Co-disposal of MSWI fly ash and
spent caustic through alkaline
activation reaction

Ph.D. thesis: Consolidation of municipal solid waste incineration fly ash and immobilization

of heavy metals through alkaline activation system

Figure 2.1. Schematic presentation of the research line
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2.2. Materials

2.2.1. MSWI fly ash

The properties of MSWI fly ash varied in different parts because it was influenced by some factors
such as the different living habits in different regions, source of waste incinerator design,
combustion method, combustion conditions, and type of air pollution control system. Therefore,
we collected three types of MSWI fly ash from different regions in China (Shenzhen, Wuhan,
Chongging). The chemical components of MSWI fly ash were classified as major elements and
heavy metals. The mineralogy characterization of MSWI fly ash was characterized by X-ray
diffraction (XRD, Empyrean). The major elements were characterized by X-ray fluorescence (XRF,
Zetium) and given in the form of oxide. The heavy metals were determined through digesting the
samples using a combination of HNOs+ HCIOs++ HF acids and then was measured by an

inductively coupled plasma spectrometer (ICP, Prodigy 7, China).

Figure 2.2.1 gives the XRD pattern of MSWI fly ash from Shenzhen. It contained mainly calcite
(CaCO:s), halite (NaCl), sylvite (KCI) and Anhydrite (CaSQs4), with a small quantity of quartz
(SiO2). Table 2.2.1 showed the chemical compositions of the MSWI fly ash from Shenzhen. The
main components CaO, CI" and SOs were 40.66%, 16.08% and 4.48% of the mass, respectively.
Heavy metals were characterized at 640 ppm Cu, 910 ppm Pb, 130 ppm Cr, 127 ppm Cd, and 2930
ppm Zn (Table 2.2.2).

Figure 2.2.2 gives the mineralogy characterizations of MSWI fly ash from Wuhan. The major
crystalline phases in MSWI fly ash consist of portlandite (Ca(OH)z), halite (NaCl), calcite (CaCQ3),
sylvite (KCI), and calcium chloride hydroxide (CaCIOH). Table 2.2.3 gives the major chemical
compositions of MSWI fly ash from Wuhan. It predominantly contains CaO, Cl, Na20, and a minor
SiO2 and Al20s3. Heavy metals were characterized at 375 ppm Cu, 1048 ppm Pb, 155 ppm Cr, 195
ppm Cd, and 2813 ppm Zn (Table 2.2.4).

Figure 2.2.3 depicts the X-ray diffraction pattern of MSWI fly ash from Chongging. The major
crystalline phases in MSWI fly ash consisted of portlandite (Ca(OH)-), calcium chloride hydroxide
(CaCIOH), halite (NaCl), anhydrite (CaSOa), calcite (CaCOs) and sylvite (KCI). Table 2.2.5 gives
the chemical elements of MSWI fly ash from Chongging. The essential elements in MSWI fly ash
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were Ca, Cl, Naand S. Heavy metals were characterized at 358 ppm Cu, 911 ppm Pb, 420 ppm Cr,
146 ppm Cd, and 4501 ppm Zn (Table 2.2.6).

In sum, these three types of MSWI fly ash are from different parts. However, there are some
common properties. Ca-bearing crystal phases such as CaCO3 and Ca(OH)2, as well as halite (NaCl)
always exist in MSWI fly ash. Calcium and chloride are the most elements. This is because in the
waste incineration process, plastic and rubber combustion produce plenty of acidic gases (e.g., HCI,
SO2, and HF). They flow with the gas stream from the combustion chamber to the air pollution
control system and are captured by the added hydrated lime to neutralize them. This process causes
substantial calcium and chloride contained in MSWI fly ash. The heavy metals Zn and Pb are most
existing in the MSWI fly ash. This is because Pb and Zn are usually considered as volatile metals,

and so considerable concentrations may be found in MSWI fly ash (Quina et al., 2009).
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Figure 2.2.1. XRD pattern of MSWI fly ash from Shenzhen

Table 2.2.1. Chemical composition of the MSWI fly ash from Shenzhen (%)

Components | CaO | SiO2 | Al203 CI SOs | Na2O | K20

Contents 40.66 | 3.011 0.78 16.08 | 4483 | 6.11 | 3.79
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Figure 2.2.2. XRD pattern of MSWI fly ash from Wuhan

Components

SiO2

Al203

CaOo

SOs3

Cl

Na2O

K20

Contents

1.72

0.37

29.88

4.39

21.93

9.11

5.68

1.15

Table 2.2.4. Heavy metals in MSWI fly ash from Wuhan (ppm)

Heavy

Pb

Cu

Cd

Zn

Cr

Contents

1048

375

195

2813

155
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Table 2.2.2. Heavy metals in MSWI fly ash from Shenzhen (ppm)
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Figure 2.2.3. XRD pattern of MSWI fly ash from Chongging

Table 2.2.5. Chemical composition of the MSWI fly ash from Chongging (%)

Components CaO SiOz2 | Al203 Na20 K20 SOs Cl

Contents 29.16 | 3.07 0.90 6.04 3.37 | 555 | 15.40

Table 2.2.6. Heavy metals in MSWI fly ash from Chongqing (ppm)

Heavy Pb Cu Cd Zn Cr

Contents 911 358 146 4501 420

2.2.2. Aluminosilicate additives

In MSWI fly ash, Si and Al are rarely presented (Phua et al., 2019; Yin et al., 2018). Therefore,
reactive aluminosilicate additives should be incorporated to consolidate them through alkaline
activation reaction well. In this thesis work, we choose several different aluminosilicate additives

containing coal fly ash (CFA), metakaolin, silica fume, blast furnace slag (BFS) and waste glass
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(WA). Their mineralogy characterization was conducted by X-ray diffraction (XRD, Empyrean)

and composition analysis was carried out by X-ray fluorescence ((XRF, Zetium)

Figure 2.2.4 gives the XRD pattern of CFA. The crystal phase in coal fly ash consisted of quartz
(Si02), berlinite (AIPO4) and anhydrote (CaSQOa4). Table 2.2.7 gives the chemical composition of
coal fly ash. The main components in coal fly ash are SiO2 (49.9%) and Al203 (28.3%).

Figure 2.2.5 shows the XRD pattern of metakaolin. Metakaolin was prepared by the calcination of
kaolinite at 600 <T in the air for 6 h. After calcination, the kaolinite dehydrated and turned into
amorphous phase, which is indicated by a halo peak 26 of 15-30< and remained crystal phase
muscovite (Al2SisAlO10(OH)2) and quartz (SiO2). Table 2.2.8 gives the chemical composition of
metakaolin. It contained 59.48% SiO2 and 35.13% Al20s, respectively.

Figure 2.2.6 gives the XRD pattern of silica fume. It showed a hump peak at 26 of 15-30< which

indicated a major amorphous phase. The main component in silica fume is SiO2 of 98%.

Figure 2.2.7 shows the XRD pattern of BFS. BFS consists of the main amorphous phase indicated
by a broad peak of 20 between 25 to 35°, and a small crystal calcium silicate (CasSisO13). Table
2.2.9 showed the chemical composition of BFS. The essential constitutions in BFS are CaO
(38.5%), SiO2 (30.57%), and Al203 (15.09%).

Figure 2.2.8 depicted the XRD pattern of WA. WA was predominantly composed of an amorphous
phase indicated by a halo peak of 260 between 15°to 302 Table 2.2.10 showed the chemical

composition of WA. The essential elements in waste glass were Si, Na and Ca.
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Figure 2.2.4. XRD pattern of Coal fly ash
Table 2.2.7. Chemical composition of coal fly ash (%)
Components | SiO2 | AlOs | CaO | Fe203 | SOs | P20s | K20
Contents 49.90 | 28.30 8.51 548 | 2.02 1.18 1.41
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M Q: Quartz M:Muscovite
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Figure 2.2.6. XRD pattern of metakaolin
Table 2.2.8. Chemical composition of metakaolin (%)
Components | SiO2 | Al203 | Na2O | K20 | Fe203
Contents 59.48 | 35.13 | 0.08 | 256 | 0.97
— Silica fume
10 20 30 40 50 60 70
26 (°)

Figure 2.2.6. XRD pattern of silica fume
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—BFS T: Calcium silicate
Tr
1IO 2I0 3I0 4I0 5IO 6IO 70
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Figure 2.2.7. XRD pattern of BFS
Table 2.2.9. Chemical composition of BFS (%)
Components CaO | SiO2 | Al2O3 | MgO | SOs | ClI | Na2O | K20
Contents 38.55|30.57 | 15.09 | 9.56 | 2.54 | 0.05 | 0.50 | 0.37
—— Waste glass|
1I0 2IO 3I0 4IO 5I0 GIO 70
26 (°)

Figure 2.2.8. XRD pattern of waste glass
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Table 2.2.10. Chemical composition of waste glass (%)

Components SiO2 CaO | Na2O | AlkO3 | K20 SOs Cl

Contents 70.62 | 8.65 144 0.86 0.51 0.60 0.06

2.2.3. Alkaline activators

Sodium hydroxide (NaOH) and sodium silicate (NazSiOs) with reagent grade ACS were used as
alkaline activators in the alkaline activation process. In the life cycle assessment for alkaline
activation reaction, the utilization of hydroxide and silicate contributes the highest CO2 footprint
in most life cycle categories (Tian et al., 2020e), and is also associated with high cost (J. Wang et
al., 2018). Therefore, we attempted to seek a waste-derived alkaline activator for sustainable
development and achieve co-disposal. Spent caustic is an industrial byproduct during
petrochemical production, which is of high alkalinity (pH > 12) due to it contains a high content of
NaOH (5-12 wt%) and NaCOs (1-10 wt%) (Ntagia et al., 2019; Yuan et al., 2020). It has been
reported that the mixture of sodium hydroxide (NaOH) and carbonate (Na2COs) effectively alkali-
activated blast furnace slag (BFS) (Jiao et al., 2019, 2018). Considering spent caustic abundance
in sodium hydroxide and carbonate, we hypothesized that it could be employed as an emerging
alkaline activator in alkaline activation fields. The inorganic composition and organics in spent
caustic measured by inductively coupled plasma spectrometer (ICP, Prodigy 7, China) and gas
chromatography-mass spectrometry (GC/MS, Q Exactive Plus-Easy - nLC 1000/Q), respectively.
The alkalinity of the spent caustic was measured with the HCI titration model (Metrohm 907
Titrando, Switzerland). In brief, 20 mL spent caustic was titrated with 1M HCI until pH=7. The
alkalinity was calculated with Eq. [2.2.1].

CscVsc = CuciVual [2.2.1]

where Cg is the alkaline concentration of spent caustic, mol/L; Vs is the volume of spent caustic,

L; Cyc; is the concentration of HCI, mol/L; Vy; is the volume of HCI, L.

Table 2.2.11 shows the inorganic composition in spent caustic. The dominant elements in spent

caustic are sodium (Na) and sulfur (S). This is attributed to soda caustic was applied to absorb H2S
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gas in the refinery process (Alipour and Azari, 2020). Characterized by ion chromatography, sulfur

exists mainly in the form of sulfate in the spent caustic (did not show here). The organics in spent

caustic are shown in Figure 2.2.9. As can be seen, massive organics appeared in spent caustic. This

is consistent with Ellis (1998).

Table 2.2.11. Inorganic composition in spent caustic (mg/L)

Retention time (min)

Figure 2.2.9. GC/MS analysis of spent caustic
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Figure 2.2.10 shows the alkalinity titration of spent caustic. The pH value of spent caustic is

increased in the initial three hours. This may be because spent caustic contains substantial content

of organics that causes it to present a thick solution and hinders the contact of free hydrogen ions
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with the detector. With the titration process proceeding, the added HCI solution dilutes the spent

caustic and promotes the mobility of ions, leading to a slight increase in pH from 10.3 to 12.0.
Then, the pH value decreased gradually until the pH around 11. After that, the pH decreases sharply
to 7. The final titration volume of 1 M HCI solution reached 88.32 mL when pH value reached 7.
Based on Eqg. (2.2.1), the alkalinity of the spent caustic is equivalent to 4.416M NaOH solution.
However, the pH value of spent caustic rarely exceeds 12. Based on the component of spent caustic
in table 3, it is reasonable to conclude that the major component in spent caustic is Na2COs. This
data well agree with the study that the dominant compositions are NaOH and Na2COs in spent
caustic (Yuan et al., 2020).
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Figure 2.2.10. Alkaline titration of spent caustic

2.3. Synthesis

In studying the optimization of the synthesis process to remove the expansion, the MSWI fly ash
was collected from Shenzhen. Table 2.3.1 gave the preparation regime of the alkali-activated
MSWI fly ash-based pastes through baseline and optimized processes. In a typical baseline
synthesis, 0.5 mol NaOH and 0.5 mol NazSiOs were dissolved in 10 mol H20 to prepare the alkaline
activator solution. Then, the solution was mixed with the raw materials of MSWI fly ash and CFA.

The mixture was poured into a cubic steel mold (50 mm <50 mm > 50 mm) and vibrated on a
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vibration table for 3 min to liberate the gas bubbles. After that, the mold was sealed for the curing

process, in which it was first cured at 60 <C for 6 h and subsequently cured at room temperature
for 7 d. The variables in the baseline syntheses were the contents of CFA in the raw materials,
namely 10% to 50% for specimens No. 1-5 and 100% for specimen No. 6. In the optimized
syntheses, MSWI fly ash was first mixed with the NaOH solution for 24 h, then, the CFA and
Na2SiOs were added. After that, the mixture was molded, vibrated and cured by using the same
conditions as in baseline syntheses to obtain the pastes. In order to study the effect of NaOH, 0.6-

0.8 mol NaOH (specimens No. 7-9) were used in the optimized syntheses.

Table 2.3.1. Preparation regime of the alkali-activated MSWI fly ash-based pastes through baseline

and optimized processes

No. Process MSWI fly ash CFA NaOH NazSiO3 H20

1 90% 10%

2 Baseline and 50% 20%

3 optimized 0% 30% 0.5mol

4 60% 40%

5 50% 50% 0.5mol 10mol
6 baseline 0 100%

7 0.6mol

8 optimized 90% 10% 0.7mol

9 0.8mol

In investigating the effects of aluminum dosage on gel formation and heave metals immobilization,
the MSWI fly ash was collected from Shenzhen. Table 2.3.2 showed the composition of the
preparation of the alkali-activated MSWI fly ash-based pastes. In order to prevent the expansion of
the pastes caused by metallic aluminum contained the MSWI fly ash, it was first dissolved in a
given NaOH solution and then stirred for 24 h. The silica fume was added and the mixture was
molded in the following dimension: 30 mm > 30 mm > 30 mm. The mold was vibrated on a

vibration board for 3 min to liberate the bubbles. Subsequently, it was sealed for the curing process
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and first cured at 60°C for 6 h and continued at room temperature for 7 days. During the synthesis

process, a total of 220 g raw materials, 0.6 mol NaOH and 10 mol water were used. The variable

proportion of silica fume to metakaolin was used.

In studying the influence of waste glass on the immobilization effect of heavy metals, the MSWI
fly ash was collected from Chongqging. Table 2.3.3 gives the synthesis formula of alkali-activated
MSWI fly ash-based pastes. In the synthesis process, a pre-stirring method was used to eliminate
the expansion of pastes caused by metallic aluminum in MSWI fly ash in the alkaline activation
process, as described in 2.3.1. A total of 222 g of raw materials containing MSWI fly ash and WA
were used throughout the study. The alkaline activator was prepared using 1 mol NaOH dissolved
in 6.5 mol H20, and was allowed to cool down to room temperature before use it. For the synthesis
of No. 1-6, the variation was the ratio of MSWI fly ash to WA. The alkaline activator was firstly
mixed with MSWI fly ash, stirring for 24 h, followed by the WA addition, stirring for 10 minutes.
Then, the mixture was molded in cubic steel (50 mm <50 mm =50 mm) and sealed for the curing
process, in which it was firstly cured at 50 °C for 5 h and continued at ambient temperature for 7d.
To investigate the heavy metals immobilization mechanism, Cd(NOs)2 and Pb(NOs)2 was added

with the ratio of 2% to the total mass of raw materials (222g), respectively (No. 7 and 8).

Table 2.3.2. The composition of the prepared alkali-activated MSWI fly ash-based pastes

MSWI fly ash Silica fume Metakaolin NaOH Si/Al Na/Al
(Wt%) (Wt%) (Wt%)
20% 0 29.78 28.55
15% 5% 13.25 7.52
80% 10% 10% 0.6mol | 37, | 433
5% 15% 2.34 3.04
0 20% 1.59 2.34
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Table 2.3.3. The synthesis formula of alkali-activated MSWI fly ash-based pastes

No. | MSWI fly ash | Waste glass | NaOH Water | Cd(NOs)2 | Pb(NOs)2
1 90% 10%
2 80% 20%
3 70% 30% 0 0
4 60% 40% 1 mol 6.5 mol
5 50% 50%
6 40% 60%
7 60% 40% 2%
8 60% 40% 2%

In investigating the co-disposal of MSWI fly ash and spent caustic, the MSWI fly ash was collected
from Wuhan. Table 2.3.4 gives the synthesis regime of alkali-activated MSWI fly ash pastes. In
the synthesis process, a total of 180 g of raw materials containing MSWI fly ash and BFS were
used. Spent caustic was employed as an alkaline activator, and NaOH solution with comparable
alkalinity with spent caustic (4.416M) was employed as a control alkaline activator. To meet the
workability, 90 mL for both alkaline activators was employed throughout the synthesis process. In
the synthesis of alkali-activated pastes, BFS was selected to adjust silicon and aluminum content.
The synthesis procedure details as follows: The alkaline activator was mixed with MSWI fly ash
and BFS, stirring for 10 min. The mixture was then molded in cubic steel (50 mm %50 mm %50
mm) and vibrated until liberating the gas bubbles. After that, the mold was sealed and cured at
room temperature for 28 d. In subsequent expression, two abbreviates, “X-spent caustic-pastes”
and “X-NaOH-pastes,” were used, where X denotes the content of BFS, and “spent caustic” and
“NaOH” denote alkaline activator used. For example, “30-spent caustic-pastes” denotes alkali-
activated MSWI fly ash-based pastes synthesized with 30 wt% BFS and spent caustic as the

alkaline activator.
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Table 2.3.4. Synthesis regime of alkali-activated MSWI fly ash pastes

Matrices MSWI fly ash BFS Spent caustic | NaOH solution
(4 A1RNM)Y

30-spent caustic-pastes 70% 30%
40-spent caustic- pastes 60% 40% 0ml
50-spent caustic- pastes 50% 50%

30-NaOH- pastes 70% 30%

40-NaOH- pastes 60% 40% 90ml

50-NaOH- pastes 50% 50%

2.4. Characterizations

In studying the optimization of the synthesis process to remove the expansion, the alkali-activated
MSWI fly ash-based pastes were characterized by scanning electron microscopy (SEM, JEOL
JSM-5610LV) for the morphology, by X-ray diffraction (XRD, Bruker D8) and Fourier transform
infrared spectroscopy (FTIR, Nexus JSM-5610) for the microstructure, and by the mechanical
tester (Hangzhou Xingo Technology, EHC-1300) for the compressive strength. Pastes were
grounded and dried to prepare specimens for FTIR measurements, in which 1 mg specimens mixed
with 200 mg potassium bromide (KBr), and the mixture then was pressed into a disk. For XRD
measurements, the specimens were milled less than 75 pm. Block specimens (size less than 1cm x
2cm x 1cm) for SEM analysis were coated copper before dried. In measurements of the
compressive strength, three pastes prepared with the same regime were tested and the average value
was presented. In order to understand the chemical reactions in the optimized synthesizing process,
its first step was repeated using the same dosages of MSWI fly ash and NaOH. Then, the release
of gas was characterized by gas chromatography analysis. Gas chromatography was performed at
room temperature of column, with molecular sieve (5A, 13X) as stationary phase, argon as a carrier
gas and thermal conductivity detector (TCD). The expansion of the pastes was measured by the

hydrostatic balance method (Lura and Jensen, 2007). The detail was shown as follows:
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Figure 2.4.1 showed the hydrostatic weighing set-up for volumetric measurement. Based on the

expansion characteristics of the alkali-activated MSWI fly ash-based pastes, the volumetric change
of pastes after 24 h after mixing was measured by the hydrostatic balance method, whose theory

are shown as follows.

According to the Archimedes principle, an object immersed in liquid (or gas) is subjected to upward
buoyancy, and the magnitude of the buoyancy is equal to the gravity of the liquid discharged by
the object.

F=G=pgV [2.4.1]

Where F (N) is the buoyancy of the object; G (N) is the weight of the liquid discharged; V (cm?) is
the volume of the liquid discharged by the object, i.e., the volume occupied by the object; p (g/cm®)
Is the density of the liquid.

The buoyancy of the sample is the difference between the weight of the sample (m,) and the

reading of the balance when the sample (m;) was placed in water.
F=G=p(my—m;g [2.4.2]
When liquid is water (p=1g/cmq):
V=my—m [2.4.3]

The initial volume of the specimen is V, = m, — m,, and after 24 hours, the volume of the sample

specimen is V; = my — m;, and the volume expansion ratio is:

W, = Vi—Vo x 100% = (mo-m;)—(mo—m,) % 100% = mm 100% [2.4.4]
1

Vo mo—mq mo—m
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— Balance

Figure 2.4.1. Hydrostatic weighing set-up for volumetric measurement

In investigating the effects of aluminum dosage on gel formation and heave metals immobilization,
the alkali-activated MSWI fly ash-based pastes were characterized by the X-ray diffraction (XRD,
Empyrean, Netherlands) technique to determine the existing phase and phase transformation.
Pastes were grounded less than 75 mm to prepare specimens for XRD measurements, in which
CuKazi radiation and a scanning rate of 0.1°/s from 5 to 80° of 20 was used. The scanning electron
microscope (SEM, /JEM-2100F, China) was used to observe the morphology of the prepared pastes.
29Si NMR spectra of the pastes were obtained by using an NMR spectroscopy (Bruker AVANCE
I11, China). Powdered paste specimens were packed into 7 mm ZrO: rotors. Spectra were acquired
at spinning speeds of 5 kHz with peak positions referenced to an external standard of
tetramethylsilane (TMS) and recorded with 5 seconds delay time. The excitation pulse for 2°Si was
6 us with a recycle time of 5 seconds. The pastes were subjected to the compressive strength test
by the mechanical tester. The observed compressive strength was reported as the average result of
three specimens with a variation of not more than 10%. The leaching test was conducted to examine
the leaching of heavy metals from MSW!I fly ash according to Toxicity Characteristic Leaching
Procedure (TCLP) tests (Q. Wan et al., 2018). The extraction liquid was prepared by dissolving 5.7
mL of acetic acid in 1 L of deionized water. The pastes were grounded into powder form with a

size of less than 48 um. In a polyethylene container, the extraction liquid and the powder were
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mixed at a L/S ratio of 20:1, followed by stirring for 20 h. Then, the leachate was separated by

centrifugation and filtration. And, the concentration of heavy metals in the leachate was determined
by an inductively coupled plasma spectrometer (ICP, Prodigy 7, China). In order to illustrate the
bond state of the different metallic ion to balance negative charge related to Al(I11) in N-A-S-H gel,
molecular modeling and simulation were used to calculate the binding energy related to the charge-
balanced ion. The N-A-S-H structure was built through the Amorphous Cell module in Materials
Studio software (Wan et al., 2017c). Figure 2.4.2 showed the model of N-A-S-H gel with different
charge-balanced ions, where each Si or Al atom had 4 bonded oxygen neighbors. The model was
geometrically optimized using density functional theory (DFT). For energy calculation, all the first-
principles calculations of this subject were based on the DMol® package in Materials Studio by
employing the plane-wave pseudopotential method (Kupwade-patil et al., 2013). The self-
consistent field (SCF) convergence condition was set to 1.0x10° eV. The tolerance offset was less
than 0.004 A and the force on each atom was less than 0.01 eV/A. The binding energy relative to

charge-balanced ion was calculated as follows:

Echarge—bananced ion = Eatom + Eoligomer—atom - E:oligomer [2-4-5]

Where, Eaom Was the binding energy relative to one charge-balanced atom. Eoligomer-atom Was the
total energy of oligomer gel without charge-balanced ion and Eoligomer Was the total energy of

oligomer after incorporating charge-balanced ion.

@ Charge balance ion

Silicon

€

Aluminum

Oxygeon

Figure 2.4.2. The model of N-A-S-H gel along with the incorporation of different charge-
balanced ion including Na, Pb, Cd, Cu, and Zn
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In studying the influence of waste glass on the immobilization effect of heavy metals, the
compressive strength of alkali-activated MSWI fly ash pastes was determined by the mechanical
tester (EHC-1300, China). The microstructure of pastes was characterized by X-ray diffraction
(XRD, Empyrean, Netherlands), scanning electron microscope (SEM, /JEM-2100F, China) and
nuclear magnetic resonance spectroscopy (NMR, Bruker AVANCE I11, China). The leaching of
heavy metals in pastes was assessed by the Chinese Ministry of Environmental Protection Standard
HJ/T 300-2007 (Yi et al., 2019), in which 17.25 mL acetic acid was dissolved in 1l distilled water
as extraction solution; then the pastes powder with the size under 48 pm was mixed with extraction
solution at a ratio of 1:20; followed by stirring 20 h; after that, the eluates were filtered through
0.45 um filter membranes, and then the concentration of heavy metals was determined by ICP. The
immobilization efficiency of heavy metals was calculated by Eq. [2.4.6]. The backscattered
electron (BSE/EDS) microscopy and X-ray photoelectron spectroscopy (XPS) were carried out to

explore the immobilization form of heavy metals.
Immobilization ef ficiency (%) = (G- — C;)/C, = 100 [2.4.6]

where C, is the amount of heavy metals leached out from raw MSWI fly ash. C; is the amount of

heavy metals leached out from pastes specimen.

In investigating the co-disposal of MSWI fly ash and spent caustic, the alkali-activated MSWI fly
ash-based pastes were characterized by X-ray diffraction (XRD, Empyrean, Netherlands) technique,
in which pastes were grounded less than 75 mm to prepare specimens for XRD measurements, and
CuKaz radiation and a scanning rate of 0.1s from 5 to 70° of 20 was used. In Fourier transform
infrared spectroscopy (FTIR, Nexus JSM-5610) measurement, 1 mg specimens mixed with 200
mg potassium bromide (KBr). and the mixture then was pressed into disk. 2°Si NMR spectra of
pastes were obtained by using an NMR spectroscopy (Bruker AVANCE Il11, China). Powdered
paste specimens were packed into 7 mm ZrOz2 rotors. Spectra were acquired at spinning speeds of
5 kHz with peak positions referenced to an external standard of tetramethylsilane (TMS) and
recorded with 5 seconds delay time. The excitation pulse for 2°Si was 6 ps with a recycle time of 5
seconds. The scanning electron microscope (SEM, /JEM-2100F, China) was used to observe the

morphology of pastes. The pastes were subjected to the compressive strength test by the mechanical
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tester. The compressive strength was reported as the average result of three specimens with a

variation of not more than 10%. The immobilization effect of heavy metals in the pastes was
assessed by Chinese Ministry of Environmental Protection Standard HJ/T 300-2007 (Ye et al.,
2016a; Zhan et al., 2018). This standard is far more aggressive than the toxicity characteristic
leaching procedure (TCLP) set by the United States Environmental Protection Agency (USEPA).
In the former, the extraction liquid was prepared using 1 L distilled water and 17.25 mL acetic acid,
whereas, in the latter, only 5.7 mL acetic acid was used. Considering the MSWI fly ash and its
solidified matrices are of high alkalinity, we chose the former leaching standard. Firstly, the pastes
were milled into powder with a sized under 48 um. Then the powder mixed with extraction liquid
with a solid to liquid ratio of 1:20, followed by stirring for 20 h. After that, the eluates were filtered
through 0.45 pum filter membranes, and then the concentration of heavy metals was determined by
ICP. The Cr (VI) concentration in eluates was measured by UV-vis spectrophotometer (UV-Orion
AguaMate 8000, USA). When calculating the immobilization efficiency, the inert fraction of heavy
metals did not be considered. The immobilization efficiency of each heavy metal is calculated using
Eq. [2.4.7]:

Immobilization efficiency (%) = (1 — Lo Ty * 100 [2.4.7]
Cm mpy

where C, is the leaching concentration of heavy metals in pastes, mg/L; C,, is the leaching
concentration of heavy metals in raw MSWI fly ash, mg/L; m; is the mass of pastes, g; m,, is the

mass of MSWI fly ash contained in paste, g.

BCR chemical speciation analysis is an effective method to determine the chemical speciation,
through which we can understand whether heavy metals are harmful to the environment. The
extraction procedure was shown in Table 2.4.1. The water-soluble and exchangeable fractions are
easily leaching in a natural environment; Reducible and oxidizable fractions are available in
reducing and oxidizing environment, respectively; and the residual fraction is unavailable for
leaching (Chandler et al., 1997).
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Table 2.4.1. BCR chemical speciation analysis of heavy metals

Stage Fraction Reagents/1g sample Shaking time and
temneratiire
1 Water-soluble 40 ml H20 (pH=4.8) 16 hat 25 °C
2 Exchangeable 40 ml 0.1 M CHsCOOH 16 h at 25 °C
3 Reducible 40 ml 0.1M HONH3:CI 16 h at 25 °C
4 Oxidizable 10 ml 30% H20:2 lhat85°C
5 Residual 20 ml HF (evaporation) 8h at 90 °C

The spent caustic contains large amounts of organics, and the pastes synthesized with spent caustic
would be landfilled underground. Therefore the environmental influence of organics should be
considered. The Chinese Ministry of Environmental Protection Standard HJ/T 300-2007, which
was also applied to the identification of leaching toxicity of organics in solid waste and its reuse
products. The test procedures are the same as in the measurement of heavy metals. However, to
prevent the volatilization of organics, all the procedures were conducted in a zero-headspace
extraction vessel (ZHE), the specific operation was described as in Karamalidis and Voudrias
(2007). The qualitative analysis of organics in spent caustic and eluate of paste was conducted by
gas chromatography-mass spectrometry (GC/MS, Q Exactive Plus — nLC 1000/Q). The quantified
analysis was conducted by measuring the total organic carbon (TOC), in which the TOC of the
extraction liquid, spent caustic, raw MSWI fly eluate and spent caustic-pastes eluate were measured.
The TOC of raw MSWI fly ash eluate and spent caustic-pastes eluate consist of two parts: (1)TOC
of extraction liquid, and (2) TOC contributed by MSWI fly ash and pastes. Therefore, the TOC of
MSWI fly ash eluate contributed by MSWI fly ash and spent-caustic pastes eluant contributed by
pastes are calculated using Eqgs. [2.4.8] and [2.4.9], respectively. The immobilization efficiency of
organics is calculated using Eq. [2.4.10].

TOCMT = TOCEMT - TOCEX [249]
Immobilization efficiency (%) = (1 — 40aT?cTOCf;oc ) * 100 [2.4.10]
MS sc
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where TOCys and TOC,,r are the TOC of MSWI fly eluant contributed by MSWI fly ash and of

spent-caustic pastes eluant contributed by pastes, respectively, mg/L; TOCgys, TOCgyr, TOCgy
and TOCs are the TOC of MSWI fly ash eluate, spent caustic-pastes eluate, extraction liquid and

spent caustic, respectively, mg/L; a is the mass fraction of MSWI fly ash in paste.
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CHAPTER 3.

Results and Discussion
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3.1. The optimization of synthesis process to remove the expansion

Figure 3.1.1 presents the photographs of pastes synthesized with the baseline and optimized
processes. The pastes synthesized with the baseline process show rough surface, cracks and
faultage, but the pastes synthesized with the optimized process show smoother surface and more
compact structure. The paste synthesized without MSWI fly ash but with the baseline process also
shows smooth surface and compact structure. In addition, the paste synthesized with the optimized
process but with high contents of MSWI fly ash (90%) shows some expansion. These results
suggest that alkaline activation of the MSWI fly ash leads to the expansion and a loose structure of

the pastes, which can be mitigated by using the optimized synthesizing process.

Baseline process

Figure 3.1.1. Photo of the pastes synthesized with the baseline and optimized processes

Figure 3.1.2 shows the expansion ratio of the alkali-activated MSWI fly ash-based pastes. With the
addition of MSWI fly ash, the pastes expanded. The expansion ratios of the pastes synthesized with
the baseline process increased steadily from 8.9% to 13.9% as the content of MSWI fly ash is
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increased from 50% to 90%, respectively. However, the expansion ratios of the pastes synthesized
with the optimized process were 0.2%, 0.2%, 0.3%, 3% and 9% as the content of MSWI fly ash is

increased from 50 to 90%, respectively. This indicates that after optimizing the synthesis process,
the expansion of the pastes is significantly mitigated, and little expansion is produced with MSWI
fly ash additions below 70%.
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Figure 3.1.2. Expansion ratios of the alkali-activated MSWI fly ash-based pastes

Figure 3.1.3 shows the SEM images of the pastes synthesized with 70% of MSWI fly ash with the
baseline and optimized processes. Pores and cracks are observed in the paste synthesized with the
baseline process, while the paste synthesized with the optimized process shows homogeneous and

compact structure.
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Figure 3.1.3. SEM images of the pastes synthesized with the baseline and optimized processes

Figure 3.1.4 gives the compressive strength of the pastes synthesized with varying contents of
MSWI fly ash and CFA (No. 1-5). Without the addition of CFA, the MSWI fly ash was difficult to
be solidified with the both processes. With the addition of CFA from 10% to 50%, the compressive
strength of the pastes increased from 0.3 MPa to 1.96 MPa with the baseline process, while it
increased from 1.47 MPa to 10.51 MPa with the optimized process. These results suggest that 1)
the addition of CFA with main components of SiO2 and Al20s greatly improves the solidification
reactions; 2) the solidification of MSWI fly ash through alkaline activation is significantly

improved after optimizing the synthesis process to prevent expansion.

The alkali-activated MSWI fly ash-based pastes synthesized differently give not only different
physical properties in morphology, porous structure and mechanical strength, but also are different
in the microstructures. Figure 3.1.5 presents the XRD patterns of the pastes synthesized differently,
in which those of the raw MSW!1 fly ash and CFA are included as references. As CFA content is
increased in the raw materials in both processes, CSH gel and/or geopolymer gel (26=29.3°) are
observed, indicating that alkaline activation takes place. As increasing CFA in the raw materials in
both synthesizing processes, the pastes show the higher intensity of quartz (SiO2) that comes from
the added CFA. Using the same ratios of MSWI fly ash to CFA in the raw materials, the pastes
synthesized through the optimized process show higher intensity in quartz (SiO2) and anhydrite

(CaS04) compared with those synthesized through the baseline process. This might be attributed
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to the consumption of NaOH in the separated reaction with raw materials, resulting in lower alkalis

remained for the alkaline activation.
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Figure 3.1.4. Compressive strength of the pastes synthesized differently as a function of CFA

additions
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Figure 3.1.5. XRD patterns of the raw materials and the pastes synthesized differently. Q:
quartz, A: anhydrite, C: calcite, B: berlinite, H: halite, S: CSH

Figure 3.1.6 presents the FTIR spectra of the pastes synthesized differently. The adsorption peak
at 1640 cm and 1410 cm' are attributed to the H-OH bonds of free water, and asymmetric stretching
of O-C-O bonds in COs®> groups, respectively, corresponding to the adsorbed water and
carbonation during the curing process (Tang et al., 2016; Zhao et al., 2020). The peaks at 1120 cm’
and 650 cm- are attributed to the stretching vibrations of SO42 in CaSO4 (Miller and Wilkins, 1952),
which comes from the MSWI fly ash. The peak at 455 cm- is attributed to the O-Si-O stretching
vibration in quartz that comes from raw MSWI fly ash and CFA (Yi et al., 2019). The peak around
1000 cm" is assigned to the asymmetric stretching vibration of Si-O-T of the geopolymer gel, where
T is tetrahedral Si or Al (Wan et al., 2017b; W. Wang et al., 2018). Its intensity increases as the
CFA content is increased in the raw materials, indicating some SiO2 and Al203 in the CFA are
converted into geopolymer gel. Compared with the baseline synthesis, the spectra of the pastes

synthesized with the optimized process show higher intensity in geopolymer gel. This suggests that

61



Consolidation of Municipal Solid Waste Incineration Fly Ash and Immobilization of Heavy Metals through Alkaline Activation System

expansion in the pastes (Figure 3.1.1 and 3.1.2) weakens the geopolymer gel formation, leading to

lower compressive strength (Figure 3.1.4).

Based on previous discussions, it is revealed that the optimization of the synthesizing process
through reacting the raw materials with NaOH before the addition of CFA and NazSiOs leads to
the mitigation of expansion, geopolymer gel formation and high compressive strength of the pastes.
Therefore, release of gas during the NaOH activation was hypothesized, and the released gas was
collected and subjected to a chromatogram analysis, which is given in Fig 3.1.7. Compared to the
standard gas mixture in the atmosphere (N2, Oz and CO2), H2 was observed in the chromatogram.
The Hz2 might be released by NaOH activation of metallic aluminum in the MSWI fly ash as noted
in equations [1.4.1] and [1.4.2], which is in agreement with the results of other studies (Xuan and
Poon, 2018).
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Figure 3.1.6. FTIR spectra of the MSWI fly ash-based pastes synthesized differently
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Figure 3.1.7. Chromatogram of the collected gas in NaOH activation

Furthermore, the dosage of NaOH on the hydrolysis of metallic aluminum and the formation of
alkali-activated MSWI fly ash-based pastes are further examined. Figure 3.1.8 shows the pastes
synthesized with 90% MSWI fly ash and 10% CFA with the optimized process as a function of
NaOH dosage. As the NaOH dosage is increased from 0.5 mol to 0.8 mol, the expansion of the
pastes decreased from 9% to 0.2%, and the pastes became more compact and smoother. For this
raw material, a dosage of 0.7 mol NaOH was sufficient for the hydrolysis of the included metallic
aluminum since the expansion in the paste decreased to the minimum of 0.2%. Therefore, according
to the metallic aluminum in the raw materials, an appropriate dosage of NaOH should be tested for

the hydrolysis and alkaline activation process to take place.

63



Consolidation of Municipal Solid Waste Incineration Fly Ash and Immobilization of Heavy Metals through Alkaline Activation System

0.5 mol NaOH, 0.6mol NaOH, 0.7mol NaOH, 0.8mol NaOH,
9% 5.3% 0.2% 0.2%

Figure 3.1.8. Photographs showing the expansion of the pastes synthesized with the optimized

process as a function of NaOH dosage

3.2. The effects of aluminum dosage on gel formation and heavy metals

immobilization
3.2.1. Compressive strength of pastes

Figure 3.2.1 shows the compressive strength of the alkali-activated MSWI fly ash-based pastes as
a function of the proportion of metakaolin that was gradually substituted in the silica fume. The
synthesized paste with a 5% metakaolin exhibited a slightly higher compressive strength (10.94
MPa) compared to pristine silica fume. However, with an increasing proportion of metakaolin from
5 % to 20 %, the compressive strength showed a sudden reduction from 10.94 to 2.15 MPa. In
reference to the calculated Si/Al in Table 2.3.2, it depicted that a high-silicon source causes the
increased compressive strength of alkali-activated MSWI fly ash-based pastes. In addition, a small
amount of aluminum increases the compressive strength of pastes, and excess addition leads to a
successive decrement of compressive strength. Thus, the exhibited result is well consistent with
the earlier study based on the impact of varying aluminum in the synthesis process. A moderate
addition of aluminum in the synthesis process improves the compressive strength, while resulted
products exhibited low strength by incorporation of the excessive aluminum in the paste at a low
SiO2/Al203 ratio (Kouamo et al., 2012). It has been reported that a geopolymer synthesized with a

ratio “2” of Si/Al possesses the optimum mechanical properties (Wan et al., 2017c). The
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investigated compressive strength of the alkali-activated MSWI fly ash-based pastes is not in a

similar trend with the previous research. This may be due to the component in MSWI fly ash
affected the formed gel and related explanation can be discussed in-depth on the basis of XRD and
29Si NMR analysis.
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Figure 3.2.1. Compressive strength of the alkali-activated MSWI fly ash-based pastes as a

function of the metakaolin proportion

3.2.2. Microstructure characterizations

Figure 3.2.2 shows the XRD patterns of the alkali-activated MSWI fly ash-based pastes synthesized
with varying proportions of metakaolin. It can be seen that the major crystal phases in all the
synthesized pastes are calcite (CaCOs) and sodium chloride (NaCl). It suggested that calcite
originated from MSWI fly ash keeps inert in the alkaline activation reaction. NaCl was formed due
to a large amount of CI" from MSWI fly ash reacted with the added NaOH as an alkaline activator.
In the alkaline activation system, Na™ mainly exists as a charge-balanced ion that balances the
negative charge caused by Al (I11) substitution of Si (IV) (Wan et al., 2017c). However, in the
current system due to a large amount of CI-, Na* was partially converted to NaCl. With the addition
of metakaolin from 0% to 20%, the intensity of peaks at 20 of 26.5° and 19.6° was increased, which
is assigned to quartz and muscovite phase, respectively. The intensity of the strongest diffraction
peak of NaCl (26=31.5°) was decreased gradually as compared to the adjacent calcite peak
(26=29.2°) in the synthesized paste with increasing metakaolin fraction from 5% to 20%. There is
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no Friedel’s salt generated for the 5% metakaolin. This indicates that aluminum from metakaolin
was completely incorporated in the tetrahedral backbone of gel (C-(A)-S-H and N-A-S-H),
compensating the shortening of the backbone i.e., chain length caused by reactive silicon decreases.
Thus, the increased compressive strength is attributed to the modification of gel by aluminum. With
increasing metakaolin from 10% to 20%, more and more Friedel’s salt was generated and to some
extent consumes the aluminum source for alkaline activation reaction. This causes less amount of
gel in pastes. Accordingly, the compressive strength constantly decreased as pastes synthesized

with metakaolin from 10% to 20%.

4Ca?* + 60H™ + 2C1~ + AL, 0, + 7H,0 - 3Ca0 - Al, 05 - CaCl, - 10H,0  [3.2.1]
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Figure 3.2.2. XRD patterns of the alkali-activated MSWI fly ash-based pastes with varying
proportions of metakaolin. Here notation C: Calcite, N: NaCl, Q: quartz, M: Muscovite, F:

Friedel's salt

NMR spectroscopy is commonly employed to investigate the molecular structure and short-range
ordering in alkali-activated binders (Duxson et al., 2005). In the alkali-activating (Na, K)20-CaO-
Al203-SiO2-H20 system, the major products of C-(A)-S-H and N-A-S-H gel were in coexistence
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with binders (Santiago Alonso and Palomo, 2001; Criado et al., 2007). The scarcity of the spectral

resolution for silicon in these binders was overcome by adopting Gaussian peak deconvolution to
separate and quantify Q" (m Al) species (0 < m=<n < 4, m, n = integer). Where Q is a silicate
tetrahedron, m is the number of tetrahedral silicon substituted by tetrahedral aluminum and n is the
number of oxygen which bridge to the adjacent tetrahedra. The deconvolution of the overlapped
peaks was carried out using Gaussian line shapes for quantification. Binder structures of C-(A)-S-
H are non-cross linked (Q?) and (or) less-crosslinked (Q%) (Myers et al., 2013; Wang et al., 1995).
Whereas N-A-S-H is a highly cross-linked three-dimensional structure (Q*) consisted of tetrahedral
aluminum and silicon. The component peaks and simulated spectra were given according to the
assignment in the reference papers. The peak at —71 ppm is assigned to Q° in monomer silicate (Q.
Wan et al., 2018). The peaks at -77, -82, 87.8 and 96.4 ppm are due to Q*, Q? (1Al), Q2 and Q3
presented in the binder C-(A)-S-H, respectively (Richardson, 1999; Singh et al., 2005). In N-A-S-
H gel, the Q* (4Al), Q* (3Al), Q* (2Al), Q* (1Al), Q* (0AI) resonate at approximately —84, —89,
—93, —99, and —108 ppm, respectively (Duxson et al., 2005). The peak at -104 ppm was observed
in many previous studies (Ginzler and Gremlich, 2002; Olejniczak et al., 2005), which represents
Q2 (R) when H in OH is substituted by an alkali metal ion (Na* or K*) in Q3. The peaks present at
values far than -110 ppm were attributed to some different crystalline silicon (Olejniczak et al.,
2005).

Figure 3.2.3 depicts the 2°Si NMR spectra and their deconvolution of the alkali-activated MSWI
fly ash-based pastes with the varying proportions of metakaolin. It should be noted that during
deconvolution on the assigned peaks, peak position and width at half height were held constant.
Meanwhile, the peaks of any crystalline silicon are subtracted to calculate deconvolution because
they are non-reactive, supporting to probe the distribution of Si and Al atoms in the pastes
associated with the gel phase via deconvolution (Kim, 2012). With the metakaolin from 0 to 20%,
the percentage of tetrahedral Si coordination in C-(A)-S-H (Q?, Q? (1Al), Q? and Q%) was observed
at 41.54%, 41.63%, 41.32%, 42%, and 41.24%, respectively. The percentage of tetrahedral Si
coordination in N-A-S-H gel (Q*(m Al), 0 < m < 4) was 47%, 47.92%, 50.74%, 53.74%, and
53.39%, respectively. And, the percentage of Q3(R) were 11.46%, 10.43%, 7.92%, 4.26%, and
5.38% respectively. The percentage of C-(A)-S-H was constant in pastes. This result was

contradicted with an earlier study in which major products converted from C-S-H gel to N-A-S-H
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gel when substitution of metakaolin in slag varied from 0% to 50% (Wan et al., 2019a). It may be

due to the decrease of calcium content in the source material when the substitution of metakaolin
in slag is increased. In the current study, the amount of calcium content originated from MSWI fly
ash was constant and the only variable was Si/Al ratio. Accordingly, the amount of C-(A)-S-H was
maintained. It is well consistent with the study that the presence of calcium content serves in the
formation of C-(A)-S-H (Yip and Deventer, 2003). Additionally, at the varying proportion from 0
to 20% of metakaolin, the percentage of N-A-S-H gel was slightly increased and a corresponding
reduction of the Q3(R) was observed. This indicates Q3(R) was converted into Q* with the increase
of aluminum dosage, which increased the crosslinking extent. It was reported that the incorporation
of aluminum in the alkaline activation system leads to crosslinked (Ferna et al., 2006). Therefore
Q3(R) may be an intermediate species from non-cross linked (Q?) and (or) less-cross linked (Q®) to
highly-cross linked phase (Q%). As predicted, the spectra of NMR was shifted to a higher frequency
with varying proportions of metakaolin from 0 to 20%. This may be attributed to the main species
of Q* (0AI) and Q* (1Al) converted into Q* (2Al), Q* (3Al), and Q* (4Al).The percentage of Q*
(4Al), Q* (3Al) and Q* (2Al) were 18.06%, 30.79%, 36.22%, 43.83% and 45.28%, respectively.

The effective Si/Al ratio was calculated for the N-A-S-H gel using Eqg. (3.2.1) (Engelhardt et al.,
1981). The results are shown in Table 3.2.1. The effective Si/Al in N-A-S-H gel is highly
inconsistent with the original Si/Al calculated through the composition of raw materials. This may
be due to the uneven distribution of silicon and aluminum resources in C-(A)-S-H and N-A-S-H
gel. The C-(A)-S-H gel has a limited capacity to take up Al, which is restricted by the geometry of
silicate chains and the thermodynamics of ionic substitution to a maximum Al/Si ratio slightly less
than 0.2 (Pardal et al., 2009; Richardson et al., 1993). This caused much lower Si/Al in N-A-S-H
than that in raw materials. It was reported that geopolymer gel with a Si/Al ratio of 2 exhibited the
highest compressive strength (Wan et al., 2017a), which is consistent well with the current study
that pastes with an effective Si/Al ratio of 1.9 (close to 2) possesses the highest compressive
strength of 10.94 MPa. This indicates that the compressive strength of pastes containing the mixture
of C-(A)-S-H and N-A-S-H gel is dependent on the ratio of Si/Al in N-A-S-H gel. Further, an
increasing proportion of metakaolin produced more aluminum in the reactive system, which

promotes the formation of Al-rich gel with low mechanical properties (Ferna et al., 2006).
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Accordingly, the compressive strength constantly decreased in the synthesized pastes with 10% to

20% proportion of metakaolin, as can be seen in Figure 3.2.1.
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Figure 3.2.3. °Si NMR spectra and their deconvolution of alkali-activated MSWI fly ash-based

pastes synthesized with varying proportions of metakaolin. (CS: crystalline silicon)

70



Consolidation of Municipal Solid Waste Incineration Fly Ash and Immobilization of Heavy Metals through Alkaline Activation System

. 4 .
Sl/Al _ XZm=olsimay [3.2.1]

- m
Y=o IsiamAn

Table 3.2.1. Effective Si/Al ratio in N-A-S-H gel

Pastes Pristine 5% 10% 15% 20%
silica fume metakaolin metakaolin metakaolin metakaolin
Si/Al 2.78 1.90 1.87 1.21 0.97

Figure 3.2.4 shows SEM images of alkali-activated MSWI fly ash-based pastes that are synthesized
with varying proportions of metakaolin. As can be seen, with 0 and 5% metakaolin, the pastes show
a high degree of homogeneity and compacted structure. It corresponds well with the study that
silica fume promotes the formation of silicate oligomers and geopolymer gel, resulting in
homogenous structures (Wan et al., 2017c). With 15% and 20% metakaolin, the pastes show a
porous structure and heterogeneity. Notably, a large amount of unbridged particles were presented
in the synthesized paste with a 20% proportion of metakaolin. It may be due to less formation of
gel (as shown in XRD structure) and more Al-rich gel (as shown in NMR) formed in the
synthesized paste with a 20% metakaolin in counterparts of pastes with 0 to 15%. Accordingly,
paste synthesized with a 20% metakaolin exhibited structural discontinuity with the presence of a

large number of unreactive particles.
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Figure 3.2.4. SEM images of alkali-activated MSWI fly ash-based pastes synthesized with
varying proportions of metakaolin
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3.2.3. Heavy metals immobilization

Table 3.2.2. TCLP leaching concentration (ppm) of heavy metal of alkali-activated MSWI fly
ash-based pastes

Pastes Pb Cr(VI) Cd Cu Zn
Pristine silica fume 3.2 3.1 ND 3.8 31.2
5% metakaolin 3.9 2.5 ND 3.1 30.2
10% metakaolin 4.3 1.8 0.3 4.3 32.6
15% metakaolin 6.8 3.3 0.6 5.2 35.5
20% metakaolin 11.6 6.1 0.8 8.2 40.6
TCLP limits 5 5} 1 NL NL

ND= not found; NL= no limit

Table 3.2.2 shows TCLP leaching concentrations of the existing heavy metals of alkali-activated
MSWI fly ash-based pastes. As can be seen, with the addition of metakaolin from 0 to 20%, the
leaching concentrations of Pb were increased gradually and exceeded the TCLP limits at 15% and
20%. Leaching concentrations of Cr exhibited a similar trend to Pb, and exceeded the TCLP limits
at 20%. Initially, the leaching concentrations of Cd, Cu and Zn were increased and then decreased
with the addition of metakaolin from 0 to 20%. The lowest leaching concentrations of Cr(VI), Cu

and Zn were obtained in the synthesized pastes at 10%, 5% and 5% metakaolin, respectively.

From the TCLP leaching test, it is depicted that the immobilization of heavy metals was impacted
by the substitution of metakaolin in silica fume in the synthesis process. As per the previous study,
the possible mechanisms which affect the heavy metals immobilization due to varied dosages of
aluminum can be summarized in three studies as follows. It was reported that formed Friedel’s salt
could stabilize the existing heavy metals by substitution of isomorphous (Chrysochoou and
Dermatas, 2006; Shao et al., 2013). In addition, the substitution of the tetrahedral Al in the
backbone of tetrahedral Si can produce more negative charges associated with tetrahedral Al(I11),
leading to additional metal cations bound into the structure for charge-balancing (Schilling et al.,

1994). Also, the change in the compressive strength is related to the permeability of materials, i.e.,
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an important parameter for immobilization of heavy metals. The stronger paste tends to possess

less permeability and better encapsulation ability (Fern&dez-Pereira et al., 2018).

Further, the TCLP leaching test showed that the lowest leaching concentrations of Pb, Cd, Cu, and
Zn were obtained as pastes synthesized with 0 and 5% metakaolin, and the highest leaching
concentrations with a 20% metakaolin. Notably, the synthesized pastes with higher compressive
strength tend to possess better immobilization ability. This indicates that the immobilization of
heavy metals is dominated by encapsulation. It is interesting that the lowest leaching concentrations
of Cr(VI) was obtained with a 10% metakaolin. Considering that the anion form of Cr(V1) is not
capable of bonding with negative charged AI(III) due to the influence of electrostatic repulsion
force. Thus, the immobilization of Cr(VI) may be attributed to the formation of Friedel’s salti.e. a
trigonal crystal system of layered hexagonal structure in which sites like Ca?*, Al**and CI- can be
replaced by other ions (Taylor, 1997). It is reported that the stabilization of oxyanions like CrO4>
relies on the formation of Friedel’s salt that immobilizing Cr(VI) by substitution of the
isomorphous, resulted in solid-solutions of Cr-Friedel’s salt (Qian et al., 2009; Shao et al., 2013).
However, the immobilization mechanism seems effective only in the pastes with comparable
strength. With a 10% to 20% of metakaolin, the compressive strength of paste was decreased.
Subsequently, leaching concentrations of Cr(VI) were decreased abruptly. This indicates that
isomorphous substitution and physical encapsulation act simultaneously on the immobilization of
Cr(VI).

As can be seen in 2°Si NMR analysis, with the addition of metakaolin from 0 to 20%, more and
more tetrahedral Al(III) in the backbone of the tetrahedral Si can produce negative charges and
effectively immobilized more heavy metals. However, the opposite result was found in the TCLP
test. For further clarification of the result, modeling and simulation tools were employed to
calculate the binding energy related to charge-balanced ion in N-A-S-H gel, as shown in Figure
3.2.5. The binding energy of Na, Pb, Cd, Cu, and Zn exhibited the order of Na > Cd > Zn > Cu >
Pb. This indicates that bonding of Na® in N-A-S-H gel possesses the most stable molecular
orientation. In the presence of a large amount of Na* (calculated Na/Al in Table 2.3.2), it was

preferentially bonded the N-A-S-H gel to balance the negative charge, causing hardly bonding of
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heavy metals in the structure for charge-balancing. This result is well consistent with the TCLP

results.
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Figure 3.2.5. The binding energy related to charge-balanced ion in N-A-S-H gel
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3.3. Influence of waste glass on immobilization effect of heavy metals

3.3.1. Compressive strength

Compressive strength, MPa

10% 20% 30% 40% 50% 60%
Content of waste glass

Figure 3.3.1. Compressive strength of alkali-activated MSWI fly ash-based pastes as a

function of the proportions of waste glass

The consolidation process aims to transform powder waste into a monolithic solid with comparable
strength through hydration reaction. The increase in structural strength and durability ensures long-
term stability and structural integrity in landfill conditions (Phua et al., 2019). The acceptable
strength for the Portland cement solidified matrix is more than 0.2 MPa (Lombardi et al., 1998;
Mangialardi et al., 1999). However, in the UK, the Waste Regulation Authority (WRA) regulated
the strength requirement for consolidation products is 0.7 MPa for 28 day age but the criteria may
be as low as 0.35 MPa depending on the circumstances of testing (Hills and Pollard, 1997). Figure
3.3.1 shows the compressive strength of alkali-activated MSWI fly ash-based pastes as a function

of the proportions of WA. With the increase of WA dosage from 10% to 40%, the compressive
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strength of pastes increased and reached a maximum compressive strength of 3.55 MPa. This result

demonstrates that WA addition effectively reinforced the consolidation of MSWI fly ash. In
consideration of scarce silicon and aluminum in MSWI fly ash, the increase of compressive
strength may be relative to the high content of silicon in WA, which supplies precursor for
producing cementitious gel through alkaline activation reaction. Except for the paste synthesized
with 10% WA, all the pastes meet the strength requirement. With the further increase in WA dosage,
however, the compressive strength decreased. This result will be explained in detail in the later

part.

3.3.2. Microstructure characterizations

H P: Portlandite H: Halite
b p | At Anhydrite  S: Sodium silicate

40% waste glass

50% waste glass

60% waste glass

10 20 30 40 50 60 70

Figure 3.3.2. XRD patterns of alkali-activated MSWI fly ash-based pastes synthesized with

varying proportions of waste glass

Figure 3.3.2 gives the XRD pattern of alkali-activated MSWI fly ash-based pastes synthesized with
varying proportions of WA. Comparing with raw MSWI fly ash, calcium chloride hydroxide
(CaCIOH), calcite (CaCOs) and sylvite (KCI) disappeared in pastes, and remained portlandite
(Ca(OH)2), halite (NaCl) and anhydrite (CaSOa4). Calcium chloride hydroxide is an unstable phase.
It would be decomposed into Ca(OH)2 and chloride when exposed in alkaline conditions (Zheng
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et al., 2010). As a result, it existed in the form of Ca(OH)2 and NaCl in pastes. Calcite usually is

an inert phase in alkaline activation reaction in some studies (Jin et al., 2016; Wan and Rao, 2018;
Ye et al., 2016b). However, it disappeared in the current study. This may be due to the generation
of low crystalline CaCOs in the long period pre-stirring process, which was found when using a
mixture of CaO and Na2COs as alkaline activator (J. Wang et al., 2018). The low crystalline CaCOs3
is highly reactive and reacted with added silicon source to form C-(A)-S-H gel. This was verified
by the characteristic peaks of the C-(A)-S-H gel peaking at 7.07°, 29.3° and 49.83° of 26 (Torres

et al., 2009).

Further, with the increase of WA dosage, the intensity of the crystal phase originated from MSWI
fly ash decreased. However, the intensity of a newly formed phase, locating at 26 of 32.5°, increased
as WA dosage increase from 10% to 50% and decreased when 60% WA addition. At the same time,
the crystal sodium silicate is formed in pastes with 60% WA addition. We believe that the
components of the newly formed phase could be associated with crystal sodium silicate. Previous
studies found that the alkaline activation of WA produced C-S-H gel and sodium silicate gel (silica
gel) when only calcium source is available, or C-S-H gel and sodium-alumino-silicate-hydrate (N-
A-S-H) gel when both calcium and aluminum sources are available (Avila-Lpez et al., 2015;
Redden and Neithalath, 2014). In this reaction medium, aluminum is rarely presented (Tables 2.1.5
and 2.1.10), and thus the resultant formed cementitious gel are C-S-H gel and silica gel. Therefore,
it is reasonable here to assign the phase locating at 20 of 32.5° to silica gel. In a study of the alkaline
activation of WA, silica gel exhibited an amorphous peak at 26 from 25 Q0 35 XZhu et al., 2019b).
This may be attributed to the alkaline activator used, which could affect whether the crystal phase
formation of gel. It has been reported that the alkaline activation of slag, regardless of the type of
activator, the major product is always C-S-H gel. However, when sodium hydroxide was the
alkaline activator, a poor-crystalline C-S-H gel was formed, while with water glass, crystallinity
was invisible even after a full year of hydration (Huang et al., 2019). This is highly in support of
our assignment for the newly formed crystal phase because we used sodium hydroxide as the
alkaline activator, whereas the latter study used a mixture of sodium hydroxide and water glass as

the alkaline activator.
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Figure 3.3.3 shows SEM images of alkali-activated MSWI fly ash-based pastes synthesized with
varying proportions of WA. With 10% and 20% WA addition, the pastes exhibited substantial

indissoluble WA particles, as well as a scantly compacted structure. With the increase of WA to
30% and 40%, pastes tend to form more gel and a condensed structure. With continuously increase
WA to 50% and 60%, pastes again presented WA particles and porous structure. The alkaline
variation in the reaction medium and the dosage of WA could responsible for this result. In the
stirring process to eliminate expansion, metallic aluminum and other impurities in MSWI fly ash
would consume the dosage of NaOH (Tian et al., 2020c). Therefore, the more MSWI fly ash was
added, the more NaOH was consumed. Keeping constant NaOH dosage, the reaction medium with
high MSWI fly ash addition tends to be of a lower alkaline medium. At high MSWI fly ash (i.e.,10%
and 20% WA addition), the low alkaline reaction medium is difficult to dissolve WA (Torres-
Carrasco et al., 2014). This leads to less gel was formed in pastes and exhibited substantial
indissoluble WA particles. With the decrease of MSWI fly ash (i.e., the increase of WA), the
reaction medium tends to have a higher alkaline medium and dissolve more WA, pastes thus
generated more gel and presented a homogeneous structure. With further increase of WA to 50%
and 60%, the reaction medium failed to completely dissolve excess WA, resulting in WA particles
remained in the pastes. Additionally, with the decrease of MSWI fly ash, the available calcium
source decreased, inhibiting the formation of C-(A)S-H gel. Also, when 60% WA addition, partial
silica gel turned into crystal sodium silicate (Figure 3.3.2). This leads to a porous structure and the

decrease of the compressive strength of pastes.
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Figure 3.3.3. SEM images of alkali-activated MSWI fly ash-based pastes synthesized with

varying proportions of waste glass
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Figure 3.3.4. °Si NMR spectra of raw waste glass and alkali-activated MSWI fly ash-based

pastes synthesized with varying proportions of waste glass

Table 3.3.1. 2°Si deconvolution data of alkali-activated MSWI fly ash-based pastes synthesized

with varying proportions of waste glass

Position center Dosage of waste glass
(error 1) 10% | 20% | 30% | 40% | 50% | 60%
Monomer -71 ppm 11.10| 8.19 4.72 4,78 1.93 6.14

-76 or -79 ppm | 20.50 | 15.95 | 16.07 | 14.56 | 14.86 | 20.06

C-S-H gel -82 ppm 13.80 | 12.31 | 10.86 | 11.59 | 10.57 | 12.11

-87.8 ppm 11.97 | 14.02 | 10.08 | 9.26 | 8.06 | 5.62

-95 ppm 7.11 | 1152 | 14.31 | 13.25 | 13.14 | 15.38
Silica gel -100 ppm 12.37 | 13.72 | 13.87 | 17.50 | 18.70 | 7.81
-110 ppm 3.76 | 4.82 | 11.05 | 12.11 | 12.48 | 9.72
-92 ppm 13.04 | 12.81 | 11.87 | 11.42 | 12.00 | 15.10

Waste glass
-106 ppm 6.30 | 672 | 7.10 | 513 | 819 | 7.81
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Figure 3.3.4 gives the 2°Si NMR spectra of raw WA and alkali-activated MSWI1 fly ash-based pastes

synthesized with varying proportions of WA. WA predominantly peaked at -93 ppm and minor
peaked at -106 ppm, which are indicative of the presence of the Q* Si site of characterizing WA
(Torres-Carrasco et al., 2014). From the analysis of XRD and SEM, the silicon-bear substances
contain C-(A)-S-H gel, silica gel and WA. In C-S-H gel, the peaks at -79 ppm, -82 ppm and -87.8
ppm are assigned to Q*, Q2 and Q?(1Al) due to end-chains, middle-chains and Al is involved in
middle-chains presented in C-S-H, respectively (Richardson, 1999; Wan and Rao, 2018). In silica
gel, the peaks at -95ppm, -100 ppm and -110 ppm are assigned to Q?, Q% and Q* Si site (Lutz et al.,
2009; Zhu et al., 2019b). The peak at -71 ppm is assigned to monomer silicate (Q°) (Q. Wan et al.,
2018).

Table 3.3.1 gives the #Si deconvolution data of alkali-activated MSWI fly ash-based pastes
synthesized with varying proportions of WA. With the increase of WA from 10% to 50%, the Si
site in C-(A)-S-H gel decreased, which accounts for 46.27%, 42.28%, 37.01%, 35.41% and 33.49%,
respectively. While the Si site in silica gel increase from 23.24%, 30.06%, 39.23%, 42.86% to
44.32%. This may be attributed to the variation in composition in the reaction medium. With the
increase of WA, the silicon source increases and the calcium source originated from MSWI fly ash
decreases accordingly, which facilitates the formation of silica gel and inhibits the formation of C-
S-H gel from the perspective of thermodynamics. When 60% WA addition, the Si site in silica gel
has an obvious decrease to 32.91%, and at the same time, the Si resonance at -78 ppm transferred
to -76 ppm. This may be attributed to part of silica gel converting into crystal sodium silicate
(Figure 3.3.2). Crystal sodium silicate is of similar constituents with silica gel (Redden and
Neithalath, 2014). Differently, the Si site of silica gel peaks at -95ppm, -100 ppm and -110 ppm
while that of sodium silicate peaks at -76.8 ppm (M&gi et al., 1984). The transformation of silica
gel into crystal sodium silicate leads to a surging increase of Si site at -76 ppm. Furthermore, the
Si site in WA exhibited a minimum percentage when 40% WA addition. This suggests the optimum
reaction medium for WA dissolution, which further explained the paste synthesized with 40% WA
exhibited the highest compressive strength and homogeneous structure.
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3.3.3. Immobilization effect of heavy metals

Table 3.3.2. The heavy metals leaching concentration of raw MSWI fly ash

Heavy metals

Cu

Pb

Zn Cr Cd

Raw MSWI fly ash (mg/L)

5.43
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Figure 3.3.5. The leaching concentration and immobilization efficiency of heavy metals and

eluant final pH of pastes synthesized with varying proportions of waste glass dosage
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Table 3.3.2 gives the heavy metals leaching concentration of raw MSWI fly ash, in which the
leaching concentration of Pb and Cd exceeds the acceptable limit of the environment. Figure 3.3.5
gives the leaching concentration and immobilization efficiency of heavy metals and eluant final
pH of pastes synthesized with varying proportions of WA dosage. Compare to raw MSWI fly ash,
the leaching concentration of the heavy metals decreased in the pastes synthesized with 10% to 60%
WA, and all meet the acceptable limit of the environment. The immobilization efficiency of Cr
increased with the increase of WA. However, the immobilization efficiency of Cu, Pb, Zn and Cd
decreased with the increase of WA. This result may be related to the eluant final pH of pastes. With
the addition of WA, the eluant final pH decreased, promoting the leaching of heavy metals that in
the form of hydroxides, oxide and carbonate. Two factors could be responsible for the variation in
the eluant final pH value. Firstly, as a lower dosage addition of WA, less alkaline activation reaction
occurred in pastes, consuming less alkaline activator (Ye et al., 2016b). Secondly, MSWI fly ash
itself is of high alkalinity due to it contains substantial portlandite (Ca(OH)2), calcium chloride
hydroxide (CaCIOH) and calcite (CaCOs) (Figure 2.2.3). The pH of its aqueous solution is higher
than 12 and exhibited a strong buffering capacity against acidification (Luo et al., 2019). Therefore,
keeping constant alkaline activator, pastes synthesized with a low dosage of WA (i.e., high dosage
of MSWI fly ash) exhibited a strong alkaline environment. On the other hand, as 50% WA addition,
the eluant final pH of paste is comparable with that of raw MSWI fly ash. However, the
immobilization efficiency reached to 77.8%, 92.3%, 94.56%, 100% and 69.98% for Cu, Pb, Zn, Cr
and Cd, respectively. This indicates that the immobilization of heavy metals is not only controlled
by alkalinity, but also enhanced by alkaline activation reation. Moreover, the immobilization
efficiency of Cu and Cd are more susceptible to eluant final pH than that of Pb and Zn, suggesting
different immobilization form of heavy metals. To explore the immobilization form of heavy
metals, we chose two kinds of heavy metals (Cd and Pb) with different leaching behavior as

candidates for further study.
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3.3.4. Immobilization forms of heavy metals

(a) 2% Cd-before leaching

Flement< 0 Na< d< Cle e Cad Sid 84 Total<

Masspercent(®0)<  34.37¢' 14,16 4539¢ 4.55¢ 038« 0.78¢  035¢  0.02¢ 100+

Atomic percent (%)< 63.93¢ 1833¢ 12020 3.83¢  (0.93¢ (.58 0.37¢ 0024 1004

(b) 2% Cd-after leaching

Element (0] Na Cd Cl C Ca Si Total
Mass percent (%) 44.79 2.63 47.26 0.88 0.77 2.24 1.42 100
Atomic percent (%) 79.31 3.25 11.91 0.71 1.82 1.58 1.43 100
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B ",

Element (¢} Na Pb Cl C Ca S Si K Al Total

Mass percent (%) 4418 3403 363 552 486 031 6.05 049 068 026 100

Atomic percent (%) 5457 2925 035 3.07 800 015 373 034 034 019 100

@

Element 0 Na Pb C Ca Si Mg Al Total

Mass percent (%) 64.30 2.38 3.14 0.72 15.62 9.73 3.53 0.58 100

Atomic percent (%)  78.80 2.03 0.30 1.18 7.64 6.79 2.85 0.42 100

Figure 3.3.6. Backscattered electron (BSE/EDS) microscopy of alkali-activated MSWI fly ash-
based paste synthesized with 2% Cd(NOz)2 and 2% Pb(NOs)2 addition before and after leaching
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Figure 3.3.7. XPS spectra of alkali-activated MSWI fly ash-based pastes synthesized with 2%
Cd(NOs3)2 and Pb(NOz)2 addition

The backscattered electron (BSE/EDS) microscopy was given to examine heavy metals distribution
in pastes. The brightness of the areas is proportional to the atomic number in BSE microscopy.
Point analysis by EDS indicates that the bright areas contained Cd and Pb in pastes synthesized
with Cd(NOs)2 and Pb(NOz3)2 addition, respectively. Figure 3.3.6 (a) and (b) show the BSE/EDS

microscopy of paste synthesized with 2% Cd(NOs)2 addition before and after leaching, respectively.
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As can be seen from the EDS results, the possible elements to chemically combine with Cd in the

paste before leaching include O, CI, C, Si and S, corresponding to compounds CdO or Cd(OH)2,
CdClz, CdCQOs, CdSiOs and CdSOa, respectively. After leaching, the S disappeared in the bright
area. Therefore, the possible compounds to immobilize Cd include CdO, Cd(OH)2, CdCl2, CdCOs
and CdSiOs. However, CdClz, CdCO3 and CdSiOs have little possibility to immobilize Cd from
the perspective of the atomic ratio. The atomic percent of Cd (11.91%) is much higher than that of
Cl (0.71%), C (0.93%) and Si (0.37%). Previous study concluded that Cd could be effectively
immobilized in high calcium matrix because Cd substitute for Ca* to form Cd/Ca silicate hydrate
gels (Diez et al., 1997; Pomiés et al., 2001). Here, we found that the formation of Cd/Ca silicate
hydrate gels seem not the dominant immobilization form. Therefore, the possible forms to
immobilize Cd only include CdO and Cd(OH)z.

To further confirm the immobilization form, XPS was performed. Figure 3.3.7 (a) gives the Cd 3d
spectra of pastes synthesized with 2% Cd(NOs)2 addition before and after leaching. In the Cd 3d
spectra of the paste before leaching, the binding energy of Cd 3d°? peaks at 406.10 eV for CdCl>
(Seals et al., 1973). After leaching, the peak of CdCl2 disappeared. In the Cd 3d spectra of paste
before and after leaching, the binding energy of Cd 3d°? and Cd3d*? peaking at 404.00 eV and
410.38 eV are assigned to CdO (Seyama and Soma, 1984). While the binding energy of Cd3d®?
for Cd(OH)2 peaked at 404.8 eV (Hammond et al., 1975). Therefore, the remaining Cd-bear
compounds in paste is CdO. The CdO is rarely soluble when pH higher than 7. However at pH of
6, it is highly soluble (El-eswed, 2020). As 50% WA addition, the eluant final pH of paste is 6.16,
while immobilization efficiency of Cd reached 69.98% (Figure 3.3.5). This immobilization effect
may be attributed to physical encapsulation and the alkaline environment formation. After alkaline
activation reaction, the enhanced properties of paste exhibited lower hydraulic conductivity and
lower porosity and thus limited the leachability of the heavy metals by reducing contact with the
outer environment (Mangialardi et al., 1999). On the other hand, the alkaline environment
formation in the pore solution buttered the contacted acid extraction liquid, keeping the alkaline

condition of the internal environment and thus immobilizing the CdO.

Figure 3.3.6 (c) and (d) show the BSE/EDS microscopy of paste synthesized with 2% Pb(NOs3):

addition before and after leaching, respectively. Before leaching, the possible elements to
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chemically combine with Pb include O, Cl, C, S and Si, corresponding to compounds PbO or
Pb(OH)2, PbCl2, PbCOs3, PbSO4 and the combination forms of Pb and Si. In previous studies, the
combination forms of Pb and Si include the formation of lead silicate glass (PbO-nSiO2) (Wang

and Zhang, 1996) and lead in network that refers to Pb covalently bonds to O to form PbOn
pyramidal units with silicate (Boddenberg, 1988). After leaching, the possible elements to
chemically combine with Pb include O, C and Si, corresponding to compounds of PbO or Pb(OH)z,
PbCOs and lead silicate glass or lead in network.

Figure 3.3.7 (b) gives the Pb4f spectra of paste synthesized with 2% Pb(NOs)2 addition before and
after leaching. In the Pb4f spectra of paste before leaching, 6 peaks could be fitted, which is 137.95
eV,138.20 eV, 139.00 eV 142. 90 eV,143.10 eV and 144.10 eV. After leaching, 4 peaks remained,
which is located at 138.20 eV, 139.00 eV, 143.10 eV and 144.10 eV. Combing with the possible
compounds in paste before and after leaching, the binding energies peaking at 137.95eV 142.90
eV may be attributed to Pb(OH)2 (Pederson, 1982), the binding energies peaking at 138.2 eV and
143.2 eV are assigned to lead in the network (C. Zhang et al., 2016), and binding energies peaking
at 139.0 eV and 144.1 eV are assigned to lead silicate glass (Wang and Zhang, 1996). As can be
seen from Figure 3.3.7 (b), Pb is immobilized mainly by lead in a network with a minor amount of

lead silicate glass formation.

3.4. Co-disposal of MSWI fly ash and spent caustic
3.4.1. Consolidation of MSWI fly ash

3.4.1.1. X-ray diffraction (XRD) examination

To determine the existing phase and phase transformation of alkali-activated MSWI fly ash-based
pastes, XRD examination was carried out. Figure 3.4.1 shows the XRD of spent caustic-pastes and
NaOH-pastes synthesized with the varying dosage of BFS. Comparing to the XRD spectra of raw
MSWI fly ash (Figure 2.2.2), the phase of calcium chlorine hydroxide (CaCIOH) disappeared and
hydrocalumite (CasAl206Cl2:10H20) formed in both species’ pastes. CaCIOH was an unstable
phase when exposed to alkaline surroundings, and it would be decomposed into Ca(OH)2 and
chloride ions (Zheng et al., 2010). In the presence of a large amount of calcium source and chloride

ions, aluminum source into the system with the introduction of BFS facilitates hydrocalumite
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generation. The chemical equations can be expressed as Eq. (3.4.1). Differently, ettringite

(CasAl2(S04)3(0OH)12 26H20) formed in spent caustic-pastes, whereas none formed in NaOH-
pastes. This may due to SO4> contained in spent caustic, supplying the precursor for forming
ettringite. This can be verified by the fade away of peaks of anhydrite in spent caustic-pastes with
the BFS addition, and meanwhile, the ettringite peaks intensity increased. This chemical equation
can be deduced to Eq. (3.4.2). On the other hand, the peak of 26=29.3which assigning to calcite,
is slightly higher in spent caustic-pastes. This may due to Na2COs presented in spent caustic
facilitates the calcite formation when mixing spent caustic in the system full of calcium ion. The
other crystalline phases produced in both species’ pastes are similar. This may be due to major

element Na and similar alkalinity exist in both alkaline activators.
2A105 + 4Ca?* + 2Cl~ + 40H™ + 8H,0 = Ca,Al,04,Cl, - 10H,0 (3.4.1)

3502~ + 24105 + 6Ca?* + 40H™ + 28H,0 = CagAl,(S0,)3(0H),, - 26H,0  (3.4.2)

H  H:Halite P:Portlandite C: Calcite S: Sylvite

A: Anhydrite T: Hydrocalumite E: Ettringite

b H

T P H
E AE C AHS S 9 ‘ AR 30-spent caustic-paste
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Figure 3.4.1. XRD spectra of spent caustic-activated MSWI fly ash-based pastes (spent caustic-
pastes) and NaOH-activated MSWI fly ash-based pastes (NaOH-pastes) synthesized with the
varying dosage of BFS (30%, 40%, and 50%)
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3.4.1.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was usually used to investigate the chemical covalent bond's vibration
environment, by which some chemical covalent of organics could be detected in spent caustic-
pastes. Figure 3.4.2 gives the FTIR spectra of spent caustic-pastes and NaOH-pastes synthesized
with the varying dosage of BFS. The absorption bands that occurred in the 3400-3700 cm! region
are characteristic of the stretching vibration of O-H (Yi et al., 2020, 2019). The sharp absorption
band at 3644 cm™ is assigned to the O-H in portlandite (Stoch et al., 1999). The broadband located
at 3440 cm™ is assigned to stretching vibration of water lattice in C-(A)-S-H, and the band at 1640
cm is assigned to its bending vibrations (Baharom and Mamat, 2015). The bands at 1420, 875 and
713 cm! are assigned to the vibration of CO3? in calcite (Lodeiro et al., 2009; Zhu et al., 2018).
The band around at 998 cm™ is asymmetric stretching vibration of Si-O-T (T is tetrahedral Si or
Al) in N-A-S-H gel (Wan et al., 2017c). The band at 954 cm™ is attributed to C-(A)-S-H gel
(Baharom and Mamat, 2015). Obviously, the band's intensity at 954 cm™ is much stronger than
that at 998 cm, indicating that the dominant C-A-S-H gel was formed in both species’ pastes. The
band at 620 cm™ is assigned to Si-O-Al bending vibrations in N-A-S-H gel (Nogami et al., 1989).

Different bands occurred in spent caustic-pastes (marked by the grey rectangle). The bands at 2957,
2925, 2845 and 1460 cm™ are due to asymmetric stretching of CHs, asymmetric stretching of CHz,
symmetric stretching of CH2 and bending vibration of C—H, respectively (Coelho et al., 2006;
Mansur et al., 2008; Palaniappan and Pramod, 2010; Peng et al., 2020). This may be because spent
caustic contains large amounts of organics, as shown in Figure 2.1.9. The band at 1120 cm™ in
spent caustic-pastes is attributed to the presence of SO+ in spent caustic, corresponding to the
formed anhydrite and ettringite in spent caustic-pastes (Bcke and Akkurt, 2003). This result is well
consistent with the XRD analysis (Figure 3.4.1).
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Figure 3.4.2. FTIR spectra of spent caustic-activated MSWI fly ash-based pastes (spent caustic-
pastes) and NaOH-activated MSWI fly ash-based pastes (NaOH-pastes) synthesized with the
varying dosage of BFS (30%, 40%, and 50%)

3.4.1.3. Nuclear magnetic resolution (NMR) spectra

In alkaline activation reaction, the formed cementitious binders are N-A-S-H and C-(A)-S-H gel
(Criado et al., 2007; Tian et al., 2020d), which can’t be detected by XRD owing to most of them
are non-crystalline (Wang et al., 2005). The short-range ordering and molecular structure of AAMs
have been investigated with great success using NMR spectroscopy (Duxson et al., 2005). It is thus
an effective tool in exploring amorphous gel in AAMs. The lack of spectral resolution for silicon
in AAMs has been overcome by adopting Gaussian peak deconvolution to separate and quantify
Qn(mAl) species (0 < m=<n < 4, n = integer) (S.K. Lee, 1999). The resonances at -71 and -73
ppm were due to the presence of two different types of isolated silicate (QY. According to
assignment in reference papers (Cong and Kirkpatrick, 1996; Singh et al., 2005; Wieker et al.,
1982), the Q° usually resonates from -66 to -74 ppm. This is because isolated silicate can be bonded
to Ca?*, Na* and H* as charge-balancing sites (Le Sao(l et al., 2011). Therefore, the distinct
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bonding environments cause a different chemical shift of the QO site. The same is true that the

resonances at -77 and -79 ppm were assigned to the end-chain groups (Q?) in C-(A)-S—H gels due
to it can either be bonded to Si or Al (Bernal et al., 2013). The resonance at -87.8 ppm was assigned
to the middle-chain (Q?) in C-S-H gel, and the resonance at -82 ppm was assigned to Q2 (LAl) when
Al substitute for Si in Q? (Singh et al., 2005). The resonance at -84, -89.and -93 ppm were assigned
to Q* (4Al), Q* (3Al), and Q* (2Al) in N-A-S-H gel, respectively (Wan et al., 2020).

Figure 3.4.3 gives the 2°Si NMR spectra of BFS, spent caustic-pastes and NaOH-pastes. The Si site
in BFS is predominantly composed of Q°, which are well consistent with other studies (Schneider
et al., 2001; Wang and Scrivener, 2003) The spectra of BFS exhibited a certain tendency to a
higher frequency. This may be attributed to some extent of crosslinking between silicate monomers.
Table 3.4.1 gives the 2°Si deconvolution of spent caustic-pastes and NaOH-pastes synthesized with
the varying dosage of BFS. After the alkaline activation reaction, the percentage of Q° decreased
sensibly in two species’ pastes, indicating alkaline activation reaction occurred in both species’
pastes. The gel formed in both species is mainly C-(A)-S-H gel. This is consistent with the study
that the major C-(A)-S-H gel formed in alkali-activated BFS pastes (Fernandez - Jiménez et al.,
2003; Huanhai et al., 1993). Comparing to spent caustic-pastes, NaOH-pastes contains more Al-
rich N-A-S-H gel with a predominance of Q*(4Al) environment, whereas less C-(A)-S-H gel. This
can be attributed to the high pH environment caused by the NaOH alkaline activator, which inhibits
the dissolution of calcium ion and thus the formation of C-(A)-S-H (S Alonso and Palomo, 2001).
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Raw BFS

-74.28

Chimical shift (ppm)

-100

Table 3.4.1. ?°Si deconvolution of spent caustic-pastes and NaOH-pastes synthesized with the

varying dosage of BFS (%)

oL 838;“ 40-spent | 50-spent | 30- 40- 50-
Components pen caustic- | caustic- | NaOH- | NaOH- | NaOH-
(AI) | caustic- aste aste aste aste aste
paste p p p p P
Isolated silicate | Q° 10.5 12.46 7.71 10.80 | 12.03 9.11
Q! 41.44 38.89 39.99 38.46 | 36.87 | 38.08
C-(A)-S-H gel Q*(1Al) | 22.72 25.74 30.51 22.02 | 22.87 | 23.89
Q? 8.06 6.76 7.73 6.53 6.05 5.56
Q*4Al) | 11.95 12.65 9.52 1792 | 1712 | 17.62
N-A-S-H gel Q*BAl | 2.97 2.27 3.26 2.27 2.80 3.95
Q*2Al) | 2.36 1.23 1.25 1.93 2.29 1.80
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Figure 3.4.3 2Si NMR spectra of raw BFS, and spent caustic-activated MSWI fly ash-based
pastes (spent caustic-pastes) and NaOH-activated MSWI fly ash-based pastes (NaOH-pastes)
synthesized with the varying dosage of BFS (30%, 40%, and 50%)
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3.4.1.4. Compressive strength

Figure 3.4.4 shows the compressive strength of spent caustic-pastes and NaOH-pastes synthesized
with the varying dosage of BFS. The compressive strength of spent caustic-pastes is much higher
than their counterpart NaOH-pastes. Some possible factors may contribute to this result. Firstly,
ettringite formation can enhance the compressive strength of alkaline activation materials (Seb&k
et al., 2001). Secondly, the presence of organics in spent caustic facilitates the improvement of
compressive strength. Many researchers studied that organics (e.g., polypropylene and polyvinyl
alcohol) as additives can improve the mechanical compressive strength of alkaline activation
materials because organics can control the generation of cracks through by bonding effect between
cracks and increasing the fracture toughness of the brittle alkaline activation materials. (Dias and
Thaumaturgo, 2005; Ferone et al., 2013; Li and Xu, 2009). Thirdly, NaOH-pastes produced more
Al-rich N-A-S-H gel (Q* (4Al)) than that in spent caustic-pastes, which usually exhibited low
compressive strength (Ferna et al., 2006; Tian et al., 2020a). Therefore NaOH-pastes exhibited
lower compressive strength than spent caustic-pastes. Lastly, Na2COs contained in spent caustic
can enhance the compressive strength of alkaline activated materials. Jiao et al. studied the
combined effect of Na2CO3 and NaOH as an alkaline activator in the synthesis of alkali-activated
slag pastes. They concluded that the increase of Na2COs in the combined activator prolong the
setting time, whereas increased the compressive strength (Jiao et al., 2019, 2018). In spent caustic,
the major alkaline activated composition is Na2COs, resulting in a higher compressive strength of

spent caustic-pastes.
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Figure 3.4.4. Compressive strength of spent caustic-pastes and NaOH-pastes synthesized

with the varying dosage of BFS

3.4.1.5. Scanning electron microscope (SEM) morphological analysis

Figure 3.4.5 gives the fracture surface SEM image of spent caustic-pastes and NaOH-pastes. As
can be seen, both species’ pastes exhibit quite different morphology. In spent caustic-pastes, large
amounts of needle structure were produced, which can be attributed to ettringite formation (X. Liu
et al., 2018). In NaOH-pastes, some unreacted particles were exposed to the fracture surface,
whereas none of them presented in spent caustic-pastes. This indicates the unreacted particles are
a weakness in NaOH-pastes. Under high pressure, the pastes break in the surface containing the
unreacted particles. However, the fracture surface of spent caustic-pastes seldom presented
unreacted particles. This may be due to the reaction in spent caustic-pastes increased the adhesion
between unreacted particles and gel, thus strengthening the weakness. This result is well consistent

with compressive strength.
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5

Ettingite

Figure 3.4.5. Fracture surface SEM image of spent caustic-pastes and NaOH-pastes. (A) (B):

spent caustic-pastes, and (C) (D): NaOH-pastes
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3.4.2. Immobilization of heavy metals and organics

3.4.2.1. Static pH leaching test for MSWI fly ash
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Figure 3.4.6. Static pH titration curves of MSWI fly ash

MSWI fly ash contains a large number of alkaline substances, i.e., hydroxide and carbonate. When
it was exposed to landfill, these substances exhibited the buffering capacity against acidification
called acid neutralization capacity (ANC), through which the long-term heavy metals leaching
behavior could be analyzed because it is related to the precipitation/dissolution of heavy metals
(Quina et al., 2009). In the previous study, pH = 7 (ANCpn7) and pH = 4 (ANCpha4) were considered
as reference pH to evaluate ANC (Quina et al., 2008b). Figure 3.4.6 shows the static pH titration
curves of MSWI fly ash. Calculated by the titration data, the ANCpH7 and ANCpras are 10.01 meq
gl and 12.39 meq g%, respectively. This value is much higher than that was reported by (Quina et
al., 2008b), in which the estimated ANCpH7 ranged 4.2 from 6.3 meq g, and ANCpHa ranged
from7.6 to 9.3 meq g 1. This may be attributed to different sample collection locations in the current
study that the used MSWI fly ash only collected from the acidic gas purification process. According
to Phua et al. (2019), most incineration plants collect the horizontal flue fly ash (generated prior to
the acidic gas purification process) and air pollution control (APC) residues (generated during the

acidic gas purification process) together. Therefore, researchers refer to these two residues as
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MSWI fly ash and study them together. However, compared to horizontal flue fly ash, APC

residues are of higher alkalinity due to the hydrated lime was added in the capturing of acid gases
in the purification process. The mixture of horizontal flue fly ash significantly dilutes the alkalinity
of APC residues. This causes MSWI fly ash to be studied in the current study to present a much
higher ANC than in the previous studies.
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Figure 3.4.7. Leaching concentration of heavy metals in MSWI fly ash under varying pH
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3.4.2.2. Heavy metals immobilization

Table 3.4.2. Leaching concentration and leaching ratio of heavy metals in MSWI fly ash

Heavy metals Cu Pb Zn Cd Cr(VI)
Leaching concentration 13.06 16.97 54.90 6.03 0.18
Leaching ratio (%) 69.7 32.37 39.02 61.85 2.32
Limit (mg/L) 100 5 100 1 5

Table 3.4.3. Leaching concentration and immobilization efficiency of heavy metals in spent

caustic-activated MSWI fly ash-based pastes (spent caustic-pastes) and NaOH-activated MSWI fly
ash-based pastes (NaOH-pastes) synthesized with the varying dosage of BFS (30%, 40%, and 50%)

Leaching concentration (ppm) Immobilization efficiency (%)

Samples

Cu Pb Zn Cd | Cr(VID) Cu Pb Zn Cd

30-spent 459 | 437 | 36.63 | 3.00 0.21 4998 | 63.21 | 4.68 | 28.93
40-spent 234 | 2.86 | 30.08 | 1.99 0.24 70.14 | 71.91 | 8.68 | 45.00
50-spent 1.09 | 094 | 2481 | 0.95 | 0.22 | 8331|8892 | 9.63 | 68.49
30-NaOH- 3.08 | 3.62 | 33.83 | 2.43 0.28 66.31 | 69.52 | 11.96 | 42.43
40-NaOH- 185 | 259 | 2792 | 1.56 0.27 76.39 | 74.56 | 15.24 | 56.88
50-NaOH- 0.64 | 0.65 | 22.89 | 0.63 0.26 90.20 | 92.34 | 16.61 | 79.10

Figure 3.4.7 shows the leaching concentration of heavy metals in MSWI fly ash under varying pH.

As can be seen, the leaching concentration of heavy metals is strongly dependent on the pH value.
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Cu, Pb, Zn and Cd are rarely leached out as pH higher than 6, 6, 7 and 8, respectively. Many

published papers reported that minimal solubility of Pb and Zn occurred in the range pH of 8.5-10
and 9-10, respectively. They also found that when pH higher than 10, the leaching of Pb and Zn
would increase, thereby presenting a “V-shaped” amphoteric nature (Benassi et al., 2016; Quina et
al., 2009). Zhou et al. reported that the leaching concentration of Pb is higher as MSWI fly ash was
extracted with water than that with an aggressive condition (pH=4) (Zhou et al., 2017). Therefore,
it is noteworthy that the high solubility of Pb and Zn at the natural condition (pH>12). The
leaching concentration of Cu and Cd steadily increased with decreasing pH value. This is well
consistent with the previous study that the Cu and Cd did not show amphoteric nature under a wide
pH range from 2 to 14, and reach the maximum leaching concentration under most aggressive acid
conditions (Y. Zhang et al., 2016). The maximum leaching concentration of Cr occurred at the pH
of 8, which differs from the previous study that the leaching concentration under the acid and basic
conditions are higher than that in the neutral condition (Zhou et al., 2017). Cr exhibits two valence
states in the environment, thus more complex leaching behavior. Sperling et al. (1992) found that
the predominant species in solution to control leaching is CrO4% as pH higher than 7; and the Cr
(111) compounds are rarely soluble as pH above 5. This result suggests that the CrO4% dominates
the leaching behavior of Cr in the MSWI fly ash.

Table 3.4.2 gives the heavy metals leaching concentration of MSWI fly ash extracted by HJ/T 300—
2007. The leaching concentration of Cu, Pb, Zn, Cd and Cr is 13.06, 16.97, 54.90, 6.03 and 0.18
mg/L, respectively, corresponding to leaching ratio of 69.7%, 32.37%, 39.02%, 61.85% and 2.32%,
respectively. The leaching ratio difference is attributed to different chemical speciation of each
heavy metal in MSWI fly ash, which will be further discussed in the later part. Analyzed by UV-
vis spectrophotometer, the soluble Cr in eluate predominantly exists as Cr (\V1). This result is well
consistent with the study that Cr (V1) is the most available Cr species in MSWI fly ash (Zhou et
al., 2017). It is noteworthy that the leaching concentration of Pb and Cd exceeds the acceptable

limit of the environment.

Table 3.4.3 shows the leaching concentration and immobilization efficiency of heavy metals in
spent caustic-pastes and NaOH-pastes synthesized with the varying dosage of BFS. Compared to

raw MSWI fly ash, the leaching concentration of Cu, Pb, Zn and Cd in both species’ pastes

104



Consolidation of Municipal Solid Waste Incineration Fly Ash and Immobilization of Heavy Metals through Alkaline Activation System

decreased sensibly, indicating an outstanding heavy metals immobilization effect by alkaline

activation reaction. However, the leaching concentration of Cr in both species’ pastes is slightly
higher than that in raw MSWI fly ash. This may be due to comparable Cr content contained in BFS
with that in raw MSWI fly ash, contributing to the amount of leaching of Cr (VI). Alkali-activated
BFS binders exhibited effective immobilization for Cr (V1) due to it could reduce Cr (VI) to rarely
soluble Cr (111) by the redox environment caused by the addition of BFS (Zhang et al., 2017). The
increase of leaching concentration of Cr (V1) in pastes may be attributed to Cr (VI) content
introduced by BFS surpasses that it could reduce. With the BFS addition from 30% to 50%, the
immobilization efficiency of Cu, Pb, Cd and Zn in both species’ pastes increased. This suggests
that the leaching concentration decrease with the increase of BFS dosage is not only a dilution
effect by incorporating BFS, but also an immobilization effect caused by alkaline activation
reaction. Regardless of the alkaline activator used, the immobilization efficiency of Cu and Pb is
much higher than that of Zn and Cd, which indicates the both species’ pastes are of better
immobilization effect for Cu and Pb than Zn and Cd. This is well consistent with studies that Cu
and Pb were more effectively immobilized than Cd in alkali-activated pastes (EI-Eswed et al., 2017,
Zhang et al., 2008). However, the immobilization efficiency of Zn in the current study (around
10%) is much lower than other studies that the immobilization efficiency of Zn reached 99.99% in
alkali-activated pastes (Kirkpatrick et al., 2002; Kiventer&et al., 2018). This may be attributed to
different extraction methods that the TANK method and European standard EN 12457 were used
in their studies, in which the extraction liquid is only water. This could lead to Zn in the form of
hydroxide retained in pastes due to the alkaline environment caused by alkaline added in alkaline
activation reaction. In the current study, much aggressive extraction was used, which significantly
increased the leachability of heavy metals. Another study found that the immobilization of Zn
mainly depends on the physical and adsorption by generated gel (Wan et al., 2019a). These ways
are less effective because they depend on the porosity of the matrix and the changes in water ionic
composition that is likely to affect sorption-desorption processes. The aggressive acid conditions
in the current study dissolved the hydroxide and significantly promoted the desorption of Zn,
resulting in the low immobilization efficiency. With 50% BFS addition, both species’ pastes meet
the environmental requirement that the leaching concentration of all the heavy metals lower than

the acceptable limit of the environment.
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Compared to the counterpart NaOH-pastes, spent caustic-pastes exhibited slightly higher leaching
concentration for Cu, Pb, Zn and Cd, and slightly lower leaching concentration for Cr (V1). This is
because the presence of organics could promote heavy metals leaching by forming heavy metal-
organic complexes with high mobility in water (Arickx et al., 2010; Luo et al., 2019). Substantial
organics in spent caustic-pastes may enhance the leaching for Cu, Pb, Zn and Cd. The lower
leaching concentration for Cr (V1) in spent caustic-pastes may be attributed to two factors. Firstly,
the ettringite formed in spent caustic-pastes (Figure S4) could uptake oxyanion CrO4% by
isomorphous substitution to form solid solution phase (Chrysochoou and Dermatas, 2006), which
is a crucial mechanism for Cr (VI) leaching control. Secondly, the presence of organics in spent
caustic-pastes could be reducing agents for Cr (VI) being reduced to Cr (I11) (Abbas et al., 2001;
Sabbas et al., 2003). The Cr (111) compounds are sparingly soluble and thus control the leaching of
Cr. This result indicates spent caustic-pastes, compared to NaOH-pastes, are of weaker

immobilization effect for Cu, Pb, Zn and Cd, and better immobilization effect for Cr (VI).
3.4.2.3. BCR chemical speciation analysis

In BCR speciation analysis, five fractions of heavy metals exhibit different risk releases in the
environment. The water-soluble fraction presents in the form of soluble salt and would directly
dissolve in water solution. The exchangeable fraction contains the content that is adsorbed on the
surface of MSWI fly ash by complexation and diffusion and that co-precipitate with the carbonate
in the MSWI fly ash. This fraction would be susceptible to variation in pH and can be extracted by
ion exchange under weak acid conditions (Tessier et al., 1979). The reducible fraction represents
the content bound to iron and manganese oxides that could be released as subjected to more
reducing conditions (Usero et al., 1998). The oxidizable fraction refers to the content bound to the
organic matter and sulfur species, which would be released oxidizing environment (Li et al., 2014).
The residual fraction is usually assigned to heavy metals being hold in the mineral lattice, which
could exist stably under the conditions normally encountered in nature (Tessier et al., 1979). The
change of chemical fractions can be used to assess the immobilization effect of alkali-activated
pastes (Ji and Pei, 2020).

Figure 3.4.8 shows the chemical speciation of heavy metals in raw MSWI fly ash, spent caustic-

pastes and NaOH-pastes synthesized with the varying dosage of BFS. In raw MSWI fly ash, heavy
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metals rarely exhibited in water-soluble fraction, suggesting they rarely exist in the form of soluble

salt. This explained the results in previous studies that water washing is less effective for removing
heavy metals in MSW!I fly ash (Chiang and Hu, 2010; Colangelo et al., 2012; Wang et al., 2001).
In the bioavailable fractions, Cu, Zn and Cd mainly present in the reducible fraction, whereas Pb
is mainly distributed in exchange fraction. Similar data were found in (Li et al., 2014). This
indicates that heavy metals have certain orientations to form certain compounds in MSWI fly ash.
Cr (V1) exist in most residual fractions, making it the least bioavailable metal. The residual fraction
of Cu, Pb, Zn, Cd and Cr accounted for 19.76%, 59.57%, 48.84%, 35.87% and 96.12%,
respectively. In consideration of residual fraction unavailable for leaching, this data indicate that
heavy metal bioavailability in the environment followed the order of Cu > Cd >Zn> Pb > Cr (VI).
This result is well corresponding to the leaching ratio of heavy metals in MSWI fly ash extracted
by HJ/T 300-2007 test (Table 3.4.3), in which the leaching ratio of Cu, Cd, Zn, Pb and Cr are
69.7%, 61.85%, 39.02%, 32.37% and 2.32%, respectively.

Compared to heavy metals chemical speciation in raw MSWI fly ash, Cu, Pb, Zn and Cd transferred
into more stable speciation in both species’ pastes. However, the magnitude of each speciation in
each heavy metal was changed differently. For spent caustic-paste with the 30% BFS addition,
most of the reducible fractions of Cu was transferred into residual fraction, leading to the residual
fractions sensibly increase from 19.76% to 60.39%. For Pb, the main speciation change occurred
from exchangeable fractions into residual fractions, which causes an increase of residual fractions
from 59.57% to 85.09%. Zn and Cd exhibit similar tendencies, in which the speciation change
mainly occurred from a slight amount of reducible fractions transferred into residual fractions,
causing the slight increase of residual fractions from 48.84% to 56.99% for Zn, and from 35.87%
to 52.39% for Cd. The increase of residual fraction indicates more heavy metals being hold in the
mineral lattice. It has been reported that Cu-O, Pb-O and Si-O bonds have similar ionic character
of about 45%, while Zn-O, Cd-O and Al-O have similar ionic character of about 55% (El-eswed,
2020). According to Goldschmidt rules, when ions have similar electronegativity, they are possible
to substitute each other and form bonds with similar ionic character (Hautier et al., 2011). This
allows Cu and Pb, which are of similar electronegativity to Si, to substitute Si in the N-A-S-H gel
network, whereas Cd and Zn could not undergo such substitution because the ionic character Cd-
O and Zn-0 is about 55% (El-eswed, 2020). This substitution makes more Cu and Pb transferred
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into residual fractions than Zn and Cd. This further explained the HJ/T 300-2007 extraction test

results that Cu and Pb exhibited higher immobilization efficiency than Zn and Cd. Differently, the
residual fractions of Cr (V1) have a slight decrease from 96.12% to 95.08%, which also explained

Cr VI) leaching concentration slightly increased in pastes.

With BFS addition from 30% to 50%, the residual fractions of Cu, Pb, Zn and Cd increased
persistently, which from 60.39% to 85.15%, 85.09% to 91.97%, 56.99% to 63.51 and 52.39% to
71.00%, respectively. This confirmed that BFS addition enhanced the immaobilization effect for
heavy metals. Compared to spent caustic-pastes, the counterpart NaOH-pastes exhibited slightly
higher residual fractions for Cu, Pb, Zn and Cd, whereas slightly lower residual fractions for Cr
(VI). This data once again verified the results that spent caustic-pastes are of weaker
immobilization effect for Cu, Pb, Zn and Cd, and better immobilization effect for Cr (V1) compared
to NaOH-paste.
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Figure 3.4.8. Chemical speciation of heavy metals in raw MSWI fly ash, spent caustic-activated
MSWI fly ash-based pastes (spent caustic-pastes) and NaOH-activated MSWI fly ash-based
pastes (NaOH-pastes) synthesized with the varying dosage of BFS (SC: spent caustic-pastes, NH:
NaOH-pastes)
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3.4.2.3. Organics immobilization

Table 3.4.4. TOC of spent caustic, of raw MSWI fly ash eluate contributed by MSWI fly ash and
of spent caustic-pastes eluate contributed by pastes

) Spent MSWI | 30-spent caustic | 40-spent caustic | 50-spent caustic
Materials )
caustic | fly ash -paste -paste -paste
TOC (mg/L) | 3561 52 43 38 27

Immobilization efficiency (%)

30 40 50
BFS dosage (%)

Figure 3.4.9. The organics immobilization efficiency of spent caustic-activated MSWI fly

ash-based pastes synthesized with the varying dosage of BFS

Leached organics from pastes could be quantified by means of measuring total organic carbon
(TOC) (Luo et al., 2019). Table 3.4.4 gives the TOC of spent caustic, of raw MSWI fly ash eluate
contributed by MSWI fly ash and of spent caustic-pastes eluate contributed by pastes. The TOC of
spent caustic is 3561mg/L, indicating large quantities of organics in it. The TOC of MSWI fly ash
eluate contributed by MSWI fly ash is 52 mg/L, equivalents to 1.04 mg/g organics leached out
from MSWI fly ash. The TOC of spent caustic-pastes eluate contributed by pastes is 43, 38 and 27
mg/L as the addition of BFS of 30%, 40% and 50%, respectively. Figure 3.4.9 gives the organics
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immobilization efficiency of spent caustic-pastes calculated by Eq. (2.4.10). The immobilization
efficiency of organics is 65.72%, 68.40% and 76.53% as the addition of BFS of 30%, 40% and

50%, respectively. The previous study reported that the immobilization of organics mainly relies

on the adsorption by zeolite-like structure produced in alkaline activation reaction (C.Gokhale,
n.d.). Also, alkaline activation material is an effective encapsulation matrix for the retention of
organics due to its low porosity (Al-Mashagbeh et al., 2018). Al-Mashagbeh et al. (2018) studied
the utilization of a metakaolin-based geopolymer to immobilize organics, i.e., methylene blue, acid
blue, Congo red and crystal violet. It was found that all the organics were effectively immobilized
and the immobilization efficiency higher than 94%. However, in the current study, organics
immobilization efficiency is much less than 94%. This may be due to alkali-activated MSWI fly
ash-based pastes containing substantial salts and heavy metals (Figure 3.4.2). Many published
papers confirmed that the presence of chloride (e.g., KCI and NaCl) retards the formation of N-A-
S-H gel in alkaline activation system (Lee and Van Deventer, 2002a, 2002b; Zheng et al., 2011),
and the migration of K*, Na* and CI" in the leaching process causes the visual cracks of matrix
(Zheng et al., 2011). The organics usually penetrated the alkali-activated matrix (Ferone et al.,
2013); the dissolution of salts in pastes may facilitate the leaching of organics bonded in pastes.
Additionally, the formation of heavy metal-organic complexes facilitated the leaching because of
their high mobility in water. The presence of salts and heavy metals in spent caustic-pastes weakens

the immobilization capacity of alkaline activation matrix for organics.

Table 3.4.5. Organics identified in spent caustic and 50-spent caustic-paste eluate

Retention time, min | Compounds C.A.S. No. Probability, %
2.380 Cyclopropyl carbinol 002516-33-8 90
4.324 2,4-Dimethylamphetamine 075659-61-9 59
4.569 Methylene chloride 000075-09-2 95
7.192 Trichloromethane 000067-66-3 64
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8.190 Benzene 000071-43-2 91
13.603 Cyclotrisiloxane-hexamethyl- | 000541-05-9 83
20.056 Stannane-tributylmethyl- 001528-01-4 90
22.730 1-Pentene-4,4-dimethyl- 000762-62-9 49
24.309 2-Amino-4-methylphenol 1000373-28-1 90
27.701 Benzothiazole 000095-16-9 93
30.608 Cyclotrisiloxane-hexamethyl- | 000541-05-9 45
3.988 Sodium acetate 000127-09-3 59
17.910 2-methoxy-5-methyl-4-phenyl | 107939-25-3 55

Spent caustic
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Figure 3.4.10. GC-MS chromatogram of spent caustic and eluate of 50-spent caustic-paste.
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Figure 3.4.10 gives the GC-MS chromatogram of spent caustic of the 50-spent caustic-paste eluate.
Spent caustic contains 11 kinds of detectable organics. However, the kind of detectable organics in
the eluate decreases to 7. Table 3.4.5 gives the organics identified in the spent caustic and 50-spent
caustic-paste eluate. In eluate, the sodium acetate may be attributed to acetic extraction liquid reacts
with sodium salt that rich in pastes (Figure 3.4.1). The 2-methoxy-5-methyl-4-phenyl may be from
MSWI fly ash owning to some toxic organics contained in it (Harmsen, 1983; Zhang et al., 2004).
Previous studies found that the immobilization of organics depends on solubility (Al-Degs et al.,
2008). This leads to some organics that can be effectively immobilized, and others cannot. For
instance, benzene, which is insoluble in water, could be effectively immobilized; Whereas the
hydrophilic 2,4-dimethylamphetamine was not immobilized. However, cyclopropyl methanol,
which is easily soluble in water, also did not appear in the eluent. This indicates that the
immobilization of organics does not only depend on the solubility of organics. Some other factors,
such as group electronegativity and alkyl chain length, should be taken into consideration. The

mechanism of the immobilization of organics should be further studied in the future.

113



Consolidation of Municipal Solid Waste Incineration Fly Ash and Immobilization of Heavy Metals through Alkaline Activation System

CHAPTER 4.

Conclusions
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1) The MSWI fly ash is a CaO-SiO2-Al203-SO3-Cl based system which is rich in the elements of

calcium, chlorine and sulfur, and relatively have scarcity in silicon and aluminum. Meanwhile, it

contains a large amount of heavy metals that threaten the environment and eco-systems.

2) In the solidification of MSWI fly ash through alkaline activation, metallic aluminum reacts with
the alkalis and releases Hz, leading to expansion, cracks and low compressive strength of the alkali-
activated MSWI fly ash-based pastes. This effect can be mitigated by optimizing the synthesis
process, in which sodium hydroxide is added separately and reacted with the raw materials, and
the amount used of sodium hydroxide is related to the dosage of MSWI fly ash. A small amount of

aluminosilicate is required to consolidate MSWI fly ash well.

3) The crystal phases in alkali-activated MSWI fly ash-based pastes contain portlandite (Ca(OH)2),
halite (NaCl), anhydrite (CaSO4), sylvite (KCI) and F: Friedel’s salt. The amorphous phases
contain silica gel, C-(A)-S-H and N-(A)-S-H gel, which are responsible for the consolidation of
MSWI fly ash.

4) The variation in aluminum dosage could lead to a modification in the compressive strength of
the synthesized pastes. Additionally, the aluminum dosage can transfer the soluble chloride salt
into Friedel’s salt which supports the immobilization of Cr(VI1). The addition of aluminum dosage
affects heavy metal immobilization dominantly by changing the encapsulation ability of the pastes.
A 5% metakaolin substitution in the synthesis process can improve the immobilization effect of the
Cr (V1), Cu and Zn significantly. Moreover, the addition of metakaolin in synthesis process did not
change the ratio of C-(A)-S-H and N-A-S-H gel in pastes, though it kicked out Q* (0AI) and Q*
(1Al) conversion into Q* (2Al), Q* (3Al), and Q* (4Al) in N-A-S-H gel.

5) MSWI fly ash could be solidified by the addition of waste glass to form C-S-H and silica gel.
The addition of waste glass effectively immobilized heavy metals in MSWI fly ash. The heavy
metal immobilization mechanisms include physical encapsulation and the alkaline environment

formation, as well as the generation of silicate compounds.

6) Spent caustic was of alkalinity concentration comparable to 4.416 M NaOH solution. It could
be an alkaline activator in the consolidation of MSWI fly ash and immobilization of heavy metals.
MSWI fly ash was successfully consolidated using spent caustic through the alkaline activation

reaction. Comparing to NaOH-activated pastes, spent caustic-activated pastes formed ettringite and
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more C-(A)-S-H. The spent caustic-activated pastes exhibited higher compressive strength than
NaOH-activated pastes, which reached 4.93, 7.23, and 10.94 MPa as addition BFS of 30%, 40%,
and 50%, respectively. Additionally, spent caustic-activated pastes exhibited weaker

immobilization effect for Cu, Pb, Zn and Cd, and better immobilization effect for Cr (VI). The
immobilization efficiency of Cu and Pb is higher than that of Zn and Cd in both species’ pastes.
With the BFS dosage increased, the heavy metals immobilization efficiency improved. The
presence of salts and heavy metals in MSWI fly ash harms organics immobilization for spent

caustic-activated pastes.
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Recommendations for future work

In the thesis work, we focused on the consolidation of MSWI fly ash and the immobilization of
heavy metals through alkaline activation reaction. The immobilization mechanism of cation was
intensively investigated. However, for anion immobilization and the MSWI fly ash as a raw

material in preparing road materials through alkaline activation reaction, should be conducted in

future work.
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