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Abstract:

Flue gas residues (FGR), a waste from incineration plant was utilized as an alternative alkaline activator
to energy intensive and costly commercial activators. Fly ash (FA) and slag were used as precursors
materials along with the FGR to produce low-carbon and cost-effective alkali-activated materials
(AAMs). Reaction products and micromechanical properties were investigated by advanced
microstructure analysis techniques. Results from the infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), scanning electron microscopy (SEM) and nanoindentation indicated that reaction
products were comprised of N-A-S-H gel as a major reaction product along with the hybrid gel (C-N-
A-S-H) and C-A-S-H gel. SEM-EDS and nanoindentation results showed that the formation of C-A-S-
H gel was directly related to content of FGR. The increase in volume of Ca-based reaction products (C-
N-A-S-H and C-A-S-H) was associated with the activation of slag in presence of Na,SO.. Besides N-
A-S-H gel, some new reaction products (zeolite, apatite and berlinite) were also observed from XRD
analysis of pastes. The compressive strength of AAMs was in the range of 33.5 to 39.6 MPa and was in
line with microstructure analysis results. Leaching concentrations of Ag, Ba, Cd, Cu and Zn heavy
metals in FGR were 0.10, 0.40, 0.63, 0.26 and 1.65 mg/L respectively and below the regulatory limits

and it was classified as a non-hazardous material.

Keywords: Flue gas residues; alternative alkaline activator; alkali-activated gel; heavy metal leaching;

reaction products

1 Introduction

Production of alkali-activated binders (AABs) contributes to the utilization of local waste resources for
construction materials, hazardous waste management, reduction in consumption of natural resources
and carbon emissions related to OPC production (McLellan et al., 2011; Passuello et al., 2017). AABs
are normally prepared by the reaction of aluminosilicate materials (e.g., fly ash, slag, metakaolin used
as precursors) and a commercial alkaline activator/alkaline solution. Because of their widespread
availability and relatively stable chemical properties, fly ash and slag are widely used as precursor
materials (Giergiczny, 2019; Lei and Chan, 2020; Li et al., 2020; Tu et al., 2019). Hybrid AABs

containing both FA and slag can form calcium-rich alkali-activated gel (C-A-S-H), geopolymer gel (N-
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A-S-H) and hybrid gel (C-N-A-S-H) with the higher degree of cross-linking (Bernal et al., 2013; Perez-
Cortes and Escalante-Garcia, 2020; Puligilla and Mondal, 2015; Walkley et al., 2016). The combination
of alkali silicate and alkali hydroxide is normally used as the alkaline activator to produce AABs having
high mechanical properties (Chen et al., 2021; Giergiczny, 2019; Shi et al., 2018; Tu et al., 2019). For
the comparable mechanical performance to OPC concrete, AAB-based concrete emits 44-64% lower
carbon dioxide. It has been reported that alkaline activators contribute to nearly 60% of carbon emission
in AABs despite their significantly lower proportion as compared to precursors (Bajpai et al., 2020;
McLellan et al., 2011; Passuello et al., 2017). The preparation process of these alkali silicate activators
involves heating the silica and sodium bicarbonate at elevated temperatures which not only releases a
high amount of carbon dioxide thus polluting the environment but also produces activators with a high
cost and high embodied energy (Fawer et al., 1999). To further reduce the cost and environmental

impact of AABs, finding a cost-effective activator with low embodied energy is necessary.

In this regard, researchers have synthesized sodium silicate using amorphous silica and sodium
hydroxide by hydrothermal process. Rice husk ash, silica fume, waste glass powders have been
identified as amorphous silica sources to prepare the sodium silicate while sodium hydroxide is used as
a source of alkali metal (Alnahhal et al., 2021; Geraldo et al., 2021). The nature of reaction products in
AABs prepared by synthesized activators and commercial activators was similar. Activators prepared
by hydrothermal and thermomechanical methods possess some limitations. The corrosive nature of
alkaline activator prepared through hydrothermal method at elevated temperature of 150-250°C can
damage the pressure reactor vessels (di Bella et al., 2003). Whereas, a significantly lower amount of
silica is dissolved at a lower temperature <100°C, hence producing the activators resulting in AABs
having lower mechanical properties (Puertas and Torres-Carrasco, 2014; Torres-Carrasco and Puertas,
2015). In the thermomechanical process, synthesis is performed at significantly higher temperatures
(500-1300°C) which can dissolve a higher amount of silica. However, prepared activator needs
reheating at higher temperature (175°C) before use due to its lower solubility at room temperature (Hu
et al., 2015; Keawthun et al., 2014; MORI, 2003). Some other studies have reported the use of cleaning

solution (Fernandez-Jiménez et al., 2017), waste glass powder (Keawthun et al., 2014; Vinai and
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Soutsos, 2019a, 2019b), bottom ash (Maldonado-Alameda et al., 2021) and sugarcane straw ash
(Moraes et al., 2018) in conjunction with the sodium hydroxide to prepare the alternative alkali silicate
activator. In this study, a highly alkaline industrial waste known as “Flue gas residues (FGR)”
transported from the incineration plant was solely used as a source of alkaline activator to prepare the

hybrid alkali-activated fly ash slag pastes.

FGR is produced as waste residues during the treatment of sewage sludge at incineration plants (or
waste to energy, WtE plants) and obtained on the downstream side after the flue gas treatment process
(Ahmad et al., 2023, 2022). It is of highly alkaline waste and corrosive in nature and contains soluble
ions and potentially toxic elements. After storing the FGR at the plant facility temporarily, it is sent to
landfill sites for disposal purposes. The yield of FGR is estimated in the range of 2-6% of total waste
burned at incineration plants (Bogush et al., 2015). At present, Hong Kong has a sewage sludge
treatment plant that can incinerate approximately 2000 tonnes of sewage sludge per day. Soon, Hong
Kong will also complete the construction of a new MSW treatment plant (WtE plant) in 2025 which
will be able to treat 3000 tonnes of MSW per day (EPD, 2021). As Hong Kong government is eager to
reduce the net carbon footprint to zero in waste management and phase out landfills gradually, recycling

of incineration ashes from WtE is of high priority to achieve the sustainability goals.

Regarding the recycling of FGR, very few studies have explored the use of FGR as construction material
(Bogush et al., 2020; Quina et al., 2014; Stegemann, 2014). FGR has been used to prepare the precursors
for AAB using DC plasma technology along with the glass forming additives (Kourti et al., 2010). AAB
having low compressive strength (<10 MPa) was prepared using the fuel ash and FGR using the waste
caustic solution containing alumina (Shirley and Black, 2011). Opposite to other precursors like FA and
slag, the chemical composition of FGR can show significant variations depending upon the treatment
process and hence poses several challenges for its usage in the construction industry. One way to avoid
large differences in chemical composition of FGR is to use the same type of waste for incineration. This
process would ensure the production of FGR with fairly similar composition. Another way to reduce
differences in chemical composition is to establish national or international standards for the

incineration process and the disposal of flue gas residues. These standards could specify the types of



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

waste materials that can be used for incineration, the operating conditions for WtE plant, and the
regulatory limits of specific chemicals, such as heavy metals. Authors have identified the high content
of alkalis (Na) from the chemical composition of the FGR obtained from the incineration plants in Hong
Kong. The use of FGR as an alkali-activator (due to its highly alkaline content) could potentially
contribute to the further enhancement of sustainability of AABs as alkali-activator is the major source
of carbon emitter and most expensive material in the preparation of AABs (Ahmad et al., 2023; Qian et

al., 2023).

The main objective of this study is therefore to introduce the FGR as the sole activator to produce the
hybrid fly ash/slag-based AABs through the alkali-activation phenomenon. The production of AABs
using FGR as a sole activator will have significant impact as FGR will not only improve the
sustainability of AABs by cutting down the carbon emission and cost of commercial alkaline activator
but will also amplify the waste resource utilization and reduce environmental risk associated with the
leaching of heavy metals in FGR. AABs were prepared with the FGR to precursors ratio of 0.24, 0.32
and 0.40, respectively. The leaching characteristics of FGR were checked for heavy metals regulatory
limits and FGR was categorized as non-hazardous material. The characterization of AABs was
conducted through a detailed study including the compressive strength, hydration mechanism and

microstructure analysis using XRD, TGA, FTIR, SEM-EDX and nano-indentation analysis techniques.

2 Materials and Methods

2.1 Raw materials

Raw materials used in this study to prepare AAB include fly ash (FA), slag and FGR. FA was
transported from the local power plant (CLP) in Hong Kong and Slag was purchased from mainland
China. FA and slag were used as received without any treatment. FGR was acquired from the WtE plant
(T-park) in Hong Kong. The particle size distribution (PSD) of finely ground FGR, raw FA and slag is
provided in Fig. 1. The average diameter (D50) of FGR, FA and slag was 7.0, 20.1 and 14.1 pm
respectively. Chemical composition of raw materials was determined by X-ray fluorescence (XRF)

emission method using Rigaku supermini 200 apparatus. The results of chemical analysis are shown in



139  Table 1. FA falls into Class-F with low-calcium content and percentage of SiO,, Al,O3, and Fe;Os
140  combined was higher than 80% by mass. Dominant phases in FGR were Na;O (38.3%) and SO;
141 (31.9%). The higher percentage of alkalis in FGR could support the chemical reaction to produce the
142  alkali-activated materials. Slag and FA particles were of angular shape and sphere shape respectively
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147  Table 1. Chemical composition of FA, slag and FGR (% by mass)
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150 Fig. 2. SEM images of raw materials (a) FA, (b) slag and (c) FGR
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2.2 Sample preparation method

2.2.1 Preparation of FGR to use as an alkaline activator

After transporting to laboratory, FGR lumps were dried in an oven for 24 hours at a constant temperature
of 105°C. After drying, FGR was finely ground in a ball mill machine for 4 hours. The weight of steel
ball and FGR in milling machine was 12 and 4 kg, respectively. Before preparing the paste mixtures,
FGR was dissolved into the deionized water to prepare FGR based alkali-activator solution. The ratios
of FGR to deionized water were 0.65, 0.81 and 0.95 respectively to prepare the FGR-0.24, FGR-0.32
and FGR-0.40 AAB pastes. Hence, this simple process prepares the FGR-based alkaline activator which

was used later as a liquid alkali-activator to produce the AAB pastes.

2.2.2 Mixing method
Three AAB pastes were produced by mixing the FA, slag and FGR. The ratio of FA to slag was kept

0.7:0.3. The higher percentage of FA could increase the utilization rate of FA and reduce production
cost of AAMs whereas 30% slag provides sufficient compressive strength to the matrix for practical
applications due to its high reactivity as compared to FA. The source of alkali was supplied by the
waste-derived based FGR activator. Mix proportions of three pastes are provided in Table 2. The ratio
of FGR to precursor for three pastes was 0.24, 0.32 and 0.40 respectively and hence the mixtures are
designated as FGR-0.24, FGR-0.32 and FGR-0.40 respectively, indicating the amount of FGR in each
mixture. Based on the amount of FGR, alkali contents (Na.O) were 9.20%, 12.26% and 15.32% of total

precursors. The FGR solution to precursor ratio for all mixtures was 0.30.

During the mixing procedure, FA and slag precursors were mixed in the dry condition in a mortar mixer
at slow speed. After dry mixing for 5 minutes, FGR based liquid activator solution (as detailed in section
2.2.1) was introduced into the dry mixed precursors to prepare the AAB slurry paste. The wet mixing
was carried out for 10 minutes until homogenous mixture with good workability was obtained. Fresh
AAB pastes were transferred into molds of 40 x 40 x 40 mm?3size. The fresh pastes were placed on a
vibrator to remove air bubbles and for compaction purpose. The molds were then wrapped with plastic
sheets and were placed in an electric oven at a fixed temperature of 80°C for 72 hours. It is important

to mention that the reactivity of FGR based activator is very low at the ambient conditions so heat curing
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was adopted to obtain the AABs having high strength. After 3 days of heat curing, samples were cooled
down to ambient temperature in oven for 24 hours, demolded and tested for compressive strength and

microstructural properties.

Table 2. Mixture proportions of FGR-AABs

Mix 1D Slag:FA FGR/Precursor FG_R-actlvator Na20O/Precursor
solution/precursor (%)
FGR-0.24 0.3:0.7 0.24 0.30 9.2
FGR-0.32 0.3:0.7 0.32 0.30 12.3
FGR-0.40 0.3:0.7 0.40 0.30 15.3

2.3 Experimental methods

Phase characterization of AABs was performed by testing the samples for the thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), nano-
indentation and scanning electron microscopy-energy dispersive analysis (SEM-EDS). The samples for
the phase characterization were taken from the inner core of cubic specimens. The small pieces of
samples were soaked in absolute alcohol for 7 days to stop hydration reaction. After that samples were

dried in a vacuum oven at a constant temperature of 40°C.

2.3.1 TGA analysis
After drying, the samples for the XRD, FTIR and TGA analysis were manually ground to fine powder

by the pestle and mortar and passed through the sieve no. 75 um. TGA test on AABs powder samples
was performed under argon gas environment by Rigaku Thermo Plus EVO2 apparatus. Powder samples
for TGA were weighed in aluminum crucible. The mass of samples varied between 10-15 mg. The
samples were heated at the rate of 10°C/min starting from the temperature 30°C to 1000°C. The

measurement time for each sample was around 2 hours.

2.3.2 XRD analysis

For the phase characterization, XRD analysis was conducted by Rigaku SmartLab Advance machine
under the Bragg-Brentano mode. The powder samples were placed in a glass sample holder by the front-
loading method. The conditions for the XRD tests were as follows (scanning rate: 0.02°, current: 20
mA, voltage: 45 kV, 26 value from 10° to 70° and Cu-Ka radiations). The measurement time for each

sample was around 10 minutes.
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2.3.3 FTIR analysis

FTIR test was performed on the AABs samples for the identification of different functional groups. The
test was conducted by PerkinElmer UATR-two instrument at a resolution of 2 cm™ and wavenumber

ranging from 400 cm™ to 4000 cm in the absorption mode.

2.3.4 SEM-EDS analysis

For the SEM-EDS and nano-indentation tests, small pieces of AAB pastes were first placed into fresh
epoxy and air bubbles were removed through the vacuum chamber. After the setting of epoxy, samples
were demolded and polished by grinding and polishing apparatus (model: Buehler, AutoMet 300).
Grinding and polishing were carried out in four steps. In the first step, epoxy was ground to a flat surface
using Grit 600 by using water as a lubricant until surface of sample is exposed. Samples were then
cleaned in the ethanol in an ultrasonic bath for 5 minutes at 25°C. The last three steps were related to
the polishing of samples. Polishing of samples was completed by using the 9um, 5um and 0.05 pum grits
(diamond/alumina grits) and their corresponding MetaDi diamond suspensions. Polishing time for each
grit was 5 minutes. After each polishing step, samples were immersed into ethanol and cleaned using
ultrasonic bath to remove any dust particles on sample surface. After polishing was completed, samples
were transferred to a vacuum oven for drying purpose. The temperature of vacuum oven was set to
40°C. SEM analysis was performed by Tescan Vega 3 XMU machine which was equipped with the
EDS facility. The samples were fixed on the stubs and coated with a thin layer of carbon. The point
analysis on samples were performed at different 50 different locations for the characterization of
unreacted and reacted phases through statistical analysis of elemental ratios. The analysis was
performed at a working distance of 15 mm and an accelerating voltage of 20kV under high vacuum

conditions.

2.3.5 Micromechanical testing

The sample preparation and polishing procedure of samples for the nano-indentation test was similar to
SEM test, however, time for each polishing step lasted 30 minutes to achieve a highly smooth surface.
Nano-indentation test was conducted by TI 950 Tribolndenter by Burker. The surface roughness of

AAB samples was tested by scanning probe microscopy (SPM) on the grid area of 50 pm x 50pum. The
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surface roughness profile of each sample measured by SPM is shown in Fig. 4. After determining that
the roughness of samples is suitable to perform the nano-indentation, a square grid was selected for the
indentation purpose. In total, 121 points (11 x 11) were chosen with a gap of 5 um between two adjacent
grid points. Loading and unloading of samples were conducted by a trapezoidal loading profile. The
loading rate was 400 uN/s and 2000 UN was selected as peak load limit. The peak load was maintained
for 2 s and then samples were unloaded at the same rate as loading. The test at the one grid was

completed in 7 hours.

2.3.6 Compressive strength

Compressive strength test on FGR alkali-activated pastes was performed after the heat curing using
compression strength testing machine (MATEST 3000 kN). The specimens were left in oven to cooled
down to ambient temperature after heat curing. The size of specimens for compressive strength was 40
x 40 x 40 mm?3, The dimensions of samples surface exposed to compression platens were measured to
calculate the loaded surface area. The loading rate was kept at 0.6 MPa/s for all samples. The average

value of compressive strength was reported by testing the six samples for each cement paste.

2.3.7 Micro X-ray tomography (Micro-CT)
The 3D images of FGR-AAMs were observed by Micro -CT Bruker Skyscan 1276 machine to study

the porosity and microstructure. The current and voltage of X-ray tube were maintained at 200 uA
and100 kV and during the observation. The cubic shape samples of 15 mm in size were used for micro-
CT scanning. The scanning was performed at 7 um to analyze the distribution of pores. The size of

reconstructed images was selected as 5 x 5 x 5 mm? cubic shape.

2.3.8 Heavy metal concentration and leaching test

The total concentration of heavy metals was determined by digesting the FGR sample through the aqua-
regia digestion method. Digested samples were tested by inductively coupled plasma-optical emission
spectrometer (ICP-OES). The leaching test on FGR was performed by synthetic precipitation leaching
procedure (SPLP) following the US EPA method 1312 (Method 1312, 1994) and toxicity characteristics
leaching procedure (TCLP) following the US EPA method 1311 (Us, 1992) respectively. Two different

extraction liquids were used in these leaching tests. The purpose of SPLP test was to explore the
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leaching potential of heavy metals from FGR in the event of acid rain and TCLP method determines
the leaching of heavy metals in FGR when used for landfilling and remediation purposes. Glacial acetic
acid was used as an extraction liquid in both tests. The weight ratio of FGR powder sample and
extraction liquid was 1:20. The samples along with the extraction liquid were rotated in capped
polypropylene bottles at 30+2 rpm for 18+2 h. Filtrate of dissolved FGR was obtained by passing the
liquid through the glass fiber filter of 0.45 pm diameter. Filtrate samples were further digested, diluted

and tested for the leaching concentration by ICP-OES.

3 Results

3.1 FTIR analysis

The results of FTIR spectroscopy conducted on the raw precursors and AAM pastes are shown in Fig.
3. The position of main band of reaction products was concentrated at 987-988 cm™ (Fig. 3b) and is
attributed to asymmetric stretching vibration of Si-O-M bond (M = Si or Al). The main band was present
at 1054 cm* for FA precursor and 900 cm™ for slag (Fig. 3a). The shift of main band in geopolymer
pastes was due to reaction of the raw precursors and FGR which caused the dissolution of
aluminosilicate materials and formed the reaction products (geopolymer or alkali-activated gels, T-A-
S-H, T = Ca or Na) in the presence. During the reaction, Si is gradually substituted with Al as bond
forces are weaker in Si-O-Al as compared to Si-O-Si and inherent structure of aluminosilicate-based
precursors is depolymerized. As the reaction progresses, Si/Al of tetrahedral Si sites are decreased
continuously and more reaction products are precipitated. Initially, these sites are surrounded by Al
atoms and reaction products (T-A-S-H gels) are formed as tetrahedrally linked Si and Al atoms are
bridged between the oxygen atoms due to dissolution of Al (Granizo et al., 2014; Zhang et al., 2012).

Hence, the main band present in original precursors is shifted due to formation of reaction products.

FTIR results also show the appearance of new absorption peaks around 614, 638 and in the range of
1083-1102 cm. It is worth noting that the intensity of these peaks is significantly increased when

amount of FGR is increased from 24% to 40%. The peak around 615 cm™ is associated with the

asymmetrical bending vibration of SO7* bond (Das et al., 2014) originated from the FGR and the weak
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peak at 638 cm? is linked to symmetrical stretching vibration of Si-O bond (Lee and van Deventer,
2002). Inthe raw FA, a very low shoulder peak is present around 1095 cm™* due to asymmetric stretching
vibration of Si-O bond linked to Q? sites. When FGR is added into precursors this peak became more
apparent and shifted its position to a lower wavenumber of 1083 cm™ in FGR-0.24. With the further
increase in FGR to 32% and 40%, the intensity of this peak is further increased and is shifted to higher
wavenumber 1087 cm™ and 1102 cm™ in FGR-0.32 and FGR-0.40 respectively. This peak is associated
with the presence of phases which are rich in silica and contains some amount of alkalis and calcium
(Garcia-Lodeiro et al., 2008; Lodeiro et al., 2009).The appearance of this peak is due to anti-symmetric
stretching vibration of sulfate (SO3") bond as a result of addition of FGR which contains high amount
of Na;SO, (Li et al., 2012). The peaks around 1473 cm™ and 878 cm™ show the presence of O-C-O
bonds (due to asymmetric stretching) in CO3". These peaks are associated with the carbonation of paste
powder during the preparation process. The common band in raw FA and pastes in the range of 446-

448 cm™is present which is linked to vibration of Si-O due to the presence of quartz (Yang et al., 2022).
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Fig. 3. FTIR results of AAMs activated by FGR
3.2 X-ray diffraction analysis
X-ray diffractograms for the FGR and precursors (FA and Slag) are shown in Fig. 4a. The phases present
in raw FA were mainly quartz and mullite. Slag consisted of amorphous nature phases which are
represented by a broad hump from 25-35. FGR was comprised of trisodium phosphate (NasPOa),

thenardite (Na,SQ.), hematite (Fe203), leucite (KAISi,Og) and monosodium phosphate (NaH.PO.)
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(Ahmad et al., 2022). The results of XRD analysis for AAMs pastes are provided in Fig. 4b. At the
lower content of FGR, peaks of Na,SO, were absent showing its complete dissolution due to its lower
content. The intensity of peaks for thenardite (Na>SO4) and halite (NaCl) increased with the increase in
percentage of FGR. The presence of thenardite peaks shows that there might be some amount of residual
Na,SO4 when amount of FGR and it did not completely react in AAM system and recrystallization of
excessive Na,SO4 occurred when cement paste hardened. There were no major differences in the peak
intensity of quartz, mullite and hematite for all pastes showing inert behavior of two phases. These
phases originate from the FA and FGR as can be observed from the XRD pattern and chemical
composition of these materials. The presence of C-(A)-S-H gel is observed at 29° 26. However, this
peak is also linked to calcite (CaCOs3) and was present in all FGR-AAM pastes. The formation of calcite
could occur during the sample preparation process. Some traces of apatite are also found which is
calcium phosphate, which could be precipitated in an alkaline environment due to the reaction of Ca?*

from slag and PO;” from FGR. Its effect on the mechanical properties of AAMs is limited due to the

limited amount of PO?{ in FGR (Pangdaeng et al., 2015).

The visible broad hump in FA (20-32° 28) shows the amorphous nature of precursors and it consists of
aluminosilicate phases which influence the reactivity of FA precursors as it helps to form the zeolite or
geopolymers. After adding the FGR, this glassy phase of FA and broad hump in slag (25-35° 26) is
converted to amorphous aluminosilicate reaction products (N-A-S-H/C-N-A-S-H) along with the
fabrication of zeolite phases as secondary hydration products. The primary reaction product in all
AAMs is N-A-S-H gel and can be observed through a broad hump centered at 30° 26 (Lv et al., 2020;
Moutaoukil et al., 2022; Wang et al., 2022). A new phase called berlinite (AIPO,) appears in all paste
samples. The formation of berlinite is due to the reaction of phosphate from FGR and alumina from the
FA precursor in a basic pH environment. It has been reported that berlinite formed during geopolymer
reaction can act as a filler and improve the mechanical properties of pastes (Moukannaa et al., 2019;

Tchakouté et al., 2021).
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Fig. 4. Study of mineral phases and hydration products by XRD analysis for (a) raw materials and (b) FGR-
activated pastes

3.3 Thermogravimetric analysis (TGA)

The results of TGA analysis performed on AAMs are presented in Fig. 5. The change in mass loss with
the increase in temperature from 30°C to 1000°C is shown in Fig. 5a and encircled in DTG curves as
plotted in Fig. 5b. The mass loss in different temperature ranges can be associated with the different
type of reaction products and is shown in Fig. 5¢. The early loss in mass at low temperature (in range
of 40-160°C) is associated with the evaporation of physically bound and free water in N-A-S-H gel

(Kuri et al., 2021). A substantial loss in mass was observed in this temperature range. The water
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associated with N-A-S-H gel is completely removed at 300°C (Rafeet et al., 2019). The mass loss for
the FGR-0.24 was highest (4.78%) in this range and closely followed by the FGR-0.32 (4.74%) and
FGR-0.40 (4.69%) respectively. The mass loss in the range of 300-600°C is attributed to the dehydration
of calcium-based reaction products (C-A-S-H, C-(N)-A-S-H) with some Na ions in their structure. The
mass loss in range of 300-600°C was lowest for FGR-0.24 paste which was slightly increased when
amount of FGR was increased, showing that a slightly higher volume of C-A-S-H gel was formed when
the contents of FGR were higher. The loss in mass up to 600°C is an indirect indication of reaction
degree of AAMs (Rafeet et al., 2019), which was 6.89%, 6.97% and 6.89% for the FGR-0.24, FGR-
0.32 and FGR-0.24 respectively. Hence, reaction degree was slightly higher for FGR-0.32 paste as
compared to FGR-0.24 and FGR-0.40 pastes. The third mass loss hump ranged from 675°C to 775°C
with the peak concentrated around 720°C and linked to the decomposition of calcite (CaCQs) into CO»
and CaO. The presence of carbonation products was also identified in FTIR and XRD analysis. There
was a sharp increase in mass loss after 800°C in all paste samples. The mass loss after this range
increased with the increase in amount of FGR. The increasing trend of mass loss in this range is due to
evaporation and melting of soluble salts (Na, K, Ca) containing chloride and sulfate ions (Amutha Rani

et al., 2008; Bogush et al., 2019).
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Fig. 5. TGA analysis of AAMs activated by FGR

3.4 SEM-EDS analysis

SEM BSE images of polished AAM samples are provided in Fig. 6 and EDS analysis results on the
different area of samples are given in Table 3. The EDS analysis was performed on several areas for
each sample to identify the different reaction products, partially reacted or unreacted phases. For each
AAM paste, 6 areas are highlighted in yellow rectangles. The composition of only major elements (Ca,
Al, Si and Na) participating in the reaction is presented in Table 3. The first area in all pastes showed
the presence of geopolymer gel (N-A-S-H) along with the presence of Ca phases in lower quantities. In
area 2, Ca, Al and Si elements were present in dominance revealing the formation of alkali-activated
gel Carich gel (C-A-S-H). The cross-linked reaction products N-(C)-A-S-H and C-(N)-A-S-H with the
equivalent proportion of Na and Ca were found in area 3 and 4 respectively. In area 5, EDS analysis
was performed on the slag particles in pastes. It can be observed that Ca/Si ratio of slag particles in
FGR-0.24, FGR-0.32 and FGR-0.40 was reduced to 1.10, 1.26 and 1.18 respectively as compared to
raw slag (Ca/Si = 1.99). It shows that residual slag particles present in pastes have reacted partially as
some of the Ca*? ions were leached out. EDS analysis in area 6 was conducted on the FA particles that
have participated in the reaction and are partially dissolved in pastes to form reaction products. The
Si/Al of these reacted FA particles was significantly reduced than that of raw FA (1.75) as vitreous

phases of Si are released and react in the presence of an FGR activator to form the reaction products.
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Table 3. EDS points analysis and corresponding reaction products

Area Mix 1D Na Al Si Ca Si/Al Ca/Si Description
1 8.88 33.10 44.60 481 1.35 0.11 N-A-S-H
2 6.69 18.35 38.31 20.48 2.09 0.53 C-A-S-H
3 12.83 22.79 34.81 9.62 1.53 0.28 N-(C)-A-S-H
4 FGR-0.24 10.32 20.42 45.56 14.11 2.23 0.31 C-(N)-A-S-H
5 1.13 23.15 31.50 34.74 1.36 1.10 Slag
6 0.84 54.14 38.93 2.23 0.72 0.06 Reacted FA
1 15.35 24.57 35.09 8.95 1.43 0.26 N-A-S-H
2 7.56 16.73 36.02 25.17 2.15 0.70 C-A-S-H
3 FGR-0.32 15.09 2222 38.99 10.75 1.76 0.28 N-(C)-A-S-H
4 10.25 20.95 41.15 13.04 1.96 0.32 C-(N)-A-S-H
5 0.51 15.86 33.12 41.63 2.09 1.26 Slag
6 1.6 77 14.93 3.51 0.19 0.24 Reacted FA
1 14.39 24.88 41.08 6.81 1.65 0.17 N-A-S-H
2 5.11 20.72 31.55 26.06 1.52 0.83 C-A-S-H
3 FGR-0.40 13 27.99 34.93 9.98 1.25 0.29 N-(C)-A-S-H
4 10.42 25.24 33.02 14.16 1.31 0.43 C-(N)-A-S-H
5 0.7 21.67 30.94 36.42 1.43 1.18 Slag
6 3.44 46.51 41.55 1.13 0.89 0.03 Reacted FA
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The elemental ratios (Na/Si vs Ca/Si and Si/Al vs Na/Al) for the AAMs are shown in Fig. 7a and Fig.
7b. These plots were further analyzed statistically to understand the influence of element ratios on the
reaction products of AAMs. Dispersion and central tendency of different ratios were evaluated by
descriptive statistical analysis. The difference between the atomic ratios of different AAMs was
determined with a confidence interval of 95% by ANOVA as shown in Table 4. Based on the results,
grouping of elemental ratios was done by Tukey test to show if there was a significant difference
between the two elemental ratios of two AAMs (i.e. same letter for an atomic ratio of two AAMs means
no significant difference between two AAMs) (Mathews, 2005). The atomic ratios of AAMSs show wide
dispersion and overlapping. Some data points could be unusual where minimum and maximum ratios

can be very far from the mean, 1% quartile and 3" quartile values.
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Fig. 7. Plots for elemental ratios of AAMs (a) Na/Si vs Ca/Si and (b) Si/Al vs Na/Al

There was no statistically significant difference observed for the Ca/Si among the different AAMs when
amount of FGR was increased from 24% to 40% as all the AAMs fall in same group A. For the FGR-
0.24, Ca/Si values were mostly clustered between 0.10 and 0.38 (3™ quartile), which was in between
0.14 to 0.50 and 0.17 to 0.46 for FGR-0.32 and FGR-0.40 respectively. It shows that a slightly higher
amount of Ca based products (C-A-S-H) were formed in FGR-0.32 and FGR-0.40. It is worth noting

that Ca/Si, Na/Si, Si/Al and Na/Al ratios for the FGR-0.32 and FGR-0.40 fall in similar groups A, A, B
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and A respectively. This confirms that the chemical composition of these two mixtures was closer to
each other. FGR-0.24 shows different grouping for the Na/Si, Si/Al and Na/Al ratios, hence its chemical
composition is considered to be significantly different from FGR-0.32 and FGR-0.40. The higher ratio
of Ca/Si, Na/Si, Na/Al, in FGR-0.32 and FGR-0.40 as compared to FGR-0.24 indicates that the
incorporation of Na* and Ca?* into reaction products was increased with the increase in content of FGR.
This means that the reactivity of slag (which is a major source of Ca?*) was increased with the content
of FGR. The increase in Na* content is expected as it was major element present in chemical
composition of FGR. The lower Si/Al ratio of FGR0-0.32 and FGR-0.40 indicates that higher amount

of AI** was incorporated in reaction products and therefore increases the reaction degree of FA.

Table 4. Statistical analysis of SEM-EDS point analysis and grouping of different atomic ratios

Element Ratio Sample D~ Mean Min qui?:ile Median qu?arr?ile Max T':'Jé(:ty
FGR-0.24 0.32 0.10 0.22 0.30 0.38 073 A
Ca/Si FGRO0.32 0.38 0.14 0.28 0.34 0.50 072 A
FGR-0.40 0.37 0.17 0.23 0.35 0.46 08 A
FGR-0.24 0.21 0.07 0.17 0.22 0.25 0.37 B
Na/Si FGR0.32 0.30 0.15 0.23 0.29 0.37 051 A
FGR-0.40 0.31 0.12 0.27 0.31 0.36 0.45 A
FGR-0.24 1.94 0.84 1.63 181 2.06 5.51 A
Si/Al FGR0.32 1.65 0.38 143 1.69 1.94 2.55 B
FGR-0.40 1.66 0.91 1.47 1.66 1.83 2.67 B
FGR-0.24 0.40 0.13 0.34 0.40 0.47 0.57 B
Na/Al FGRO0.32 0.49 0.07 0.37 0.50 0.62 097 A
FGR-0.40 0.51 0.19 0.41 0.50 0.60 0.76 A

3.5 Micromechanical Properties of FGR-AAMs

The micromechanical properties of AAMs were determined by nanoindentation test on the reaction
products. Different reaction products (N-A-S-H, C-A-S-H and C-N-A-S-H gels) of AAMs can be
guantified based on their hardness and elastic modulus values. The sites chosen for indentation were
mainly gel pastes (reaction products) while unreacted phases (e.g., unreacted FA or slag particles) were
avoided. The surface roughness of polished samples was captured by the scanning probe microscopy
(SPM) as shown in Fig. 8. The surface roughness values for the FGR-0.24, FGR-0.32 and FGR-0.40

were 169.1 nm, 183.4 nm and 123 nm respectively.
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The micromechanical properties (elastic modulus) of AAMs are presented in the form of contour maps
in Fig. 9. Normally, the elastic modulus of slag particles falls between 40-75 GPa (Hosseini et al., 2021;
Nedeljkovi¢ et al., 2018), whereas FA and Fe particles have elastic modulus higher than 75 MPa. The
elastic modulus of pores is lower and lies between 0.1-1.0 GPa (Fang and Zhang, 2020; Ma et al., 2017).
The elastic modulus of reaction products is lower than the unreacted particles and higher than the pores.
The elastic modulus of reaction products in AAMs follows as C-A-S-H > N-C-A-S-H > N-A-S-H (Fang
et al., 2021). It can be observed from the contour map of FGR-0.24 paste that its microstructure was
significantly different from those of FGR-0.32 and FGR-0.40. The reaction products majorly consisted
of geopolymer gel (N-A-S-H) as the elastic modulus fell under 20 GPa and a lower amount of cross-
linked gel (N-C-A-S-H) was present. However, when amount of FGR was increased from 24% to 32%,
the nature of reaction products was changed as the elastic modulus of reaction products was higher than
those of FGR-0.24. The majority of reaction products in FGR-0.32 consisted of N-A-S-H gel and cross-
linked gel N-C-A-S-H (E = 20-30 GPa). A lower amount of C-A-S-H gel (E = 30-40 GPa) was present
in FGR-0.32. With the further increase in amount of FGR to 40%, formation of C-A-S-H gel was further
increased. However, it is worth mentioning that volume of unreacted particles (E > 40 GPa) was
significantly higher in FGR-0.40 pastes. It means that higher quantities of FGR could result in a weak

cementing effect separating the different reaction products.
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Fig. 9. Elastic modulus contour map of AAMs activated by FGR

The cluster allocation for the different reaction products of AAMs are shown by the elastic modulus (E)
vs hardness (H) plots in Fig. 10. Elastic modulus and hardness of AAMs can be related to their stiffness
and strength respectively. The clusters of nanoindentation data were characterized for the mechanical
properties using the Gaussian deconvolution method. The process involves fitting experimental data,
identification of different phases and quantification of data. The first step was to fit the frequency
density vs elastic modulus histograms by the Gaussian distribution function. Four gaussian distribution
curves were considered which include three reaction products (N-A-S-H, N-C-A-S-H and C-A-S-H
gels) and unreacted phases (Fang et al., 2021). The area of curves was calculated to determine the

volume of different phases as given in table 5.
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Reaction products (gels) can be present in different states based on their elastic modulus (Luo et al.,
2020). Depending on the elastic modulus, major reaction product was N-A-S-H gel (91.05%) in the
FGR-0.24 paste along with the N-C-A-S-H gel (8.95%). N-A-S-H gel was further categorized into low
density (LD), medium density (MD) and high density (HD) based on the elastic modulus. The strength
of LD gel is lower as compared to the MD and HD gels as seen from their corresponding hardness
values. Moreover, LD gel (E = 3-6 GPa) was present in a higher volume as compared to MD gel ((E =
6-10 GPa)), while a very low volume of HD gel (E = 10-18 GPa) was present. With the increase in
amount of FGR from 24% to 32%, the microstructure of FGR-0.32 was significantly changed as
multiple types of gels were present in the paste. According to elastic modulus, reaction products of
FGR-0.32 comprised N-A-S-H gel (62.8%), N-C-A-S-H gel (32.34%) and C-A-S-H gel (4.86%). The
volume of LD and MD N-A-S-H gels was reduced whereas the volume of HD N-A-S-H gel was
increased to a higher extent. It is also worth noting that the strength of HD N-A-S-H gel in FGR-0.32
was also higher than that of FGR-0.24. Besides, a significant amount of cross-linked gel was formed in
FGR-0.32 which was present in lower quantities in FGR-0.24. C-A-S-H gel was also present in a low
amount of 4.86%. Some unreacted particles were also detected. It can be observed that strength of cross-
linked gel was greater than that of N-A-S-H gel but slightly lower than that of C-A-S-H gel. When
amount of FGR was increased to 40%, volume of cross-linked N-C-A-S-H gel was decreased to 20.4%
whereas volume of C-A-S-H gel was increased to 17.5% as compared to FGR-0.32. There were no
changes in the formation of N-A-S-H gel amount when FGR amount was increased from 32% to 40%.
However, the volume of unreacted phases was slightly higher in FGR-0.40, which could have a negative

impact on the mechanical performance of FGR-0.4.
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Fig. 10. Gaussian deconvolution of histograms of Elastic modulus of AAMs (a, ¢ and e) and Hardness vs Elastic
Modulus plots (b, d and f) respectively
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Table 5. Composition of gel phases in AAMs activated by FGR

Reaction product FGR-0.24 FGR-0.32 FGR-0.40
N-A-S-H 91.05 62.8 62.1
N-C-A-S-H 8.95 32.34 20.4
C-A-S-H 0 4.86 175
Unreacted phases 0 0 1.99

3.6 Compressive Strength of FGR-AAMs

The influence of FGR on the performance of compressive strength of AAMs is plotted in Fig. 11. The
compressive strength of FGR-0.24 was 33.5 MPa. For the pastes containing 32% FGR, the compressive
strength was increased to 39.6 MPa, which was 18.41% higher than that of FGR-0.24. However, with
the further increase in FGR to 40%, there was a decline in strength (8.58%) to 35.5 MPa as compared
to FGR-0.32. This indicates that the optimum proportion of FGR to prepare AAM is about 32%. The
results of SEM corroborate the compressive strength results as reaction products consisted of higher
average Ca/Si ratio in FGR-0.32 as compared to FGR-0.24 indicating the formation of products
incorporating higher amounts of Ca?** (C-A-S-H, C-N-A-S-H). Similarly, nanoindentation results
proved that higher amount of cross-linked gel (C-N-A-S-H) and C-A-S-H gel was present in FGR-0.32.
These gels have higher strength than that of N-A-S-H and consequently improved the strength of pastes.
According to SEM results, chemical composition of reaction products of FGR-0.32 and FGR-0.40 was
similar, however, volume of unreacted phases was slightly increased in FGR-0.40 according to
nanoindentation results. Although a higher amount of FGR (Na.SO.) increased the amount of Ca-rich
C-A-S-H gel, the filler effect of NaSO4 in FGR-0.40 was more dominant and the strength was slightly
decreased as compared to FGR-0.32. The results of compressive strength of FGR-AAMSs are compared
with the waste derived based activators AAMs reported in literature in Table 6. It can be observed that
FGR based activator showed higher compressive strength as compared to the AAMs prepared from
solidified waste cleaning agent (SWCA) and biomass ashes (BA) based waste-derived activators. The
results of AAMs incorporating coffee husk ash (CHA) are in similar range as the FGR-AAMs.
However, it is important to mention that precursors used in literature is based on solely granulate blast

furnace slag (GBFS), which is relatively expensive and has significantly higher reactivity as compared
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508  reaction mechanism to great extent.
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509 Mix ID
510 Fig. 11. Compressive strength of AAMs

511  Table 6. Compressive strength comparison of FGR-AAMs and waste derived activator based AAMs

. Waster Chemical Activator/ 28-d Compressive

Reference Mix 1D Activator Composition Precursors precursor strength (MPa)
FGR-0.24 0 0.24 335
Thisstudy ~ FGR-0.32 FGR '\éaé?gfé% /f;) FA and slag 0.32 395
FGR-0.40 ' 0.40 36.5
GWA24 0.24 25.0
Foft et al GWA32 0.32 22.0
(Foft et al., GWA40 SWCA* NaOH (95% Slag 0.40 19.0

2022)
GWA48 0.48 18.0
GWA56 0.56 20.0
0,
NBA-0.33 NBA ‘é;%(g‘i%f)) 0.33 25.05
(Soriano et ) K20 (38.2%)
al., 2022) MBA-0.33 MBA Ca0 (8.26%) Slag 0.33 26.85
K20 (31.81%)

HBA-0.33 HBA Ca0 (30.02%) 0.33 27.21
CHA-5 % .05 21.6
. CHA-10 % 0.10 30.0
a(l"”zngzgt) CHA-15 % CHA K2COs (100%) Slag 0.15 35.9
K CHA-20 % 0.20 39.8
CHA-25 % 0.25 40.9

512 *Abbreviations: FGR: Flue gas residue, SWCA: Solidified waste cleaning agent, NBA: Nutshell biomass ash, MBA: Mango
513 biomass ash, HBA: hazelnut shell ashes, CHA: Coffee husk ash

514

515 3.7 Microstructure study of FGR-AAMs
516  Fig. 12 shows the micro-XCT representation of AAMs with different FGR contents. The porosity of

517  FGR-0.24 was 1.88%. For the pastes containing 32% FGR, the porosity decreased to 1.23%, which was



518  34.5% less than that of FGR-0.24. With the further increase in FGR to 40%, there was a further decline
519  in porosity (37.7%) to 1.17%, compared to FGR-0.24. It is worth noting that increasing the amount of
520 FGR decreases the porosity and maximum pore diameter of AAMs. The decrease in porosity is due to
521  the formation of products incorporating higher amounts of Ca*" (C-A-S-H, C-N-A-S-H) in FGR-0.32
522  as compared to FGR-0.24, as discussed in SEM and nano-indentation results. However, the porosity of
523  FGR-0.32 (1.23%) and FGR-0.40 (1.17%) showed marginal difference. SEM also found that the
524  chemical composition of reaction products of FGR-0.32 and FGR-0.40 was similar; however, the
525  volume of unreacted phases was slightly increased in FGR-0.40 as indicated in nanoindentation results.
526  As particle size of FGR (7um) is significantly lower than that of FA (20.1um) and slag (14.1um), the
527  filler effect of FGR at higher content level (in FGR-0.40) could result in decreased porosity and pore

528  diameter compared to FGR-0.24 and FGR-0.32.
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Fig. 12. XCT of FGR-AAMs

529

530 3.8 Heavy metal leaching

531  The total concentration of heavy metals present in FGR is plotted in Fig. 13a. FGR consisted of several
532 heavy metals including Zn, Cu, Ba, Cr, As, Pb, Ni, Ag and Cd in descending order. The total
533  concentration of Zn was 1019 mg/L whereas Cu, Ba, Cr and As were present in 266, 173, 100 and 76
534  mg/L concentrations respectively. Other heavy metals were present in lower amounts. According to the
535  total concentration results of FGR, heavy metals were present in considerably high amounts and toxicity
536  of FGR should be checked. The toxicity of waste material is linked to the soluble concentration of heavy

537  metals which was tested by the TCLP and SPLP tests. The results of soluble concentration of heavy
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metals determined from TCLP and SPLP tests for FGR are shown in Fig. 13b. The leaching
concentrations of all heavy metals were far below the regulatory limits fixed by U.S. EPA standard as
shown in Table 7. Hence, FGR could be classified as a non-hazardous material and could be utilized

safely in recycling for construction material practices.

1000 4 ()

164® I TcLp
I sPLP

1.2

Total Concentration (mg/L)

TCLP and SPLP leaching concentration (mg/L)

Ni Pb Zn As Cd Cr Ba Ag Cu . Ag As Ba Cd Cr Cu Mn Mo Ni Pb Sb Se Sn Zn
Heavy metals Heavy Metals

Fig. 13. (a) The concentration of heavy metals in APCr and (b) Leaching concentration determined by TCLP
and SPLP methods

Table 7. Leaching concentration of heavy metals (mg/L)

Heavy metals Ag As Ba Cd Cr Cu Mn Mo Ni Pb Sb Se Sn Zn
TCLP leaching 0.10 0.06 040 0.63 0.02 026 009 001 0.01 002 003 005 0.01 1.65
SPLP leaching 0.09 005 048 059 002 022 001 002 001 001 0.02 002 0.01 1.03
U.S.EPAmax.limits 50 50 100 1.0 50 - - - - 5.0 - 1.0 - 100

4 Discussion

FGR as an industrial waste from an incineration plant is utilized to source the alkaline-activator
(NazSO,) for the activation of high-volume fly ash and slag cement paste. Alkali-silicate based
activators commonly used to produce AAMs are energy intensive, expensive and contribute to a higher
amount of carbon emission (60-70%) for AAMs. Utilizing FGR residue will not only solve the problem
of landfill disposal of waste materials but also significantly cut down the production cost and carbon
emission of AAMs. AAM pastes were prepared by mixing the fixed ratio of slag (30%) and fly ash
(70%) precursors with varying ratios of FGR to precursors of 24%, 32% and 40%. Based on the results,

the synergistic effect of FGR on the properties of FA and slag-based AAMs is discussed below.
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The major band of reaction products in AAMs is located around 987-988 cm™ and shifted from its
original positions in precursors due to the formation of reaction products. The range of characteristic
bands for all pastes is lower than the characteristic band of N-A-S-H gel (1030 cm™) and higher than
that of C-A-S-H gel (940 cm™), which confirms that multiple gel reaction products might be present in
geopolymer pastes (Zhang et al., 2017). Another band from FTIR analysis around 1100 cm is linked
to the anti-symmetric stretching vibration SO3- bond. The SOZ can replace the tetrahedral silica (SiOx)
in reaction products (e.g N-A-S-H) which (SiO,) in a free state can further accelerate the active alumina
dissolution. Hence, an increase in FGR inspires the formation of new AI-O-Si and Si-O-Si bonds in
FGR added AAM system and a new glassy Si-O-Si (Al) phase is formed to enhance the reaction degree
of AAM materials (Li et al., 2012). However, the addition of FGR over a certain limit can retard the
reaction degree as increase rate of SO;~ is much faster as compared to the dissolution rate of precursors
(aluminosilicates) which can be observed by the sharp peak at 1102 cm™. It could lead to increase in
unreacted precursors and reduce the volume of reaction products which in turn will also reduce the
mechanical properties of AAMs (Lv et al., 2020). It is postulated that an additional C-A-S-H gel or
cross-linked gel (N-C-A-S-H) was formed in AAM pastes containing a higher percentage of FGR
(FGR-0.32) as compared to FGR-0.24. Some studies on the zeolite-based materials have also reported
that a peak around 1100 cm is linked to in-plane hydroxyl bending modes of Si-O-Al in the triangular
form (Jacobs et al., 1994). Moreover, hybrid pastes containing FA and slag result in multiple gel

products (C-A-S-H, N-A-S-H and cross-linked C-N-A-S-H gel) (Aiken et al., 2018).

XRD results revealed that the dissolution of Na;SOs is higher at a lower amount of FGR (24%),
however, when the addition of FGR is above the optimum limit of 32%, its dissolution is reduced. The
major reaction product in all AAM pastes is considered to be N-A-S-H gel which can be identified
through a shifted broad hump (20-40° 26) (Lv et al., 2020; Moutaoukil et al., 2022; Wang et al., 2022)
along with the presence of C-(A)-S-H, zeolite, berlinite and apatite phases. The XRD patterns of all
pastes show reaction products of disordered nature, which is consistent with the reaction products in
AAMs (Wang et al., 2022). According to TGA results, the volume of major reaction products N-A-S-

H/C-A-S-H differed slightly among different AAM pastes. However, it indicated that unreacted amount
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of salt (Na2SO,) increased with the increase in percentage of FGR (Amutha Rani et al., 2008; Bogush

et al., 2019). This finding validated the XRD results.

SEM-EDS results suggested the formation of multiple gels including N-A-S-H, N-C-A-S-H and C-A-
S-H. The formation of multiple gels has been reported in the literature in hybrid AAMSs containing
aluminosilicate (FA or metakaolin) and calcium (slag or limestone) precursors (Mills et al., 2022; Perez-
Cortes and Escalante-Garcia, 2020; Rafeet et al., 2019; S. Zhang et al., 2021). The quantification of
reaction products is difficult by the SEM-EDS as these phases are highly intermixed on a very small
scale and difficult to resolve by SEM-EDS. Therefore, results from each EDS point analysis possibly
represent the chemical composition of at least two kinds of phases interacting with the electron beam.
Consequently, nanoindentation technique was further used to quantify the reaction products of AAMs.
The nanoindentation results validated the SEM results as an increase in amount of FGR residue
increased the volume of C-A-S-H. The strength (hardness value) of reaction products was also
significantly improved with the increase in FGR amount. The higher percentage of FGR (Na.SO.) at
40% promoted the formation of C-A-S-H gel, however, the volume of N-A-S-H gel was not changed
above 32%. The formation of higher volume of C-A-S-H for AAMs containing higher content of FGR
is linked to the acceleration of slag dissolution (leaching out of more Ca?") in liquid phase (Zhang et
al., 2021). The use of Na,SO. in cementitious materials is reported to increase the pH value of pastes
due to formation of NaOH and accelerate the dissolution of Ca*2, Si** and Al*® which participate to
form reaction products (C-A-S-H, N-A-S-H), hence improving the compactness of microstructure and
mechanical properties of cement pastes (Zhang et al., 2021). However, compressive strength declined
at a relatively higher FGR content of 40% as higher volume of unreacted phases was observed from
nanoindentation. This decrease in strength was due to the fact that excess Na>SO. did not participate in
the reaction and migrated toward the surface of paste. Finally, heavy metal leaching results from TCLP
and SPLP methods showed that FGR was safe to be utilized as an alkaline activator in the construction

industry without any concerns of heavy metal leaching.
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5 Carbon emission assessment of FGR-based AAMs

Besides being the most expensive component, commercially produced alkali hydroxide and alkali
silicate-based activators also contribute to considerably higher carbon emissions ranging from 40-80%
of AAMs as per literature (Bajpai et al., 2020; Bernal et al., 2016; Habert et al., 2011; Passuello et al.,
2017). The emission of carbon from the production of slag and FA per metric ton is estimated to be 79
kg and 27 kg respectively. For the NaOH and water glass-based activators, these emission values
correspond to 1915 kg and 1514 kg per metric ton respectively (Turner and Collins, 2013). The carbon
emission from FGR based AAMs are mainly associated with the grinding of FGR in ball mill for 4
hours and heat curing of AAMs. However, the positive impact of using industrial waste FGR as an
alternative source of costly and energy intensive commercial alkaline activators (produced by heating
sodium bicarbonate and silica at 1200-1400°C) is significant in terms of its negligible carbon emission
and cost (Fawer et al., 1999). Using FGR to produce AAMs can offer several advantages, including:
(1) increased recycling of FGR industrial waste, which can help achieve carbon neutrality goals in waste
management, (2) decreased waste disposal burdens on landfills, and reduced potential environmental
risks associated with heavy metal leaching, and (3) lowered production costs and carbon emissions of

AAMs by utilizing FGR as an alternative to expensive and energy-intensive commercial activators.

6 Conclusions

FGR is an industrial alkaline waste produced from the incineration of sewage sludge at the WtE plants
and collected at the downstream after flue gas treatment process. In this study, FGR was used as a
source of alkaline activator due to the presence of high content of Na,SOs. AAM pastes were produced
by mixing the FA, slag and FGR. Heat curing scheme was adopted due to the low reactivity of FGR at
an ambient temperature. Reaction products of AAMs were characterized through advanced analysis

techniques including FTIR, XRD, TGA, SEM and nanoindentation.

1. The FTIR results indicated that incorporating FGR led to the formation of multiple reaction
products or hybrid gel. The main band (at 988 cm™) of the reaction products was observed to

exist between the main bands of N-A-S-H gel and C-A-S-H gel. Additionally, the presence of
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SOZ ions was found to accelerate the dissolution of alumina and enhance the reaction degree
of precursors.

The presence of a wide peak within the 20-40° 26 range indicates that the reaction products in
AAMs are amorphous in nature. Additionally, several new phases were formed during the
reaction process, including zeolite, calcite, apatite, and berlinite.

The TGA results demonstrate that AAMs exhibit a more pronounced weight loss in the
temperature range of 0-300°C, which can be attributed to the dehydroxylation of the N-A-S-H
gel. Conversely, the range of 300-600°C is associated with the removal of water from the C-A-
S-H gel, leading to a lesser degree of mass loss. These observations suggest that N-A-S-H gel
is the primary reaction product in all AAMs, instead of C-A-S-H gel.

EDS analysis validated the presence of N-A-S-H, C-A-S-H, and N-C-A-S-H gels in the reaction
products of AAMs. The amount of C-A-S-H gel was found to be positively correlated with the
FGR content. Additionally, a statistical analysis of the SEM-EDS data revealed that the
chemical composition of the FGR-0.32 and FGR-0.40 samples were significantly similar to
each other.

FGR-0.24 mainly consisted of N-A-S-H gel, which accounted for 91.05% of the reaction
products. However, an increase in the amount of FGR to 32% and 40% changed the
micromechanical properties and reaction products. Higher amount of Ca?" was incorporated
into reaction products indicating that higher content of Na;SO4 could increase the reactivity of
slag. Nonetheless, it should be noted that the volume of unreacted phases was found to increase
when the FGR content exceeded the optimal threshold of 32%. This factor could lead to a
reduction in mechanical performance.

The compressive strength of FGR-0.32 paste was higher as compared to FGR-0.24 due to
enhanced activation of slag at higher FGR content. However, filler effect of FGR was dominant
for high contents of 40% and strength of FGR-0.40 was slightly reduced. TCLP and SPLP
methods showed that FGR may be used as a safe construction material without any concerns

about heavy metal leaching.
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7. The improvement in mechanical and microstructural performance of AAMs is expected upon
introducing the amorphous silica source along with FGR and should be studied further in the

future.
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