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ARTICLE INFO ABSTRACT
Keywords: A systematic thermodynamics-based framework was applied to recycle waste low and high-calcium coal com-
Off-spec fly ash bustion Fly Ash (FA) into synthetic lightweight aggregates (LWA) through sintering. The process to successfully
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Gas release
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manufacture synthetic LWA was investigated, which requires a delicate balance among three phenomena: (i)
sufficient liquid phase formation during sintering, (ii) appropriate viscosity for the liquid-solid phase, and (iii)
sufficient amount of gas emission to form pores in the LWA. Thermodynamics modeling was used to quantify the
formation of the liquid phase during sintering while the fluxing agent and the temperature change. The Urbain-
Kalmanovitch, Browning, and Krieger-Dougherty models were used to quantify the viscosity of the liquid and
liquid-solid phase, respectively. A lower bound of 100 Paes for the viscosity was found to ensure spherical shape
of the LWA. Using thermogravimetric analysis, it was shown that the LWA had a notable gas release potential,
owing to the presence of anhydrite and hematite, which could create gas-filled pores in the LWA macro-
microstructure. X-ray computed tomography (X-CT) observation revealed the formation of a porous structure
for the produced LWA where high calcium FA LWA generally had larger pores compared with low calcium FA
LWA. By correlating the X-CT and scanning electron microscopy (SEM) observations and thermodynamic
modeling results, it was found that a minimum of 40% liquid phase content (% by mass) is necessary for the
formation of gas-filled pores in FA-LWA.

concerns over sustainability (Dondi et al., 2016; Cheeseman et al.,
2005).

Waste (i.e., not recycled) coal combustion products (CCPs) including
fly ash (FA), bottom ash (BA), and boiler slag need to be landfilled
(Kourti and Cheeseman, 2010; Balapour et al., 2020) if it they are not
recycled. In 2018, over 100 million tonne of coal combustion ash were
produced, of which about 60 million tonne were beneficially recycled
and the rest disposed in landfills (Association, 2018). Over time, this gap
in recycling has left the U.S. with a large stock of waste CCPs in landfills,
which is negatively impacting the environment (e.g., polluting surface
and groundwater) and human health (Billen et al., 2018; EPA, 2015).
Rules issued by Environmental Protection Agency (U.S. EPA) on disposal
of waste CCPs in 2015 (EPA, 2015) required closure or retrofit of unsafe
landfills or surface impoundments, increasing the cost associated with
disposal of waste CCPs, and therefore, increasing the recycling in-
centives for waste CCPs. Converting the waste CCPs available in the

1. Introduction

Lightweight aggregates (LWA) as a construction material has a wide
range of applications including lightweight concrete production, inter-
nal curing of concrete, green roofs, and embankment. At present, most of
the available lightweight aggregates (LWA) in the US market are
expanded shale, clay, and slate-based, which are only available in North
Carolina, up-state New York, Texas, Kansas, Colorado, California, and
Indiana. This fact has a direct impact on the accessibility and final price
of LWA due to the cost of transportation (Mousa et al., 2018). Addi-
tionally, these LWAs require the use of natural resources (i.e., shale,
clay, and slate) as their feed materials during manufacturing. In recent
years, there have been many efforts to explore LWA production from
urban and industrial wastes to not only increase LWA availability and
accessibility in different regions, but also to address the growing
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Nomenclature

Andradite CagFezsigolz
Anhydrite CaSO4

Anorthite CaA1251203
Clinopyroxene CaMgSi>Og
Combeite NayCa,SizOq
Cordierite MgsAl4SisOqg
Dolomite CaMg(CO3)s
Feldspar (Albite) NaAlSi3Og
Feldspar (Anorthite) CaAl,Si,Og
Feldspar (K-Feldspar) KAISi3Og

Gypsum CaSO4e2H,0
Hematite Fe;03

Leucite KAISi»Og
Melilite Ca;Mg(Si07)
Mullite  3Al1,0302Si0,

Nepheline NaAlSiO4

Sapphirine Mg4Al;(Si2053

Tridymite SiO,

Wollastonite CaSiO3

C: Ca0, A: Aly03, N: Nay0, S: SiO,, H: H,O C-A-(N)-S-H
N: Nazo, A: A1203, S: Si02, H: H20 N-A-S-H

landfills to LWA is a viable solution to both reduce landfilled waste CCPs
and increase LWA accessibility for the construction industry (Dondi
et al., 2016).

There have been several efforts to convert waste CCPs to LWA
(Dondi et al., 2016; Balapour et al., 2020; Balapour et al., 2019; Wei and
Lin, 2009; Wei et al., 2012; Ramamurthy and Harikrishnan, 2006;
Kockal and Ozturan, 2010). In these, FA and BA have been reported as
suitable raw materials for producing synthetic LWA. It has been shown
that sintering class F (low calcium) fly ash mixed with 0% to 30% (by
mass) sodium bentonite as a binder at 1100 °C for 1 h could result in an
LWA with specific gravity of 1.75 to 2 and a corresponding 24 h water
absorption of 21% and 16%, respectively (Ramamurthy and Har-
ikrishnan, 2006). In another study, class F fly ash LWA with 0% and 5%
glass powder (added as a fluxing agent) was manufactured (Kockal and
Ozturan, 2010). For LWA without glass powder (main chemical oxides
were SiO,, Ca0, and Nay0), oven-dry specific gravity, water absorption,
and crushing strength were determined to be 1.51, 18.4%, and 5.1 MPa,
respectively. While, the addition of 5% glass powder as fluxing agent
increased the specific gravity to 1.81 and led to a stronger LWA with a
crushing strength of 9.7 MPa.

Previous studies suggest (Dondi et al., 2016; Verbinnen et al., 2017;
Riley, 1951; Balapour et al., 2021) that LWA production through a
sintering process requires three necessary conditions: (i) formation of a
sufficient amount of liquid phase at high temperature on the surface of
the aggregate to maintain a viscous state, (ii) appropriate viscosity for
the liquid-solid phase to ensure pore expansion while preventing
excessive deformation, and (iii) appropriate amount of gas release, close
to the sintering temperature, which can be entrapped by the liquid
phase, leading to expansion and LWA formation. Bloating mechanism is
defined as the co-occurrence of these three conditions during sintering

hY
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Thermodynamic Modeling

resulting in formation of a successful LWA with a porous
macro-microstructure (Dondi et al., 2016; Balapour et al., 2019; Aineto
et al., 2006). Providing an appropriate balance among these three
conditions can lead to tailored, superior LWA engineering properties,
such as specific gravity, compressive strength, and moisture dynamics.

Balapour et al. (Balapour et al, 2021) proposed a
thermodynamics-based approach to quantify each of the three afore-
mentioned conditions for LWA produced from high- and low-calcium
BA, where NaOH was used as a fluxing agent. Based on these three
conditions, they proposed a working zone (i.e., quantitative limits for
liquid phase content, viscosity value, and amount of gas release) that can
ensure successful LWA production. The authors manufactured spherical
BA-LWA, where the spherical shape of LWA was intended to increase
concrete workability when used for concrete production. Their approach
demonstrated that when produced with this method BA-LWA possessed
an oven-dry specific gravity of 0.9 to 1.3, a porosity of 40% to 60%, and
a 72 h water absorption of 15% to 45%. These superior engineering
properties were related to the controlled formation of a porous micro-
structure during the sintering. The potential performance of these LWA
for internal curing of concrete was also found to be promising (Balapour
et al., 2020; Balapour, 2020).

The work presented in this paper builds on previous work (Balapour
et al., 2020; Billen et al., 2018; Balapour et al., 2019; Balapour et al.,
2021) and establishes a predictive thermodynamics-based framework to
quantitatively address the three necessary conditions for successful
production of LWA from waste coal combustion fly ash (FA) through a
sintering process. In this study, thermodynamics modeling was first
performed to quantify the liquid phase formation in the system of FA and
NaOH (used as a fluxing agent). Second, using these thermodynamics
modeling results, the viscosity of the LWA liquid-solid phase formed
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Fig. 1. Extended thermodynamics-based framework for production of LWA independent of feed materials.
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during the sintering was estimated by employing a combination of the
Urbain- Kalmanovitch, Browning and Krieger-Dougherty (K-D) models.
Third, the gas release potential of the LWA necessary for pore formation
was quantified using thermogravimetric analysis (TGA). Finally, using
X-ray computed tomography (X-CT) and scanning electron microscopy
(SEM), the pore structure of the developed LWA was visualized and
evaluated. The technological adoption of the thermodynamics-based
framework presented in this study will pave the way to consider waste
CCPs as a highly suitable resource to produce value-added LWA for
concrete applications.

2. Extended thermodynamics-guided framework for LWA
production

Fig. 1 outlines the extended thermodynamics-guided framework for
LWA production, independent of feed materials. The figure considers
three major steps for successful LWA production. The first step is the
production of spherical fresh pellets from the feed materials. This pro-
cedure starts with particle size distribution (PSD) optimization of the
feed materials as this physical property can affect the engineering
properties of the final LWA product (Dondi et al., 2016; Balapour et al.,
2020). Afterward, an optimum liquid to solid ratio should be determined
to achieve desired workability, binding, and cohesiveness for formation
of the fresh spherical pellets. Note that the liquid here is a mixture of
water and a fluxing agent at a specific concentration. The first step ends
by drying the fresh pellets in a controlled temperature/humidity con-
dition for a given duration prior to the sintering.

The second step, which is the focus of this paper, is associated with
the optimization of the sintering process to produce LWA. This step
starts by inputting the chemical composition of the raw material, the
temperature of interest, and the dosage of fluxing or bloating agents into
a thermodynamics model. The predictions of the thermodynamics
modeling include the formation of different phases and, more impor-
tantly, the amount of liquid phase and its chemical composition that will
be formed within the targeted sintering temperature range. The liquid
phase quantity and its chemical composition are then analyzed using the
Urbain- Kalmanovitch (for low calcium fly ash) Browning model (for
high calcium fly ash) to estimate the viscosity of the liquid phase during
the sintering. Subsequently, the estimated viscosity of the liquid phase
and quantity of solid phase are input into the K-D viscosity model
(detailed discussion is provided in Section 0) to estimate the viscosity of
the liquid-solid phase. TGA is then performed on the fresh pellets to
quantify the gas release potential of materials, which is essential for the
production of porous LWA.

In the third and final step, the physical and mechanical properties of
the LWA, including specific gravity, compressive strength, moisture
dynamics, and pore structure, are assessed. If those physical properties

Table 1
Chemical oxides of off-spec fly ash.

Chemical composition(% by mass) Sample name

F-FA C-FA
Si0y 49.5 38.19
Al,03 23.8 18.76
Fe,03 15.45 10.88
SO3 0.75 3.59
CaO 3.2 18.8
Na,O 0.42 1.12
MgO 1.6 3.6
K20 2.3 0.98
P,0s5 - 0.7
TiOy - 1.31
Total 97.02 97.93
LOI* 5.3 8.47
Unburnt Carbon 2.33 7.0
Initial moisture content 0.4 1.21

*The LOI is measured as the weight loss percentage between 110 °C and 750 °C.
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Table 2
The crystalline phases content of raw fly ashes (percent by mass).

Phase name Sample name

F-FA C-FA
Quartz 7.03 5.93
Mullite 10.7 3.52
Hematite 4.49 1.04
Anhydrite 1.86 3
Calcium alumioferrite 0 1.57
Amorphous 75.9 84.9

fall within the desired ranges, the LWA design will be finalized. Other-
wise, the fluxing or bloating agent can be modified in the second step (as
can be seen in Fig. 1) to go through the loop again to ensure that
appropriate LWA physical properties are achieved.

3. Materials and sample preparation

Two types of waste coal combustion FA samples were used in this
study using classifications defined in ASTM C618 (ASTM C618-19
2019): (i) class F (low calcium) fly ash, designated by F-FA; and class C
(high calcium) fly ash, designated by C-FA. Table 1 shows the chemical
oxide composition of the FA samples obtained through X-ray fluores-
cence (XRF). Waste coal combustion FA refers to the waste fly ash that
does not pass at least one of the requirements proposed by ASTM C618
or AASHTO M 295 (AASHTO M 295 2007), and so cannot be directly
used in concrete. One of the most important requirements of ASTM C618
for fly ash is that the Loss-on-Ignition (LOI) must be less than 6% by
mass. In addition, based on AASHTO M 295, the LOI limit for fly ash,
specified for use in concrete applications, must be less than 5% by mass
in the majority of US states. Accordingly, fly ashes used in this study can
be classified as waste coal combustion fly ash owing to a high LOI value
(see Table 1).

Quantitative X-ray diffraction (QXRD) analysis was performed using
nominally 0.02° steps in the range of 5° to 80° on the fly ashes (F-FA and
C-FA) to quantify their amorphous content and crystalline phases. Rutile
(TiO3), nominally 20% by mass, was used as an internal standard for
quantification. Table 2 shows the crystalline phases and amorphous
content of the ashes, which indicates that a great portion of the ashes is
composed of an amorphous phase.

The manufacturing of FA-LWA includes four main steps: drying,
pelletization, curing, and sintering. In the first step, the ashes were dried
inanovenat 110 °C £ 5 °C for approximately 24 h to remove moisture
content. In the second step, dried ash was mixed with NaOH aqueous
solution with molarities of 0 mol/L (i.e., pure deionized water), 2.5 mol/
L, 5 mol/L, 7.5 mol/L, 10 mol/L, and 12.5 mol/L, with a liquid to solid
mass (L/S) ratio of 0.2. These concentrations led to mass concentrations
(i.e., mass of solid NaOH per mass of solid FA) of 0%, 2%, 4%, 6%, 8%,
and 10%. The ash and aqueous NaOH (or deionized water) were mixed
thoroughly to achieve a homogenous mixture, which was put into a
spherical plastic mold of 16 mm diameter to pelletize the mixture. The
L/S ratio of 0.2 mentioned earlier was found to be the minimum ratio
that can maintain successful formation of spherical fresh pellets. In the
third step, the pellet was cured in the environmental chamber at
approximately 40 °C and 30% Relative Humidity (RH) for about 24 h. In
the fourth and final step, the fresh aggregates were sintered at 1160 °C
for 4 min to produce FA-LWA. Samples are designated as XXX-YY%,
where XXX stands for the material type (F-FA or C-FA), while YY rep-
resents the NaOH concentration.
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4. Research methodology
4.1. Analytical modeling

4.1.1. Thermodynamic modeling

Factsage' v7.2, a thermodynamic modeling software that operates
based on Gibbs free energy minimization, coupled with its FT oxide
database, was used to predict the phase equilibria of the ash+NaOH
system for temperatures ranging from 800 °C to 1400 °C, in increments
of 50 °C. The modeling was performed under 0.101 MPa (1 atm) pres-
sure and ordinary air, which consisted of 0.21 mol fraction of oxygen
and 0.79 mol fraction of nitrogen. The chemical oxides that were
considered in the modeling and verified with XRF measurements
included SiO3, Al03, Fex03, SO3, CaO, Nap0O, MgO, and K0.

4.1.2. Viscosity calculations

The viscosity of the liquid phase (slag) in LWA was quantified by
employing two viscosity models. (i) The empirical viscosity model
developed by (Browning et al., 2003) was used for estimating the vis-
cosity of liquid phase in C-FA LWA. This empirical model has been
shown to be more appropriate to calculate the viscosity of coal ash slag
with a viscosity lower than 1000 Paes compared to other models that are
based on simplified oxide melts (e.g. Urbain model) (Billen et al., 2018;
Browning et al., 2003). (ii) For calculating the viscosity of liquid phase
in F-FA LWA, widely used Urbain-Kalmanovitch model (Urbain, 1987;
Kalmanovitch, 1988) was employed which covers a wider range of
viscosity values. The reason for choosing this model over Browning
model for F-FA LWA was the high estimated viscosity values for F-FA
LWA, which was well above 1000 Paes where Browning model yield
high errors. The following describes the equations for calculating the
viscosity of liquid phase using Browning and Urbain-Kalmanovitch
models.

The Browning model assumes that the molten slag is a Newtonian
fluid (Nicholls and Reid, 1940; Song et al., 2013; Song et al., 2010) and
correlates viscosity with temperature (T) using a temperature shift (T;)
(Eqn 1). Ts, as presented in Eqn 2, is a function of a composition
parameter A. A is defined as the weighted molar ratio of network former
(numerator of Eqn 3) elements to network modifier (denominator of
Eqn 3) elements as presented in Eqn 3. The quantity of each component
in Eqn 3 is expressed in mole fraction and their summation must add up
to unity as shown in Eqn 4.

n 14788
1 = —10.931 1
0810<T_TS> - (€Y)
T, = 306.63.In(A) — 574.31 2)

3.198i*" +0.855AP +1.6K*

A=
0.93Ca>*+1.50Fe"* +1.21Mg>++0.69Na* +1.35Mn"++1.47Ti*+ +1.915%~
(3

ST+ APT 4 Ca*t + Fe"™m + Mg*t + Na™ + K" + Mn"" + Ti*T + 57 =1
4

Kalmanovitch model was an improvement to Urbain model, which is
based on a Weymann type equation. In this model viscosity (#) is related
to temperature (T) through constants i.e., a and b, which are dependent
on composition of slag. The value of a is a function of b based on Eqn 6.
The constant b is a function of Silica (N) and calculated according to Eqs.
(7)-(11), where g is calculated based Eqn 12.

! Certain commercial equipment, software and/or materials are identified in
this paper in order to adequately specify the experimental procedure. In no case
does such identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the equipment
and/or materials used are necessarily the best available for the purpose.
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1000b

n=ale T 5)
Ln(a) = —0.2812b — 11.8279 (6)
b =by+ biN + N> + b;N° @)
by = 13.8 +39.93558 — 44.0494* (8
by = 30.481 — 117.15058 + 129.9978" )
by = —40.9429 4 234.0486 — 300.04> (10)
by = 60.7619 — 153.92764 + 211.16164° (11D
) CaO + MgO + Na,O + K,O + FeO + TiO, a2)

- AL O5 + CaO + MgO + Na,0 + K, 0 + FeO + TiO,

The composition of the liquid phase (slag) (presented in the Ap-
pendix) at different temperatures for each LWA was obtained using the
thermodynamics modeling software, with varying fluxing agent con-
centrations, and Eqs. (1)-(12) were used to estimate the viscosity of the
liquid phase. Note that the LWA system is composed of a mixture of
liquid and solid phases; therefore, the suspension’s composite viscosity
becomes highly dependent on the volume fraction of solid phase. Thus,
to estimate the viscosity of the liquid-solid suspension, the (Krieger and
Dougherty, 1959) was used (Eqn 13).:

~[lem
— (1 —1) a3)
wln

where 7 is the viscosity of the liquid-solid suspension, 7, is the liquid
phase (slag) viscosity, ¢ is the volume fraction of solids (assumed to be
equal to the mass fraction, i.e., equal density for solid and liquid phase
(Balapour et al., 2021)), ¢_m is the maximum particle packing fraction,
and [n] is the intrinsic viscosity. This equation is applicable in the range
0<¢p<¢d_m. In this study, it was assumed that the solid phase particles are
spherical, leading to [n] = 2.5, and ¢_m was calculated according to the
model of (Stovall et al., 1986) and was estimated to be 0.74.

4.2. Experimental investigation

4.2.1. Thermal analysis

Thermogravimetric analysis (TGA)and differential thermogravi-
metric analysis (DTGA) (DTGA curves are the first derivative of TGA
curves)were performed to (i) measure the unburnt carbon content of FA,
which can directly affect the gas release potential of LWA close to the
sintering temperature, and (ii) evaluate the gas release during sintering
that forms the LWA pore structure. To measure the unburnt carbon
content of raw FA, a 2 atmosphere TGA (2A-TGA) was performed under
air and nitrogen. The 2A-TGA was defined as follows: (1) the tempera-
ture was held at 100 °C for 5 min; (2) with a 20 °C/min incremental
ramp, under nitrogen atmosphere, the temperature was increased to
750 °C; (3) still under nitrogen atmosphere, the temperature was
decreased to 100 °C with a 20 °C/min ramp; (4) the atmosphere was
switched to air and the temperature was kept at 100 °C for another 5
min; and (5) finally, the temperature was increased to 1000 °C with a
20 °C/min ramp in air. Gas purge flow in all the steps was constant at 25
ml/min. An approximate sample mass of 30 mg of raw FA was used for
testing.

To simulate the sintering process and monitor the weight change
(corresponding to gas release) of LWA, TGA was performed on the
geopolymerized (i.e., underwent the chemical reaction between the
dissolved species of aluminates and silicates in a highly alkaline envi-
ronment to form a three-dimensional aluminosilicate network) (Bala-
pour et al., 2021; Part et al., 2015) pellets under an air atmosphere,
where the temperature was increased to 1160 °C from 100 °C with a
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ramp of 10 °C /min and was held at 1160 °C for 4 min. To prepare the
sample for this test, after 24 h of curing the fresh pellet was crushed
using a mortar and pestle and then was sieved through a 75 um size
sieve. Approximately 30 mg of collected powder was placed in a crucible
pan. Fine refractory ceramic was used between collected powder and
TGA pan to prevent molten material, which is formed close to the sin-
tering temperature, adhering to the pan.

4.2.2. X-ray computed tomography (X-CT)

A Zeiss Versa XRM 500 ! was used to perform X-CT and evaluate the
pore structure of produced LWA. The X-ray tube was set for a voltage of
120 kV and a current of 83 pA while the voxel size was set at approxi-
mately 19 pym. The exposure time per 2D projection image was
approximately 0.45 s, and over 1600 projections were captured
throughout a rotation of 360 ° The projections of the LWA were collected
using the software supplied with the instrument, and tomographic
reconstruction was performed to obtain approximately 1000 2D cross-
sectional slices of the LWA, where each slice was about 1000 pixels x
1000 pixels. The visualization and calculations presented in this paper
were performed using Dragonfly Software v 2020.1! (AASHTO M 295
2018).

4.2.3. Scanning electron microscopy (SEM)

SEM was performed on FA-LWA with 0% and 2% NaOH to further
evaluate its pore structure at a micro-scale smaller than resolvable in X-
CT. Samples were placed in a container and under vacuum for about 20
min. After that, the vacuum was broken, and low viscosity epoxy was
added to the container to cover the whole LWA specimen. The samples
were kept under vacuum for another 30 min. Next, samples were kept at
room temperature for about 24 h for the epoxy to cure. The samples
were sectioned at their mid-plane (x-y plane) using a diamond saw. The
polishing and SEM preparation procedure was: wet polishing on SiC
paper (i) grit 400 (22 pm) for 2 min under approximately 22 N force (ii)
grit 600 (15 pm) for 13 min under approximately 18 N force (iii) grit 800
(10 um) for 20 min under approximately 9 N force, (iv) and finally
polishing on grit 1200 (5 um) for 30 min under approximately 4 N force.
The polished samples were sputter coated with platinum resulting in a
coating layer thickness of ~10 nm for SEM observations.

5. Results

5.1. Phase equilibria predictions and quantification of liquid phase
content

The left column in Figure S1 shows the predicted phase diagrams for
the F-FA systems with 0%, 2%, 4%, 6%, 8%, and 10% NaOH as a
function of temperature. In the F-FA+NaOH system, increasing the
NaOH concentration transformed mullite and cordierite into feldspar.
The feldspar phase was composed of anorthite (CaAlySi>Og), albite
(NaAlSi30g), and k-feldspar (KAlSi3Og), which at lower temperature was
mainly composed of albite. As the temperature increased the model
showed that the main composition transformed toward pure anorthite.
This is because albite and k-feldspar have melting points of ~ 1100 °C
and ~ 1200 °C, respectively, while anorthite’s melting temperature is
near 1555 °C. While increasing the NaOH concentration to 6% promoted
the transformation of mullite and cordierite into feldspar, this did not
promote the formation of the liquid phase. At 8% and 10% NaOH con-
centration, however, the feldspar stability shifted toward formation of
nepheline, and increasing the temperature led to the formation of a
higher quantity of liquid phase.

The right column in Figure S1 demonstrates the predicted phase
diagrams for the C-FA system with 0%, 2%, 4%, 6%, 8%, and 10% of
NaOH, as the temperature changed from 800 °C to 1400 °C. The initial
melting temperature for all of the NaOH concentrations was predicted to
be at approximately 1000 °C. The slightly higher initial melting point for
C-FA LWA compared to F-FA LWA is related to the fact that in the NaO-

Resources, Conservation & Recycling 178 (2022) 106050

Aly03-SiO2 system, addition of CaO can increase the initial melting
temperature (Pacheco-Torgal et al., 2014). Incorporation of a higher
NaOH percentage influences the stability of feldspar (mainly composed
of anorthite (CaAlySizOg)), which is mainly a calcium bearing phase
toward formation of Nepheline (NaAlSiO4). Feldspar (anorthite) has a
melting point of about 1555 °C while the melting point for Nepheline
lies between 1100 °C to 1256 °C (Pacheco-Torgal et al., 2014). There-
fore, increasing the NaOH content can lower the melting point of the
C-FA+flux and promote forming of a higher amount of slag phase.

Fig. 2 shows the liquid phase content at 1160 °C for F-FA and C-FA as
a function of NaOH concentration. For F-FA, the liquid phase content
with NaOH concentrations of 0% to 6% was in the range of 35% to 40%,
while with 8% and 10% NaOH concentration, the liquid phase content
increased to 50% and 61%, respectively. On the other hand, for C-FA the
liquid phase content gradually increased with incorporation of higher
NaOH concentration. The difference between two ashes is directly
related to the higher CaO content in C-FA. Higher CaO content in C-FA
LWA accompanied by NaOH Addition (i.e., NaOH > 2%) led to forma-
tion of higher liquid phase content in the C-FA LWA.

5.2. Viscosity predictions of the LWA liquid-solid system

Fig. 3(a) shows the viscosity of the LWA liquid-solid suspension for F-
FA. As can be seen in Fig. 3(a), increasing the NaOH concentration
caused the viscosity of the liquid-solid composite to decrease. Although
F-FA with 0% NaOH to 6% NaOH exhibited a similar liquid phase
content (between 35% to 40%, see Fig. 2), increasing the NaOH con-
centration led to a higher molar fraction of Na™, which has a fluxing
role, in the liquid phase composition and so reduced the liquid phase
viscosity and consequently the total composite viscosity. Among F-FA
LWA the lowest observed viscosity was that of F-FA 10% (picture shown
in Fig. 3(a)) which was equal to 1175 Paes. (Balapour et al., 2021) found
that maintaining a viscosity value higher than 100 Paes for the bottom
ash LWA will preserve its spherical shape under gravitational forces,
which was also confirmed in the case of F-FA LWA in this study.

Fig. 3(b) shows the LWA liquid-solid suspension viscosity for the C-
FA system. Incorporating higher concentrations of NaOH gradually
reduced composite viscosity by (i) promoting the formation of a higher
liquid phase content and (ii) intensifying the amount of Na™ in the liquid
phase. Na™ with a fluxing role (see Eqn 3) acts as a network breaker and
therefore reduced the viscosity of the liquid phase. Generally, the lower
viscosity values for C-FA in comparison with F-FA were due to the fact
that C-FA had a higher content of CaO (see Table 1) leading to higher
molar fraction of Ca" in the composite. Ca®* has a notable fluxing role
(see Eqn 3) and can substantially reduce the viscosity of the liquid phase.
C-FA 10% LW, which had the lowest viscosity value is shown in Fig. 3
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Fig. 2. Liquid phase (i.e., slag) content of F-FA and C-FA at 1160 °C as
function of NaOH concentration.
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Fig. 3. Viscosity of LWA liquid-solid suspension with various NaOH concentrations, estimated using combination of Urbain- Kalmanovitch and Krieger-Dougherty
models for (a) F-FA LWA and Browning and Krieger-Dougherty models for (b) C-FA . The picture of F-FA 10% and C-FA 10% are shown in figure (a) and (b)
respectively. The dashed green lines show the furnace’s operating temperature. (Note: for F-FA LWA some data points are placed out of the y-axis maximum viscosity

and are not shown).

(b). As can be seen the spherical shape of this LWA was preserved after
sintering. The associated calculated viscosity for this LWA was 119 Pass,
which was higher than 100 Paes, confirming the previous finding
(Balapour et al., 2021) of the authors that a viscosity value greater than
100 Paes can maintain the spherical shape for the LWA under gravita-
tional forces during sintering.

5.3. Gas release potential during sintering

5.3.1. Unburnt carbon content determination

Previously, it was shown that the unburnt carbon content available
in the system can influence the extent of gas release close to the sintering
temperature (Dondi et al., 2016; Paya et al., 1998); therefore, it is
important to determine the unburnt carbon content of the two fly ash
samples. Figure S2 and Figure S3 show the 2A-TGA performed on F-FA
and C-FA respectively. For F-FA, as shown in Figure S2 (a) under ni-
trogen atmosphere, the weight loss up to about 500 °C could be related
to evaporation of moisture as a very gradual weight reduction occurs (~
1% mass reduction). On the other hand, the steep weight reduction from
about 500 °C to about 750 °C could be attributed to the decomposition of
amorphous phases in the ash (see Table 2). In the second step, as shown
in Figure S2 (b) at air atmosphere, the weight loss was likely due to
oxidation of unburnt carbon (Paya et al., 1998; Mohebbi et al., 2015).
The decomposition in the second step started at about 600 °C, which
shows an overlap with the decomposition of amorphous phases (see
Table 2) in the first step i.e., under nitrogen gas; therefore, it indicates
that the amorphous phases and carbon oxidation overlap in the tem-
perature range for their decomposition. In the case of C-FA in Figure S3
(a), similar to F-FA, the weight loss before about 500 °C could be related
to gradual evaporation of water (~ 1% mass reduction), while after this
temperature the decomposition can be related to amorphous phase.
Similarly, the weight loss under air atmosphere demonstrated in Figure
S3 (b), which started at about 500 °C was related to oxidation of unburnt
carbon (Paya et al., 1998). The unburnt carbon content for F-FA and
C-FA was determined to be 2.3% and 7.0% by mass, respectively.

5.3.2. Gas release determination of geopolymerized pellets using TGA
TGA was performed on geopolymerized pellets to simulate the sin-
tering process and evaluate the gas release potential of LWA that leads to
the bloating mechanism. Figure S4 (al) to (a6) shows the TGA/DTG
curves for the F-FA with incremental concentration of NaOH from 0% to
10%, respectively. As the temperature increased from room temperature
to 1160 °C, mass loss peaks were observed that corresponded to phase
decomposition and subsequent gas release. The peak labelled H is

related to the release of free and bound water from the structure of the
material (Scrivener et al., 2018) . As the NaOH concentration increased,
a peak indicated as Am; intensified in the range 400 °C to 650 °C, which
corresponded to the decomposition of N-A-S-H gel in the material (Park
et al., 2016). The peak labelled C occurring at 650 °C was likely related
to carbon oxidation (Paya et al., 1998; Mohebbi et al., 2015). However,
as was shown in Sec 0, the temperature range for the decomposition of
amorphous phases and carbon oxidation overlap with each other. From
the 2A-TGA test, the carbon oxidation occurred between 600 °C and 900
°C, with a peak at about 800 °C. However, in the case of geopolymerized
pellets, it appears that carbon oxidation peaked at ~ 650 °C. Two more
decompositions occurred at temperatures greater than 950 °C, which
were merged at the 0% NaOH concentration and started to separate as
the NaOH concentration increased. These two decompositions were
seemingly related to anhydrite (labelled with A) and hematite (labelled
with H) (Salman and Khraishi, 1988; Lee et al., 2019). It has been pre-
viously shown that hematite reduction to release carbon dioxide could
be facilitated by the presence of unburnt carbon in the ash (Balapour
et al., 2021; Paya et al., 1998; Wie et al., 2020). Therefore, it is specu-
lated that the observed gas release is partly related to reduction of he-
matite by the unburnt carbon.

Figure S4 (b1) to (b6) shows the TGA performed on C-FA with the
NaOH concentration varying from 0% to 10%. The H peak, occurring at
a constant temperature of about 100 °C, was related to free and bound
moisture release (Scrivener et al., 2018). The sharp peak designated by
C+Am; was related to co-occurrence of amorphous phase decomposi-
tion and oxidation of free carbon from the material occurring at the
range of 500 °C to 700 °C (Paya et al., 1998). By increasing the NaOH
concentration from 0% to 10%, a peak located at the shoulder of the
C+Am; peak appeared, designated by Am,, which most probably was
related to the decomposition of amorphous C-(N)-A-S-H gel (Pacheco--
Torgal et al., 2014). Finally, two peaks were again identifiable in the
range of 950 °C to 1160 °C, which corresponded to anhydrite decom-
position (peak A) and carbon dioxide release from hematite (peak H)
(Salman and Khraishi, 1988; Lee et al., 2019). Comparing C-FA with
F-FA TGA results, C-FA releases gaseous phase content almost at three
times the rate of F-FA near sintering temperature (i.e., from onset of
liquid phase formation to about 1160 °C). This could be related to the
fact that C-FA had 3% and 7% anhydrite and unburnt carbon, respec-
tively, while F-FA had 1.86% and 2.3% (see Table 1 and Table 2).
Greater unburnt carbon could be a potential source to facilitate reduc-
tion of hematite (Balapour et al., 2021; Paya et al., 1998; Wie et al.,
2020).
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5.4. Evaluation of LWA pore structure using X-CT

Figure S5 shows a 2D slice of F-FA (left column) and C-FA (right
column) with incremental NaOH concentration. For F-FA LWA, a “core-
shell” morphology could be identified in this LWA. These two regions
are separated by the circular/elliptical white dashed line on the 2D
slices. The “shell” refers to the outer part of white dashed circle/ellipse,
where spherical type pores were located (Ducman et al., 2013). While
the pores formed in the shell of F-FA-0% were of size about 100 um, the
general trend implied that upon incremental NaOH addition, the pores
located in the LWA shell became larger. On the other hand, in the middle
part of the LWA (inner part of the white dashed line circle/ellipse,
defined as “core”), surrounded by the shell, the pores are more inter-
connected and elongated. One potential reason for the formation of this
morphology is related to the heat barrier created by the shell, which
delays the heat transfer to the middle part of the LWA (Billen et al.,
2018). This phenomenon probably resulted in the observation that the
shell of LWA tend to have a higher gray scale value (GSV) compared to
the core, which corresponds to higher density (Brisard et al., 2020;
Hanna and Ketcham, 2017). This observation is more pronounced in the
case of C-FA LWA. Interestingly, some major cracks were observed in the
core of F-FA-4% LWA, and to a lesser extent for F-FA-8% and F-FA-10%.
Two possible reasons could be: (i) occurrence of thermal cracking due to
shrinkage during rapid sintering and (ii) displacement of the core of
LWA by the released gas causing internal pressure and finally cracking
(Wie and Lee, 2020).

For C-FA-0%, extensive cracking occurred, which could possibly be
related to the two explanations given for F-FA. Upon adding NaOH to the
LWA, the core-shell morphology also occurred for the C-FA LWA. The
shell contains embedded spherical-type pores, which indicated the
fluxing role of NaOH and formation of the liquid phase in the LWA.
Higher than 6% NaOH, the shell’s thickness increased noticeably and
the LWA core became smaller. It is speculated that the formation of
liquid phase, promoted by higher NaOH percentage, leads to integrity
and higher strength for the LWA (Balapour et al., 2021), which is where
the formation of cracks could be suppressed. However, as can be seen in
Figure S5, for C-FA 2%, even in the presence of NaOH, some cracks were
formed in the core of the LWA. The cracks in the LWA core caused
formation of an island-type solid phase, as indicated by the white dashed
line. Note that phase connectivity in 3D is different than in 2D. Since the
LWA held together outside of the mold, the solid core phase must
interconnected, rather than isolated fragments. The presence of the
cracks in the core regions could potentially affect the structural integrity
of the LWA. On the other hand, it is plausible that cracks could help with
moisture transport and dynamics in the LWA pores. As it mentioned
before, the shell appears to have higher GSV and density, which is likely
related to the shell acting as an insulating layer that delays heat transfer
to the core of LWA. Therefore, the shell experienced higher temperature
compared to the core and more densification has occurred in the shell
(Billen et al., 2018; Lee et al., 2019; Ducman et al., 2013).

6. Discussion

This section contains discussion of the three required parameters for
successful production of LWA through sintering: (i) sufficient amount of
liquid phase, (ii) appropriate viscosity for the liquid-solid suspension,
and (iii) adequate amount of effective gas release. The effects of these
parameters on the final LWA morphology and an operable working zone
for the production of LWA are discussed.

6.1. Formation of liquid phase during sintering

The formation of sufficient amount of liquid phase in the LWA is a
crucial factor to provide a medium for pore expansion and consequently
the bloating mechanism, as well as providing sufficient bonding be-
tween partially molten FA particles during sintering (Dondi et al., 2016;
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Balapour et al., 2020). In our previous study (Balapour et al., 2021), it
was found that the presence of a minimum mass fraction of 50% liquid
phase in the LWA made from bottom ash (with a random shape particle
size ranging from 600 pm to 75 um) could assure that the bloating
mechanism was achieved. However, in this study, the raw material is fly
ash (FA), which has a considerably smaller particle size distribution
(average particle size of ~ 20 um with spherical shape (Chindaprasirt
et al., 2009)) and correspondingly higher surface area compared with
bottom ash. It is expected that a smaller particle size distribution (higher
surface area) can promote formation of higher liquid phase content
(German et al., 2009), which cannot be captured by thermodynamic
modeling (German, 2013). Therefore, a smaller limit for the liquid phase
content may be required to ensure pore expansion in the LWA.

First, we correlated the liquid phase content to the X-CT observa-
tions. Starting with F-FA 0% LWA, which had 35.4% by mass liquid
phase content, the small spherical type pores (in the 100 pym size range)
were formed in the LWA shell. As the NaOH concentration gradually
increased, the liquid phase content increased accordingly and the X-CT
observations showed the formation of larger spherical/round type pores
(in the 500 um size range) in the LWA shell. All the F-FA LWA had a
liquid phase content of greater than 35%.

In the case of C-FA LWA, the liquid phase content for C-FA 0% was
15.7%. Correlating that with X-CT observations (see Figure S5) of C-FA
0%, no spherical-type pores were observed in the LWA shell, which
implies that liquid phase content was not enough to lead to formation of
gas-filled pores and active a bloating mechanism. For C-FA with NaOH >
2%, the liquid phase content passed 35% and accordingly round pores
started to form in the shell of LWA. In addition, as the NaOH concen-
tration gradually increased the fluxing role of NaOH helped with for-
mation of more liquid phase content (see Fig. 2), which provided a
greater medium for pore expansion in the LWA. One of the reasons that
C-FA LWA formed bigger pores compared with F-FA LWA is the higher
liquid phase content for the former at each NaOH concentration (except
0%) (see Fig. 2). Correlation between the liquid phase content and X-CT
observations for both types of FA-LWA suggested that 35% is the mini-
mum liquid content allowing the formation of pores in the LWA shell
region for both kinds of FA.

6.2. Viscosity of liquid-solid phase during sintering

The viscosity of the liquid phase plays two major roles in the suc-
cessful production of LWA through sintering: (i) the value of the vis-
cosity must be such that it enables the pores created by the emission of
the gaseous phase into the liquid phase to expand and contribute to the
bloating of LWA (the smaller the viscosity the easier pore expansion
occurs), and (ii) the value of the viscosity must be such that it prevents
excessive deformation for the LWA under gravitational force or the force
created by pore expansion before solidification occurs in order to
maintain a spherical LWA shape. For F-FA LWA, as shown in Fig. 3,
increasing the NaOH concentration decreased the viscosity of liquid-
solid phase. Correlating this behavior with that of the X-CT images, it
was observed that by increasing the NaOH concentration the pores
became larger; also, some pore joining occurred. This is likely due to the
decreasing viscosity of the liquid-solid phase, which allowed easier
expansion and movement of pores in the liquid phase. Similar trends
were also observed for C-FA LWA, i.e., as the NaOH concentration
increased, the viscosity of the liquid-solid phase decreased, which
allowed for easier expansion and pore-joining. A comparison between
the pore structure of C-FA LWA and F-FA LWA implies formation of
larger pores in the former. One of the reasons related to this difference is
the smaller viscosity for the liquid-solid phase in C-FA LWA compared to
F-FA LWA (see Fig. 3). C-FA possessed a higher content of CaO, which
has a notable fluxing role and thus reduces the viscosity considerably.
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6.3. Gaseous phase formation during sintering

Formation of a gaseous phase close to the sintering temperature,
which can then be captured by the liquid phase, ensures pore creation
and consequently bloating in the LWA. In this study, the effective gas
release (Zeffective €Xpressed in% by mass) that can contribute to bloating
was defined as the amount of released gas between the initial melting
temperature (obtained from the phase diagrams in Figure S1) and ulti-
mate sintering temperature i.e., 1160 °C. Fig. 4 shows efrective for F-FA
and C-FA at different NaOH concentrations based on the TGA results.
The data indicated geffective @amount varied from 0.64% to 3.68%
considering both materials. (Balapour et al., 2021) showed that when
sufficient liquid phase forms, with the liquid-solid viscosity in an
appropriate range, even geffective = 0.24% ensured formation of gas filled
pores in the LWA made from bottom ash. In this study, the minimum
Zeffective Measured using TGA was 0.64%, corresponding to F-FA 6%. The
XCT 2D slice for F-FA 6% confirmed the formation of spherical-type
pores. Therefore, another possible reason for larger pores formed in
C-FA LWA compared with F-FA LWA could be related to the higher
values of Zefrective Dy C-FA LWA (see Fig. 4).

Based on Fig. 4, TGA results indicated a similar trend for the value of
Zeffectives Where a slight reduction was observed for both FAs as the NaOH
concentration increased. The thermodynamic modeling done in Section
0 indicated that at low NaOH concentration the gas release was a
mixture of Oy, SOy, and SO3. However, as the NaOH concentration
increased the Oy portion of the gas mixture decreased. This could be
related to oxidation reactions occurring at high temperature, resulting in
oxygen absorption. Higher values of geffective for C-FA in comparison
with F-FA was related to both larger amounts of SO+SO3 and O2
gaseous phases released by this material. This could be partly explained
by a higher SOz content in the chemical composition of C-FA (see
Table 1). It should be noted that since the unburnt carbon is not
considered in thermodynamics modeling the gas release predictions are
O,. It is expected that including carbon in thermodynamics modeling
will change gaseous products to CO».

6.4. Pore structure evaluation of LWA with 0% NaOH and 2% NaOH

SEM images for F-FA 0%, F-FA 2%, C-FA 0%, and C-FA 2% are shown
in Fig. 5. As can be seen for F-FA 0% and F-FA 2%, prevalent formation
of spherical/round type pores in the liquid phase can be confirmed.
Correlating this observation with the liquid phase content predictions
indicated that since these two LWA had a liquid phase greater than 35%
spherical type pores (an indication of bloating mechanism) were suc-
cessfully formed. In contrast, the SEM image of C-FA 0% showed mini-
mal formation of spherical pores in the LWA, which implies that liquid
phase content was not sufficient for occurrence of bloating. The liquid
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Fig. 4. The effective gas release during sintering measured using TGA for F-FA
and C-FA LWA with varying NaOH concentration.
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phase content for this LWA was 15.7%. In addition, due to insufficient
melting, a great degree of bonding gap among fly ash particles was
observed, which could lead to diminished mechanical strength for the
LWA. On the other hand, for C-FA 2%, where the predicted liquid phase
content was 36.4%, there was a large amount of spherical pore forma-
tion in the liquid phase.

6.5. Required technical conditions for successful LWA production

To put the three required conditions (liquid phase content, viscosity
of liquid-solid phase, and effective gas release amount) into perspective,
a diagram was developed based on these quantified conditions, Fig. 6.
The location of each circle, associated with the produced LWA, is based
on its liquid phase content and viscosity, and the color is associated with
the Zeffective value for that LWA obtained from TGA results. C-FA 0%
LWA is not placed on the diagram since the viscosity was not calculable
for the LWA owing to small liquid phase content. As was previously
indicated, a minimum 35% liquid phase content was necessary to pro-
vide a medium for pore expansion. The red dashed line shows the limit
associated with the liquid phase content. (Balapour et al., 2021) found
that for the LWA produced from bottom ash a minimum 100 PaeS vis-
cosity was required to prevent deformation under gravitational force
and retain the spherical shape, which was also found in this study.
Correlating the XCT and SEM images with viscosity values, it was found
that distinguishable pore expansion started to occur in F-FA 0% LWA.
F-FA-0% had a viscosity of 2.2-107 Paes. This observation along with
limitations inherent to viscosity models (such as estimation of viscosity
at a temperature lower than critical viscosity i.e., the temperature which
the viscosity of liquid phase sharply changes with temperature (Vargas
et al., 2001; Luan et al., 2014)) prevents one from suggesting an upper
bound for viscosity value at this point. Based on the proposed limita-
tions, F-FA 0%, F-FA 2%, F-FA 4%, F-FA 6%, F-FA 8%, F-FA 10%, C-FA
2%, C-FA 4%, C-FA 6%, C-FA 8%, and C-FA 10% were placed in this
working zone. In this working zone, the minimum geffective was that of
F-FA 6%, which was 0.64%. Based on this work and previous work
(Balapour et al., 2021), it appears that even a minimum value of 0.24%
for geffective could create adequate LWA pore creation when liquid phase
and viscosity conditions are satisfied.

7. Conclusions

This paper quantitatively investigated the three necessary conditions
for the production of LWA from low and high calcium waste coal com-
bustion FA through a sintering process. These three required conditions
are: (i) formation of an adequate liquid phase content, (ii) appropriate
viscosity for the liquid-solid phase, and (iii) release of sufficient amount
of gaseous phase for adequate pore formation. The following primary
conclusions can be drawn from this study:

(i) Formation of at least 35% liquid phase content was necessary for
both types of FA to ensure gas-filled pore creation in the LWA. For
the LWA with liquid phase content less than this limitation, gas
filled pores rarely could be observed.

(ii) It was found that the viscosity of the liquid-solid phase controls
the pore size in the LWA pore structure. Larger pores were
observed in C-FA LWA, likely because of its lower viscosity,
compared with F-FA LWA, which had higher viscosity. A lower
bound of 100 Paes was confirmed to prevent the deformation of
LWA during sintering by gravitational forces to keep the spherical
shape of LWA. The highest predicated viscosity was 2.2 - 107 Paes
for F-FA-0%, where SEM observation showed formation spherical
pores that indicate successful occurrence of the bloating
mechanism.

(iii) The value of geffective Wwas found to be necessary for pore creation
in the LWA considering that the requirements mentioned in (i)
and (ii) were satisfied. The measured geffective for F-FA ranged
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Fig. 5. SEM micrographs for F-FA 0%, F-FA 2%, C-FA0%, and C-FA 2%. Images were all taken at 10 kV, 100X magnification.
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Fig. 6. Holistic view of LWA regarding the three necessary conditions for
LWA production.

from 0.64% to 1.29%, while this value for C-FA ranged from 2.2%
to 3.68%. On average, C-FA LWA had 2.75 times greater Zeffetive
compared to F-FA LWA. The higher geftective could be one possible
reason for the formation of larger pores in C-FA LWA. The gas
release was related to the presence of hematite and anhydrite in
the raw FA. In addition, it was found that presence of higher
unburnt carbon content and anhydrite in C-FA could be the
reason for higher gegfetive of LWA prepared with this material.

Based on the predictive diagram developed in this study, it was found

that even without addition of NaOH, a successfully bloated LWA could
be produced from F-FA. However, for C-FA LWA an addition of at least
2% NaOH was needed for successful LWA production. Only using these
minimum concentrations could be beneficial from a cost and environ-
mental impact point of view. However, at the same time, the function-
ality (i.e., engineering properties such as specific gravity, compressive
strength, water absorption, and water desorption) of these LWA needs to
be assessed to determine the NaOH concentrations that are also optimal
for the LWA properties. This is because different NaOH concentrations
could significantly influence the engineering performance of LWA
(Balapour et al., 2020).

FA-LWA could be used for different applications such as lightweight
concrete production, internal curing of concrete, green roofs, and
embankment, where each application may require specific and different
LWA engineering properties. Therefore, future work will involve two
main areas: (i) assessing the engineering properties of these FA LWA,
which include specific gravity, moisture (water) dynamics in the pore
structure, pore size distribution, and compressive strength, and (ii)
scaling up the production of spherical FA-LWA using a pelletizer (to
produce spherical fresh pellets) and rotary furnace to bring the process
closer to pilot-scale production to address the underutilization of land-
filled waste FA.

Adoption of the proposed technology at large scale can address the
negative environmental impacts associated with landfilled waste CCPs
by converting this material to value-added LWA. Two prominent in-
stances of the negative environmental impacts of landfilled waste CCPs
are the catastrophic Kingston Fossil Plant coal fly ash slurry spill (Ten-
nessee, 2008) (BOURNE, 2019) and Dan River coal ash spill (North
Carolina, 2014) (Hitt et al., 2019), where long-term environmental
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damage was caused, and human health was compromised. The cost
associated with cleaning the Kingston fly ash slurry spill was estimated
to be $1.1 billion (AASHTO M 295 2017). Moreover, the waste CCPs
landfills require annual budget allocation for construction and mainte-
nance burdened which further impose on financial and administrative
burdens on coal powerplants. Therefore, adopting the technology
introduced in this paper not only can divert waste CCPs from landfills,
but can promote the local production of LWA for construction industry
to address the supply chain issues associated with this material in the
us.
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