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The increasing demand for lightweight construction materials and the depletion of natural aggregates highlight
the need for circular solutions based on industrial residues. Co-incineration biomass ash (BA), despite its high
availability, carbon content, and variable composition, remains underutilised in high-value applications. This
study explores a previously unexamined valorisation route through the production of sintered alkali-activated
aggregates using sodium-silicate-assisted pre-treatment. Two BA mixes with different Na;O dosages (7.57 and
5.44 wt% Nap0) were pelletized and thermally treated between 700 and 1200 °C. The alkali activation pre-
treatment simultaneously improved the granulation efficiency, enabled the formation of alkali-activated gel,
and supplied NayO as a flux, significantly influencing the crystalization, melting, and sintering behavior.
Comprehensive characterisation using mercury intrusion porosimetry, dilatometry, X-ray diffraction, Fourier-
transform infrared spectroscopy, thermogravimetry—differential thermal analysis, and scanning electron micro-
scopy revealed a coherent thermal sequence: from gel deterioration and a macroporosity development below
800 °C, to the crystallization of Ca-Mg silicates and the formation of an akermanite-dominated matrix at
800-1000 °C, followed by partial melting and sintering in the presence of a liquid phase above 1000 °C. A higher
alkali content promoted earlier densification and strength development. Aggregates with higher NayO content
(BA1) exhibited an earlier onset and higher intensity of sintering shrinkage, reaching a compressive strength of
4.53 MPa at 1100 °C, corresponding to more than a fourfold increase compared to thermally untreated aggre-
gates, whereas the lower-alkali mix (BA2) remained below 0.26 MPa at the same temperature. Open porosity of
BA1 aggregates increased to 78.8% after heating to 800 °C due to deterioration of the alkali-activated gel, fol-
lowed by densification accompanied by akermanite-dominated crystallization and pore coalescence, resulting in
73.1% porosity and a bulk density of 1.28 g/cm® at 1100 °C. The results identify BA as a promising precursor for
lightweight or dense SAA and demonstrate alkali-activation-assisted thermal treatment to be a technically
applicable circular-economy pathway for converting co-incineration BA into value-added construction materials.

product regulations, such as the recently revised EU Construction
Products Regulation [2], require compliance with sustainability and
environmental performance standards. These regulations encourage
environmental declarations and life cycle assessments. Their circular
economy requirements, such as recycled content and easier reuse, are

1. Introduction

Excavating natural aggregates causes the destruction of natural

topography and leads to an overexploitation of raw materials, with some
countries already introducing restriction policies to mitigate resource
scarcity. In contrast to unsustainable raw material exploitation, the
growing problem of industrial by-products and waste disposal is forcing
industries to consider recycling and reuse within a circular approach. At
the European regional level, the Waste Framework Directive [1] in-
troduces the general concept of EU waste policy by defining the waste
hierarchy, emphasizing reuse, recycling, and recovery. Additionally,
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being updated. The European Green Deal initiative, with its Circular
Economy Action Plan [3], targets resource-intensive sectors, especially
construction and building materials, setting norms for sustainable
products that follow closed material loops. National level implementa-
tions often include additional landfill taxes, recycling incentives, carbon
pricing through emissions trading systems, and higher taxation on virgin
raw materials. This increases the pressure on industry to seek new
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Abbreviations

AAM Alkali-activated materials
BA Co-incineration biomass ash
DTA Differential Thermal Analysis

EDXS Energy-Dispersive X-ray Spectroscopy
FTIR Fourier-Transform Infrared Spectroscopy
MIP Mercury Intrusion Porosimetry

SAA Sintered Alkali-activated Aggregates
SEM Scanning Electron Microscopy

TG Thermogravimetric Analysis

XRD X-ray Diffraction

XRF X-ray Fluorescence

strategies that are sustainable as well as economically viable. One
promising pathway to comply with these environmental ambitions is the
valorisation of waste materials through their transformation into arti-
ficial aggregates.

Considering that aggregates constitute up to 70% of a concrete vol-
ume [4], the valorisation of waste into artificial aggregates offers a more
effective and volumetrically impactful utilization pathway than con-
ventional practices such as using waste as partial cement [5] or concrete
replacements [6,7]. The reuse of ashes in construction materials is
governed by several standards (EN 197-1 for cement, EN 450-1 and
ASTM C618 for concrete), which impose strict compositional and per-
formance requirements that often limit the use of biomass ashes in
conventional cementitious (Ordinary Portland cement) systems due to
their high carbon and organic content. In this context, aggregate pro-
duction offers an alternative valorisation pathway, enabling
high-volume utilization of biomass ashes in value-added construction
products. Such artificial aggregates can be produced using alternative
binders through alkali activation, in which a chemical process between
the reactive amorphous silica and alumina, present in various industrial
residues, and an alkaline solution forms a stable solid alkali-activated
material [8,9]. This approach not only replaces natural aggregates in
specific applications, but also enables the design of materials with a low
density [10,11], controlled porosity [12], high chemical resistance [13],
good insulating capacity, acoustic absorption [14], and thermal stability
[15], while maintaining compressive strengths comparable to natural
lightweight aggregates such as expanded clay or perlite.

The most common methods of producing artificial aggregates are
sintering and cold-bound pelletization [16]. Traditional sintered ag-
gregates are initially formed by pelletization using either disc or drum
pelletizers in which powders are mixed with a small amount of water
[17]. Sometimes clays such as bentonite are added to improve the par-
ticle adhesion and granule shape retention [18,19]. Moist particles
adhere through surface tension and capillary forces, forming rounded
granules during rotation. The fresh, unsintered granules are then dried
to remove moisture and sintered in a furnace or rotary kiln, where
partial melting at high temperatures fuses the particles internally [18].
Research on sintered aggregates and their commercial production began
relatively early, with the first reports of sintered coal fly ash (FA) ag-
gregates appearing in the 1960s [20]. To lower the high sintering tem-
peratures, which in the case of FA can exceed 1100 °C, fluxing agents are
commonly used to reduce the melting point and make the process less
energy-intensive. Traditional sintered aggregates are typically produced
by combining (non-waste) FA with CaO or Fe»Oj3 as fluxing and binding
agents [21], or by incorporating waste clays, sludges, and glass waste
(Nay0-SiO5 sources) [22]. In contrast, cold-bonding manufacturing uses
a small amount of binder to form granules at temperatures below 100 °C.
Conventional cold-bonded aggregates typically use ordinary Portland
cement (OPC) in amounts up to 20 wt% as a binder for waste materials
[23,24], which can also serve for waste stabilization. However, waste
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materials with low reactive Ca content often result in weak or unreacted
inclusions and poor binding. Moreover, reactive oxides, as well as
elevated sulfate and chloride contents, can interfere with cement hy-
dration or induce delayed ettringite or thaumasite formation [25],
leading to cracking, expansion, and long-term instability. Furthermore,
using OPC, which is responsible for 0.8-0.9 tons of COy per ton of
cement, undermines the sustainability benefit of recycling wastes. On
the other hand, alkali-activated cold-bonded aggregates, proposed in the
late 2010s [26], are emerging as a more sustainable alternative for
aggregating waste containing reactive amorphous aluminosilicate pha-
ses (various ashes, agricultural ashes, unconventional slags, clays, and
sediments). These material precursors are bound by the addition of
alkaline solution, most commonly sodium silicate and sodium hydroxide
[8], to form granules based on alkali-activated materials (AAM).

Besides traditional sintering and cold-bonded alkali-activated ag-
gregation, the field of sintered alkali-activated aggregates (SAA) is
relatively new, with a limited number of studies investigating the
combination of sintering and alkali activation in the production of
artificial aggregates. In this process, aggregates are first alkali-activated
by adding a high-pH activating solution. The fresh granules consist of
newly formed reacted alkali-activated phases, such as C-A-S-H, N(C)-
A-S-H, or N-A-S-H gels [27-29], together with unreacted particles that
act as inert fillers. The shaped alkali-activated granules are subsequently
subjected to thermal treatment for sintering. Such pre-treatment
through alkali activation alters the initial chemical and phase compo-
sition, which can modify the sintering mechanisms compared to con-
ventional sintering. Furthermore, our previous study demonstrated that
the addition of an alkaline silicate solution enhances the granulation
efficiency compared to water-only control samples [12]. This improve-
ment reduces the amount of unbound waste residue generated during
granule formation in a disc pelletizer and thus increases the economic
efficiency of the pre-sintering shaping process for waste-derived
materials.

Only a limited number of studies have investigated the sintering of
alkali-activated material aggregates, with the earliest reports appearing
around 2013 [30]. Most studies focused on valorizing coal FA through
alkali activation combined with thermal sintering, but their experi-
mental scopes were narrow and often lacked a systematic evaluation of
process parameters. Razak et al. [31] studied alkali-activated volcanic
ash granules, first cured at 60 °C and then sintered at 500, 600, and
800 °C for 1 h. The granules were handshaped in the fresh state after
mixing with sodium silicate, limiting the industrial relevance of the
findings. The thermal treatment was applied in coarse temperature steps
of 200 °C and limited to relatively low maximum temperatures. The
evaluation focused on physical-mechanical properties relevant to con-
struction applications of artificial aggregates such as water absorption,
specific gravity, and apparent porosity, without employing chemical or
mineralogical analyses. Similarly, Abdullah et al. [32] produced
alkali-activated coal FA aggregates cured at 70 °C for 24 h and then
thermally treated between 500 °C and 700 °C, a narrow and moderate
temperature range that provides limited insight into the full thermal
evolution of the material. Increased strength and reduced open porosity
were observed, but sintering was conducted only on a single mix
composition with the highest initial compressive strength after
pre-sintering alkali activation. Terzi¢ et al. [33] manufactured
cold-bonded FA aggregates with sodium silicate, cured at 20 °C and 70%
relative humidity, and later sintered at 1100 and 1200 °C. Compared to
earlier studies, this work employed substantially higher sintering tem-
peratures and included a more comprehensive characterization of the
sintered aggregates. Razak et al. [34] hand-shaped volcanic mud ag-
gregates, activated with sodium silicate and NaOH, cured at 60 °C for 5
h, and sintered at 950 °C for 1 h. Gomathi and Sivakumar [35] prepared
coal fly ash-bentonite-OPC aggregates, reporting that the addition of
NaOH improved their stability before sintering at 950 °C for 1 h.
Abdullah et al. [36] also sintered hand-shaped high-calcium FA aggre-
gates, activated with sodium hydroxide and sodium silicate, curing one

19393


astm:C618

A. Tesovnik and V. Ducman

mix design at 70 °C for 24 h and sintering up to 900 °C, focusing mainly
on their use in concrete. Lau et al. [21] used a disc pelletizer to form
aggregates from lime-treated sewage sludge, palm oil fuel ash, and so-
dium silicate, which were sintered at 1160-1200 °C. It was reported that
a higher binder content and temperature improved the compressive
strength. Risdanareni et al. [37] used a pan pelletizer to granulate coal
FA with sodium silicate and NaOH, cured at 100 °C for 24 h, and sintered
at 900 °C for 6 h. The performance of the sintered coarse aggregates was
evaluated in embedded concrete specimens, where full replacement of
natural coarse aggregates with sintered aggregates resulted in
compressive strengths of up to approximately 32 MPa. Recent studies
have explored the chemical activation of non-granulated foamed ma-
terials prior to thermal processing. Hujova et al. produced glass-ceramic
foams from vitrified bottom ash and waste glasses using weak alkaline
activation followed by foaming and crystallization. They demonstrated
that gel formation at low alkalinity can enable pore development and
stabilization of recycled materials [38].

Despite these efforts, several drawbacks are evident in the currently
published research on SAA. Most studies used only one mix composition,
limiting the comparability and optimisation potential. It is important to
note that coal fly ash, the most commonly used precursor for SAA in
previous studies and once considered a waste, has become a valuable
secondary raw material, widely used as a cement replacement due to its
pozzolanic reactivity. In contrast, other waste materials such as biomass
FA remain underutilised in cementitious applications, despite having
suitable chemistry for binding through alkali activation. Moreover, the
potential role of high residual carbon in biomass ashes during alkali
activation and subsequent thermal treatment, particularly its influence
on pore formation and the desired lightweight microstructure of ag-
gregates, has not been systematically explored. The sintering tempera-
ture range in the literature was often narrow and inadequately explored,
which may result in missing the optimal temperature for achieving
desired aggregate properties, overlooking the optimal sintering window,
and limiting understanding of material evolution under thermal treat-
ment. Hand-shaped aggregates were commonly used instead of me-
chanically pelletized granules, reducing the representativeness of
manually shaped aggregates and relevance of the results to industrial-
scale manufacturing. The previously reported results primarily focused
on the final mechanical or physical properties relevant to construction
lightweight aggregates (e.g., compressive strength, water absorption,
inclusion in concrete), while providing limited insight into thermal
treatment behavior, sintering mechanisms, phase evolution or micro-
structural development during gradually increasing thermal treatment.
Furthermore, none of the studies systematically investigated the influ-
ence of pre-sintering alkali activation and sodium silicate dosage on the
thermal evolution, phase transformations, and densification behavior of
SAA. In the present study, waste co-incinerating biomass ash (BA)
characterized by a high carbon (unburnt wood particles), SiOy, Al;03
and CaO contents, was used as the primary precursor for alkali-activated
aggregates. A sodium silicate solution served as both a binder,
enhancing pelletization efficiency and chemical activation, and a fluxing
agent, reducing the sintering temperature. The previously unexamined
effects of alkali dosage and fluxing on the thermal behavior of light-
weigh aggregates were systematically investigated from micro-to
macrostructural levels in two mixtures with different amounts of so-
dium silicate. The lightweight aggregates were produced using indus-
trially accepted mechanically controlled rotational disc pelletization
and subjected to thermal treatment over a broad temperature range from
700 °C to 1200 °C. The effects of temperature and pre-sintering alkali-
activation were evaluated by mechanical performance, porosity,
dimensional stability, thermal behavior, mineralogical and phase evo-
lution, and microstructural development.
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2. Materials and methods
2.1. Raw materials and aggregate preparation

Ash from the co-incineration of brown coal and wood waste from a
local Slovenian thermal power plant was used as a solid precursor to
produce artificial lightweight aggregates. The chemical composition of
the co-incineration biomass ash (BA) used in the study was analyzed
using X-ray fluorescence spectroscopy (XRF; Thermo Scientific ARL
Perform’X Sequential XRF spectrometer) on molten discs, as presented
in Table 1. The loss on ignition (LOI) of dried samples to constant mass
(50 °C, 24 h) was determined by heating to 550 °C and 950 °C for 2 h.
The BA is characterised by a high content of Si and Al, which are rec-
ognised as key network formers for alkali-activated binding systems.
Previous studies have demonstrated that a significant fraction of Si and
Al in BA is present in an amorphous or poorly crystalline phase [12],
making it chemically reactive under alkaline conditions and suitable for
alkali activation.

The BA exhibits the following particle size distribution parameters:
d10, d50 and d90, corresponding to 7.8, 50.2, and 299.1 pm, respec-
tively. The measurments were determined using a Microtrac MRB Sync
+ TurboSync laser diffraction granulometry analyzer on samples sus-
pended in an isopropanol dispersion bath with ultrasonication. The
graph of the differential and cumulative particle size distribution of BA
is presented in Fig. 1a. The BA has a high organic content, as confirmed
by loss on ignition (LOI) measurements, which reached 14.3% at 550 °C
and 16.9% at 950 °C, indicating a significant presence of unburned
organic matter. The SEM micrograph in Fig. 1b and the EDXS analysis in
the Supplementary data (Fig. S1 and Table S1) confirm the presence of
incompletely combusted cellulose particles from wood biomass, which
mostly represent a secondary peak in the differential particle size
distribution.

X-ray diffraction (XRD) was performed using an Empyrean PAN-
alytical X-ray diffractometer (Cu X-ray source, 45 kV, 40 mA) on the BA
precursor ground to below 90 pm to characterize the crystalline fraction
of BA. The pattern was evaluated by Rietveld refinement using the X'Pert
HighScore Plus software v. 4.8. XRD analysis was performed between 4°
and 70° with a step size of 0.0263°. In the BA precursor, the main
dominant crystalline phases are quartz and calcite, while the amorphous
phase represents more than 45 wt% (Fig. 2).

Lightweight alkali-activated aggregates were prepared by mixing the
BA precursor with a sodium silicate solution (Geosil 34417, Wollner;
chemical composition: Si03 27.5 m%, NagO 16.9 m%, Ho0 55.6 m%)
and tap water. The mix design was adapted from a previous study on
alkali-activated BA-based aggregates [12] and developed following
compositional principles established for alkali-activated materials by
Duxson et al. [39], where a Si/Al molar ratio close to 1.9 was shown to
promote optimal mechanical performance of AAM through enhanced
aluminosilicate gel formation. Since BA can exhibit considerable
compositional variability depending on fuel origin and combustion
conditions, the direct applicability of the proposed mix design and
processing aggregation requires precise mix design considering chemi-
cal composition. Two formulations were produced to represent different
degrees of alkali activation: one with a higher proportion of alkaline
solution (BA1, corresponding to a Si/Al molar ratio of 1.9) and one with
a lower proportion of alkaline solution (BA2, corresponding to a Si/Al
molar ratio of 1.6) to evaluate the influence of solid alkali on thermal
treatment. Additional water was added to achieve a w/s ratio of 0.5,
which, based on previous tests, allows an adequate application of the
solution by spraying. The detailed mix compositions are presented in
Table 2 normalized to 100 g of precursor. The targeted compositional
variation enabled evaluation of the influence of alkali availability and
pre-sintering gel formation on subsequent thermal evolution and sin-
tering behavior.

The artificial aggregates were produced using a rotational disc
pelletizer EIRICH TRO4. The dry BA precursor was first introduced into a
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Table 1
Chemical composition of co-incineration BA used as precursor, according to XRF analysis.
Na,0 MgO Al,04 $i02 P20s SO K0 CaO Fe,03 TiO, LOI®® "¢ Lo "¢
0.39 7.88 10.8 27.19 0.6 1.26 212 19.67 11.95 0.53 14.3 16.9
(a)
g
[se)
o
10 100
Diameter [um]
Fig. 1. (a) Differential g3 and cumulative Qs particle size distribution of BA. (b) SEM micrograph of BA at x 250 magnification.
G Ah ... anhydrite
Qz ... quartz
L..lime
Pr ... periclase
= Cc ... calcite
©, Ah Ak ... akermanite
> Qz Hm ... hematite
% Ak anl ce Bv%:ch I\BAW brownmllllerlte
2 Hm Pr g... magnetite
T M T M T T M T N T T T
10 20 30 40 50 60 70
20[]
Fig. 2. XRD diffractogram of the BA precursor.
Table 2. temperatures of 700, 800, 900, 1000, 1100, and 1200 °C (Fig. 4). The
able

Mix design of BA for producing artificial aggregates through alkali activation.

Granulation BA NaySiO3 Added Total solid alkali

mix precursor activator water from NaySiO3
[g] [g] [g] [g]

BA1l 100 44.8 25.2 7.57

BA2 100 32.2 32.2 5.44

40 cm rotating pan, inclined at 45° (Fig. 3). Granulation was carried out
following the variable-speed pelletization approach described in
Ref. [12], which enables the formation of a highly porous, lightweight
structure with a high granulation efficiency, limiting the amount of
unbound material remaining after rotational granulation. After granu-
lating the BA, the artificial aggregates were uniformly spread on plastic
plates and cured for 7 days under controlled laboratory conditions (20
+ 1 °C, 55 + 5% relative humidity) to ensure consistent drying and
structural stability.

2.2. Thermal treatment of alkali-activated aggregates

On the 8th day after preparation, the alkali-activated BA aggregates
were subjected to thermal treatment in a laboratory furnace (Protherm
PLF 160/9). Both aggregate mixtures were exposed to target

heating regime began with an initial stage at a heating rate of 5 °C/min
up to 300 °C to allow a gradual removal of physically bound water and
minimise internal pressure build-up that could cause cracking, bloating,
or bursting. The heating rate was then increased to 10 °C/min until the
maximum set temperature was reached. Each target temperature was
maintained for 30 min, after which the aggregates were allowed to cool
to ambient temperature inside the furnace.

2.3. Characterization methods of thermally treated alkali-activated
aggregates

Compressive strength measurements of thermally treated aggregates
were performed on 10 coarse aggregates with sizes ranging from 8 to 9
mm. A ToniTechnik ToniNORM mechanical testing machine was used to
apply compressive force at a constant loading rate of 0.05 kN/s. The
diameter of the spherical aggregates was measured using a digital
calliper with an accuracy of +0.02 mm. The compressive strength (CS)
of the aggregates was calculated according to Eq. (1) [40]:

CS = (CF * 2.8) / (n *d?) ¢))

where CF is the maximum compressive force at failure [kN] and d is the
diameter of the aggregate (mm). The coefficient 2.8 is a shape correction
factor applied for approximation of spherical aggregates.

19395



A. Tesovnik and V. Ducman

BA precursor
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gradual spraying NazSiOs solution

<

Rotational disc granulation
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45 rpm, 4 min + 130 rpm, 6 min
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Freshly granulated
alkali-activated aggregates

N\

mechanical agitation
+

alkali-activation binding

Fig. 3. Schematic presentation of the alkali-activation-assisted granulation process for artificial aggregates, used in this study.

Isothermal dwell
30 min

1200 - 1200 °C

1100 °C
1000 4

800

600

400

Temperature [°C]

200

100
Time [min]

150 200

Fig. 4. Heating program applied for thermal treatment of alkali-activated
BA aggregates.

Dilatometric analysis was conducted to assess the thermal stability
behavior of the alkali-activated BA mixes, using a Netzsch DIL 402 PC
dilatometer, with heating up to 1100 °C at a rate of 10 °C/min. Prismatic
samples of 8 x 8 x 20 mm were prepared, as required by the push-rod
dilatometer configuration, which necessitates samples with parallel, flat
surfaces to ensure reliable displacement measurement. In addition to the
mix designs described in Table 2, calculated efficiency-normalized
mixtures were prepared to account for the influence of the granulation
process efficiency and to approximate the composition of aggregates
formed under realistic disc pelletization conditions. During granulation
in the disc pelletizer, the sprayed alkaline solution promotes the binding
of powder particles into granules through liquid-bridge formation and
chemical reactions of alkali activation. However, a fraction of BA
powder remains unbound due to insufficient liquid for capillary bonding
or chemical reaction, which was taken into account in the calculated
efficiency-normalized mixtures. Granulation efficiency, defined as the
resulting mass fraction of aggregates larger than 4 mm relative to the
total batch mass, was considered in the preparation of granulation
efficiency-normalized prisms. Based on values from a previous study of
BA granulation [12], the BA1 mix was normalized to an efficiency of
78% (adjusting the weight of precursor to 78 g), and the BA2 mix to 75%

(adjusting to 75 g of precursor). The amounts of alkaline solution and
additional water in the normalized mixes were kept identical to those in
the original non-normalized mixtures (Table 2), ensuring a representa-
tive approximation of the actual aggregate composition.

Mercury intrusion porosimetry (MIP) was performed on selected
thermally treated aggregate samples using a Micromeritics Autopore IV
9500 porosimeter to determine the pore size distribution and total
porosity. Intrusion measurements were conducted over a pressure range
of 0.5 to 60000 psi, allowing the quantification of open porosity and
pore size distribution from the micro-to the macro-scale.

XRD analysis was performed to assess the effect of thermal treatment
on the mineralogical composition and amorphous content of the ag-
gregates. The analyses were carried out using an Empyrean PANalytical
diffractometer on thermally treated samples that were ground and
sieved to below 90 pm. The powdered samples were back-loaded into
sample holders and scanned over a 20 range of 4-70°, with a step size of
0.0263°. Phase identification and quantification were performed by
Rietveld refinement using X'Pert HighScore Plus software (version 4.8).
The amorphous phase was determined by the external standard method,
using NIST SRM 676a (Al,O3, corundum) as the internal reference
material.

Differential thermal analysis (DTA) and thermogravimetric (TG)
measurements were performed to evaluate the thermal decomposition
behavior and mass-loss processes of the alkali-activated BA mixes. The
analyses were carried out using a NETZSCH STA 409 PC/PG simulta-
neous thermal analyzer. Powdered samples were placed in an Al;O3
crucible, with an empty crucible used as the reference. The measure-
ments were conducted under a nitrogen atmosphere with a 20 mL/min
Nj purge gas flow. The samples were heated from 25 °C to 1050 °C at a
constant heating rate of 10 °C/min.

Fourier-transform infrared spectroscopy (FTIR) was performed to
identify the chemical bonds and functional groups present in the ther-
mally treated aggregates. The spectra were recorded using a Perki-
nElmer Spectrum Two spectrometer equipped with an attenuated total
reflectance (ATR) accessory featuring a diamond/ZnSe crystal. Mea-
surements were performed in the wavenumber range of 380-4000 cm™?,
with a spectral resolution of 4 cm ™.

Scanning electron microscopy (SEM) combined with energy-
dispersive X-ray spectroscopy (EDXS) were performed using a JEOL
JSM-IT500 to investigate the microstructural changes in the aggregates
resulting from thermal treatment.
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3. Results and discussion

The effect of thermal treatments (between 700 and 1200 °C) on the
size and appearance of AAM aggregates from BA is shown in Fig. 5.
Compared to the untreated aggregates, both mixes changed in color
from grey to a brownish tone after high temperature exposure. Up to
900 °C, both BA1 and BA2 maintained their spherical shape. At
1000-1100 °C, BA1 aggregates with higher alkali content showed an
earlier onset of surface densification and darkening compared to BA2
(lower alkali content). BA1 exhibited a more intense colour change. At
the final temperature of 1200 °C both materials became flat, indicating
that they partially melted.

3.1. Mechanical properties

The compressive strength of the aggregates exhibited a strong
dependence on the thermal treatment temperature (Fig. 6). For the BA1
mix, only a slight increase in strength was observed up to 1000 °C
(0.32-0.57 MPa), remaining below the non-treated reference strength of
1.08 MPa [12,41]. This 70% strength reduction with initial heating to
700 °C is consistent with previous studies reporting a thermal degra-
dation of C-A-S-H type alkali-activated matrices at elevated tempera-
tures due to the dehydration of structural water, a collapse of the gel
network, and gas evolution within the pore structure. Such thermally
induced destabilisation of the aluminosilicate framework has been
widely documented in thermal resistance studies of AAMs, where
strength losses of 40-80% are typically observed prior to the onset of
sintering [40]. However, the extent of thermal degradation in AAM
systems strongly depends on the precursor chemistry, type of activator
solution, mix design and shape design. High-calcium alkali-activated
systems, such as slag- or BA-based AAMs, exhibit a fast reaction degree
with alkaline activators and typically do not require prolonged curing
[42]. Consequently, they are well suited for granulation processes,
where chemical binding can initiate already during mechanical rota-
tional shaping [12]. In contrast, low-calcium geopolymers produced by
alkalination of precursors such as FA Class F and metakaolin exhibit
slower reaction kinetics and limited early-age strength development,
often requiring prolonged curing [43,44]. The primary binding phase in
these systems is an N-A-S-H gel, which forms a more stable
three-dimensional aluminosilicate network and typically results in
improved resistance to elevated temperatures [45]. Traven et al. [46]
exposed Na-based blended metakaolin and high-Ca FA prisms foamed
with 1 mass % H20; to thermal treatment and reported a strength drop
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Fig. 6. Compressive strength of BA1 and BA2 aggregates after thermal treat-
ment. Horizontal dashed lines indicate the compressive strengths of the
respective untreated aggregates (BA1 = 1.08 MPa and BA2 = 0.24 MPa). Values
at 1200 °C (*) are approximate due to shape deformation.

after exposure to 600 °C, with a 45-86% reduction depending on the mix
design. The thermal stability of high-Ca FA was lower compared to
blends with metakaolin. The strength reduction was also linked to a
decrease in bulk density compared to unexposed samples.

A pronounced increase in strength was observed with aggregates
treated at 1100 °C, where BA1 reached 4.53 MPa, followed by a further
rapid increase to 20.83 MPa at 1200 °C. Compared to the untreated
aggregate, this corresponds to a 419% increase after treatment at
1100 °C and a 1929% increase after treatment at 1200 °C, indicating the
onset of melting and densification of microstructure, accompanied by a
significant reduction in open porosity. However, aggregates treated at
1200 °C underwent a significant shape deformation due to softening and
partial melting of both mix designs. Therefore, the assumption of near-
spherical geometry (Eq. (1)) is not fully valid for the calculation of
strength values at that temperature and likely represents an approxi-
mation rather than the absolute mechanical strength, although the
strength development trend remains valid according to the literature

= 700 °C 800 1100 °C 1200 °C
<
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700 °C 800 ° 1100 °C 1200 °C
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Fig. 5. Aggregate appearance after thermal treatment at different temperatures: (a) Aggregates prepared from the BA1 mix; (b) Aggregates prepared from the

BA2 mix.
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[46].

In contrast, the BA2 mix exhibited a very limited strength up to
1100 °C (0.09-0.26 MPa), remaining below or near the reference value
for the untreated BA2 material (0.24 MPa). The smaller relative reduc-
tion in strength observed for BA2 during heating (700-1000 °C) in-
dicates the fact that less alkali-activated binder gel was successfully
formed during initial synthesis and curing. A weaker structural alkali-
activated framework and lower initial stability of the gel were due to
suboptimal activator dosing and a non-ideal Si/Al ratio (1.6 instead of
the theoretically optimal 1.9), as reported in a previous study [12].
Consequently, the BA2 matrix had a lower initial load-bearing AAM
framework, and therefore had less mechanically effective gel available
to degrade upon heating. Limited early polymerization of AAM results in
a lower absolute loss of strength during initial thermal exposure. Simi-
larly, Potchara et al. [47] observed that AAM mortars with higher
amounts of unreacted particles due to excessive NaOH activator con-
centrations showed a lower reduction in compressive strength compared
to more optimal activator dosing.

Comparing the strength development during increasing tempera-
tures of the treatment between the BA1 and BA2 aggregate series en-
ables to observe a notable difference. BA1, which contains a higher
Na,O content due to an increased dose of sodium silicate solution, shows
a markedly faster onset of sintering and earlier strength gain. In contrast,
BA2, with a lower alkali input, exhibits a delayed sintering response and
correspondingly slower strength development. These findings confirm
that alkali availability in SAA aggregates, particularly NayO, is a key
factor controlling the thermal consolidation of waste-derived aggre-
gates. Similar fluxing effects of sodium have been reported in the liter-
ature on ceramics and bricks. Feldthus et al. [48] demonstrated that the
addition of sewage sludge ash, due to the presence of Fe and Na, has a
fluxing effect on sintering and melting in fired bricks. Likewise, waste
glass containing high NayO has been shown to reduce sintering tem-
peratures and improve overall processing efficiency [49]. Billen et al.
[48] also reported that NaOH addition acted as an effective flux during
the melt-based production of coal-ash ceramic aggregates. Certain in-
dustrial waste, such as sewage sludge ash, bauxite residue [50], or waste
glass wool [51,52], naturally contain sufficient NaoO to enhance melting
and sintering in the presence of liquid phase, and can also be used in
alkali-activation due to their high reactivity and sufficient SiOy and
Al,03 content. Other low NayO precursors can benefit from the addition
of external sodium-based activators to achieve a comparable thermal
behavior. In this study, the incorporation of NasSiO3 solution provided
multiple benefits during aggregate production. First, the higher viscosity
and density of the alkaline silicate solution (compared to water or alkali
hydroxide activators) improve pelletization efficiency on the rotating
disc [12], promoting the formation of spherical granules with reduced
dusting and a lower fraction of unbound fine residue particles. Second,
NaySiO3 served as an additional NayO source, facilitating: (i) initial al-
kali activation and structural stabilization, and (ii) acting as a flux agent
that lowered the effective sintering temperature during firing.

However, heating to 1200 °C also increased the compressive strength
uppon cooling BA2 to 20.30 MPa, converging with the performance of
BA1. This indicates that above the sintering threshold, compositional
differences between BA1 and BA2 become less influential, as extensive
melting and potential pore closure dominate microstructural evolution.

Although the highest mechanical performance was achieved at
1200 °C, the associated energy demand must be considered when
evaluating technical applicability. It should be emphasized that com-
plete melting of the aggregates is not the intended processing objective
of waste granulation. Instead, the formation of a lightweight, porous
structure is desired, requiring an optimized balance between mechanical
strength, porosity, and functional performance according to the targeted
application. The pre-treatment alkali-activation process should be
considered a hybrid manufacturing approach that combines chemical
activation and thermal processing. Unlike conventional AAMs, which
often require prolonged low-temperature curing periods lasting hours or
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days, the present system achieves rapid consolidation through short-
duration sintering, where pre-treatment enhances precursor reactivity,
increases granulation efficiency, and introduces alkali fluxes that pro-
mote earlier strength gain.

3.2. Porosity and density

The open porosity and bulk density of the BA1 aggregates deter-
mined by MIP are presented in Table 3, while the corresponding pore
size distributions are shown in Fig. 7. The aggregates thermally treated
at 700 °C exhibit very high open porosity of 72.3% and a low bulk
density of 0.97 g/cm®. The open porosity system is dominated by a broad
population of interconnected macropores (>10 pm), as evidenced by the
wide main intrusion peak at 30 pm (Fig. 7). Such a highly interconnected
pore network provides limited load-bearing capacity, which is consis-
tent with the observed reduction in compressive strength compared to
the untreated aggregates (Fig. 6), where the reported porosity of 45.4%
is significantly lower [12].

Upon heating to 800 °C, the bulk density further decreases to 0.90 g/
cm®, accompanied by an increase in total open porosity to 78.8%. This
behavior correlates with the emergence and intensification of macro-
porosity, indicating further thermal degradation of the aluminosilicate
gel network and gas evolution within the pore structure. The similar
pore forming behavior has been observed in previous studies on thermal
evaluation of Ca-rich alkali-activated materials and it was attributed to
pore expansion due to microstructural changes in the binding gel [53],
dehydroxilation and microcrack propagation [54] and internal strain
contribution [55].

With further heating to 900-1000 °C, the bulk density gradually
increased while the open porosity slightly decreased. This transition is
reflected in the pore size diameter distribution curves by a reduction in
the intensity of intrusion peaks associated with smaller macro and
mesopores (<5 pm) (Fig. 7). This indicates the onset of microstructural
reorganization, initial crystallization and bonding at particle contacts
[56,57]. At the same temperature heating range of 900-1000 °C, the
reduced height of the intrusion peak indicates partial pore closure, while
the main pore diameter peak gradually shifts towards larger pores,
indicating pore coalescence (merging of smaller pores into coarser ones)
driven by surface energy minimization, consistent with an Ostwald
ripening mechanism [58]. Although total porosity remains high, the
reduction in fine pores improves local contact areas between solid
phases, explaining the modest recovery of strength observed up to
1000 °C (Fig. 6).

A notable transition in porosity occurres in aggregates heated to
1100 °C, where open porosity decreased to 73% and the bulk density
increased to 1.28 g/cm®. The reduced intrusion signal across the entire
pore size range indicates decreased porosity and pore accessibility due
to partial melting and sintering in the presence of a liquid phase [57,59].
The collapse and sealing of pores slightly reduce the effective open
porosity to 73 %, even though residual macropores remain present. The
pore coalescence and densification provide a transition from a me-
chanically weak, porous structure to a consolidated load-bearing
structure, which correlates with the first substantial increase in
compressive strength (Fig. 6).

After treatement at 1200 °C, total porosity is significantly reduced to

Table 3
Open porosity and bulk particle density of BA1 aggregates after thermal treat-
ment at various temperatures.

T [°C] Open porosity [%] Bulk density [ g/cm®]
700 72.27 0.965
800 78.75 0.903
900 77.03 0.917
1000 76.87 0.920
1100 73.09 1.284
1200 34.02 2.817
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Fig. 7. Pore size distribution of BA1 aggregates.

34%, together with an increase in bulk density to 2.82 g/cm®. The pore
distribution curve at this temperature becomes significantly flattened,
indicating extensive pore closure and densification driven by intense
partial melting. The pore system is no longer dominated by inter-
connected macropores, but by isolated or poorly connected residual
voids trapped within a dense matrix. This microstructural state explains
the very high compressive strength values measured (above 20 MPa,
Fig. 6), although these are accompanied by shape deformation due to
softening (Fig. 5), which limits the strict applicability of spherical
strength assumptions.

3.3. Thermal dimensional stability

Dilatometry analysis was performed using prism samples. To inter-
pret the dimensional stability of the AAM and the realistic aggregate mix
of the granulation efficiency-normalized samples, the effective alkali
content per precursor mass was calculated (Table 4). Although the mass
of the liquid NaySiO3 activator remained unchanged during normaliza-
tion, the reduced precursor mass in the pelletization efficiency
normalized mixes (78 g for BAl and 75 g for BA2) resulted in a higher
specific alkali content per gram of the ash precursor. The increase in
effective alkali dosage in alkali-activated samples and aggregates is
relevant to the thermal behavior of the material. The thermal perfor-
mance of AAM is extensively investigated for durability aspects such as
thermal stress and fire resistance, where it was demonstrated that
sodium-based AAMs shrink at lower temperatures compared to
potassium-based ones [46]. This trend is consistent with the fact that
Na™ acts as a more effective network modifier than K* in silicate and
aluminosilicate glasses, generally lowering glass-transition and melting
temperatures and reducing melt viscosity at a given temperature [60].

The linear shrinkage behavior of the non-normalized and efficiency-

Table 4

Total solid alkali content (expressed as NapO) in original and granulation
efficiency-normalized mixes. Mix variants with n. annotations are normalized to
the pellezitazion efficiency.

Mix Precursor Na,SiO3 Na,0 in Na,O/precursor
variant [g] activator [g] activator [g] [wt%]

BAl 100 44.8 7.57 7.57

BAl n. 78 44.8 7.57 9.71

BA2 100 32.2 5.44 5.44

BA2 n. 75 32.2 5.44 7.25
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normalized mixes during heating is shown in Fig. 8. The measurement
results represent an approximation of thermal dimensional stability,
since dilatometry was conducted on prismatic specimens instead of in-
dividual aggregates due to experimental limitations. Differences in
specimen geometry and microstructure may influence heat transfer and
reaction kinetics during thermal treatment, thereby affecting the
observed dimensional changes. The thermal strain (dL/Lg), i.e. the
relative change in sample length, and its rate, i.e. the first derivative of
thermal change, reveal several distinct stages of dimensional change
associated with dehydration, decarbonation, and the onset of sintering.
All samples exhibit initial shrinkage below 250 °C, corresponding to the
loss of physically bound water and the dehydration of the alkali-
activated gel. The samples with a higher Na;O/precursor weight ratio
also exhibited a more pronounced shrinkage in this initial temperature
range, likley corresponding to extent of AAM gel formation and indi-
cating that during initial alkali activation, sufficient alkali dosing allows
a better dissolution of reactive Ca-Si—Al phases and favours precipita-
tion of the aluminosilicate network structure. The intensity of shrinkage
and strain rate is most noticeable with BA1 n. (highest alkali dose per
precursor), for BA1 and BA2 n. it is similar (similar alkali dose), and
lowest with BA2.

A second shrinkage step occurs between approximately 500 and
800 °C, which can be attributed to dehydroxylation and partial decar-
bonation of Ca-bearing phases [61,62]. This stage coincides with
increased open porosity and decreased bulk density observed in the MIP
analysis (Table 2), caused by gas release. As the BA2 mix variants
contain a lower alkali/precursor ratio compared to BA1 mixes variants,
their geopolymerisation should be less extensive, leaving a larger
portion of the precursor (particularly the reactive amorphous Ca-rich
phases and non-reactive crystalline carbonates) remained unreacted or
only partially bound in the alkali-activated matrix after curing. In
addition, the lower Si/Al ratio of BA2 (approx. 1.6), which deviates from
the theoretically optimal value for well-developed aluminosilicate
network formation (approx. 1.9), further limited gel polymerization and
reduced C-A-S-H formation, favouring instead the precipitation of hy-
droxides. Thereafter, upon heating, these unreacted Ca-containing
phases, primarily carbonates and simple hydroxides, undergo dehy-
droxylation and decarbonation, releasing H,O and CO, gases [63]. The
temperature interval between 200 and 600 °C also overlaps with the
oxidation of unburnt carbon commonly present in biomass ashes,
contributing further to gas evolution and pore development [64].

The final thermal shrinkage event, observed above approximately
1000 °C, marks the onset of partial melting. The efficiency-normalized
BAl n. sample with the highest alkali content exhibited a slightly
earlier onset of shrinkage and a more pronounced strain rate compared
with the other mixtures. This behavior indicates that sodium from the
alkaline activator acts as an effective flux at elevated temperatures [60],
lowering the softening point and enhancing viscous flow due to melting.
Sodium-rich silicate glasses exhibit strong melting-point depression,
where addition of NagO act as a flux, resulting in melt formation at lower
temperatures. Binary phase-diagram data show a strong decrease of the
melting point in SiO2-NapO systems, with eutectic liquidus tempera-
tures falling from 1728 °C for pure silica to 840-1100 °C in Na-silicate
compositions [65,66].

3.4. Thermal phase evolution

The mineralogical evolution of BA1 aggregates upon thermal treat-
ment is shown in Fig. 9, while the corresponding refined quantitative
XRD patterns, and reference codes with chemical formulas of the iden-
tified phases are provided in Fig. S2 and Table S2 in the Supplementary
data. The thermally untreated aggregates exhibited a predominantly
amorphous AAM matrix (over 66 wt%), with major crystalline phases
including calcite (Cc), quartz (Qz), and hematite (Hm), inherited from
the raw BA precursor. The high amorphous content reflects the presence
of alkali-activated aluminosilicate gel phases, such as C-A-S-H type

19399



A. Tesovnik and V. Ducman

Ceramics International 52 (2026) 19392-19407

0.004 0.000
-0.001 4
-0.024
~-0.002 4
=
£
5§ -0.04 1 = -0.003 4
=l =
° k]
0064 \% -0.004 4
-0.005 4
-0.08
-0.006 4
0.10 T T T T T J -0.007 T T T T T ]
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Temperature [°C] Temperature [°C]
0.004 - 0.000 - -
-0.001 4
-0.02 A
—~-0.002 4
IS
€
_§-0.04 1 = -0.003 4
3 =
© S 000
-0.06 3 00
-0.005 4
-0.08
-0.006 4
0.10 T T T T T 1 -0.007 - r T T T 1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Temperature [°C]

Temperature [°C]
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Fig. 9. Phase evolution of BA1 aggregates during thermal treatment derived from XRD analysis.

networks, which form the principal binding matrix in the aggregate.
Upon exposure to elevated temperatures, significant changes in
phase composition were observed (Fig. 9). Hidayu Jamil et al. [67,68]
observed that the chemical composition of the source material in-
fluences the phase transformation of the sintered geopolymers made
from slag and kaolin, resulting in the formation of amorphous and
crystalline phases. At 700 °C, the amorphous fraction gradually
decreased, accompanied by the decomposition of calcite (Cc, CaCO3)
and the appearance of Ca-Mg-Si-bearing silicate crystalline phases,
primarily akermanite (Ak, Alg.5CasMgp.7507Si1.75), merwinite (Mw,
CagMg(SiO4)2), larnite (Ln, CaySiO4) and monticellite (Mc, CaMgSiO4).
These phases are products of thermal transformation in Ca-Mg-Al-Si
systems and indicate devitrification of the amorphous AAM matrix and

reorganization of the gel network. The formation of melilite-group
phases (akermanite and merwinite) reflects the incorporation of Mg
and Si from the amorphous gel and unreacted ash particles into ther-
mally stable crystalline frameworks.

At temperatures above 900 °C, the Ca-Mg silicate phases became
dominant, with akermanite comprising the largest crystalline fraction.
Keppert et al. [69] reported that thermally induced alteration of slag
activated with alkaline silicate solution promotes the crystallization of
new phases above 800 °C, including akermanite, which contributes to
compressive strength development. However, crystallization from the
amorphous phase may also induce volumetric contraction associated
with structural reorganization. In alkali-activated FA-slag blends aker-
manite and gehlenite crystalline phases formed around 700 °C can lead
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to the expansion of the pore structure from micro to macro sizes [53],
where such shift in dominant pore diameters was also observed in Fig. 7.
Studies on slag-based AAMs have shown that sintering and crystalliza-
tion of gehlenite-akermanite ceramics can reinforce the previously
thermally degraded alkali-activated matrix at temperatures above
600 °C [70]. The observed evolution of mechanical strength is governed
by the combined contributions of residual amorphous phases and newly
formed crystalline silicates. At intermediate temperatures
(700-1000 °C), the remaining amorphous aluminosilicate matrix retains
sufficient viscosity to allow viscous-flow sintering [71]. During this
stage, strength development remains limited because the microstructure
is still primarily controlled by a partially consolidated amorphous
framework [72]. The onset of a liquid phase at these temperatures ac-
celerates densification of aggregates. A likely reason for the increasing
density is sintering in the presence of a liquid phase, resulting in a sig-
nificant increase in density and strength with treatment at 1100 °C
(Fig. 6, Table 3). The presence of a melt promotes particle sintering and
enhanced mass transport through solution—precipitation processes,
resulting in a more compact microstructure [56]. The coexistence of a
liquid phase and crystallizing Ca—-Mg silicates, enables densification and
strengthening (Fig. 6), as the melt phase facilitates mass transport and
sintering neck growth between particles [38].

Hematite (Hm, Fe;O3) was progressively transformed into magnetite
(Mt, Fe304) as temperature increased, indicating a reducing environ-
ment in the furnace atmosphere during heating. This reduction is
consistent with a semi-closed furnace atmosphere and is further
enhanced by local reducing environments generated within the aggre-
gate itself. Specifically, the decomposition and oxidation of residual
carbon (Fig. 1b) from the BA release CO and CO; gases, which can
establish a reducing atmosphere. Furthermore, localized densification
and reducing conditions within the densified mass can affect this
process.

At 1200 °C, a distinct transformation occurred with cystalization of
nepheline (Ne, NaAlSiO4) and minor amonts of diopside (Di, CaMg-
Si0¢). The appearance of nepheline confirms the recrystallization of
Na-Al-Si-rich glassy phases, promoted by the high alkali content mainly
originating from the sodium-based activator (Table 1). In addition, the
partial melting of melilite-rich phases such as akermanite produces a
silica-undersaturated melt, which further shifts the system into the sta-
bility field of feldspathoid (nepheline) [73]. As the silica activity de-
creases, the melt becomes favorable not only for nepheline
crystallization but also for the limited formation of diopside as
Ca-Mg-Si constituents partition into the residual melt.
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The phase evolution of the BA2 aggregates with the temperature
treatment followed a broadly similar trend to that observed for BA1l
(Fig. 10), but with several notable differences in the relative thermal
stability and formation of specific crystalline phases. At 700 °C, anor-
thite, which is present in BA1, was not detected in BA2. Additionally,
larnite (Ln, CapSiO4) appeared in higher amount in BA2. The higher
larnite content at 700 °C correlates with the more distinct shrinkage
peak observed in the dilatometric curve of BA2 at this temperature,
confirming a more intensive transformation of unreacted Ca-bearing
phases into larnite. This behavior is consistent with the lower reac-
tivity and reduced C-A-S-H gel formation in BA2 in alkali-activation
pretreatment, due to its lower Si/Al ratio and lower alkali content,
which favoured the persistence of unreacted precursor minerals and
simple hydrates rather than a fully polymerized aluminosilicate matrix.

Similarly to BA1, as the temperature increased to 900 °C, the formed
Ca-silicates such as larnite and monticellite progressively diminished,
while akermanite became the dominant phase. However, in contrast,
merwinite remained more stable at 900 °C in BA2. This difference can be
attributed to the lower NayO/precursor ratio in BA2. Sodium acts as a
fluxing agent, reducing the stability range of merwinite and promoting
its earlier transformation into akermanite in BA1. A comparable fluxing
effect of NayO has been observed in different silicate raw materials when
using other sodium additives, including borax and sodium hydroxide,
which enhance depolymerization of the silicate network and thus
facilitate phase transformation [74]. The reduced alkali fluxing effect in
BA2 due to the lower alkali activator dosage therefore delayed this
transformation to higher temperatures or affected its abundance at
specific temperatures. At 1200 °C, the BA2 sample showed a lower
fraction of nepheline, consistent with its limited Na availability, as the
sodium originates primarily from the activator and not from the pre-
cursor itself (Table 1).

3.5. TG-DTA analysis of thermal behavior

The thermal behavior of powdered BA1 and BA2, shown in Fig. 11,
highlights the main thermal processes governing mass loss and phase
transformations up to 1050 °C.

In the low-temperature range below 250 °C, both mixes exhibit an
initial mass loss accompanied by a broad endothermic effect. This region
corresponds to the evaporation of physically bound water and the
release of interlayer and adsorbed water from gel-like hydration prod-
ucts in the AAM matrix [75,76]. The endothermic peak and 13.2% mass
loss are more pronounced in BA1 (Fig. 11a), consistent with its higher
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Fig. 10. Phase evolution of BA2 aggregates during thermal treatment derived from XRD analysis.
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NayO/precursor ratio and, therefore, a more extensive formation of re-
action products during alkali activation. This observation also aligns
with the dilatometry results (Fig. 8a and b), where BA1 and BAIl n.
showed greater early-stage shrinkage due to the removal of bound water
from a more polymerized gel network. The TG mass loss of BA2 in this
temperature range is 8.1% (Fig. 11b).

In the temperature interval between approximately 200 and 600 °C,
both mixes exhibit a broad exothermic effect, associated with the
oxidation of unburnt carbon commonly present in BA (Fig. 1b) [64],
which becomes active as the temperature rises and oxygen availability
increases within the porous matrix. This exothermic reaction indicates
intrinsic heat generation within the material, originating from the
combustion of residual carbon, which can locally supplement the
externally supplied thermal energy during heating. Although this heat
release is insufficient to induce sintering on its own, it may contribute to
lowering the effective energy demand for subsequent high-temperature
processes. In addition, the gradual mass losses observed in this region
also reflect the onset of decarbonation of Ca-bearing phases, particularly
unreacted Ca-rich components, hydroxides and carbonates [77,78].

A distinct exothermic peak at 743 °C is observed in the BA1 sample,
which corresponds to the crystallization of Ca-Mg-silicate phases. High
temperature crystalization thermal events were reported by De Filipps
et al. [79], where DTA was used to evaluate the extent of reaction and
the crystallization behavior of the anhydrous slag samples. In their
study, merwinite was identified as an exothermic peak indicating
nucleation before crystalizatiobn at 850 °C, while an even more intense
exothermic peak at 930 °C was attributed to the crystallization of the
melilite phase (reported with the general chemical formula Ca2(Mg,Al)
SiO7, corresponding to the akermanite ICSD mineral card identified in
our study). Similar crystalization kinetics were reported in studies of
sintered bioceramics, where the main exothermic processes at 900 °C
were also attributed to akermanite crystalization, supported by XRD
data [80]. In contrast, our study identified this crystalization at lower
temperatures due to the fluxing effects of alkali dosage. In compliance
with XRD data, the exothermic peak at 743 °C corresponds to the initial
stage before intense crystalization of akermanite. BA2 showed a broad,
weak exothermic band from 610 to 760 °C, which aligns with the higher
amount of larnite and merwinite, as less NayO resulted in higher thermal
stability of those phases and slower akermanite crystalization. In BA2,
the lower alkali dose makes the matrix less viscous, so reorganization
occurs slowly over a broader temperature window. At around 1000 °C, a
minor exothermic event indicates secondary crystallization or an
ordering of the melilite group (akermanite, merwinite), when aker-
manite stabilizes as the dominant phase (Figs. 9 and 10).
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3.6. FTIR

The FTIR spectra of the non-treated AAM aggregates exhibit the
characteristic bands of Ca-rich alkali-activated systems (Fig. 12). The
main asymmetric Si—-O-T (T = Si or Al) stretching band appears at 993
em ™! in BA1 and 983 cm™! in BA2, indicating a subtle but significant
structural difference between the two compositions. The higher wave-
number in BA1 reflects a slightly greater degree of silicate polymeriza-
tion [81,82], consistent with its higher alkali content and more optimal
Si/Al ratio [83], which enhance the dissolution of Si and Al species and
promote the development of C~-A-S-H network. In contrast, the down-
shift to 983 cm ™! in BA2 suggests a lower degree of silicate polymeri-
zation, resulting in a less condensed gel structure and lower strengths.
Both spectra also show the carbonate peaks (CO%") of calcite at 1412,
873, and 712 cm ! [84]. The bands at 796 and 776 cm ™' correspond to
Si-O-Si symmetric stretching in quartz, while the low-frequency 466
cm ! band represents the Si-O-Si bending mode typical of crystalline
silicates. Minor shoulders near 512-530 cm ™ likely arise from Fe-O
lattice vibrations or mixed Si-O-(Ca/Mg) bending in Fe- and Ca-bearing
components (monticellite, larnite and merwenite) [84].

Progressive heating induces substantial changes in the vibrational
spectra, reflecting the structural reorganization and crystallization
observed by XRD (Figs. 9 and 10). At 700 °C, the broad Si-O-T band
shifts downward to 922 cm ! and becomes less defined, indicating
depolymerization of the amorphous gel and the onset of Ca-Mg-Al sil-
icate crystallization [85], observed as new peaks at 978 and 917 em L
The carbonate bands around 873 cm™! markedly decrease in intensity,
confirming calcite decomposition. Si-O-Si bands at 796 or 776 cm ™
remain visible up to 1000 °C but begin to diminish with temperature
progression, as also observed with quartz diminishing in XRD analysis
[86]. A weak band near 512 cm‘l, visible only at 700-800 °C, corre-
sponds to T-O lattice deformation of isolated SiO4 tetrahedra, consistent
with the formation of early Ca-Mg-Al silicates such as larnite, mer-
winite, and monticellite. Between 800 and 900 °C, the spectra of both
BA1 and BA2 develop new peaks within the main Si-O-T region. Distinct
bands at 933, 917, 853, and 978 cm™?, along with new lattice modes at
704, 680, and 622 cm™}, indicate the progressive crystallization of
akermanite [87,88]. Above 1000 °C, the 933 c¢m~! band becomes
dominant and sharp, while the lattice deformation modes (704, 680,
622 cm 1) increase in intensity, signifying the growth and structural
ordering of akermanite as the principal crystalline phase [89]. At
1200 °C, both samples exhibit a marked loss of band definition across
the Si-O-T region, suggesting partial vitrification. However, the 978
cm ! band remains relatively pronounced, corresponding to the crys-
tallization of melt, while the akermanite-related bands (933, 704, 680
cm 1) decrease in intensity, as also observed by XRD.
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Fig. 12. FTIR spectra of alkali-activated aggregates after before and after
thermal treatment: (a) BA1 and (b) BA2.

3.7. Microstructural SEM analysis

Notably, residual carbon originating from BA, observed in the raw
material (Fig. 1b, and Fig. S1, Table S1 in the Supplementary data) and
thermally untreated aggregates (Fig. S3 in the Supplementary material),
is not observed after thermal treatment above 700 °C due to complete
combustion of carbonaceous residues, which is consistent with the
strong mass loss. Several studies have investigated the role of carbon
admixtures in the sintering of ceramic materials, where it can impact the
sintering process and microstructure. Although the primary sintering
mechanisms occur between ceramic particles, carbon can contribute to a
reducing atmosphere at localized sites, potentially modifying oxidation
states (such as the transformation of hematite to magnetite, Figs. 9 and
10) and affecting reactions. In SiC ceramics, it was reported that carbon
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can modify sintering by affecting the activation energy for diffusion
[68]. In ceramic materials, it was demonstrated that it can act as a
pore-forming agent, burning out during thermal treatment and gener-
ating controlled porosity [67]. Increased porosity generally reduces bulk
strength, but it is suitable for lightweight applications. The porosity and
bulk density measurements of derived BA aggregates show that total
porosity can be effectively optimized through thermal treatment. As the
temperature rises above 900 °C, bulk density increases due to enhanced
sintering and the onset of microstructural reorganization, indicating
partial densification of the load-bearing framework while retaining a
highly porous structure (Table 3). High organic residue content in BA
can also be relevant to the sintering process of aggregates, as it has been
demonstrated that high-carbon ashes can act as an internal partial fuel
substitute during the firing period, potentially reducing the external
energy required for the sintering stage and decreasing the sintering
period [90]. In contrast, artificial sintered aggregates produced from
conventional FA typically contain significantly lower residual carbon
content, with microstructural development mainly governed by sinter-
ing and vitrification rather than pore formation. Consequently, the
absence of carbon in FA limits the extent to which porosity can be
tailored through burnout mechanisms.

SEM micrographs of the BA1 aggregates thermally treated at 1000,
1100, and 1200 °C, where significant compressive strength gains were
observed., are shown in Fig. 13. After thermal treatment at 1000 °C
(Fig. 13a and b), the microstructure shows signs of viscous particle
bonding and early sintering, consistent with the gradual increase in bulk
density and the slight decrease in open porosity measured by MIP
(Table 3). The pore morphology changes from elongated to more
rounded, and the finest pores begin to coalesce into larger voids, cor-
responding to the rightward shift of the dominant pore-size peak and
reduced peak amplitude in the MIP pore size distribution graph (Fig. 7).
This pore coalescence is characteristic of early-stage sintering, where
surface energy minimization drives the merging of smaller pores into
coarser ones [47,73].

With further increase in treatment temperature to 1100 °C (Fig. 13c
and d), the effect becomes more pronounced, with pore walls becoming
smoother and the sintered matrix more densified. These features
correspond to a significant increase in bulk density and a reduction in
open porosity (Table 3), as well as the initial sharp rise in compressive
strength (Fig. 6). The densification behavior mirrors the major shrinkage
step detected in dilatometry, where the onset of sintering-induced
consolidation occurs above 1000 °C (Fig. 7).

At 1200 °C, the microstructure transforms into a partially molten,
highly densified partially molten matrix with isolated spherical pores
(Fig. 13e and f). Well-developed crystals with a characteristic prismatic
crystallographic habit are observed within the partially molten matrix
under 500 x magnification (Fig. 13f). In addition to morphology and
XRD data, this was confirmed by EDXS spot analyses (Fig. S4 and
Table S3 in the Supplementary data), which show Na-Al-Si composi-
tions matching the NaAlSiO4 stoichiometric field.

3.8. Role of NayO content in aggregation and sintering

The combined observations from mechanical behavior, dilatometry,
porosity evolution, and mineralogical analysis demonstrate that NayO
content introduced through alkali-activation pre-treatment influences
sintering kinetics, phase evolution, and the final mechanical perfor-
mance of the aggregates. NasO, primarily from the sodium silicate
activator, acts as a network modifier within the aluminosilicate system,
reducing melt viscosity and lowering the temperature required for
viscous flow sintering. Consequently, aggregates with higher NayO
content (BA1l) show an earlier onset of shrinkage above 1000 °C in
dilatometric measurements (Fig. 8), accelerated densification indicated
by increased bulk density and reduced porosity (Table 3, Fig. 7), and a
faster transformation of the amorphous alkali-activated matrix into
thermally stable Ca-Mg silicate phases, particularly akermanite (Figs. 9
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500 pm
T

Fig. 13. SEM micrographs of BA1 aggregates after thermal treatment, shown at 250 x (right column) and 500 x (left column) magnification.

and 10). The presence of a liquid phase enhances mass transport through
solution—precipitation mechanisms, promoting particle bonding and
pore coalescence, which directly corresponds to the significant increase
in compressive strength above 1000 °C (Fig. 6). In contrast, reduced
NayO availability delays liquid-phase formation, stabilizes intermediate
crystalline phases, and results in slower sintering kinetics and limited
strength gain, as observed for BA2 across the same temperature range.

From a processing and applicability perspective, this behavior
highlights alkali activation as a chemical pre-conditioning step that can
modify the sintering pathway compared to conventional ceramic
aggregate production. Higher granulation efficiency and stabilization of
powdered BA in the initial stage before heat treatment enable a more
efficient process with less unbound particles during mechanical pro-
cessing [12], resulting in less waste and more efficient handling. Rather
than relying solely on high-temperature firing to initiate sintering, the
pre-treatment introduces alkali fluxes directly as the initial binder in the
microstructure. This hybrid chemical-thermal manufacturing concept
for lightweight aggregates may allow shorter firing durations or lower
effective sintering temperatures, offering potential economic benefits in
industrial production. Beyond lightweight aggregates,

alkali-activation-assisted sintering may also be applied to other
waste-derived ceramic and glass-ceramic materials, including porous
insulation products, foamed ceramics, filtration media, and structural
lightweight components.

4. Conclusions

Alkali-activation pre-treatment was demonstrated as an effective
hybrid chemical-thermal method for producing sintered artificial ag-
gregates from co-incineration biomass ash. The addition of sodium sil-
icate improved granulation, enabled initial aluminosilicate gel
formation, and introduced NayO, which acts as a flux governing sin-
tering behavior during thermal treatment.

The results show that NayO availability is the key parameter con-
trolling densification kinetics and mechanical performance. Aggregates
with higher alkali content (BA1l, 7.57 wt% NajO) exhibited earlier
shrinkage onset, accelerated phase transformation towards akermanite-
dominated compositions, and significantly enhanced strength develop-
ment compared to the lower-alkali mix (BA2, 5.44 wt% Naz0). The
compressive strength of BA1l increased from 1.08 MPa in untreated
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aggregates to 4.53 MPa at 1100 °C, reaching approximately 20 MPa after
treatment at 1200 °C, accompanied by densification from highly porous
structures (78% porosity) to partially vitrified matrices (34% porosity).

These findings demonstrate that alkali-activation pre-treatment en-
ables controlled tuning of aggregate properties through thermal pro-
cessing, allowing production of either lightweight porous aggregates
(900-1100 °C) or dense glass-ceramic materials at higher temperatures.
The study establishes co-incineration biomass ash as a viable alternative
precursor to coal fly ash and identifies alkali-activation-assisted sinter-
ing as a scalable circular pathway for converting high-carbon ash into
value-added construction aggregates.
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