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A B S T R A C T

Artificial aggregates offer a sustainable solution to large-scale waste utilization and the increasing 
demand for limited natural aggregates. This study extends the understanding of the production of 
artificial lightweight aggregates with a variable rotation speed approach based solely on biomass 
fly ash (BFA) alkali-activated materials (AAMs). Systematic variation of alkali content and so
lution density at a constant water-to-solids ratio showed that alkali concentration significantly 
influences granulation beyond what can be explained by water availability. The interplay be
tween alkali activation and carbonation was investigated using different mix designs and curing 
conditions, as well as comparing simultaneous curing carbonation with post-cure carbonation. 
The results were evaluated with regard to the effects on the macro- and microstructural properties 
as well as on the leaching behavior. Prolonged carbonation initiated after aggregate formation 
resulted in premature depletion of Ca, limiting the development of C-A-S-H gels and increasing 
microporosity, leading to a reduction in mechanical properties. In contrast, post-curing carbon
ation maintained a compressive strength of over 1 MPa while still allowing carbonation benefits, 
resulting in compressive strengths comparable to lightweight expanded clay aggregates. 
Carbonation also proved to be an effective leaching mitigation strategy by stabilizing heavy 
metals through both physical encapsulation and chemical pH regulation. These results underline 
the importance of carbonation timing in high Ca AAMs and highlight lightweight aggregates as a 
viable pathway for BFA valorization, CO₂ sequestration and sustainable construction applications. 
This approach offers an alternative valorization strategy for BFA facing regulatory restrictions for 
direct use in cement, while contributing to carbon capture and circular economy initiatives.

1. Introduction

Artificial aggregates present a promising alternative to natural aggregates, offering unique properties and significant potential to 
enhance the sustainability of the construction industry. Aggregates typically consist of granular materials and are a critical component 
of concrete and composite materials. The construction sector significantly contributes to greenhouse gas emissions [1], so a circular 
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economy model utilizing waste and secondary raw materials can be beneficial from both an economic and an environmental point of 
view [2]. Pressures such as CO₂ emission quotas, waste regulations, the demand for less pollution, and economic efficiency will 
increasingly challenge the sector. Among the promising approaches to meet such demands is the production of artificial aggregates, 
which enable the high-volume reuse of waste materials while achieving the desired final properties.

The production of biomass ash, a combustion residue from different types of biomass, has been increasing for years as fossil fuels 
are being replaced by renewable sources [3,4]. The co-combustion of biomass with coal is employed as a strategy to reduce NOₓ and 
SOₓ emissions [5], enhancing the combustion performance [6] and cost efficiency [7]. With approximately 50 Mt of annual biomass 
ash produced in Europe, 170 Mt/yr globally [8], and as biomass is expected to be the most used alternative to fossil fuels for energy and 
heat production in Europe [9], it may pose a significant challenge for landfilling, environmental safety, and future waste management. 
It is hence concerning that only a few valorisation processes have been established for biomass fly ash (BFA). The added economic 
value to the final products applied for soil alkalinity amendment or fertilizer in the agriculture sector is also limited [10–12].

As the first approach, many recent studies focusing on construction materials suggested the reuse of BFA as a substitute material in 
cement production [13–18]. However, the relevant standards do not yet accept those practices or their use is limited. The use of ash in 
construction materials is regulated by EN 197–1 for cement and by EN 450–1 and ASTM C618 for concrete. Currently, these standards 
primarily address coal fly ash and impose the same strict requirements for alternative ashes, which must meet the hard-to-reach strict 
chemical, performance, and environmental criteria as coal fly ash. Some current standards, e.g. ASTM C618, specify an exclusive use of 
coal combustion ash excluding ashes produced by the co-firing of biomass and coal. While these regulations for ash use in cement vary 
by region and ash type, national standards are often built on international frameworks (e.g. EN or ASTM) and adapted to local ma
terials, environmental regulations, and construction practices, where additional requirements must be met.

A sustainable alternative use for BFA is provided by alkali-activated materials (AAMs), where materials with significant reactive 
amorphous silica and alumina [19,20] can be utilized as precursors. AAMs are synthesized through a chemical reaction (also referred 
as “geopolymerization“) between amorphous aluminosilicate precursors and alkaline activators, such as sodium silicate or sodium 
hydroxide, to form an inorganic binder composed of a cross-linked aluminosilicate gel network. Lower energy consumption and 
potential waste valorization [21–25] provide a low-carbon alternative to conventional cement. Compared to industrial secondary raw 
materials, like coal fly ash and various types of slags, the research applications of biomass ash in AAMs remain relatively underexplored 
[26]. Agricultural biomass ashes such as rice husk ash [27,28] or palm oil ash [29,30] have been investigated as precursors for AAMs. 
Soriano et al. [31] even investigated the production of alternative alkaline activators from agricultural ash, and the results suggest 
suitability, however the cost-effectiveness is currently questionable. Although biomass ash is frequently considered as a supplementary 
cementitious material [14–16,18,32], AAMs solely based on biomass ash remain less studied and are usually explored in blended 
mixtures or as composites with metakaolin [33–36].

A recent growth of research in the field of artificial aggregates [37] focused on different aggregation methods [38,39], where disk 
pelletization emerged as the most widely used and easily adaptable technique for industrial implementation [40,41]. The most 
commonly studied materials for pelletization include coal fly ash [42–44] and ground granulated blast-furnace slag (GGBFS) [45,46], 
although they are directly used as cement additives, making their use in aggregates less favorable or potentially inefficient. A recent 
review of publications on artificial aggregates [40] showed, cementitious-based artificial aggregates, which bind secondary raw 
materials using small amounts of cement, to be the most explored type. In contrast, cement-free alkali-activated aggregates are a 
relatively new area of research that has yet to be comprehensively studied to achieve industrial acceptance.

Besides its suitability in AAMs, BFA has the potential for applications in carbon sequestration. Owing to its reactive minerals rich in 
Ca and Mg, such larnite, forsterite or portalandite [47], BFA can interact with CO₂ to form stable carbonates. This process mineral 
carbonatisation can permanently sequester CO₂ and align with net-zero industry goals by lowering atmospheric CO₂ levels. While the 
number of studies on biomass-based materials and aggregates are growing, some critical gaps in biomass alkali-activated aggregates 
remain unaddressed. Carbonation can densify the matrix of concrete and AAM products, enhancing their durability and reducing 
porosity. The carbonation process in AAMs requires further investigation, as results from different precursors might be inconsistent 
with methodologies applied in carbonation, also resulting in adverse effects. In some cases, carbonation has been shown to reduce the 
mechanical strength, highlighting the need for a deeper understanding of the underlying mechanisms influencing the overall 
performance.

Upcycling industrial byproducts into AAMs may increase heavy metal leaching due to an initial pH rise or an inadequate mix 
design, causing unreacted alkalis and a weakly linked Si network [48]. While the research on leaching in cement-based (OPC) com
posites is extensive, studies on AAM and its composites remain limited [49]. Sintering can lower leaching in precursors and lightweight 
aggregates by stabilizing the matrix [50,51]. However, such high-temperature processing is gradually being abandoned due to carbon 
emission requirements. Instead, cold-bonding techniques should be explored in other sustainable leaching mitigation approaches. 
Lancelloti et al. explored the chemical stability of geopolymers municipal solid waste incinerator fly ash to reduce pollutant mobility 
[52], where a proper mix design is essential to achieve a stable product. Additionally, the carbonation and hydration of wood ash have 
been shown to lower heavy metal leaching by forming stable phases [53]. The combined effects of AAM aggregate carbonation on the 
leaching behavior and physical properties remain unexplored.

This study enhances the understanding of aggregation parameters in AAMs solely based on biomass BFA. It also addresses the 
ambiguous effects of water and alkali content on the pelletization efficiency of AAM aggregates. Some studies identified activator 
molarity as the most critical factor for pelletization efficiency [54], while others argue that pellet formation only depends on the water 
content, with the alkali content being irrelevant [55]. Most studies focus on hydroxide activators, whereas silicate solutions like 
Na₂SiO₃ not only provide alkalinity but also supply additional silica for the AAM formation. Despite their higher viscosity, the role of 
silicate activators in granulation remains largely unexplored for AAM aggregates. To address this gap, our study investigates the 
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influence of silicate solution and water content on pelletization by maintaining a fixed water-to-solid ratio, calculated based on bulk 
water content to isolate the effects of alkali content and solution density on the pelletization efficiency of the AAM aggregates.

Unlike conventional disc pelletization, typically carried out at a uniform lower rotational speed, this study introduces a novel 
variable-speed pelletization approach to ensure high pelletization efficiency while enhancing a lightweight, porous structure opti
mized for rapid carbonation applications. The dual effect of alkali activation and carbonation in producing artificial aggregates solely 
from BFA was investigated, focusing on mechanical properties, microstructural evolution, the chemistry of AAM matrix development, 
and the heavy metal leaching behavior.

A key aspect is the systematic comparison of different curing conditions, particularly the role of carbonation effects with respect to 
timing and reaction mechanisms, where both accelerated carbonation during aggregate formation and post-curing carbonation were 
examined from macro- to microstructural levels. By distinguishing between these approaches, the study explores the critical balance 
required to optimize the synergy between alkali activation and carbonation. Additionally, it highlights the potential of lightweight 
aggregates as an efficient medium for rapid carbonation and positions artificial aggregate production as a promising pathway for BFA 
large-scale valorization, expanding application possibilities for this underutilized industrial byproduct.

2. Materials and methods

2.1. Characterisation of biomass fly ash (BFA)

The BFA was sourced from a local heat and power plant, where ash is a main byproduct from the co-combustion of brown coal with 
approximately 15 % wood chips. The plant produces around 6000 tons of ash annually. The ash was sieved to obtain particles below 
400 µm (Fig. 1a), eliminating larger debris and improving the granulation (i.e., pelletization) efficiency by increasing the favorable 
proportion of fine particles. The size of the pre-sieving was also chosen from a practical and industry-acceptable approach, offering a 
fast, low-energy solution that aligns with the valorization potential and scalability requirements of industrial applications.

The particle size distribution (PSD) of the BFA was determined using laser diffraction granulometry (Microtrac MRB Syn
c+TurboSync laser grain size analyzer, PA, USA). Samples were measured in the isopropanol dispersion mode with applied sonication 
to achieve a uniform suspension, prevent agglomeration and improve the measurement accuracy. Scanning electron microscopy (SEM; 
Jeol JSM-IT500, Japan) was performed on an unpolished BFA powder sample under low vacuum conditions to observe particle 
morphologies and size distributions. The PSD presented in Fig. 1b shows a bimodal distribution typical of BFA, with major peaks at 
approximate diameters of 20 and 205 µm, where the first peak in the fine particle region indicates the presence of smaller spherical 
particles and a secondary peak of larger particles predominantly representing incompletely combusted material of irregular shapes as 
can be observed in the SEM micrograph in Fig. 1c. The cumulative distribution curve confirms that 50 % of the particles (d50) fall 
below a diameter of 47 µm.

The chemical composition of BFA was determined by X-ray fluorescence (XRF) spectroscopy and is presented in Table 1. The 
sample was milled (Siebtechnik vibrating disk mill), sieved to < 63 μm, and ignited at 950 ◦C for 2 h to measure the loss on ignition 
(LOI950 ◦C). To prepare XRF discs, the sample was combined with a Li-tetraborate and Li-metaborate flux mixture (1:10 wt ratio, 
Fluxana FX-X50–2) and LiBr solution (7.5 g in 50 ml H₂O, Acros Organics) as a non-sticking agent. The mixture was melted in platinum 
crucibles, and discs were analyzed using a Thermo Scientific ARL Perform’X Sequential XRF (Thermo Fisher, MA, USA) spectrometer 
with the UniQuant 5 software.

The mineralogical characteristics of the BFA were determined using X-ray diffraction (XRD, Empyrean PANalytical, Netherlands) 
with CuKα₁ radiation (λ = 1.54 Å). Measurements were taken over a 4–70◦ 2θ range with a step size of 0.0263◦. The powder sample 
was back-loaded into a cylindrical holder to avoid the preferred orientation. The diffraction patterns were evaluated by Rietveld 
refinement using PANalytical X’Pert HighScore Plus software v. 4.8, and the amorphous phase was quantified using an external Al₂O₃ 
(NIST676a, corundum) standard. The XRD pattern of BFA exhibits a pronounced halo, indicating a notable amorphous phase content 
of 45.8 % (Fig. 2). The detailed mineral phases, their corresponding chemical formulas, and reference codes are listed in 

Fig. 1. (a) Fine BFA sieved below 400 µm. (b) PSD of sieved BFA presented as a differential distribution q3 and cumulative distribution Q3. (c) SEM 
micrograph of sieved BFA at the magnification of x 250.
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Supplementary Table S1.
The content of elements in the amorphous phase potentially available for alkali activation, was calculated by subtracting the el

ements in the crystalline content (XRD data) from the elements in the overall composition (XRF data), according to the procedure in the 
previous research [56]. The important elements likely contributing to an alkali activation of BFA are shown in Fig. 3, where their 
distribution in the mostly non-reactive crystalline and significantly more reactive amorphous phases is presented. A significant amount 
of Si and Al in the amorphous phase shows the suitability of this BFA as a precursor for alkali-activated applications.

Additionally, the significant presence of Ca might enhance the development of structural matrices in AAMs, promoting the for
mation of calcium silicate hydrates and calcium aluminate silicate hydrates [57]. Moreover, Ca exhibits a dual functionality in AAM 
systems, by potentially contributing to CO₂ sequestration through mineral carbonation. Nilsen and Quaghebeur [47] highlighted the 
reaction between dissolved CO2 and alkaline phases, where, crystalline Ca-bearing mineral phases such as lime can be susceptible to 
carbonatization in addition to dissolved Ca.

Fourier Transform Infrared spectroscopy (FTIR; PerkinElmer Spectrum Two, MA, USA) was performed with an attenuated total 
reflection accessory (ATR mode, diamond/ZnSe crystal) in the range of 380–4000 cm⁻¹ on BFA to identify the presence of chemical 
bonds and functional groups, providing insights into the structure and indicating reactivity of precursor. The FTIR spectrum of the BFA 
precursor with additional explanations is provided as Supplementary Figure S1, the spectrum aligns with the chemical and miner
alogical composition of the precursor.

2.2. Mixture design and granulation

Three different mixtures were prepared to evaluate the influence of alkali and bulk water content on the granulation efficiency and 
mechanical properties of the artificial aggregates prepared from BFA.

Two alkali-activated mixtures were target-optimized by adjusting the amounts of BFA and sodium silicate activator (Na₂SiO₃; 
Geosil 34417, Wöllner, Germany; SiO2 27.5 m%, Na2O 16.9 m%, H2O 55.6 m%) to achieve the specific theoretical elemental ratios 
between alkali metals (e.g., Na, K) and the Si and Al in the mixture (Table S2 in the Supplementary Material). A third mixture was 
prepared as a control sample, consisting solely of ash mixed with distilled water. The density of the solutions was measured by a 
density meter (Anton Paar Germany Gmb, DMA 35 Standard, Germany). The water-to-solid ratio was determined by trial and error, 
and the fixed value of 0.5 was found to be optimal, where the ratio takes into account the sum of the water from the sodium silicate 
solution and the added distilled water. Table 2 presents the mix design where the only varying parameter was the alkali content. The 
water-to-solid ratio for the BFA pelletization is higher than the typical 0.3 used for fly ash [58] due to the presence of non-combustible 
wood particles and cellulose, which increase the water demand [59].

The artificial aggregates were produced using a disc pelletizer (EIRICH TR04 Disc Pelletizer, Germany) with a 40 cm diameter and a 
45◦ pan angle. Unlike conventional disc pelletization, which is typically performed at a constant lower rotational speed [60], an 
unconventional two-step approach with a variable rotation speed was used to optimize pelletization efficiency while maintaining a 
high porosity suitable for carbonation applications. The process parameters were determined through trial and error to identify the 

Table 1 
Chemical composition of BFA used in the study according to XRF.

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 MnO P2O5 TiO2 LOI950 ◦C

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (%)

27.19 10.80 11.95 19.67 7.88 0.39 2.12 1.26 0.25 0.60 0.53 16.89

Fig. 2. (a) XRD pattern of BFA used in the study, (b) and identified mineral phases with their corresponding percentage.
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optimal setup for BFA that ensures efficient pelletization while preserving the desired lightweight structure. Initially, the disc was 
rotated at 45 rpm, and half of the alkaline solution was evenly sprayed over the BFA surface to form numerous nuclei during the first 
2 min. The disc speed was then increased to 130 rpm, and the remaining solution was sprayed in two equal intervals over the next 
4 min. The process was finalized by an additional 2 min of rotation without adding further solution.

The pelletization efficiency of the artificial aggregates was calculated as the proportion of the mass ratio of the produced aggregates 
bigger than 4 mm to the total mass of the batch.

2.3. Curing and carbonation conditions

The artificial aggregates were subjected to three curing regimes for 28 days to study the effect of the curing conditions on the 
mechanical and chemical properties of the artificial aggregates: 

− Ambient Curing (AC): at constant conditions of 20◦C and 55 % relative humidity (RH),
− elevated Heat and Humidity Curing (HHC): in a controlled chamber set to 40◦C and 80 % RH to simulate accelerated curing 

conditions,
− CO₂-Enriched Curing (CEC): in a controlled chamber at 40◦C and 80 % RH with an increased CO₂ concentration of 4 vol%, aiming 

to enhance carbonation processes during curing.

Alkali-activated aggregates following the M1 mix design (Table 2), with the higher alkali content, additionally underwent a Post- 
Curing Carbonation (PCC). Aggregates were first cured under elevated temperature and humidity conditions (40◦C, 80 % RH) for 14 
days and then exposed to an enriched CO₂ environment (40◦C, 80 % RH, 4 vol% CO₂) at the same temperature and humidity for an 
additional 14 days. This postponed accelerated carbonation process was designed to assess the importance of carbonation timing.

2.4. Characterisation of the alkali-activated aggregates

Compressive force measurements were performed for each mixture formulation and curing regime at intervals of 3, 7, 14, and 28 
days to evaluate the influence of mix design and curing conditions on the development of the mechanical properties. A mechanical- 
strength testing machine (ToniTechnik ToniNORM, Berlin, Germany) was used for the compressive force test, conducted on 20 ag
gregates with spheric geometry in the size range of 8–11 mm. The diameter of the spherical samples was measured using a digital 
vernier caliper (Digital ABS AOS Caliper, accuracy: ± 0.02 mm). The compressive strength (CS) was calculated using the following 
formula: 

Fig. 3. wt% distribution of elements in BFA, indicating elements potentially participating in alkali activation within the reactive amorphous phase 
and those present in the non-reactive crystalline phases.

Table 2 
Mix design of artificial aggregates produced from BFA, including calculated bulk water consumption, water-to-solid ratio, and pelletization efficiency.

Mixture BFA Na2SiO3 solution Additional H20 Bulk H2O H20/solid
[g] [g] [g] [g] /

M1 250 112 63 125 0.5
M2 250 80 80.5 125 0.5
M3 250 0 125 125 0.5
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CS =
CF ∗ 2.8
π ∗ d2 (1) 

Where CF is measured compressive force load (N), and d is the diameter of spherical aggregates (mm). The equation normalizes 
compressive strength by diameter, accounting for size effects and ensuring comparability across aggregates of different dimensions 
[61].

The bulk density of the artificial aggregates was determined according to CEN EN 1097–3:1998 [62], following the procedure for 
lightweight aggregates. The skeletal density was determined using mercury intrusion porosimetry (MIP; Micromeritics Autopore IV 
9500 porosimeter, GA, USA), which was also used to determine the pore size distribution and total porosity. Measurements were 
performed on samples cured for 28 days, which were dried to a constant mass, using at least three representative aggregates per mix 
and curing treatment to ensure representative results.

To evaluate the influence of the alkali activator content, curing conditions, and carbonation on chemical and mineralogical 
changes, aggregates cured for 28 days and obtained from the compressive force measurements were crushed and then milled using a 
vibrating disk mill, sieved to a particle size below 63 µm and analyzed using XRD and FTIR to detect changes in mineralogy and 
chemical structure.

Thermogravimetric analysis (TGA) was performed to assess the effect of carbonation on artificial aggregates after 28 days of curing. 
The analysis of crushed and sieved (<63 µm) aggregate samples was carried out using a STA 409 PC Luxx Simultaneous Thermal 
Analyzer (Netzsch-Gerätebau GmbH, Selb/Bayern, Germany). Samples were heated from 25 to 900◦C at a rate of 10 K min⁻¹ , with a 
continuous N₂ flow of 20 ml min⁻¹ to prevent oxidation.

Polished cross-sections of artificial aggregates embedded in epoxy resin (Bluehler EpoThin 2, IL, USA) were examined by scanning 
electron microscope (SEM; Jeol JSM-IT500, Japan) equipped with an energy dispersive X-ray spectrometer (EDXS; Oxford In
struments, UK) with a W-filament, under low-vacuum conditions using an accelerating voltage of 15 kV to study the reacted precursor, 
AAM matrix, microstructure and distribution of the phases, as well as the observation of carbonation. Semi-quantitative chemical 
composition was evaluated by EDXS elemental mapping and point analysis using AZtec software v. 5. To assess the effects of 
carbonation and compositional variations within the AAM matrix, multi-point EDXS analysis was conducted on non-carbonated and 
carbonated samples at 450 × magnification to capture a broader spatial distribution, thereby reducing the influence of material 
heterogeneity and providing a more representative global composition. In total, more than 150 measurement points for each cross- 
section were manually distributed over the reacted AAM matrix to obtain statistically significant elemental data.

The methodology following SIST EN 12457-4:2004 [63] was applied to assess the leaching behavior of the BFA and AAM ag
gregates. Crushed samples were suspended in distilled water at a liquid-to-solid ratio of 10 ml/g and stirred at 10 rpm for 24 h. The pH 
of the suspensions was measured, and the solutions were subsequently filtered. The concentrations of As, Cr, Cu, Mn, Mo, Ni, and Pb 
were analyzed using inductively coupled plasma optical emission spectroscopy (ICP-OES; Varian 720-ES, USA). Each leaching test was 
conducted in triplicate, with results reported as mean values with standard deviations.

3. Results and discussion

3.1. Variable-speed pelletization and the effect of activator solution

The effects of variable-speed pelletization on aggregate formation and properties were investigated. At the initial lower rotation 
speeds (45 rpm) of the disc pelletizer, liquid bridges form between the precursor particles [38], where surface tension force promotes 
nucleation. In the second step, a higher applied rotational speed (130 rpm) generated greater shear forces, preventing excessive 
compaction while maintaining an open, porous structure that still supported growth without nucleus breakdown (Fig. 4). The rapid 
particle movement at a higher speed increased the likelihood of temporary void formation and air entrainment, enhancing pore 
interconnectivity. By first forming stable nuclei at a lower speed and then accelerating the rotation, aggregate growth was controlled to 
promote structured porosity rather than uncontrolled densification. In comparison, Ferraro et al. [64] produced lightweight aggregates 

Fig. 4. Schematic representation of the disc pelletization process, illustrating the effect of rotational speed and applied forces on aggre
gate formation.
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from municipal solid waste incineration fly ash bound with a low addition of OPC and a uniform rotation speed, where MIP detected a 
total porosity of approximately 35 %. The non-conventional BFA pelletization approach, utilizing a dual-step rotational speed 
approach, achieved the notable pelletization efficiency (Table 3) while maintaining a high porosity of 45–59 % in AAM aggregates 
(3.3. Microstructural Analysis, Fig. 5).

Pelletization efficiency was highest in M1 (78 %), followed by a similar value in M2, while the water-only mixture (M3) exhibited a 
significantly lower efficiency (62 %), as stated in Table 3. Although the pelletization efficiency is influenced by multiple factors, 
including precursor properties, the pelletization process and the characteristics of the alkaline activator solution [40], some studies of 
AAM aggregates using NaOH activators suggest that pellet formation is solely dependent on water content only, with alkali content 
playing no significant role [55]. The presented results using Na₂SiO₃ indicate that AAM aggregates (M1 and M2) achieved a higher 
efficiency than M3, despite all mixtures maintaining a fixed w/s ratio of 0.5, the same precursor, and identical pelletization conditions. 
This suggests that water alone is not the sole determinant of pelletization efficiency in silicate solution AAM aggregates. The density of 
the solution, stated in Table 2, likely influenced the initial stage of pelletization, where the sprayed solution forms a liquid bridge 
between precursor particles, mechanically binding them together. Liquids with higher density often exhibit increased surface tension 
and viscosity due to stronger intermolecular interactions and cohesive energies [65]. Silicate-rich solutions (e.g., Na2SiO3) have a 
higher density than water or hydroxide solutions (e.g., NaOH), which enhances their ability to promote effective pellet formation. 
However, optimal solution parameters are required to balance workability and performance. Insufficient surface tension leads to 
over-wetting, resulting in poor granule cohesion or collapse, whereas higher surface tension improves pellet integrity by maintaining a 
stable shape. Excessively high density and viscosity might hinder spreading on solid surfaces, reducing wetting efficiency and limiting 
uniform spray deposition. Furthermore, the alkali content and pH in the solution may also influence the early-stage alkali activation 
process, as initial reactions could already begin within the 8-minute pelletization period.

These findings are particularly relevant for one-part alkali-activated aggregate systems (so-called "just add water" AAMs), where 
solid activators are pre-mixed with the precursor and activated upon water addition [66], especially if solid-state anhydrous silicates 
are used. Understanding the role of alkali content and activator solution in the granulation process is essential to achieving the desired 
high production efficiency.

3.2. Physical and mechanical properties

The mixtures M1–3 were subsequently cured under three different curing conditions to evaluate their physical and mechanical 
properties.

The compressive strength development of artificial aggregates subjected to different curing regimes is presented in Fig. 5. A 
comparative examination of mix designs revealed that M1, with the highest alkali activator content and a Si/Al molar ratio of 1.9 
(Table S2 in the Supplementary Material), consistently exhibited the highest compressive strengths across all curing conditions and 
time development measurements. This optimized mixture M1 demonstrated both lightweight properties (bulk density up to 1.5 g/ml) 
and superior compressive strengths, possibly exceeding 1 MPa with temperature curing, which is comparable to the mechanical 
performance of lightweight expanded clay aggregates. Unlike the latter, which requires high-temperature processing above 1000◦C, 
AAM aggregates can be produced at significantly lower temperatures, offering potential reductions in energy consumption and 
environmental impact. The results are consistent with the findings of the mechanical modeling of AAMs done by Duxson et al. [67], 
where the Si/Al ratio close to 1.9 resulted in a maximized compressive strength. The high strength with an optimal Si/Al ratio has been 
reported to be the result of alumosilicate gel formation, rather than zeolites or silicate derivatives [68]. Mix design M2 (Si/Al = 1.6, 
lower alkali content) demonstrated up to ca. 78 % lower strength compared to M1 under HHC curing conditions (M1-HCC). In contrast, 
the M3 control mixture resulted in the lowest compressive strength.

The lack of external thermal or humidity conditions in aggregates subjected to ambient curing (samples M1-AC, M2-AC, M3-AC) 
resulted in weaker binding and the lowest compressive strengths.

The alkali-activated aggregates cured under heat and humidity conditions (M1-HHC, M2-HHC) exhibited the most significant 
increase in compressive strength over 28 days (Fig. 5a,b), owing to enhanced reaction kinetics and stronger binding of BFA particles. 
Previous research on slag-based AAM systems [69] with precursors containing an even higher Ca content showed an almost linear 
trend between curing time, temperature, and compressive strengths. Here, samples cured at 70 ◦C exhibited comparable strengths at 3 
days to those cured at room temperature for 28 days. In contrast, the HHC aggregates in this study were not only exposed to elevated 
temperatures but also to a high-humidity environment.

Alkali-activated aggregates cured in CO₂-enriched conditions (M1-CEC, M2-CEC) displayed a non-linear trend in compressive 
strength. A reduction was observed after 7 days, likely due to interference between early carbonation and the alkali activation process. 
However, strength increased after 14 and 28 days, indicating a stabilization of the carbonation products and the further development 

Table 3 
The amount of water and alkali in the solution used for artificial aggregate production, along with the calculated pelletization efficiency.

Mixtures Bulk amount of H2O in solution Amount of alkali (Na2O) from activator Density of the alkaline solution Pelletization efficiency
(g) (g) (g/cm3) (%)

M1 125 18.93 1.314 (17.4 ◦C) 78
M2 125 13.52 1.234 (17.3 ◦C) 75
M3 125 0 0.999 (17.6 ◦C) 62
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of binding phases. Control aggregates formed solely with water (no alkali activator) displayed the linearly increasing trend, where the 
highest compressive strengths under CEC (Fig. 3c, M3-CEC) suggest that carbonation products provided a slight improvement in 
structural stability. Nonetheless, these compressive strengths remained significantly lower compared to alkali-activated aggregates.

After 14 days of HCC, the aggregates M1-HCC achieved a relative plateau of 96 % of the final strength, subjected to CO₂-enriched 
conditions for an additional 14 days to undergo post-curing carbonation (Fig. 5d). The final 28-day strength of 1M-PCC aggregates was 
comparable to that of the 1M-HHC aggregates, indicating that post-curing carbonation neither compromised the structural stability nor 
significantly enhanced the compressive strength. The comparative graphs of compressive strength development of the same mixture 
under different curing regimes are presented in Fig. S3 in the Supplementary Material.

Selected physical properties of alkali-activated aggregates with higher alkali content M1 from BFA under different curing regimes 
are summarized in Table 4. Water absorption was highest for M1-CEC (24.3 %), indicating an increased open porosity, and lowest for 
M1-HHC (21.5 %), respectively reflecting a lower open porosity. The high values indicate a high proportion of effective porosity, i.e., 
interconnected void spaces that facilitate fluid transport. M1-AC shows low densities, while M1-HCC showed the densest aggregates. 
Carbonation introduces different effects, with M1-CEC exhibiting a moderate bulk porosity, likely due to carbonation-induced 
competition with the alkali activation. In contrast, M1-PCC shows a higher bulk density while maintaining a similar skeletal den
sity, probably influenced by the formation of dense carbonate phases after the majority of the AAM matrix was formed.

The formed aggregates exhibit structural stability, with M1-HHC, M1-CEC and M1-PCC achieving compressive strengths above 

Fig. 5. Compressive strength development under AC, HHC, and CEC conditions for (a) M1 (highest alkali content), (b) M2 (lower alkali content), 
and (c) M3 (water only). (d) Compressive strength of M1 after post-curing carbonation (PCC).

Table 4 
Selected physical properties of alkali-activated aggregates with a higher alkali content.

Sample 28 d Compressive strength Water absorption Bulk density Skeletal density
(MPa) (%) (g/cm3) (g/cm3)

M1-AC 0.42 23.48 0.851 1.905
M1-HHC 1.08 21.53 1.539 2.358
M1-CEC 0.90 24.31 1.121 2.022
M1-PCC 1.07 23.21 1.384 2.137
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1 MPa, comparable to commercially available lightweight expanded clay aggregates (LECA), where lightweight aggregates complying 
with EN 13055-1 in fraction 4–10 mm have crush resistance 1.07 N/mm2 [70]. Zukri et al. [71] reported that sintered clay aggregates 
with a diameter of 10–20 mm have a strength of 0.8 MPa, although their production requires high-temperature treatment at over 1200 
◦C. Other lightweight aggregates, such as expanded perlite and vermiculite, which also require high thermal processing, generally have 
even lower compressive strengths, often below 1 MPa. These materials are usually embedded within a binder matrix in their final 
applications. For example, perlite-based insulating concrete or plasters must achieve a minimum compressive strength of 0.86 MPa, 
according to the Florida Building Code [72].

Aggregates with low compressive strengths (below 3 MPa) and high porosity, such as AAM aggregates from BFA, are suitable for 
non-load-bearing construction elements. Common applications include lightweight concrete, partition walls, insulation layers, and 
roofing fills, where the main requirements are low density and structural stability, with potential added value provided by properties 
such as thermal or acoustic insulation rather than high load-bearing capacity. A compressive strength of approximately 1 MPa is 
sufficient to ensure that the material can support its own weight, withstand handling and minor impacts and sustain any overlay or 
finishing layers. Furthermore, in our previous research [73], the aggregates with similar strengths (~1 MPa) were embedded in 
lightweight concrete mixtures, achieving concrete compressive strengths of 17.1 MPa and tensile strengths of 2.8 MPa after 28 days of 
curing.

3.3. Microstructural analysis

The MIP results presented in Fig. 6 show a change in pore size distribution and total porosity observed after the curing of artificial 
aggregates. The disc aggregation process involves the liquid agitation of particles through liquid bridge formation and flocculation 
[38]. As a result, produced artificial AAM aggregates have a larger main pore diameter (with a primary peak around 15 μm) and higher 
total porosity compared to casted AAM, where particle wetting is higher. The findings are also similar to the OPC cement aggregates, 
where it has been found that disc aggregation resulted in a lower density and higher porosity compared to the aggregate produced from 
the same mixture after casting and crushing to produce irregularly formed aggregates [73].

The introduction of a variable rotation speed during pelletization enabled better control over the dynamics of pellet formation 
dynamics and resulted in aggregates with notably higher open porosity of over 45 % (Fig. 6b) compared to the aggregates described in 
the literature, which were produced at uniform speed. For example, Masłoń et al. [74] used a slow, constant rotation speed of 30 rpm at 
40◦ to produce coarse aggregates with a fraction of mainly 8 mm of MSWI ash and sediments and achieved an open porosity between 
16.8–22.6 %. Ferraro et al. [64] used a fixed speed of 45 rpm at the same inclination with OPC-blended materials and produced coarse 
aggregates with an open porosity of 20–26 %. For lightweight fly ash AAM aggregates, Risdanareni et al. [75] reported porosity values 
of 19–35 % at formed at 60 rpm and 48◦, while Rudić et al. [41] observed 26–35 % at 45 rpm and 39◦. While optimized variable-speed 
pelletization can improve porosity, industrial- scale application also needs to consider pelletisation efficiency, which is often over
looked in existing studies, although it is important for the process sustainability and upcycling.

Additionally, the curing process played a crucial role in microstructural densification and compressive strength development. For 
alkali-activated aggregates, the results demonstrate that the curing temperature and humidity significantly influence the pore 
structure, affecting the microstructure and mechanical properties as described in Section 3.1. The M1-HHC and M2-HCC samples 
exhibited a reduced total porosity compared to their AC aggregates counterparts, attributed to accelerated reaction kinetics and the 
formation of a denser matrix (binder formation decreased pores).

With carbonation, the pore diameter of the main peak decreased from 15.7 μm (1M-HHC, same T, RH%, no additional CO2) to 12.5 
μm (1M-CEC) (Fig. 5a). Additionally, a new peak of very fine pores (≈0.003 μm) appeared, along with an increase in total porosity, 
suggesting potential microstructural deterioration and changes in the binder’s integrity. For M1-PCC, the reduction in the main pore 

Fig. 6. (a) Pore size distribution in artificial aggregates with the higher alkali content (M1) highlighting the main pore diameters. (b) Total porosity 
of the produced artificial aggregates treated with the respective different curing regimes.
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diameter was less pronounced (13.67 μm). The total porosity increased slightly by + 2 %, indicating a minimal effect on alkali- 
activated binder formation, as can also be observed in the compressive strength trend in Fig. 3d.

The porosity of the control aggregate M3-HHC was similar to M3-AC. The compressive strengths in this group remained minimal, 
reflecting the limited binding effect of the newly formed phases. When high-Ca BFA with pozzolanic activity was mixed with water and 
cured at elevated temperature and humidity, the reaction led to the formation of a weak binding matrix with marginal strength 
development, primarily driven by the partial hydration of reactive phases and formation of calcium silicate hydrate phases (C-S-H) 
[76]. The binding of carbonate phases in the M3-CEC samples gave the material a slightly better binding compared to M3-AC and 
M3-HHC, even though they showed the highest porosity.

3.4. Effect of curing and carbonatization on the mineralogical and chemical composition

3.4.1. XRD and FTIR
A comparative analysis of XRD patterns of the M1 alkali-activated aggregates with the highest strengths is presented in Fig. 7a and 

revealed significant mineralogical changes during alkali activation and carbonatization. A prominent peak at 29.4◦ 2θ, corresponding 
to calcite (CaCO₃), was observed in all samples, primarily originating from unreactive crystalline calcite present in the BFA, but likely 
also formed as a carbonation product as indicated by variable intensities depending on the curing conditions. The lowest calcite in
tensity was detected in M1-AC, whereas the highest intensity appeared in M1-CEC, where accelerated carbonation for 28 days induced 
the most significant crystallization of stable calcite. It is worth noting that the intensity of the calcite peak increased slightly in M1-HCC 
compared to M1-AC, suggesting that under HCC conditions, characterized by higher temperature and humidity, mild carbonation 
occurred even at atmospheric CO₂ concentrations. Ca-rich alkali-activated systems under carbonatization predominantly form Ca- 
based carbonates [77]. The dissolution of CO2 is enhanced in alkaline conditions, such as pore solution in an AAM system, leading 
to an increased concentration and availability of CO₃2- [47,78].

The samples exposed to accelerated carbonation, M1-CEC and M1-PCC, exhibited a broad metacrystalline hump between 29.9◦ and 
31.1◦ 2θ (Fig. 7a, marked with a dotted square), suggesting the formation of poorly crystalline or metastable carbonate-containing 
phases. The difference in carbonation exposure between M1-CEC (prolonged carbonation for 28 days) and M1-PCC (postponed 
carbonation for 14 days) indicates that extended CO₂ exposure promotes further ordering or even transformation of reactive phases 
into more structured carbonate forms. Furthermore, M1-CEC exhibits distinct additional peaks, suggesting a transition from metastable 
carbonate phases to aragonite, a less stable polymorph of CaCO₃, as indicated by additional reflections at 27.5◦ and 34.5◦ 2θ. The broad 
XRD region associated with metacrystalline carbonates suggests that not only pure Ca-carbonates but also other chemical elements, 
such as Mg and Na, are incorporated into carbonate phases of mixed chemical composition. The presence of altered carbonate phases at 
higher 2θ angles than calcite suggests lattice distortions [79,80], likely due to the inclusion of those impurities. This observation is 
consistent with the reactive composition of the precursor and activator, as shown in Table 1, Fig. 3, and Table S2.

The characteristic main peaks of lime (CaO, 32.2◦ 2θ) and anhydrite (CaSO₄, 33.5◦ 2θ), initially present in the BFA (Fig. 2a), were 
notably diminished in M1-AC, while in M1-HHC, M1-CEC, and M1-PCC, they were completely diminished likely due to accelerated 
reaction kinetics and higher degree reacted precursor.

Detailed FTIR spectra, presented in Fig. 7b, provided additional insights into the amorphous phase and further confirmed the 

Fig. 7. (a) XRD patterns of AAM aggregates produced from M1, exhibiting the highest compressive strengths under different curing regimes. Qtz – 
quartz, Cal – calcite, Ar – aragonite. (b) FTIR spectra of the AAM aggregates produced from M1.
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mineralogical data obtained from XRD (Fig. 7a). The main carbonate peaks observed at 1411 cm⁻¹ correspond to asymmetric 
stretching, at 872 cm⁻¹ to out-of-plane bending, and at 695 cm⁻¹ and 712 cm⁻¹ to in-plane bending vibrations of the C–O bond in 
carbonate ions (CO₃²⁻) [81]. In M1-AC, these peaks primarily originate from pre-existing carbonate species. In contrast, M1-CEC and 
M1-PCC were exposed to elevated CO₂ concentrations, leading to more intense carbonate peaks due to increased CaCO₃ formation. 
Additionally, M1-CEC and M1-PCC have the appearance of a few new carbonate peaks: the 834 cm⁻¹ peak, corresponding to 
out-of-plane bending, and the 656 cm⁻¹ peak, associated with lattice vibrations of carbonate ions in less stable Ca-carbonate poly
morphs like aragonite [82,83], as confirmed by XRD (Fig. 7a).

The main FTIR peak at approximately 990 cm⁻¹ is a key feature in AAMs (Fig. 7b), associated with the stretching vibrations of 
Si–O–T bonds (T = Si or Al) in the aluminosilicate gel network. Upon alkali activation of the BFA and the formation of an alumino
silicate network, the main peak of the BFA precursor (Fig. S1 in the Supplementary Material, broader less intense peak at 1010 cm⁻¹) 
shifts towards lower wavenumbers with increased intensity (due to alkali-activation). Samples M1-AC and M1-HCC show a peak at 
around 990 cm⁻¹, while the carbonated samples 1CEC and 1PCC shift toward a higher wavenumber of 997 cm⁻¹ and 995 cm⁻¹, 
respectively. Accelerated carbonation leads to the reaction of Ca²⁺ ions with CO₂ (dissolved in water as carbonate ion CO3

2− ), forming 
CaCO3, according to Eq. (2), such as calcite, aragonite, or even vaterite in the initial phase. 

Ca2+ +CO2 +H2O→CaCO3 +2H2 (2) 

In the M1-CEC sample, rapid carbonation significantly limited the formation of the alkali-activated matrix due to the extensive 
consumption of available Ca²⁺ for carbonate mineralization. This effect is also reflected in the reduced compressive strength compared 
to M1-HCC (Fig. 5a). As carbonation progressed, the remaining Ca²⁺ in the system became increasingly depleted, leading to the partial 
decalcification of the main AAM matrix phases, such as C-A-S-H gels. This process, driven by the preferential removal of Ca²⁺ from less 
stable hydrated gels, results in a shift of the Si–O–T peak to higher wavenumbers, known as a “blue shift” (Fig. 7b). As Ca is removed, 
weaker Ca–O bonds are replaced by stronger Si–O or Si–O–Al bonds, leading to a more ordered aluminosilicate network, similar to the 
behavior observed in low-Ca systems like metakaolin-based geopolymers [84]. In M1-CEC, where the Ca was preferentially used for 
CO2 sequestration, two new minor FTIR peaks appear at higher wavenumbers, 1045 cm⁻¹ and 1038 cm⁻¹ , indicative of newly formed 
more Si-dominated phases as these peaks correspond to Si–O stretching vibrations. The presence of these low-intensity peaks, together 
with emerging very fine porosity, may indicate the formation of amorphous silica as a result of localized progressive Ca depletion 
within C-A-S-H gel itself (Eq. (3)) or possibly also as a result of insufficient Ca remaining for C-A-S-H gel formation after the pre
cipitation of Ca carbonates. Small areas of almost pure Si-enriched phases observed in the M1-CEC sample with SEM-EDXS analysis are 
presented in Fig. S4 in the Supplementary Material, along with the corresponding cross-section explanation. 

C–A–S–H+CO2→(SiO2 ∗ Al2O3 ∗ H2O)+Ca2+ +OH− (3) 

The band at 1640 cm⁻¹, observed in all aggregates, corresponds to the O–H bending vibration of water molecules, here in the form 
of a structurally bonded water within hydrate phases.

The M1-CEC sample produced two new peaks in the close O-H bending region, suggesting the formation of distinct hydrate phases. 
The bands at 1696 cm⁻¹ and 1621 cm⁻¹ correspond to C––O stretching, which is associated with carbonates, such as monohydrocalcite 
(CaCO₃⋅H₂O, also referred to as hydrocalcite) [85,86] and/or nesquehonite (MgCO3⋅3H2O) [87], where a layered carbonate structure 
contains interlayer water. Its main XRD peaks overlap with the primary calcite peak at 29.5◦ 2θ, making phase identification with XRD 
challenging. However, TG analysis can differentiate between carbonate phases.

M1-AC exhibits bending vibrations at 618 cm⁻¹, associated with sulfate ions (SO₄²⁻) due to partially unreacted residual CaSO₄ 
(Fig. 7a, 33.5◦ 2θ), also observed in BFA FTIR spectra in Fig. S1 in Supplementary Material (617 cm⁻¹).

3.4.2. SEM-EDXS spatial chemical analysis of carbonation effects on the AAM matrix
The highly porous lightweight aggregates serve as an effective medium for CO₂ diffusion, enabling deeper penetration into the 

material and facilitating rapid interior carbonation. Dong et al. reported that dense, fly ash-based, 4 mm-sized AAM aggregates, with a 

Fig. 8. (a) SEM micrograph of a cross-section and (b) EDXS mapping of the same area of M1-CEC sample, both at 2500 x magnification.
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porosity below 3 %, required up to 30 days to achieve full carbonation [88]. In contrast, the highly porous structure of BFA aggregates 
significantly accelerates the carbonation process by enhancing CO₂ diffusion pathways. The crucial role of porosity in carbonation 
kinetics must be carefully considered, as faster carbonation is achieved due to the increased accessibility of reactive sites within the 
porous matrix. To achieve the desired properties, it is essential to adjust the time and conditions of accelerated carbonation accord
ingly. It is equally important to avoid overexposure, as exceeding the CO₂ sequestration potential can lead to wasted CO₂ during curing 
without additional benefits to the sustainability performance.

In carbonated AAM aggregates (M1-CEC and M1-PCC), a refinement of the pore diameter was observed, mainly due to CaCO₃ 
mineralization. The outer rim of the empty pore boundary is coated with a newly formed CaCO₃ layer (in Fig. 8b visible as a violet, 
interlayered distribution of Ca and C). The CaCO₃ encapsulation is 1–3 μm thick, which corresponds to a decrease in the large pore size 
diameter (Fig. 5a, M1-HCC vs. M1-CEC).

In the adjacent zone, where the old pore border interacted with pore fluid/gas, the Ca content is lower, indicating (partial) 
decalcification. The CO₂ diffusion through the interconnected pore network promoted localized carbonation, leading to the selective 
leaching of Ca²⁺ ions from this region. Ca-depleted areas appear less homogeneously structured in the SEM micrograph (Fig. 8a), 
suggesting fine-scale deterioration (also detected by MIP, Fig. 6a). This indicates that carbonation in this highly porous BFA-based 
AAM system leads to not only limited C-A-S-H gel formation but also decalciantion of remining Ca-risch AAM matrix, resulting in 
increased microporosity and structural changes.

In the M1-PCC sample, the first 14 days of HCC curing facilitated the formation of a resistant and dense C-A-S-H matrix, providing 
structural stability. During the subsequent 14 days of post-curing carbonation, the preferential formation of carbonates occurred 
without significant structural deterioration or notable alterations to the AAM matrix. As a result, partially carbonated AAM systems, 
such as the M1-PCC aggregates, were able to compensate for minor structural deterioration, exhibiting only a slight increase in total 
porosity and a lower degree of larger pore refinement (Fig. 6a,b). The minimal impact of post-curing carbonation suggests that the 
availability of Ca during the initial HCC phase enabled a robust C-A-S-H gel development, preventing major interaction with the 
matrix. Consequently, structural degradation remained barely detectable during the carbonation phase (Figs. 5d and 6a).

Multi-point EDXS analysis was conducted on the M1-HHC and M1-CEC samples to compare the non-carbonated and fully 
carbonated AAM aggregates with the highest mechanical strengths. The results, presented in Fig. 9 alongside the corresponding SEM 
micrographs, provide insights into the elemental distribution of the reacted matrix and changes induced by carbonation. In the M1- 
HHC sample, a large group of data points in the Si–Al–Ca ternary diagram falls within the range of 20–50 % Ca, 40–65 % Si, and 
~10 % Al (Fig. 9b). The groped points are characteristic of main C-A-S-H gels, which form a dense alkali-activated matrix (Fig. 9a). C- 
A-S-H typically forms in alkali-activated systems with a Ca/Si ratio between 0.7 and 1.5 [89,90], suggesting a highly polymerized 

Fig. 9. SEM micrographs of AAM aggregates from M1 after 28 days of curing: (a) M1-HHC and (c) M1-CEC, along with their corresponding ternary 
diagrams (normalized Si:Al:Ca ratios) based on multi-point EDXS analysis of the matrix cross-section (b, d).
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matrix, resulting in the highest compressive strength among all prepared AAM aggregates. The broad range of C-A-S-H gel compo
sitions is likely due to differences in the local Si, Al, and Ca availability from the BFA precursor.

A significant composition shift is observed in the comparably analyzed M1-CEC sample, indicating extensive carbonation and 
limited C-A-S-H phase formation. The main C-A-S-H group observed in M1-HHC (Fig. 9b) is less pronounced in the case of M1-CEC, 
where a remaining scattered group of altered C-A-S-H with a low Ca/Si ratio also indicates partial Ca depletion. The Ca/Si ratio of the 
C-A-S-H phases after extensive carbonation is in the range of 0.38 – 0.75, where the limited availability of Ca during gel formation also 
restricts the agglomeration of C-A-S-H to fewer regions (fewer EDXS points were identified as C-A-S-H), as the available reactive system 
results in less interlayer Ca2+ ions, meaning weaker attractive forces [91]. A small group of points is observed with > 90 % Si, 
negligible Al and Ca indicate amorphous silica (also observed in Fig. S4, Supplementary Material), likely formed due to local almost 
complete decalcification. In contrast, a new dominant group, characterized by a high Ca/(Si+Al) ratio (above 2.7, up to 15.7), in
dicates the formation of CaCO₃ as a result of intensive carbonation. Consistent with the DTG peaks and XRD, those mainly correspond 
to calcite but also metastable carbonates (Fig. 7a).

The M1-CEC matrix cross-section (Fig. 9c) exhibits phase separation, where Ca-depleted phases appear darker compared to the 
more homogenous AAM matrix in M1-HHC (Fig. 9a). In backscattered electron detector with composition mode (BED-C), regions with 
lower atomic number elements (like Si and Al) appear darker, while Ca-rich phases (bright gray C-A-S-H, white CaCO₃) appear brighter 
[92]. However, it is important to note that the visual contrast in BED-C imaging is influenced not only by elemental composition but 
also by the average backscattering coefficient, which depends on the mean atomic number and, to some extent, also density. Thus, 
while variations in brightness can indicate differences in phase composition, they are only an indicator and not a definitive proof of 
elemental distribution, unlike the direct compositional data from systematic spatial EDXS analysis of the reacted matrix (Fig. 9b,d).

Partially carbonated AAM systems, such as M1-PCC aggregates, exhibit a minimal impact of post-curing carbonation, suggesting 
that the initial HCC curing phase enabled a C-A-S-H gel development, where after postponed carbonation degradation was not 
observed as final compressive strength was similar to M1-HCC (Fig. 5a,d).

3.4.3. Thermogravimetric analysis
The TG and derivative thermogravimetry (DTG, first derivate of the mass loss) curves of M1 AAM aggregates are presented in 

Fig. 10. In the 25–200◦C range (I), the mass loss is primarily associated with the release of free and weakly bound water [93]. The 
M1-HCC sample exhibited the most pronounced peak in this region (Fig. 9b), likely indicating the presence of hydrates, which aligns 
with its compressive strength and XRD pattern of C-A-S-H formation (Figs. 4a and 6a). Similarly, the M1-PCC sample displayed a high 
peak, suggesting no significant changes in hydrated phases despite 14 days of post-carbonation. In contrast, the M1-CEC sample 
showed a significantly reduced peak, indicating a lower degree of C-A-S-H formation and/or lower free water content. The TG curve, in 
Fig. 10a, indicates that samples M1-HHC and M1-CEC exhibit higher mass loss before 400◦C, which suggests the presence of C-(A)-S-H 
type reaction products [94].

In the M1-CEC sample, an additional significant peak appeared at approximately 130◦C (II), which is attributed to interlayered 
water from monohydrocalcite and nesquehonite [87], indicating the presence of less stable hydrated carbonates. The formation of 
nesquehonite suggests that, in addition to Ca²⁺, the presence of Mg²⁺ (as shown in Table 1 and Fig. 2, Mg from BFA) in an alkaline pH 
environment contributed to the carbonation process. Detecting these phases only in M1-CEC implies that the degree of Ca-depletion 
was high. Ca²⁺ is preferentially involved in carbonation, forming CaCO₃ polymorphs. However, as prolonged carbonation progresses, 
the Ca²⁺ availability decreases, and the system undergoes an equilibrium shift, allowing Mg²⁺ to participate in the formation of hy
drated magnesium carbonates, such as nesquehonite (MgCO₃⋅3H₂O).

The mass loss in the 400–625◦C range (III) is associated with the breakdown of metastable carbonate phases (aragonite in M1-CEC 
and M1-PCC, Fig. 7a) and also the further decomposition of a (partially) altered AAM matrix [95,96].

The 625–800◦C region (IV) corresponds to the decomposition of stable carbonates, primarily calcite. The M1-CEC sample exhibited 
the most pronounced peak, confirming prolonged carbonation, as also observed in the XRD patterns above. The M1-PCC sample 

Fig. 10. (a) TG curves and (b) DTG curves of the M1 alkali-activated aggregates.
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exhibited a weaker calcite peak, however, XRD and TG analysis confirmed the presence of metastable carbonates like aragonite and 
also some monohydrocalcite at lower temperatures. A minor peak in the 700–750◦C range, observed in the M1-AC sample, is attributed 
to the decomposition of residual anhydrite or lime [97], as also supported by the FTIR spectra in Fig. 7b.

In contrast to the assessment of CO2 sequestration in raw materials such as biomass wood ash [98], the broader and more complex 
mass loss observed with carbonated AAM aggregates within the 250–600◦C range includes an overlapping decomposition of C-A-S-H, 
partially Ca-depleted phases, and metastable carbonates. Due to this complexity, quantifying the carbonation potential using the 
conventional thermal weight loss method in the 600–700◦C range [99] was omitted, as it would not provide an accurate measure of 
CO₂ uptake.

3.4.4. Leaching of heavy metals
The raw BFA precursor exhibited low leaching concentrations of heavy metals (Table 5) such as As, Cr, Cu, Mn, Mo, Ni, and Pb, 

despite its highly alkaline pH of 12.65. However, the mobility of all measured heavy metals significantly increased upon alkali 
activation, except for Cu, which is known to remain relatively stable under highly alkaline conditions [100]. The high pH environment 
in AAMs can influence the mobilization of heavy metals, where oxyanion-forming elements (Cr, Mo) might particularly limit the use of 
waste in construction products. Mo and Cr have, e.g., exceeded regulatory limits set by national legislation on the permissible content 
of pollutants in the material in previous studies of industrial by-product valorization [101]. While regulations for the use of waste in 
construction differ or do not exist in some countries, the increased heavy metal leaching is a known issue with AAMs, particularly when 
using precursors with potentially hazardous trace elements [52,102]. The high pH of the alkali-activated environment leads to metal 
solubilization, increasing mobility and leaching potential.

The carbonation process in AAM aggregates produced from BFA played a crucial role in leaching mitigation through both physical 
and chemical immobilization mechanisms. The formation of CaCO₃ encapsulation around pores (Fig. 8) effectively reduced the 
exposed reactive surface area, even though the aggregates were crushed for the leaching tests. In real-world applications, these ag
gregates would be used in their intact form, i.e., leaching should be even lower, as the intact carbonate layer would limit exposure. 
Physical immobilization restricts the contact between the material and the leaching solution, thereby reducing metal release. Addi
tionally, the formation of calcium carbonates lowered the pH of the AAMs, as shown in Table 5, promoting chemical immobilization by 
reducing the solubility of certain heavy metals, particularly Cr.

This effect is evident when comparing M1-CEC to M1-HCC, where only the CO₂ exposure influences the differences in leaching 
behavior. Among the tested samples, M1-CEC (carbonated for 28 d) exhibited the lowest heavy metal leaching, confirming the effi
ciency of carbonation as a stabilization mechanism. The M1-PCC sample, post-carbonated for 14 d, showed a similar leaching miti
gation effect, demonstrating that even partial carbonation is effective in immobilizing heavy metals.

Besides the evident leaching mitigation mechanism by pH reduction and physical encapsulation, other effects of mineral 
carbonation could also be considered, such as the immobilisation of heavy metals by co-precipitation in carbonates [103]. In addition, 
some studies suggest that carbonation products such as silica gel can be considered as adsorbents for metals [104,105], where in the 
case of the M1-CEC sample some phases with > 90 % Si and negligible Al and Ca were formed (Fig. 9d, Fig. S4, Supplementary 
Material).

4. Conclusions

Lightweight alkali-activated aggregates with densities ranging below 1.6 g/cm3 and compressive strengths up to 1.1 MPa were 
produced from biomass fly ash (BFA) without secondary precursors. The pelletization process crucially affected the aggregate porosity; 
a two-step rotational speed approach achieved the higher pelletization efficiency while maintaining a porosity between 45–59 %. The 
initial low-speed phase facilitated nucleation, while the subsequently increased rotational speed prevented excessive compaction while 
preserving an open and porous structure. The highly porous nature of the aggregates provided a suitable medium for CO₂ diffusion, 
enabling rapid carbonation via interconnected pores.

The alkali activator content significantly influenced both the strength development and pelletization efficiency. Aggregates with an 
activator (M1, M2) exhibited higher strengths than those without it (M3), confirming that a Si:Al ratio of 1.9 promoted the formation of 
a well-developed C-A-S-H binding matrix. Despite a fixed w/s ratio, the alkali content in the activator solution enhanced the pellet
ization efficiency by improving the liquid bridge formation and initiating early-stage reactions.

The interaction between carbonation and alkali activation was crucial for achieving the mechanical properties and microstructure. 
Carbonation refined the pore structure through CaCO₃ mineralization but also impacted the C-A-S-H formation. Aggregates carbonated 
immediately after production (M1-CEC) experienced a Ca2+ depletion due to rapid carbonate formation, limiting the C-A-S-H 
development and reducing the compressive strength. With a prolonged carbonation for 28 days, the structural degradation became 
evident due to a partial C-A-S-H decalcification and an increased microporosity. The presence of Mg carbonates suggested a Mg 
incorporation in response to Ca depletion. In contrast, M1-PCC aggregates carbonated after 14 days exhibited a more stable structure, 
as the initial high-temperature curing (HHC) process allowed the C-A-S-H gel to develop before carbonation, mitigating adverse effects.

Despite the strength reduction observed in prolonged CO₂-cured aggregates, M1-CEC still outperformed ambient-cured (AC) ag
gregates, which exhibited the lowest compressive strength. Notably, the aggregates cured under heat and humidity (M1-HHC) and 
those subjected to postponed carbonation after 14 days of heat and humidity curing (M1-PCC) achieved compressive strengths 
exceeding 1 MPa, demonstrating a viable method for producing lightweight aggregates solely from BFA, without the need for sec
ondary precursors.

Microstructural analysis confirmed that carbonation promotes mineralization, forming an encapsulating layer that refines larger 
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pores. However, fully carbonated M1-CEC exhibited increased microporosity due to a reduced C-A-S-H matrix with phase separation 
and local decalcification. Multi-point EDXS analysis confirmed compositional shifts in fully carbonated samples, where, besides lower 
Ca/Si C-A-S-H, CaCO₃ carbonates and Ca-depleted phases emerged due to prolonged accelerated carbonation. TG analysis further 
revealed that prolonged carbonated M1-CEC contained hydrated carbonate phases, including nesquehonite, suggesting Mg²⁺ incor
poration as a result of Ca depletion.

Carbonation significantly reduced heavy metal leaching, primarily through CaCO₃ encapsulation and pH reduction. The M1-PCC 
sample demonstrated that even postponed carbonation after 14 days provided similar leaching mitigation as the fully carbonated 
sample M1-CEC, emphasizing that controlled carbonation can enhance the environmental performance while preserving the 
compressive strength.

Overall, the high porosity and interconnected pore structure make alkali-activated BFA aggregates particularly effective for CO₂ 
sequestration and lightweight applications. In addition to non-structural construction elements (e.g., lightweight concrete, panels, 
insulation layers), they also show potential for applications in horticulture, filtration media, and acoustic insulation. Additionally, the 
combination of alkali activation and carbonation offers a potential strategy for stable lightweight materials and reducing environ
mental impacts, where the complex interplay between alkali activation and carbonation requires optimization to maintain optimal 
mechanical performance, CO₂ storage potential, and leaching mitigation.
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