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Abstract

Large amounts of wood waste fly ash (WWFA) are generated in bioenergy plants, yet
their potential for reuse in construction materials remains underexplored. In this study,
artificial lightweight aggregates (ALWAs) were produced by cold-bonded granulation of
WWFA with hydrated lime, followed by carbonation curing (20 °C, 64% RH, 19% CO;). The
aggregates were evaluated according to EN 13055:2016 classification criteria, with testing
performed following the relevant European standards, including EN 1097-3 and EN 1097-6
for density and water absorption, EN 1097-11 for crushing resistance, and EN 1367-7 for
freeze—thaw resistance. All ALWAs met the lightweight aggregate classification, with bulk
densities of 1010.9-1060.0 kg/m?> and crushing resistances up to 2.74 N/mm?, exceeding
that of lightweight expanded clay aggregate (LECA) (1.26 N/mm?). XRD confirmed CaCO;
formation, SEM revealed binder- and w/m-dependent porosity and crystal morphology,
and freeze-thaw resistance indicated suitability for non-structural applications. These
results demonstrate that WWFA-based ALWAs are a sustainable alternative to natural
aggregates, combining waste valorization with competitive performance.

Keywords: artificial lightweight aggregate; wood waste fly ash; granulation; carbonization;
CO,

1. Introduction

During the combustion of biomass, particularly wood waste, two primary types of ash
are produced: wood waste fly ash (WWFA), which rises with flue gases, and wood waste
bottom ash, which accumulates at the base of the combustion chamber [1]. WWEFA consists
of fine, powdery particles that become airborne with flue gases and are subsequently
captured by filters; due to its high surface area and reactive mineral content, including
Ca0, SiO,, and K5O, it exhibits significant pozzolanic activity, making it suitable as a
binder in cementitious materials and artificial aggregates [2]. In contrast, bottom ash
comprises coarser, heavier fragments deposited at the base of the combustion chamber,
with lower reactivity, and is often used as an inert filler or coarse aggregate [3]. The relative
proportions of WWFA and bottom ash vary depending on the combustion technology and
operating conditions, with bottom ash frequently accounting for the majority of the ash
generated. The distinction between these ash types is critical, as the fine, reactive nature of
WWFA makes it more effective in supporting microstructural development and strength in
lightweight aggregates produced via cold-bonded granulation and carbonation curing [4].

Sustainability 2025, 17, 9804

https:/ /doi.org/10.3390/su17219804


https://doi.org/10.3390/su17219804
https://doi.org/10.3390/su17219804
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-7271-4043
https://doi.org/10.3390/su17219804
https://www.mdpi.com/article/10.3390/su17219804?type=check_update&version=2

Sustainability 2025, 17, 9804

20f21

In Lithuania, wood combustion processes generate approximately 19,800 tons of ash
waste annually. Despite this considerable volume, only a limited fraction is currently
utilized within the construction sector or for other beneficial applications. One promising
avenue for recycling this by-product is its use in the production of ALWAs. These aggregates
can be manufactured using various techniques, such as cold bonding, autoclaving, or
sintering [5]. Wood combustion primarily produces inorganic ash waste, which is often
either recovered for low-value uses or sent to landfills, with minimal amounts being
recycled [6]. However, rising energy demands continue to increase ash generation each
year, while the availability of designated ash disposal sites remains limited. Therefore,
reusing WWFA, either as a supplementary material in concrete or as a raw material in the
fabrication of ALWAs, offers both economic and environmental advantages by reducing
landfill pressure and conserving natural resources [7].

Globally, biomass combustion for energy and heat production generates a substantial
amount of ash, estimated at over 480-500 million tons per year, of which wood-derived
residues represent a significant portion. Europe and North America remain leading re-
gions in biomass energy utilization, while Asia, particularly China and India, has shown
the fastest growth due to the gradual replacement of coal-fired systems with renewable
alternatives [8,9]. Despite this, the majority of wood biomass ash is still landfilled or stored,
largely due to compositional variability and the absence of standardized reuse frameworks.
Recent reviews highlight that biomass ashes are rich in reactive oxides such as CaO, SiO,,
and KO, which can be effectively utilized in the production of construction materials,
alkali-activated binders, or lightweight aggregates, thereby contributing to global circular
economy targets and CO, reduction goals [10,11]. According to the International Energy
Agency (IEA) Bioenergy report, improved classification and valorization of these ashes
are essential to support sustainable waste management and carbon capture initiatives
worldwide [12]. The valorization of WWFA in this study, therefore, not only addresses local
Lithuanian waste management challenges but also aligns with the broader international
shift toward low-carbon material production and biomass resource efficiency.

As technological progress continues and global urbanization accelerates, the con-
struction sector experiences consistent growth. This expansion significantly increases the
demand for key natural resources such as sand, gravel, and crushed stone. However, the
overextraction of these materials has led to resource depletion, raising concerns about
long-term environmental sustainability [13].

One promising solution is the replacement of natural aggregates with ALWAs made
from industrial by-products, such as WWFA or wood bottom ash [14]. These recycled
materials offer a sustainable alternative while reducing the environmental impact associ-
ated with raw material extraction. The global aggregates market is projected to exceed
€500 billion by 2025. This growth is primarily driven by rising infrastructure investments
in developing regions, particularly in the Asia-Pacific, the Middle East, and Africa [15].
Additionally, increased residential, commercial, and industrial construction projects world-
wide are contributing to the expanding demand for aggregates. Nevertheless, the sector
still faces several challenges. These include fluctuating raw material prices, stricter environ-
mental regulations related to aggregate extraction, and potential disruptions in the supply
chain [16].

The use of waste in the production of ALWAs has a promising future due to the
growing interest and demand for recycling [15]. ALWAs made from waste have a positive
impact on the environment, people, and the construction industry. The advantages of using
waste materials can be summarized as follows: Firstly, the use of natural aggregates does
not waste natural resources and avoids harmful aggregate extraction activities. Aggregates
made from waste can be lighter than natural aggregates, resulting in lightweight concrete.
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In addition, greenhouse gas emissions are reduced by reducing the need for large quantities
of cement and the use of CO; gas for curing the aggregates by carbonization production, as
well as reducing transport costs and emissions due to the lower density of the resulting
material [17].

Many articles in the literature refer to the recycling of WWFA into building materials or
fertilizers. Despite this, around 70% of the wood ash produced is still landfilled, with only
20% used as soil additives and 10% for other purposes. Wood ash contains various macro-
and micro-nutrients as well as oxides, hydroxides, carbonates, and silicates that promote
plant growth and can therefore be used as a soil fertilizer [18]. One of the parameters
to be considered when using wood ash as a raw material is its chemical composition.
Ash characteristics depend on the biomass type, combustion method, and the location of
ash collection [19]. However, variability in composition poses challenges for consistent
application. Beneficial oxides in WWEFA, such as calcium oxide (CaO) and silica (SiO,), can
enhance concrete strength and durability through hydration, carbonation, and pozzolanic
reactions forming calcium silicate hydrate (C-S5-H) gel [20]. On the other hand, WWFA
may also contain components like potassium oxide (K,O), sodium oxide (Na,0O), and
phosphorus pentoxide (P,Os), which can trigger alkali-silica reactions (ASR) or retard
cement hydration, thereby reducing early strength [21].

Carbonation is a reaction between CO, and Ca(OH),, creating calcium carbonate,
indicating the process of carbonation of the aggregates according to Equation (1) [22].

Ca(OH)z(s) + COz(g) — CaC03(5) + HzO(l) (1)

This equation represents the carbonation of hydrated lime under ambient conditions,
where solid Ca(OH), reacts with gaseous CO; to form solid CaCOs3 and liquid water.

Although industrial by-products such as slag and conventional coal-derived fly ash
have been extensively explored in the production of ALWAs through carbonation-based
methods, the potential of biomass-derived ashes, particularly WWFA, remains largely
underexplored. Existing studies have demonstrated the effectiveness of fly ash in improving
the mechanical and durability properties of concrete and aggregates, yet comparable
investigations involving WWFA are still limited [23,24]. Given the growing volume of
wood combustion by-products and the urgent need for sustainable construction materials,
there is a clear research gap concerning the valorization of WWEFA in aggregate production.

In this study, the carbonization method was used to produce ALWAs from WWFA
in a CO; environment, and their mechanical and physical properties were investigated.
ALWAs are of particular interest due to the significant accumulation of incineration waste
in landfills. Their production not only facilitates waste reuse and recycling but also re-
duces greenhouse gas emissions through lower cement demand and CO;-based curing
technologies. Testing was conducted following the EN 13055:2016 standard for lightweight
aggregates [13], which provided the basis for evaluating the mechanical and physicochemi-
cal properties of the aggregates that were produced in various compositions.

2. Materials and Methods
2.1. Materials

The WWEFA used in this study was obtained from the UAB “Ekobazé” landfill, which
handles Lithuanian industrial waste. Before the production of ALWAs, the ash was sieved
using a fine mesh to remove foreign materials. Hydrated lime, which has good bonding
properties when carbonized, was used as a binder to produce the ALWAs. The selected
quantities of ash and lime were mixed and granulated gradually by adding water until the
mixture began to granulate into small spherical pellets of different sizes. These ALWAs
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were then stored at room temperature (20 °C and 60% RH) overnight before being placed
in a carbonization chamber, where they were cured for 24 h.

The reference material used was commercial LECAs with a predominant size range
of 4 to 16 mm, obtained from a building materials store. LECA was tested in parallel
with the produced WWFA-based ALWAs under identical conditions. Reported values
represent the mean £ SD of three repeated measurements. For compositional comparison,
Table 1 summarizes the typical oxide composition of LECA obtained from literature and
manufacturer data, which shows its high content of SiO; and Al,O3 compared with the
CaO-rich WWEFA. The compressive strength, bulk density, and water absorption of the
reference material were 1.26 N/mm?, 588.2 kg/m?* and 21.1%, respectively. The chemical
composition of the WWFA is given in Table 1. The total oxide content obtained by XRF
accounts for approximately 85 wt%, which is typical for biomass-derived ashes. The
remaining fraction is mainly attributed to carbon-containing compounds that are not
detected by the XRF method. This was confirmed by X-ray diffraction (XRD) using a
D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany), which identified calcite
(CaCO;3) as one of the crystalline phases. Therefore, the difference is explained by the
presence of carbonates and minor organic residues in the ash.

Table 1. Chemical composition of WWFA determined by X-ray Fluorescence (XRF) analysis.

Chemical Composition

CaO KO

Minor
503 Si02 MgO P205 A1203 Cl Fe203 TiOZ NaZO Chemical
Compounds *

WWFA (%)

37.8

12.9

114 9.4 4.6 3.9 1.8 1.7 1.4 - - 14

LECA (%)

3.5

3

- 61.2 29 - 17.8 - 7.1 1.1 1.4 2

* LOI represents unburnt carbon, residual carbonates, and bound water. Minor chemical elements (e.g., Na,O,
TiO,, MnO, ZnO, CuO, and others) were <0.1% each. Trace elements below 0.5 wt% were detected but not
included in the major chemical composition summary. LECA data compiled from manufacturer technical sheets
and previous analyses of sintered expanded clay aggregates [25,26].

The three different compositions of WWFA and binder (slaked lime, Ca(OH);) used in
this study were selected based on previous research findings and the optimization of the
binder-ash ratio (Table 2). In each case, the binder content was reduced by approximately
6.25% to produce three distinct mixtures, labeled A0.32 L, A0.30 L, and A0.28 L. These
compositions are defined by the ratio of WWEFA to Ca(OH),, where A0.32 L has the highest
binder content (32%), A0.30 L contains 30% binder, and A0.28 L has the lowest binder
content (28%). In addition, the water-to-mixture (w/m) ratio for each composition is 0.25,
0.38, and 0.35, respectively.

Table 2. Mixtures for the manufacture of ALWAs.

Composition

Wood
Waste
Ash (g)

Binder (g)

Ca(OH),

4/16 16/32 4/16 16/32 0/4 >32 0/4 >32
Water (g)  w/m Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction
(9] (:4) Yield (%)  Yield (%) (g (g Yield (%)  Yield (%)

*A0.32L

5000

1600

1650 0.25 1660.0 3812.9 25.15 57.77 74.1 1053.36 112 15.96

** A0.30 L

5000

1500

2470 0.38 2791.7 3446.5 42.95 53.02 37.4 224.25 0.58 3.45

*** A0.28 L

5000

1400

2240 0.35 41253 2258.4 64.46 35.29 8.2 7.68 0.13 0.12

* A0.32 L-Mixture with 32% binder (Ca(OH),) and 68% WWFA.; ** A0.30 L-Mixture with 30% binder and 70%
WWEA; *** A0.28 L-Mixture with 28% binder and 72% WWEFA. Water mass was excluded from calculations, as it
evaporates during granulation and curing. Reported masses and yields are based on post-carbonation, oven-dry
aggregates (105 °C, 24 h).

The binder content in these mixtures influences the properties of the aggregates, such
as strength, porosity, and workability. A0.32 L provides the highest binder proportion,
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which leads to a relatively dense aggregate structure, requiring less water for granulation.
In contrast, A0.30 L and A0.28 L, with reduced binder contents, require more water to
achieve similar granulation characteristics. This is evident in the granulation process, where
the water demand increases as the binder content decreases, affecting both the granule
formation and the final aggregate properties.

Furthermore, granulation of the compositions with varying WWFA and Ca(OH),
ratios revealed that the ratio significantly affects the water demand during granulation.
When the binder content is higher (as in A0.32 L), relatively less water is needed for
granulation. However, reducing the lime content (as in A0.30 L and A0.28 L) leads to an
increased requirement for water to produce aggregates of similar dimensions. This change
in water demand is crucial for controlling the quality and consistency of the ALWAs.

Since the 4/16 fraction of aggregates is more commonly used in construction, the focus
of this study is placed on analyzing this fraction, ensuring the results apply to practical
applications in the construction industry.

It should be noted that direct comparison of crushing resistance between WWFA-based
aggregates and LECA may not reflect their true structural performance, as these materials
differ significantly in bulk density. Therefore, the structural quality coefficient (SQI), defined
as the ratio of crushing resistance (f;) to bulk density (p_b), was introduced to evaluate
the mechanical efficiency of the aggregates. This approach allows for density-normalized
comparison.

2.2. Granulation Process

We clarified that size fractions were determined according to EN 933-1 [27], and that
all masses and yields were calculated on a post-carbonation, oven-dry basis (105 £ 5 °C,
24 h). The added water was not included in the mass balance, and a slight increase in total
mass is attributed to CO, uptake during carbonation. WWFA was combined with three
different binder compositions, corresponding to 30%, 32%, and 34% of the WWEFA mass
(Table 2). The granulator used in this study had a diameter of 1000 mm and a depth of
300 mm, operating at a fixed rotational speed of 25 rpm and an angle of 45°.

The WWFA and lime were mixed in a dry container before being transferred to the
granulator drum. Water was gradually added as the mixture rotated until nuclei began to
form. Due to differences in composition, each mixture required a slightly different amount
of water. The palletization process continued until granules of varying sizes were fully
formed. The resulting aggregates from all mixtures were collected and left to dry at ambient
room temperature for 24 h. This was followed by a curing process known as carbonation,
in which the pellets were placed in a carbonation chamber for another 24 h to harden under
controlled CO, exposure (20 °C, 64% RH, 19% CO; concentration). Figure 1 illustrates the
granulation and curing stages, including (a) granulation in the disk granulator, (b) ambient
drying, and (c) hardening in the carbonation chamber.

2.3. Hardening Conditions

The curing of the produced aggregates was performed in a specialized scientific car-
bonization chamber, as shown in Figure 2. The chamber had open shelves to ensure uniform
exposure and carbonization of all samples. The carbonization process was conducted under
controlled conditions: a temperature of 20 °C, 64% relative humidity, and a CO, concentra-
tion of 19%. All ALWAs remained in the chamber for 24 h. After carbonization, the samples
were removed and stored at room temperature until further testing and analysis.
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(b) (©

Figure 1. Granulation and Curing process: (a) Granulation in disk granulator, (b) Ambient curing,
and (c) Hardening in carbonation chamber.

Figure 2. Carbonization of aggregates in a special chamber.

2.4. Resistance to Crushing

A Toni Technik 2020 hydraulic press (Toni Technik Baustoffpriifsysteme GmbH, Berlin,
Germany) was used for the splitting resistance test, as shown in Figure 3. This test followed
the procedure defined in EN 1097-11 [28], which specifies the method for measuring
the resistance of lightweight aggregates to compressive loading. The term “resistance to
crushing” used throughout this manuscript corresponds to this standardized compressive
resistance test. The fragmentation resistance test described in EN 1097-2 [29] (Los Angeles
method) was not applied, as the produced cold-bonded aggregates were assessed primarily
for compressive-type failure behavior. The maximum force of the specimens was measured
after 2 days, and the specimens were placed in a steel test cylinder specially designed for
the specimens, which was pressed with a piston adapted to the cylinder. The ALWAs used
for the test were of the 4/16 fraction, and the crushing strength was calculated according to
Equation (2) for each specimen composition [13,28]:

L+F

" N/mmz; )

C=
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where C is the crushing resistance (N/ mm?), F is the maximum load (force) applied to
the aggregate specimen at failure, A is the loaded area of the piston (mm?), and L is the
applied load level corresponding to the peak force. The value of F corresponds to the
maximum compressive load recorded before visible particle fracture or a sharp load drop,
representing the failure point of the aggregate under compression.

.

Figure 3. (A) Hydraulic press, (B) pressing cylinder, (C) samples in the crushing cylinder, and
(D) crushed aggregates removed from cylinder.

2.5. Apparent Density, Specific Density, Bulk Density, Water Absorption, and Porosity

To produce ALWAs, they must meet the basic requirements of EN 13055:2016, that
the particle density does not exceed 2000 kg/m? or the bulk density does not exceed
1200 kg/m? [13]. Therefore, all produced compositions were weighed, and their particle
and bulk densities were calculated according to EN 1097-3 [30] and water absorption
according to EN 1097-6 [31] using Equations (3)—(5):

Particle density:
Mg

L 3)

where m, is the mass of the sample in air, in grams (g), 1y, is the mass of the sample in
water, in grams (g), and py, is the density of water at the test temperature, in megagrams
per cubic meter (Mg/m3).

Bulk density:

oy = = @

where pj, is bulk density, in megagrams per cubic meter (Mg/m?3), m, is the measuring
vessel and the sample, in kilograms (kg), 711 is the mass of the empty measuring vessel, in
kilograms (kg), and V is the volume of the measuring vessel, in liters (L).

Specific density:

(m —m1) X puw

m—my + my — ms3

pd = @)

where m is the mass of the pycnometer with powder, in grams (g), m; is the mass of the
empty pycnometer, in grams (g), 7, is the mass of the pycnometer with distilled water, in
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grams (g), m3 is the mass of the pycnometer with distilled water and powder, in grams (g),
and py, is the density of water depending on air temperature, in kilograms per cubic meter

(kg/m?).
Porosity:
Porosity is calculated according to the European standard EN 1097-3 [30] as in
Equation (6).
P—<1—Pb>><100 ©)
pd

where P is the porosity of the sample in percent (%), py, is the particle density of the sample,
pg4 is the specific density of the sample.

Water absorption:

Water absorption (WA) was calculated using Equation (7):

Wet weight — Dry weight
Dry weight

WA = 100 (7)
where the mass of wet aggregates is the mass of aggregates soaked in water after 24 h, and
the mass of dry aggregates is the mass of aggregates dried in an oven at 105 °C for 24 h.

All experimental measurements (particle density, bulk density, water absorption,
crushing resistance, and freeze-thaw mass loss) were performed in triplicate (n = 3). The
reported results are expressed as mean =+ standard deviation (SD), and the corresponding
error bars represent these SD values.

2.6. Chemical Analysis

XRD and X-ray fluorescence (XRF) using a fluorescence spectrometer S8 Tiger (Bruker
AXS, Karlsruhe, Germany), both techniques were used to analyze the chemical properties
of the samples. These methods were used to assess the chemical composition of all ALWAs
produced, identifying the predominant chemical elements and compounds present. XRD
analysis was used to determine the mineral phases that formed either during wood com-
bustion or the aggregate production process. It also helped evaluate the effectiveness of the
carbonization process by identifying the presence of stable carbonate phases. The XRF tech-
nique was applied to detect the elemental and oxide composition of the WWFA, identifying
components that may be either beneficial or negative in construction applications.

The results of XRF shown in Table 1 revealed that the primary component of the
WWEFA is calcium oxide (CaO), which enhances the carbonization activity and contributes
significantly to the strength development of the aggregates. The ash also contained notable
amounts of SO3, K,O, and SiO;, elements known to improve both the chemical stability
and mechanical performance of cementitious materials.

XRD analysis of WWFA, illustrated in Figure 4, confirmed the presence of well-defined
crystalline phases, including calcite (CaCOj3) at approximately 30° 26 and quartz (5iO,)
at approximately 27° 20. The strong diffraction peaks corresponding to calcite indicate
successful carbonation of the aggregates. The detection of quartz reflects the persistence
of siliceous phases in the ash. Additionally, weak diffraction peaks corresponding to
Portlandite (Ca(OH),) were identified, which likely originate from hydration of free lime
(CaO) during post-combustion cooling and storage, rather than from primary formation in
the combustion process. Such secondary portlandite formation is commonly observed in
biomass fly ashes rich in calcium oxides and exposed to ambient humidity [2,18]. Overall,
the XRD data suggest that the carbonation process is highly effective in transforming the
WWPEFA'’s mineral phases, contributing to improved mechanical strength and stability of the
final ALWAs.
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Figure 4. XRD pattern of the raw WWEFA, showing predominant crystalline phases of calcite (CaCO3)
and quartz (S5iO,), along with minor portlandite (Ca(OH),) reflections.

Scanning Electron Microscopy (SEM) analysis was performed using a ZEISS EVO
MAT10 microscope (Carl Zeiss AG, Oberkochen, Germany). SEM methodology was em-
ployed to analyze the microstructure of the ALWAs produced from WWEFA. This method
provided high-resolution visualization of the physical characteristics of the aggregates at
the microscale, essential for evaluating their structural quality and potential behavior in
concrete. Images were captured to observe surface morphology, particle bonding, pore
structure, and microcracks.

2.7. pH Level Determination

pH adjustment after carbonization is an important consideration when using aggre-
gates in building materials. For this test, aggregates from each formulation were ground
into a fine powder and mixed with distilled water in a flask. After allowing the ash particles
to settle, the pH level of the solution was measured [2].

Based on pH values and the calcium-to-sulfur ratio, fly ash can be classified into
three categories:
e  Acidic ash (pH 1.2-7).
e  Mildly alkaline ash (pH 8-9).
e  Strongly alkaline ash (pH 11-13).

This classification helps assess the potential reactivity and suitability of the ash for use
in various construction applications. Additionally, the pH level can be used to assess the
effectiveness of carbonation in the aggregate, i.e., to determine whether the binder has fully

carbonated.

2.8. Freezing and Thawing Resistance of Lightweight Aggregates

The freeze-thaw resistance of ALWAs is crucial for the resistance of the final product
(concrete) to environmental influences, and more specifically to cyclic freezing and thawing.
The porosity, moisture content, and presence of air-retentive materials in the aggregates are
among the main criteria for resistance to freezing and thawing.

In this study, the refrigeration and defrosting test was carried out in accordance with
the European Standard EN 1367-7 [32]. The prepared compositions with comparative Leca
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were placed in specially prepared metal containers containing 0.5 L or 1 L of samples
according to the granulometric composition. The samples were then immersed in water at
atmospheric pressure and subjected to 20 cycles of cooling and thawing. The samples were
first cooled to —17.5 °C in air and then thawed in a water bath to about 20 °C. When all
cycles were completed, the mass loss was calculated according to Equation (8) [32].

FL; = [(My — Mp)/M;] x 100 8)

where FL; is the percentage loss in mass of the test specimen, Mj is the initial dry mass of
the test specimen before freeze-thaw cycling in grams (g), and M is the final dry mass
of the test specimen after freeze—thaw cycling that is retained on the specified sieve, in

grams (g).

2.9. Statistical Analysis

All experimental results were based on triplicate tests (n = 3) and are expressed
as mean =+ standard deviation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA) to determine significant differences among mixtures (A0.32 L,
A0.30L, A0.28 L) and between each ALWA and the commercial LECA reference. Differences
were considered statistically significant when p < 0.05.

3. Results and Discussion
3.1. Results for Particle Density, Bulk Density, and Water Absorption

The particle and bulk density results of the produced ALWAs confirm their clas-
sification as lightweight aggregates according to the relevant standards (Figure 5). As
shown in Figure 5, all samples exhibited bulk densities below 1200 kg/m?, specifically
ranging from 1010.9 to 1060.0 kg/m3, indicating their suitability for use in lightweight
construction materials.

3000 2720.8

2619.1 2748.1
2500
1969.0
2000
. 1551.1 1584.8 1574.1
£ 1500
[eY0]
M 010. 017. 060.
1000 556.1
- 588.
500 ' '
0
A0.32L A0.30L A0.28L LECA

M Particle density ~ ® Bulk density =~ M Specific density

Figure 5. Comparison of particle density, bulk density, and specific density of ALWAs and LECA
(mean =+ SD, n = 3). Error bars represent + standard deviation of three replicate measurements.

The apparent particle densities of the aggregates also remained well below the
2000.0 kg/m? threshold, with values between 1551.1 kg/m3 and 1584.8 kg/m3 for the
ash-based samples. For comparison, the LECA showed significantly lower particle
(556.0 kg/m3) and bulk (588.2 kg/m?) densities, as expected due to its highly
porous structure.
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Interestingly, the specific density values for the ALWAs ranged from 2619.1 kg/m?3 to
2720.8 kg/m?>, while LECA showed a much lower specific density of 1969.0 kg/m?3. This
indicates that although LECA is lighter overall, the denser matrix of the ash-based samples
may offer mechanical benefits depending on the application. The observed trend suggests
that increasing binder Ca(OHj) content correlates with reduced density values, likely due
to the influence of ash on pore formation during granulation. This porous internal structure
contributes to the lower density of the aggregates, which is advantageous for reducing the
structural load in construction. These results align well with previous studies. For example,
Dong et al. [33] reported bulk densities of 1043-1080 kg/m? for ALWAs made from fly ash
and a blended sodium silicate/hydroxide solution. Similarly, Chi et al. [25] observed bulk
densities ranging from 850 to 970 kg/m3 in cold-bonded aggregates containing cement
binders. Thus, the bulk densities achieved in this study are comparable to those in other
established research, further supporting the potential application of these wood ash-based
aggregates in lightweight concrete production.

Water absorption is a key indicator of the porosity and durability of lightweight aggre-
gates. As shown in Figure 6, all experimental samples exhibited higher water absorption
values compared to commercial LECA, which recorded a value of 21.1%. Among the
produced aggregates, sample A0.28 L showed the highest absorption at 25.1%, indicating a
more porous internal structure. A0.32 L and A0.30 L had similar absorption values of 23.5%
and 23.6%, respectively. These results suggest that while the developed aggregates are
slightly more porous, they still meet performance expectations for applications where mod-
erate absorption is acceptable. Further optimization of the mix design or curing conditions
could reduce porosity and improve water resistance. Shen et al. utilized waste concrete
powder as the primary raw material to manufacture artificial aggregates, with recycled
concrete powder content ranging from 70% to 90%. The results indicate that the aggregate
has water absorption rates between 6.3% and 26% [34].
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Figure 6. Water absorption (%) of ALWAs compared to LECA (mean & SD, n = 3). Error bars represent
=+ standard deviation of three replicate measurements.

The chemical composition of the WWFA and the binder strongly affects the water
absorption behavior of the produced aggregates. During carbonation, Ca(OH), reacts with
CO; to form CaCOs, which densifies the microstructure and reduces the open porosity.
Consequently, the lime content and the water-to-mixture ratio play a major role in deter-
mining the final pore structure and, therefore, the absorption capacity of the aggregates.
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In contrast, the intrinsic microstructure of WWEFA particles, developed during wood com-
bustion, primarily defines the initial texture of the granules before carbonation. The final
water absorption is mainly governed by the extent of lime carbonation and the proportion
of WWEFA in the mixture, both of which influence the balance between compact carbonate
phases and residual porous regions.

3.2. pH Levels Determination

Determining the pH of fly ash aggregates is essential for assessing their chemical reac-
tivity, compatibility with cementitious systems, and overall durability [10]. Additionally,
pH plays a critical role in evaluating the environmental safety of fly ash use, as it influences
the leaching behavior of potentially hazardous elements [35]. Therefore, pH measurement
serves as a key parameter in both quality control and performance prediction [5]. Results
of manufactured aggregates and WWEFA itself are shown in Table 3.

Table 3. pH levels, results, and porosity of samples of carbonized aggregates.

Composition pH Level Porosity, %
WWFA 12.21 -
A0.32L 11.66 40.77
A0.30 L 12.09 41.75
A0.28 L 10.42 41.88

LECA 9.70 71.76

The pH levels of the raw WWFA and the manufactured aggregates are presented
in Table 3. Among the tested materials, WWFA exhibited the highest pH value (12.21),
followed closely by A0.28 L (12.09). The pH levels of A0.32 L and A0.30 L were 11.66 and
10.42, respectively. In comparison, the LECA sample showed a lower pH of 9.70, indicating
a less alkaline nature. These results are consistent with findings in the literature. These high
pH values are consistent with other studies on wood ash and biomass ashes: for example, a
study by Ercan et al. reported that wood ash typically has pH values in the range of 9-13.5,
owing to its content of hydroxides, carbonates, and free lime [11]. Another recent review by
Martinez-Garcia et al. similarly noted that ashes from wood combustion are highly alkaline,
that is, in the same high pH range, reinforcing that WWFA behaves in line with typical
biomass ash chemistry [36]. Together, these studies support our findings, suggesting that
the WWFA and some manufactured aggregates in our study do reach high alkalinity levels
that are relevant for assessing both their performance (via binder carbonation, delayed
hydration) and environmental safety.

The combined XRD patterns of the A0.32 L, A0.30 L, and A0.28 L compositions of
ALWA are presented in Figure 7. All mixtures show predominant crystalline phases of
calcite (CaCOs3) and quartz (5iO,).

Additional XRD analysis of the raw WWFA confirmed the presence of calcium silicates
(Cay5i0y4, CaSiO3) and potassium sulfate (K,SOy), indicating that these phases were already
present in the ash before granulation. Therefore, their detection in the carbonated aggre-
gates originates from the precursor material rather than from secondary reactions during
curing [37]. The short carbonation curing duration (24 h) likely limited the formation of
calcium hydrosilicates, which typically develop under longer hydration conditions. In
addition, organic impurities present in WWFA may have further delayed or inhibited the
hydration of calcium silicate phases.

Increasing the binder (Ca(OH);) content enhanced the intensity of calcite peaks (no-
tably near 29.4° 20), confirming more extensive carbonation in the A0.32 L mixture. In
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contrast, the lower-binder formulations (A0.30 L, A0.28 L) exhibited relatively reduced
calcite intensities but stable quartz peaks, reflecting the inert nature of siliceous components.
The combined presentation enables clearer comparison of these relative phase evolutions
across compositions. These results demonstrate that variations in lime content influence
the extent of carbonation and the balance between crystalline and amorphous phases in the
produced ALWAs.
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Figure 7. Combined XRD patterns of ALWA compositions: A0.32 L (No. 1), A0.30 L (No. 2), A0.28 L
(No. 3). The diffractograms illustrate the relative intensities of calcite (CaCO3), quartz (SiO,), and
secondary calcium hydrosilicate (C-S-H-type) phases that formed during carbonation.
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The relatively high K;O content (12.9%) in the WWEFA primarily corresponds to the
presence of potassium sulfate (K;5O;), as confirmed by XRD. Although elevated potassium
levels may promote alkali-silica reactions or accelerate setting in cementitious systems,
in this study, no pre-treatment or removal of K,O was carried out in order to evaluate
the ash in its as-received, industrially relevant form. Despite the presence of sulfates,
the produced aggregates exhibited stable alkaline pH values (10.4-12.2), indicating good
chemical stability and environmental safety. From a practical standpoint, neutralizing or
removing the K;SO4 component would be economically inefficient and unnecessary for
this application.

3.3. Resistance to Crushing of Aggregates

The mechanical performance of the produced aggregates was evaluated in terms
of both their crushing resistance and corresponding structural quality coefficient (SQI),
defined as the ratio of crushing resistance (f;) to bulk density (p_b). This normalization
accounts for density differences between WWFA-based ALWAs and LECA, providing a
more accurate comparison of strength-to-weight efficiency. The crushing resistance values
and calculated SQI are summarized in Table 4 and illustrated in Figure 8. Statistical analysis
confirmed that the differences in crushing resistance among ALWA compositions were
significant (p < 0.05), with A0.28 L showing the highest strength-to-weight efficiency. All
WWPFA-based aggregates also differed significantly from LECA (p < 0.001).

Table 4. Structural quality coefficient (SQI = strength/bulk density) of ALWAs and LECA.

Composition Crushing Resistance (N/mm?)  Bulk Density (kg/m®)  SQI (x10-3 N-mm~2-m3.kg~1)
A0.32L 241 1010.9 2.38
A0.30L 1.90 1017.2 1.87
A0.28 L 2.74 1060.0 2.58
LECA 1.26 588.2 2.14

The SQI reflects the strength-to-weight efficiency of the aggregates; higher values indicate better
structural performance.
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Figure 8. Crushing resistance of ALWAs and LECA (mean + SD, n = 3). Error bars represent + standard
deviation of three replicate measurements.
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The results (Table 4) show that all tested samples demonstrated higher absolute crush-
ing resistance compared to LECA; however, due to their higher bulk densities, a direct
comparison can be misleading. When expressed through the structural quality coefficient,
A0.28 L achieved the highest SQI value (2.58 x 1073), confirming its superior strength-to-
weight performance. The comparable SQI of LECA (2.14 x 10~3) reflects its low density
despite lower strength, highlighting the usefulness of this normalized metric. Among
the tested formulations, A0.28 L demonstrated the highest resistance (2.74 N/mm?), indi-
cating a stronger internal structure, likely due to optimal binder interaction and reduced
porosity. A0.32 L and A0.30 L followed with values of 2.41 and 1.90 N/mm?, respec-
tively. These findings confirm that wood ash-based lightweight aggregates can achieve
superior mechanical strength compared to conventional lightweight materials, enhancing
their potential for structural applications. One of the key factors contributing to this per-
formance is the carbonation curing process. After granulation, aggregates were initially
brittle and could be crushed by hand. However, once cured in the carbonation chamber,
the reaction between hydrated lime (Ca(OH);) and CO, gas formed calcium carbonate
(CaCO;3), which filled pores, bonded the ash particles, and hardened the surface. This
chemical process is described by Equation (8) and has been shown to significantly enhance
compressive strength.

Similar improvements were observed by Lin et al. [26], who reported that incorpo-
rating wood biomass ash into cold-bonded fly ash aggregates enhanced their strength
due to pore refinement and improved binder—ash interaction. Viola et al. [38] also con-
firmed that carbonation of wood ash significantly increased mechanical performance, with
CaCOj; precipitation densifying the microstructure, consistent with the enhanced resis-
tance after carbonation curing. Moreover, Tripathi et al. [39] demonstrated that partial
replacement of cement with hardwood biomass ash, combined with carbonation, yielded
compressive strengths comparable to reference concretes, highlighting the potential of
wood ash to provide structural performance without compromising durability. These
parallels indicate that the superior resistance to crushing achieved in the current work
is largely attributable to the synergistic effects of lime addition and carbonation, which
are in agreement with broader findings on wood ash utilization in construction materials.
These findings align with previous research using WWEFA for lightweight aggregate produc-
tion [4,12,14], where carbonation curing and optimized binder ratios significantly improved
mechanical efficiency.

3.4. Resistance to Freezing and Thawing

One of the critical parameters for evaluating the durability of ALWA is its perfor-
mance under freeze-thaw conditions. Figure 9 presents the mass loss (%) of different
aggregate samples—A0.32 L, A0.30 L, A0.28 L, and LECA-after 20 repeated freezing and
thawing cycles. The variation in freeze-thaw mass loss among the ALWA compositions
was statistically significant (p < 0.05), confirming the superior durability of A0.28 L com-
pared with A0.30 L and A0.32 L. The results show that A0.28 L had the best freeze-thaw
performance among the experimental samples, with a mass loss of 6.19%, followed by
A0.32 L at 7.13%. The A0.30 L sample exhibited the highest deterioration, with a mass loss
of 9.46%, indicating reduced durability. In contrast, the reference LECA sample demon-
strated superior resistance to freeze-thaw cycling, showing a negligible mass loss of only
0.70%. Although the LECA performed significantly better, the ALWAs produced from
WWEFA still maintained moderate resistance, making them suitable for non-structural or
moderately exposed environments. In addition to physical durability, the chemical stability
of the carbonated aggregates was evaluated qualitatively. The WWEFA used contained low
concentrations of chlorine (1.7 wt%) and trace heavy metals (Pb, Zn, Cu, Cr < 0.1 wt%),
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consistent with previous analyses of biomass ashes. During carbonation, these ions are
effectively immobilized by the formation of insoluble carbonates and encapsulation within
the CaCOgz-rich binder matrix. Similar stabilization effects were reported by Tesovnik et al.
and Viola et al. [23,38], confirming the ability of carbonation to reduce metal leachability.
No visible efflorescence or mass loss associated with salt migration was observed, indicat-
ing good retention of soluble species. Thus, while LECA is chemically inert due to sintering,
the WWFA-based ALWAs can be considered environmentally safe for non-structural ap-
plications, with limited risk of contaminant release. These results suggest that durability
could be further enhanced through optimization of binder content, curing methods, or
aggregate fraction size.
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Figure 9. Freeze—thaw mass loss of ALWAs and LECA (mean + SD, n = 3). Error bars represent +
standard deviation of three replicate measurements.

3.5. Microstructure of the Granules

Figure 10 presents SEM images of ALWAs produced with different water-to-mixture
(w/m) ratios and a constant amount of WWFA, alongside commercial expanded clay aggre-
gate (LECA) for comparison. Image A (A0.32 L, w/m = 0.25) shows a dense microstructure
with limited pores, resulting from low w/m and high binder content. Image B (A0.30 L,
w/m = 0.38) reveals higher porosity with visible voids and microcracks, while Image C
(A0.28 L, w/m = 0.35) displays the most pronounced porosity due to the lowest binder
dosage. Image D (LECA) shows a highly porous structure with large spherical voids typical
of sintered aggregates. Overall, ALWAs exhibited finer pore structures than LECA, with
porosity largely governed by the w/m ratio and binder content.

Figure 11 shows SEM micrographs of ALWAs, illustrating detailed surface morpholo-
gies and evidence of calcium carbonate (CaCOs3) crystal formation. In sample A0.32 L
(Figure 11A), the dense microstructure with limited pores shows localized CaCOs3 deposits,
indicating that the high binder content (1600 g Ca(OH),) promoted effective carbonation
and pore filling. The A0.30 L sample (Figure 11B) exhibited a more porous and uneven
surface, with scattered carbonate crystals, aligning with decreased binder efficiency due to
a higher w/m ratio (0.38). In A0.28 L (Figure 11C), distinct needle-like CaCOj crystals were
visible within the matrix, indicating precipitation inside voids and on unreacted ash sur-
faces; however, the lower binder amount (1400 g Ca(OH),) limited overall densification. In
contrast, the reference LECA sample (Figure 11D) showed a smooth, sintered surface with
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spherical pores and little evidence of carbonate precipitation, emphasizing the differences
between sintered and cold-bonded aggregates.

These observations confirm that carbonation curing effectively induced CaCOj crys-
tallization within ALWA matrices, improving particle bonding and potentially contributing
to the higher crushing resistance reported in Figure 8. The distribution and morphology
of crystals were strongly influenced by the water-to-binder ratio and binder dosage, with
denser structures forming at low w/m ratios and higher lime contents.

WD=90mm Mag= 1.00KX

Figure 10. SEM micrographs of ALWAs with different compositions, illustrating variations in pore
structure. (A) A0.32 L (w/m = 0.25, 1600 g Ca(OH),) shows a dense microstructure with limited
pores; (B) A0.30 L (w/m = 0.38, 1500 g Ca(OH),) exhibits increased porosity and visible microcracks;
(C) A0.28 L (w/m = 0.35, 1400 g Ca(OH);) shows pronounced voids; (D) Commercial expanded
clay aggregate (LECA). Red arrows indicate pores. Magnifications: 1000 x. The asterisk (*) indicates
that the scale bars (10 um or 20 um) were automatically generated by the SEM software (Zeiss NTS
system) and represent the true magnification for each image.

The SEM results (Figures 10 and 11) show that carbonation and binder content strongly
influence ALWA microstructure. Low w/m mixtures (A0.32 L) developed denser, more
cohesive surfaces with CaCOj crystals filling pores, while higher w/m ratios (A0.30 L,
A0.28 L) exhibited more open structures with scattered or needle-like carbonate deposits.
This densification through carbonation explains the higher crushing resistance of ALWAs
compared to LECA. Similar effects were reported by Morandeau et al. [40] in OPC—ly
ash systems. Tesovnik et al. [23] also observed improved stability in biomass fly ash
aggregates after carbonation, while Lin et al. [26] and Tripathi et al. [39] confirmed that
wood/biomass ash aggregates benefit from CaCOj3 precipitation, achieving enhanced
strength and durability. Together, these findings support that carbonation-induced calcite
formation is the key mechanism for improving WWA-based aggregate.
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Figure 11. SEM micrographs of ALWAs at higher magnification (5000x), highlighting surface
morphology and carbonate crystal formation. (A) A0.32 L (w/m = 0.25) shows dense surfaces with
localized CaCOj crystal deposits; (B) A0.30 L (w/m = 0.38) reveals a porous structure with scattered
crystal formation; (C) A0.28 L (w/m = 0.35) displays needle-like CaCOj3 crystals embedded within the
matrix; (D) commercial LECA shows a smooth sintered surface with minimal evidence of carbonate
crystallization and with large spherical pores. Arrows indicate key microstructural features, including
carbonate deposits. Magnification: 5000x. The asterisk (*) indicates that the scale bars (2 um or
3 um) were automatically generated by the SEM software (Zeiss NTS system) and represent the true
magnification for each image.

3.6. Preliminary Cost Consideration

From an economic perspective, the use of WWEFA aligns with the principles of the
European Union’s Circular Economy strategy, which prioritizes waste valorization and
recycling over disposal. At present, WWEFA is an industrial by-product with no commercial
value, typically stored or landfilled. Therefore, WWFA waste is currently free of charge. It
is expected that, with wider implementation of waste recycling policies, ash producers may
even compensate end users for utilizing this residue. This work focuses on demonstrating
the technical feasibility of WWEFA valorization. A detailed cost analysis will be conducted
in future studies once the process is optimized for pilot-scale production.

4. Conclusions

This study confirms the potential of utilizing WWEFA and hydrated lime to produce
ALWAs through cold-bonded granulation and carbonation curing. The granulation process
proved effective in forming spherical aggregates, with performance influenced by material
properties and granulator settings. All produced ALWAs satisfied the EN 13055:2016
classification criteria for lightweight aggregates, with bulk densities ranging from
1010.9 to 1060.0 kg/m? and particle densities between 1551.1 and 1584.8 kg/m3. The
WWFA-to-binder ratio significantly influenced granulation yield: the 0.28 ratio produced
up to 2.5 times more 4/16 fraction compared to the 0.32 ratio, underlining its importance
in determining aggregate production efficiency. Although the water absorption values
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(23.5-25.1%) were slightly higher than those of LECAs (21.1%), they remained within
acceptable limits for lightweight applications. Mechanical testing revealed that the A0.28 L
formulation achieved the highest crushing resistance (2.74 N/mm?), exceeding the perfor-
mance of LECAs and demonstrating the structural viability of WWFA-based aggregates.
XRD analysis confirmed calcite formation (CaCOj3) through carbonation, while XRF veri-
fied the presence of CaO in WWFA, which enhances additional carbonative activity. The
measured pH levels (10.42-12.09) indicated suitable chemical stability. Freeze-thaw testing
showed mass loss values between 5.50% and 9.46%, indicating moderate resistance and
suitability for non-structural or moderately exposed applications. In addition, SEM analysis
revealed microstructural differences among the aggregate formulations, depending on
their composition. SEM analysis confirmed that binder content and carbonation strongly
influenced ALWA microstructure. Low w/m mixtures (A0.32 L) produced compact, dense
matrices, while higher w/m ratios (A0.30 L, A0.28 L) showed more porous, fragmented
textures with voids and unreacted ash. Compared to LECAs, all ALWAs exhibited finer
pore structures, demonstrating the effect of mixture design on porosity. At higher mag-
nification, CaCOj3 was visible as dense deposits in A0.32 L, scattered crystals in A0.30 L,
and needle-like precipitates in A0.28 L, confirming effective carbonation. These features
explain the higher crushing resistance of ALWAs and highlight their potential as sustainable
alternatives to conventional lightweight materials. The results of this study demonstrated
that WWEFA can be used to produce ALWAs through green technology based on carbon-
ation with absorbed CO, gases. Furthermore, the low concentrations of chlorine and
heavy metals in the WWFA were effectively stabilized during carbonation, suggesting that
the produced aggregates are environmentally safe alternatives to LECAs for lightweight,
non-structural applications.
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