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A B S T R A C T

This research investigated the use of wood biomass fly ash (WBFA) as a key component in developing low-carbon 
cementitious materials. WBFA was first subjected to water pretreatment and grinding to remove metallic 
aluminum and free lime, reducing expansion and cracking risks. Characterization of WBFA showed its high 
calcium and alkali-bearing phases but limited aluminosilicates. Dissolution test showed WBFA had strong 
alkalinity, suggesting its role as an activator for aluminosilicate-bearing minerals. A novel cement- and chemical- 
free binary binder was developed using 50 % treated WBFA and 50 % blast furnace slag (BFS). Paste with a 
water-to-binder ratio of 0.4 achieved 40 MPa compressive strength at 60 days. The use of superplasticizer 
significantly improved flowability, allowing the water-to-binder ratio to be reduced to 0.25, which resulted in 
compressive strength up to 58 MPa at 60 days. Calcium aluminate silicate hydrates (C-A-S-H) gels and ettringite 
were identified as the main reaction products in the pastes.

1. Introduction

The cement industry is estimated to account for about 8 % of global 
CO2 emissions, mainly as the result of the high-temperature clinkering 
process, which involves fuel burning and the decomposition of lime
stone (Andrew, 2019). The use of Portland cement significantly con
tributes to the carbon footprint of the construction industry. To mitigate 
carbon emissions, it is essential to reduce the use of cement clinker. 
Thus, prevailing methodologies nowadays are either to use supple
mentary cementitious materials (SCMs) to partially substitute cement 
clinker, or to develop alternative binders, for instance, alkali-activated 
materials (AAMs). It is worth noting that the raw materials used as 
SCMs and in AAMs are primarily derived from industrial by-products, 
significantly advancing the development of sustainable cementitious 
materials.

Although a wide range of industrial by-products has been investi
gated as SCMs or developing AAMs (Ali et al., 2020; Kim et al., 2018; 
Jiang et al., 2022; Thapa et al., 2019), coal fly ash (CFA), a primary 
by-product in the coal-fired electricity industry, remains to be one of the 
most widely used raw material as of now (Yu, 2015; Bentz et al., 2011; 
Papadakis, 1999; Yan et al., 2024). The standardized quality controls of 

CFA have resulted in its commercialization as an important raw material 
in the construction industry. Besides its reduced environmental burden, 
CFA can also significantly contribute to the performance of cementitious 
materials in terms of workability, long-term mechanical properties, and 
durability (Yu, 2015; Chindaprasirt et al., 2004; Bouzoubaâ and 
Lachemi, 2001; Li and Wu, 2005). Nevertheless, owing to the transitions 
of the energy industry from fossil fuels to renewable energy sources, 
coal-fired electricity plants are scheduled to be shut down in the coming 
years. The coal phase-out action initiated in European countries urges 
the closure of coal-fired electricity plants by 2030 (Europe Beyond Coal, 
2021). Consequently, this has led to a shortage in the supply of CFA in 
the construction industry. The demand for sustainable cementitious 
materials necessitates additional sources of raw materials.

Bioenergy, particularly electricity generation from wood biomass 
combustion, is considered a carbon-neutral source and has been widely 
accepted by the energy industry (Hektor et al., 2016). Wood bioenergy is 
nowadays gradually replacing coal-fired electricity plants, showing its 
prospective development. Similar to CFA, WBFA is the primary 
by-product produced during the combustion of wood biomass. In 2022, 
fuel wood consumption in the European Union has reached about 0.72 
billion cubic meters (Supply of biomass). Given the ongoing expansion 
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of wood biomass energy, massive WBFA can be anticipated in the 
coming years. However, unlike CFA which has been widely accepted in 
the construction industry, WBFA is currently excluded for cementitious 
materials according to EN 450–1 (EN 450, 2012). For now, most of 
WBFA is directly landfilled, leading to a significant financial burden for 
the energy industry and posing risks for secondary pollution. Therefore, 
it is of great interest to investigate the feasibility of integrating WBFA 
into construction practices.

Some research on WBFA has been initiated in recent years. The 
primary method of WBFA reuse in the construction industry is direct 
cement replacement, following the approach of conventional SCMs. 
Through the evaluation of the pozzolanic reactivity, it was found that 
WBFA presents a less compelling reactivity than conventional SCMs, 
such as CFA and BFS (Berra et al., 2015; Vu et al., 2019; Teixeira et al., 
2019, 2022; Demis et al., 2014). Therefore, the reuse of WBFA is limited. 
For instance, Rumman et al. (2023) reported that the incorporation of 
15, 30, and 45 % of WBFA led to a significant reduction in the 28-day 
compressive strength by 21, 62, and 71 %, respectively. In another 
work, only a cement replacement ratio of 5–10 % by WBFA was rec
ommended to ensure cement maintains acceptable long-term strength 
(Carević et al., 2020). In addition, previous studies on the evaluation of 
the reactivity of WBFA mainly adopted methods for conventional SCMs 
such as the Chapelle test (Teixeira et al., 2022) and lime consumption 
(Rajamma et al., 2009). Given the high availability of calcium sources in 
WBFA, these methods may lead to an underestimation of the reactivity. 
Moreover, free lime, which is commonly reported in WBFA (Berra et al., 
2015; Maschio et al., 2011; Girón et al., 2013), may pose a threat to the 
volume stability of cementitious materials. However, this is rarely 
considered in pretreatment when WBFA is used in blended cement. 
Owing to the distinct physicochemical properties of WBFA compared to 
CFA, it is essential to evaluate the potential of WBFA to be recycled in 
more appropriate methods instead of applying only conventional 
methodologies of recycling aluminosilicate-bearing minerals.

The aim of this research is to comprehensively analyze the potential 
of WBFA and its applicability in the development of low-carbon 
cementitious materials, with the following specific objectives. 

1) To apply appropriate pretreatment methods to WBFA to mitigate its 
expansion risk.

2) To evaluate the feasibility of WBFA in binder formulation.
3) To enhance the use of WBFA in binder systems, exploring the po

tential in building materials.

In this research, WBFA was first subjected to a pretreatment process 
to eliminate the potential volume stability threatening factors (i.e., free 
lime and metallic Al) in cementitious materials. Further, a dissolution 
test of WBFA in different solutions was conducted to analyze its poten
tial in cementitious materials. Based on the results from the dissolution 
test, a new WBFA recycling approach was proposed by using treated 
WBFA as an activator to prepare a chemical- and cement-free binder 
with tailorable workability and strength.

2. Materials and methods

2.1. Origin of raw materials

WBFA was collected from a bioenergy plant in the Netherlands. The 
detailed biomass input, combustion devices, burning temperature, and 
ash collection methods are provided in Table 1.

For comparative purposes, CFA and BFS were introduced as 

benchmarks alongside WBFA. CFA and BFS were supplied by VLIEGA
SUNIE B.V. (the Netherlands) and Ecocem B.V. (the Netherlands), 
respectively.

2.2. Raw materials characterization

The particle size distribution (PSD) of WBFA, as measured by the 
laser diffraction analyser (Mastersizer, 2000), is shown in Fig. 1. The 
particle size of WBFA was under 100 μm, a fineness in between that of 
CFA and BFS, conveying its feasibility to be used as a binder component 
in cementitious materials from the perspective of PSD.

The chemical compositions of WBFA, CFA, and BFS, determined by 
the X-ray fluorescence (XRF) technique, are presented in Table 2. 
Additionally, WBFAmean, representing the mean values of the chemical 
compositions of 97 types of wood biomass fly ash reported in different 
research, is utilized for comparison with the WBFA in the current 
research (Liang et al., 2024). In general, WBFA investigated in this 
research closely resembles WBFAmean in terms of its chemical composi
tions. This means that the WBFA in the current research can be repre
sentative of a broad range of WBFA from the bioenergy industry, making 
the research results more widely applicable.

WBFA is predominantly composed of calcium, with relatively low 
amounts of aluminosilicates compared to those with BFS and CFA. The 
elements associated with pozzolanic reactivity (the sum of silicon, 
alumina, and iron) only account for 22.81 % of WBFA, considerably 
lower than the corresponding values in CFA at 87.78 %. These findings 
suggest a potentially lower pozzolanic reactivity for WBFA. Meanwhile, 
WBFA is found to have a higher amount of alkali content compared to 
that in CFA and BFS.

The loss on ignition (LOI) at 1000 ◦C of WBFA is 6.03 %, within the 
permitted range for common fly ash used in concrete as required ac
cording to EN 450–1 (EN 450, 2012). Moreover, it is important to note 
that the actual unburnt carbon content in WBFA is only 1.55 %, as 
determined by the LOI at 550 ◦C suggested by EN 12880:2000 (NEN-EN 
12880, 2001). The continuous mass loss during ignition from 550 ◦C to 
1000 ◦C is mainly attributed to the decomposition of carbonate-bearing 

Table 1 
WBFA generations parameters.

Biomass type Burning temperature Incineration facility Ash collection method

Wood chips, pruning wood, scrap wood, and paper sludge 900 ◦C Bubbling Fluidized bed boiler Bag filter

Fig. 1. Particle size distribution of WBFA, BFS, and CFA.
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phases.
The mineral compositions of WBFA were measured by the X-ray 

diffraction (XRD) technique, and the corresponding patterns are present 
in Fig. 2. For comparison, the diffraction patterns of BFS and CFA are 
also present.

The XRD pattern of WBFA is dominated by calcium-bearing phases, 
including calcite, lime, and anhydrite. Additionally, as WBFA contains a 
relatively high concentration of alkali, sylvite, aphthitalite, etc., are also 
observed. Generally, minerals in WBFA are consistent with those 
frequently reported in previous studies (Vassilev et al., 2013; Gupta 
et al., 2020). In comparison, minerals present in CFA are quartz, mullite, 
and hematite, with a minor peak of lime. A clear hump is identified in 
the pattern between 15 and 35 degrees of 2 thetas, implying the pres
ence of amorphous phases. For BFS, on the other hand, no clear crys
talline phase can be identified, and its diffraction pattern is seen as a 
hump across all diffraction ranges.

The presence of free lime in cementitious materials can pose a po
tential threat to volume stability, as the slow generation of portlandite 
with a larger molar volume can lead to expansion in the solid matrix 
(Min et al., 1996). Since the diffraction peaks of lime are observed in the 
WBFA pattern, the free lime content was further determined using a 
titration method according to EN 451–1:2017 (EN 451, 2017). Addi
tionally, the ashes may contain metallic impurities, which could origi
nate from non-separable metal scraps in waste wood products in the 
manufacturing process (Vassilev et al., 2010). In fact, incineration ash 

from wastes has often been reported to contain metallic Al (Tian et al., 
2020; Segui et al., 2012), which can lead to the generation of hydrogen 
gas and subsequent cracking in cementitious materials. A setup depicted 
in Fig. 3 was therefore used to verify the presence of metallic Al in WBFA 
and to further quantify its amount. For each test, 50 g of WBFA were 
mixed with 200 ml of a 3 M NaOH solution for 24 h. The suspensions 
were stirred automatically with a magnetic stirrer to accelerate the 
metallic oxidation reaction, and the volume of the hydrogen gas was 
recorded in the graduated cylinder. The metallic Al content in the WBFA 
was then calculated according to the chemical equation (1), as 1 g of 
metallic Al could generate approximately 1.25 L of hydrogen gas. Three 
replicates are conducted for each test. 

2Al+2OH− + 2H2O = 2AlO−

2 + 3H2↑ (1) 

Free lime and metallic Al contents are shown in Table 3. The free 
lime content in fly ash is suggested to be restrained within 1.5 % when 
used in cement (EN 450, 2012). The high content of free lime in WBFA 
(8.56 %) is thereby problematic in causing volume expansion. As a 
result, it is strongly recommended to conduct treatment to reduce the 
free lime content. On the other hand, WBFA is also found to contain 0.13 
% of metallic Al. The presence of metallic Al in WBFA should be strictly 
prohibited, as a great amount of hydrogen gas can be generated in an 
alkaline environment. For instance, 1 g of WBFA can already yield 
approximately 1.63 ml of hydrogen gas. This poses a substantial risk of 
expansion and cracking in cementitious materials. Therefore, it is sug
gested to implement a treatment process for the oxidation of metallic Al 
prior to utilizing the WBFA in cementitious materials.

2.3. WBFA pretreatment

Given that WBFA contains a high content of alkalis and free lime, its 
inherent alkalinity can be advantageous for eliminating metallic Al. The 

Table 2 
Chemical compositions (in wt.%) of WBFA, CFA, and BFS determined by XRF.

SiO2 Al2O3 CaO Fe2O3 SO3 Na2O K2O Cl MgO LOI (550 ◦C) LOI (1000 ◦C)

WBFA 15.20 4.06 43.65 2.58 6.00 1.77 6.92 3.18 3.33 1.55 6.03
CFA 57.20 24.78 3.96 5.80 0.69 1.28 1.41 – 2.11 1.02 1.27
BFS 31.77 13.25 40.50 0.52 1.49 0.12 0.34 – 9.27 n/a 1.31
WBFAmean 21.88 5.19 37.61 2.95 4.44 1.36 10.07 1.69 4.78 n/a n/a

*n/a: not available.

Fig. 2. XRD patterns of raw WBFA, BFS, and CFA.

Fig. 3. Schematic diagram of setup for determining metallic Al content.

Table 3 
Metallic Al and free lime content of WBFA.

Free lime (%) Metallic Al (%)

8.56 0.13
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proposed method involved water pretreatment, creating a moist envi
ronment to enable the hydration of lime, dissolving alkalis from WBFA, 
and further facilitating the oxidation of metallic Al by the alkalis (Xuan 
and Poon, 2018; Huang et al., 2020). To make the pretreatment process 
more scalable in industrial practices without producing extra waste
water, only a small amount of water was employed to create an 
earth-moisture state of ash particles, promoting the chemical reaction 
process.

The overview of pretreatment procedures is summarized in Fig. 4. 
WBFA was mixed with water at a water-to-ash ratio of 0.2 in a Hobart 
mixer for 10 min, ensuring complete moistening of the particles. The ash 
was then sealed and stored in buckets, enabling the reactions to 
continuously occur. During this period, daily measurements were taken 
to track the amount of residual metallic Al until its complete oxidation 
was achieved. Notably, after water pretreatment, particle agglomeration 
and the formation of hardened coarse particles could be observed, as 
presented in Fig. 5(b). Therefore, the ash was subjected to grinding to 
pulverize these particles. It is important to note, that considering the 
high energy-consuming characteristics of the grinding process, we 
adopted a tumbling ball milling machine with a low rotation rate (45 
rpm) with low energy cost. The treated WBFA underwent testing for its 
physicochemical properties and was used for further research.

2.4. Treated WBFA characterization

The physicochemical properties of treated WBFA were compared 
with the raw WBFA. The chemical compositions were determined by 
XRF analysis. The mineral compositions were measured by XRD. To 
quantitatively analyze the phase alterations in WBFA after pretreatment, 
the Rietveld method was employed. For this analysis, 10 % of an internal 
standard (Si, PDF# 01-086-4266) was homogenously mixed with 90 % 
ash by weight, and the samples were subjected to an XRD test. The 
Rietveld analysis was carried out using the BGMN-based program 
Profex.

The chemical bounds of WBFA before and after pretreatment were 
compared by using FT-IR (TM 100 Optical ATR-FTIR spectrometer). For 
each measurement, 20 scans were collected with a resolution of 4 cm− 1.

Lastly, the morphology of treated WBFA was investigated by ESEM at 
a working distance of 10 mm with a voltage of 10 kV (Scrivener et al., 
2018)

2.5. Dissolution test

Dissolution is an important process in the hydration of binders. Both 
crystalline and amorphous phases undergo dissolution in an aqueous 
solution, releasing ions that contribute to the formation of reaction 
products. Therefore, a dissolution test was conducted to evaluate the 
reactive potential of treated WBFA. Three different media, namely 
deionized water and NaOH solutions with concentrations of 0.1 M and 3 
M, were used for the dissolution tests. This allowed the analysing the 
potential of treated WBFA in terms of its hydraulic properties, pozzo
lanic activity (with the pore solution at a pH around 13), and/or reac
tivity for alkaline activation, accordingly. 

The treated WBFA was mixed with different media at a mass ratio of 
1:100 and horizontally shaken on the shaking table at 200 rpm to 

prevent precipitation. BFS and CFA were also tested as benchmarks. The 
suspensions were filtered after a designated period, and the supernatants 
were collected accordingly. The pH values of these materials were also 
measured by testing the concentrations of OH− in the supernatants from 
water groups by the titration method with 0.1M hydrochloride acid, 
with phenolphthalein used as the indicator. Subsequently, the super
natants were acidified with nitric acid, diluted, and then subjected to the 
ion concentration test by Inductively Coupled Plasma Optical Emission 
spectroscopy (ICP-OES). The concentrations of Ca, Si, and Al were 
exclusively measured, as these elements are the main components pre
sent in the hydration products of cementitious materials.

2.6. Binary binder preparation and performance analysis

The mixture proportions of the binder are provided in Table 4. Paste 
samples were prepared by using 50 % of treated WBFA and 50 % of BFS 
as binder components mixed with water. The selected weight ratio of the 
binder was to achieve approximately 6 % equivalent alkalis content to 
BSF, which is a typical alkali content in alkali-activated slag. As paste 
prepared with a water-to-binder ratio at 0.4 (BS_0.4) showed limited 
flowability, a PCE-based superplasticizer was used to investigate its 
feasibility in the binder system, aiming for improving the flowability 
and strength of pastes with reduced lower water-to-binder ratios. 
Accordingly, BS_0.4, BS_0.3, and BS_0.25 were selected for comparison. 
A reference mixture, Raw BS_0.4, was prepared using untreated WBFA to 
measure volume deformation and compressive strength, serving as a 
comparison to BS_0.4 in order to assess the effectiveness of the WBFA 
pretreatment.

To prepare the paste, WBFA and BFS were first dry mixed in a Hobart 
mixer for 5 min to achieve a homogeneous powder. Water was then 
gradually added, followed by mixing for 3 min at low speed and an 
additional 1 min at high speed. For pastes containing superplasticizer, 
superplasticizer was first dissolved in water before being added to the 
mixer.

The fresh properties of binary pastes were assessed in terms of setting 
time and flowability. The setting time of pastes was measured accord
ingly to EN 196-3 (NEN-EN 196, 2016a). The fresh pastes were cast into 
standard moulds and tested using an automatic Vicat apparatus. During 
the measurements, the samples were covered with a plastic film to 
prevent moisture evaporation. The initial setting time was recorded 
when the needle penetrated to a depth of 35 ± 3 mm. After the initial 
setting, the samples were inverted, and the bottom surface was used for 
the final setting time measurement. The final setting was determined 
when the penetration depth of the needle was only 0.5 mm. Mini-slump 
test as illustrated by Li et al. (2021) was used for the flowability mea
surement. The fresh pastes were cast into a slump cone (with a top inner 
diameter of 38 mm, bottom inner diameter of 90 mm, and a height of 75 
mm) and placed on a glass plate. After filling the cone with paste, it was 
lifted vertically to allow the paste to flow freely. The flowability was 
then determined by averaging the lengths measured along two diagonal 
directions.

The compressive strength of pastes was measured according to EN 
196–1 (NEN-EN 196, 2016b). Fresh pastes were cast into cubic moulds 
with a dimension of 4 cm. After vibration, pastes were sealed with 
plastic films to avoid moisture loss for 3 days before demoulding. 

Fig. 4. Flow chart of WBFA pretreatment process.
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Afterward, samples were cured in the curing room at 20 ◦C and RH 
above 95 % until the compressive strength test. The loading rate was set 
to 2.4 kN/s. The average compressive strength of 5 specimens was used 
as the final strength.

Debris of samples after compressive strength test were collected and 
subjected to hydration stoppage through solvent exchange, and further 
used for the measurement of the microstructure. Only mixture BS_0.4 
was selected for this measurement to identify the representative 
microstructure of the binary binder. The test was carried out using ESEM 
(FEI QUANTA FEG 650) equipped with Energy Dispersive Spectroscopy 
(EDS), operated at a working distance of 10 mm and a voltage of 10 kV 
(Scrivener et al., 2018).

The volume deformation of binary pastes was measured according to 
ASTM C1698-19 (C1698-19, 2019). Fresh pastes were cast into the 
corrugated tubes with a diameter of 28.5 mm and a length of 425 mm. 
The length changes of pastes were automatically measured by linear 
variable differential transformers (LVDTs). The purpose of this mea
surement is to verify the effectiveness of the pretreatment of WBFA in 
mitigating the volume expansion caused by metallic Al, thus only Raw 

BS_0.4 and BS_0.4 were compared.

3. Results and discussion

3.1. Pretreatment of WBFA

To assess the effectiveness of water pretreatment in depleting 
metallic Al, the changes in residual metallic Al content in WBFA over 
water pretreatment time were recorded, and the results are illustrated in 
Fig. 6.

The initial metallic Al content in WBFA is 0.13 %, which decreases to 
about 0.05 % after 1 day of water pretreatment. Subsequently, the 
metallic Al depletion rate gradually slows down, taking a total of 6 days 
to complete its oxidation, reaching 0 %. The observed metallic Al 
depletion rate generally aligns with the reaction kinetics of metallic Al 
reported by Xuan et al. (Xuan and Poon, 2018), who introduced alkaline 
solutions to accelerate the oxidation of metallic Al in municipal solid 
waste incineration (MSWI) ash. This evidence suggests that the alkalis in 
WBFA can promote the depletion of metallic Al.

Fig. 5. Appearances of WBFA through pretreatment process 
(a: raw WBFA, b: treated ash after step 1, c: treated ash after step 2).

Table 4 
Mixture proportions of binary pastes.

Group Treated WBFA (wt %) BFS (wt %) w/b Superplasticizer (wt % of binder)

Raw BS_0.4 50 50 0.40 0
BS_0.4 0.40 0
BS_0.3 0.30 0.40
BS_0.25 0.25 1.30

Fig. 6. Correlation between residual metallic Al in WBFA and water pretreat
ment durations.

Fig. 7. Particle size distribution of raw WBFA and treated WBFA ground with 
different durations.
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As indicated in Fig. 5 (b), treated WBFA, after the drying process, 
exhibits agglomeration and the formation of hardened large particles. 
The grinding process is therefore necessary to break the agglomeration 
of water-treated WBFA, ensuring a fine particle size of WBFA that is 
feasible as a binder component. The effect of grinding durations on the 
PSD of water-treated WBFA is studied, and the results are presented in 
Fig. 7 and Table 5. A 10-min grinding process already leads to a fine 
particle size in the treated WBFA, with D10 and D50 values reaching 9.47 
μm and 34.97 μm, respectively, which is comparable to that of raw 
WBFA, and can be feasibly used as binder preparation. While longer 
grinding time could further reduce particle size, it is seen that the size 
reduction is less significant. As mentioned previously, the motivation for 
pretreatment is to improve the feasibility of WBFA as a construction 
material while minimizing costs. Given that grinding is highly energy- 
demanding, it is therefore recommended to limit the grinding time to 
10 min to reduce energy consumption while still achieving effective 
pretreatment.

3.2. Characteristics of treated WBFA

Water pretreatment not only contributes to the oxidation of metallic 
Al, but other chemical reactions involving multiple phases may also 
occur simultaneously. Therefore, it is essential to characterize the 
physicochemical properties of treated WBFA, providing precise infor
mation for further study.

3.2.1. Chemical compositions
Table 6 presents the chemical compositions of treated WBFA, with 

raw WBFA as a comparison. The chemical compositions of treated WBFA 
remain rather stable in comparison to the raw ash, as the entire process 
is conducted in a sealed environment, preventing any leaching of ele
ments. Furthermore, there is a marginal increase in LOI, which can only 
be ascribed to the increased bound water content in the ash after the 
pretreatment, as a consequence of reactions that occurred during the 
pretreatment.

3.2.2. Mineral compositions
Fig. 8(a) presents the XRD patterns of WBFA before and after pre

treatment. It is seen that quartz and calcite are the two most stable 
crystalline minerals dominant in both raw and treated WBFA. When 
comparing WBFA before and after treatment, one notable observation is 
the disappearance of the diffraction peaks of lime in raw WBFA, while 
the intensity of the diffraction peaks of portlandite in treated WBFA 
increases significantly. During the water pretreatment process, lime is 
hydrated into portlandite (as elaborated in equation (2)) and possibly 
other calcium-bearing phases. The QXRD results show that the lime 
content decreases to 0.27 % in treated WBFA. This depletion of lime is 
particularly favoured, as it suggests that besides metallic Al, the other 
volume stability-threatening factor in cementitious materials has also 

been removed.
Furthermore, another new phase, Friedel’s salt, is formed after pre

treatment. This phase is typically reported in cementitious materials 
exposed to a chloride-rich environment, such as those serving in marine 
environments (De Weerdt and Justnes, 2015). The precipitation of 
Friedel’s salt can be elaborated by equation (3), which involves multiple 
minerals in WBFA including calcium (can be possibly from lime, anhy
drite, and portlandite, etc.), sulfate, aluminium (can be possibly from 
oxidized metallic Al and aluminium-containing glass phases), and 
chloride (mainly sylvite). 

CaO+H2O→Ca(OH)2 (2) 

4Ca2+ +2Al(OH)
−

4 +Cl− +0.5SO2−
4 +4OH− +6H2O → Ca4Al2Cl(SO4)0.5

(OH)12⋅6H2O
(3) 

The amorphous contents in raw WBFA and treated WBFA are 40.69 
% and 38.06 %, respectively, aligning with previous research indicating 
a low quantity of amorphous phases in WBFA in the literature(Teixeira 
et al., 2022; Rumman et al., 2023; Maschowski et al., 2019). Based on 

Table 5 
Typical particle diameter of raw WBFA and treated WBFA after grinding.

Raw WBFA Treated WBFA

10 min grinding 30 min grinding 60 min grinding

D10 (μm) 9.41 9.47 7.91 4.61
D50 (μm) 35.33 34.97 34.12 33.25
D90 (μm) 50.26 62.98 56.53 55.74

Table 6 
Chemical compositions of BFA1 before and after pretreatment.

SiO2 Al2O3 CaO Fe2O3 SO3 Na2O K2O Cl MgO LOI 
550 ◦C

LOI 
1000 ◦C

Raw WBFA 15.20 4.06 43.65 2.58 6.00 1.77 6.92 3.18 3.33 1.55 6.03
Treated WBFA 14.98 4.02 41.77 2.32 6.12 1.68 6.53 3.27 2.92 2.67 7.05

Fig. 8. Comparison of XRD patterns of WBFA before and after pretreatment (a) 
and their mineral compositions in quantity from QXRD (b).
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the chemical compositions of quantified crystalline mineral phases from 
QXRD and the chemical compositions of treated WBFA from XRF, it is 
possible to obtain the chemical compositions of the amorphous phases in 
treated WBFA through a mass balance calculation by subtracting the 
chemical compositions of minerals from bulk raw materials, with results 
presenting in Table 7.

It is evident that calcium is the dominant element in the amorphous 
phase of WBFA, which is similar to that reported by Fořt et al. (2024). 
The chemical compositions of amorphous phases in WBFA remain 
identical before and after pretreatment, indicating that the primary re
actions during pretreatment mainly involve crystalline minerals.

3.2.3. Chemical bonds
The Fourier-transform infrared spectroscopy (FT-IR) technique is 

used to further investigate the change in chemical bonds of WBFA before 
and after pretreatment. The corresponding spectra are displayed in 
Fig. 9, and the main band assignments are listed in Table 8.

The IR bands in WBFA remain almost constant regardless of the 
pretreatment process. The spectrum of treated WBFA is nearly identical 
to that of raw WBFA, with three main bands at 875 cm− 1, 1105 cm− 1, 
and 1415 cm− 1. Specifically, bands at 875 cm− 1 and 1415 cm− 1 should 
be assigned to the bending and stretching of CO3, respectively (Andersen 
et al., 1991; McCaslin and White, 2021). Based on the mineral phases, 
these bands should be attributed to the presence of calcite. The band at 
1106 cm− 1 could be linked to the overlapping of S-O and Si-O bands 
(Lane, 2007; Kloprogge et al., 2002; Taylor, 1990). Besides, reactive 
silicate phases with different polymerized degrees are shown in the 
range of 900–1150 cm− 1 with several adsorption humps (Taylor, 1990; 
Zhang et al., 2012, 2017). All this information is well correlated to the 

previous analysis, showing that WBFA is rich in carbonate, silicate, and 
sulfate minerals.

By comparing the WBFA before and after pretreatment, a clear dif
ference is the stretching of O-H at 3400 cm− 1, which is not clearly 
observed in raw WBFA but is present in treated WBFA. This band is 
associated with the chemical water generated during the water pre
treatment process (Cheah et al., 2017; Pérez-Villarejo et al., 2018; Wang 
et al., 2019). In addition, the peak at 3645 cm− 1, representative of 
portlandite (Mollah et al., 2000), shows a significant increase after 
pretreatment. Such an increase indicates that there is a higher amount of 
portlandite after pretreatment, which is consistent with the XRD results. 
A new peak at 796 cm− 1, corresponding to the vibration of Al-OH, is 
seen in the treated WBFA, which should be due to the formation of 
Friedel’s salt (Mollah et al., 2000; Jose et al., 2020). Finally, it is 
important to note that no C-S-H gel-like phases are formed during the 
pretreatment of WBFA, as the typical Si-O vibration band for C-S-H gels 
at 950 cm− 1 is not observed.

3.2.4. Morphology
The morphology of WBFA before and after pretreatment, measured 

by SEM, is illustrated in Fig. 10. Unlike CFA particles, which are mainly 
composed of spherical particles as reported in the literature (Kumar and 
Kumar, 2011), WBFA particles exhibit mostly irregular shapes. Addi
tionally, some particles still present a fibrous structure, with substances 
displaying a flocculence texture on the particle surface. Unburnt porous 
carbons are also clearly visible in the image, consistent with previous 
findings in the literature (Fořt et al., 2021; Carević et al., 2019).

After pretreatment, the treated WBFA particles exhibit fewer in
stances of fibrous texture, possibly due to the grinding process that 
crushes those particles. Moreover, tiny crystals are observed on the 
surface of most particles, likely the result of the chemical reaction 
remnants and erosion observed during the pretreatment process.

3.3. Ash dissolution

3.3.1. Dissolution in water
The concentrations of Ca, Si, and Al in the leachates of treated WBFA, 

BFS, and CFA are plotted as a function of time in Fig. 11. In the leachates 
of treated WBFA, the concentrations of Ca exhibit a significant increase 
within the first 30 min, followed by minor fluctuations over the subse
quent hours, stabilizing at around 10 mmol/L. It is important to note 
that the concentrations of Ca in the leachates of treated WBFA consis
tently surpass those in BFS and CFA at any given time. This can be 
attributed to the high content of portlandite and the availability of Ca in 
the amorphous phases of treated WBFA. In the case of CFA leachates, the 
concentration of Ca experiences a rapid increase within the first 15 min, 
primarily due to the dissolution of free lime. Once the lime is depleted, 
the concentration of Ca remains relatively constant. On the other hand, 
the initial concentration of Ca in BFS leachates is the lowest among the 

Table 7 
Chemical compositions of amorphous phase in WBFA before and after pretreatment.

SiO2 Al2O3 CaO Fe2O3 SO3 MgO K2O Others Sum (g/100g ash)

Raw WBFA 5.05 4.06 21.16 0.63 0.81 1.59 0.79 6.60 40.69
Treated WBFA 4.18 3.45 20.86 1.06 0.55 2.18 1.91 3.87 38.06

Fig. 9. FT-IR spectra of WBFA before and after pretreatment.

Table 8 
Assignment of the major IR bands in WBFA.

Spectral position (cm− 1) Assigned to Reference

3645 OH (Portlandite) Mollah et al. (2000)
3400 OH (water molecules) (Cheah et al., 2017; Pérez-Villarejo et al., 2018; Wang et al., 2019)
712, 875, 1410 CO3 (Andersen et al., 1991; McCaslin and White, 2021)
618, 657, 676, 1139, 1194 SO3 (Lane, 2007; Kloprogge et al., 2002)
796 Al-OH (Cheah et al., 2017; Pérez-Villarejo et al., 2018; Wang et al., 2019)
900–1150 (Si, Al IV)-O-(Si, M), M refers to alkali-earth metals; (Taylor, 1990; Zhang et al., 2012, 2017)
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three materials. However, it gradually increases over time through a 
hydrolysis process, facilitated by the dissolution of a substantial amount 
of Ca from the amorphous phases.

In regard to the dissolution of aluminosilicates, it is found that the 
concentrations of Si in treated WBFA leachates are plainly low, with a 
minor increase over time. Furthermore, the concentrations of Al fall 
below the detection limit. The results are consistent with the limited 
presence of aluminosilicates in WBFA, as indicated by its chemical 

compositions. In contrast, in the BFS and CFA leachates, a higher 
amount of Al and Si can be dissolved compared with those in treated 
WBFA leachates, as a consequence of the significant presence of amor
phous aluminosilicates in these two materials that are more susceptible 
to dissolve.

Fig. 11(d) illustrates the concentration of hydroxyl ions in leachates 
during the dissolution process. A small amount of hydroxyl ions can be 
released from BFS through the hydrolysis process, with a gradual 

Fig. 10. Morphology of raw WBFA (left) and treated WBFA (right).

Fig. 11. Dissolution of treated WBFA, BFS, and CFA in deionized water.
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increase over time (Dimitrova and Mehanjiev, 2000). The concentration 
of hydroxyl ions in CFA leachates increases initially in the first 15 min 
due to the presence of lime, and it remains constant afterward. Notably, 

the concentration of hydroxyl ions in leachates from treated WBFA is 
significantly higher than BFS and CFA throughout all stages. This 
discrepancy can be attributed to the substantial amount of portlandite 

Fig. 12. Dissolution of treated WBFA, BFS and, CFA in 0.1 M NaOH solution.

Fig. 13. Dissolution of treated WBFA, BFS, and CFA in 3 M NaOH solution.
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and alkaline minerals in treated WBFA. After continuous dissolution for 
24 h, the concentration of hydroxyl remains at 20.30 mmol/L in treated 
WBFA, resulting in a pH value of the leachates at approximately 12.31. 
The highly alkaline nature of treated WBFA is identified.

3.3.2. Dissolution in alkaline solutions
Figs. 12 and 13 present the concentrations of Ca, Si, and Al in 

leachates of treated WBFA, BFS, and CFA dissolved from NaOH solutions 
with molarities of 0.1M and 3M, respectively. With the increment in 
alkalinity of the solutions, the concentration of Ca in the leachates de
creases in all three materials. This can be attributed to the lower equi
librium aqueous solubility of Ca species in solutions with higher 
alkalinity (Reddy and Subramaniam, 2020). In both 0.1M and 3M NaOH 
solutions, the concentration of Ca leached from treated WBFA and BFS 
increases initially and subsequently decreases. This reduction could be 
ascribed to the precipitates, including portlandite and possibly other 
Ca-bearing phases (Mikuni et al., 2007). With continuous dissolution, 
the concentration of Ca would increase further.

The high alkalinity of solutions could promote the initial dissolution 
of aluminosilicates. As depicted in Fig. 12 (b) (c) and 13 (b) (c), the 
concentrations of Al and Si in the leachates increase exponentially with 
the increase in the alkalinity of the solutions. This is in agreement with 
previous research (Reddy and Subramaniam, 2020; Mikuni et al., 2007; 
Uvegi et al., 2019). The concentrations of Al and Si dissolved from CFA 
increase with time in alkaline solutions, while the concentration of Si 
from BFS is seen with an initial increase followed by a gradual decrease. 
This should be attributed to the slight precipitations of hydrate phases. 
Although more Al and Si are dissolved from the treated WBFA in contact 
with 3M NaOH solution, it should be noted that due to the low content of 
amorphous aluminosilicates, the concentrations of Al and Si in WBFA 
leachates are still the lowest among the three materials.

3.3.3. Comments on the potential of treated WBFA in cementitious 
materials

Considering the characteristics of treated WBFA, its potential as a 
binder component can be discussed in the following aspects. 

1) Self-hardening (latent hydraulic) material.

Self-hardening properties encompass the ability of materials to react 
with water and solidify with certain mechanical strength. These re
actions typically involve the formation of hydrates, such as C-S-H gels, 
portlandite, and/or ettringite, as reported in previous research (Ohenoja 
et al., 2016; Illikainen et al., 2014). However, it is unlikely that treated 
WBFA will exhibit further self-hardening properties, as the limited 
dissolution of Al and Si from treated WBFA in water suggests that no 
additional hydrates are expected to precipitate. 

2) SCMs in blended cement or precursors in alkali-activation

For both SCMs and precursors, a large content of dissolvable alu
minosilicates is demanding. The presence of Al and Si is crucial for 
promoting the formation of C-(A)-S-H gels in blended cement and 
calcium-rich geopolymers, or N-A-S-H gels in aluminosilicate-based 
geopolymers (Garcia-Lodeiro et al., 2011; García-Lodeiro et al., 2010; 
San Nicolas et al., 2017; Xiao et al., 2020). However, as discussed in 
previous research (Liang et al., 2024), the majority of WBFA, including 
the WBFA investigated in the current study, tend to be calcium-rich with 
limited aluminosilicate content. As indicated by the dissolution tests, 
when exposed to simulated cement pore solutions (0.1M NaOH), the 
amount of dissolved Si and Al from treated WBFA is significantly lower 
than that from BFS and CFA. Although the dissolution of WBFA is 
enhanced in highly alkaline solutions, such as 3M NaOH, the 

concentrations of Al and Si remain relatively constant after about 12 h 
due to the limited amount of dissolvable components. Therefore, the 
treated WBFA investigated in this research, which is a broad represen
tative of calcium-rich WBFA, seems to be less favourable as a potential 
source of SCMs or precursors. 

3) Minerals with synergistic effect

It is interesting to highlight the high alkalinity of treated WBFA, as 
well as the large presence of calcium and sulfate-bearing minerals. It is 
seen that the leachates of treated WBFA in water exhibit a pH value 
above 12 after 3 h, with a water-to-solid ratio of 100. In binder prepa
ration, a much lower water-to-solid ratio would be applied, thus a higher 
pH value in the pore solution can be obtained. The high alkalinity from 
the treated WBFA can be advantageous for the dissolution of 
aluminosilicate-bearing materials. Moreover, the calcium and sulfate- 
bearing phases in treated WBFA can also react with aluminate-bearing 
materials to generate hydrates such as ettringite, monosulfate, etc. In 
general, these features of WBFA can promote the dissolution of alumi
nosilicates, leading to the generation of hydrates. Given that neither 
treated WBFA nor the aluminosilicate-rich mineral alone can lead to a 
hydration process and obtain mechanical strength, the combining of 
these two materials can possibly function synergistically in water to 
form a monolithic solid. A validation of this hypothesis will be con
ducted in the following Section 4.

4. Performances of treated WBFA-BFS binary binder

Based on the discussions in Section 3.3.3, treated WBFA showing 
high alkalinity can be advantageous for the reaction of aluminosilicate- 
rich minerals. For preliminary validation of this hypothesis, a binary 
binder with WBFA and BFS is developed.

4.1. Workability

As illustrated in Fig. 14(a), BS_0.4 exhibits high viscosity and does 
not flow once the slump cone is lifted. Unlike conventional alkali- 
activated slag pastes where the superplasticizer is ineffective, the 
addition of superplasticizer reduces the water demand for the binary 
pastes and greatly improves its flowability, as depicted in Fig. 14(b). 
These results confirm the high adjustability of flowability in binary 
materials, allowing them to be tailored to meet various construction 
requirements.

The setting time of pastes can be found in Table 9. While the setting 
time of the binary paste is much longer than that of Portland cement and 
waterglass-activated slag, it can still be comparable to those neutral salt- 
activated slag materials, for instance, sodium carbonate-activated slag 
(Dai et al., 2023). The long setting time should be mainly attributed to 
the slow reaction of binders. The solutions should first achieve adequate 
alkalinity ((pH above 11.5) (Song and Jennings, 1999)) in order to 
accelerate the dissolution of BFS. The alkalinity of pore solutions, on the 
other hand, is primarily governed by the dissolution of treated WBFA. 
These multiple dissolution steps result in a prolonged setting time of 
pastes.

Furthermore, with the reduction of the water-to-solid ratio, the 
setting time slightly decreases. This is because a lower water-to-solid 
ratio may increase the concentrations of [OH] in the aqueous solu
tions initially, which might facilitate the BFS dissolution. Additionally, 
by reducing the water-to-solid ratio, the particles are more compacted in 
the matrix, and the hardness of the paste surface consequently increases. 
As a result, it becomes more difficult for the Vicat needle to penetrate 
through the paste.
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4.2. Volume deformation

Fig. 15(a) and (b) show the autogenous deformation of binary pastes, 
with the onset of experiments starting once paste casting. The expansion 
process caused by metallic Al can be observed in Fig. 15(a). The 
blending of raw WBFA with BFS results in immediate expansion due to 
the generation of hydrogen gas, taking approximately 24 h to reach a 
constant state. Conversely, the binary pastes with treated WBFA and BFS 
initially undergo shrinkage, which can be attributed to the chemical 
shrinkage of the pastes (Li et al., 2019). A slight expansion is observed at 

around 20 h, likely due to the formation of ettringite. The formation of 
ettringite will be further verified in the subsequent section. A compari
son of the cross-sections of the samples in Fig. 15 (c) reveals that the 
binary pastes containing treated WBFA display a uniform cross-section, 
while pastes with raw WBFA exhibit heterogeneous expansion and 
cracks. The pretreatment process effectively mitigates volume 
expansion-induced cracking caused by metallic Al.

4.3. Compressive strength

As shown in Fig. 16. With a water-to-solid at 0.40, the 7-day 
compressive strength of paste BS_0.4 can achieve 20 MPa. A contin
uous increase in strength is found with time, as a result of the continuous 
generation of hydration products. Comparatively, pastes prepared with 
raw WBFA showed lower compressive strength, approximately 4 MPa at 
7 days and 7 MPa at 60 days. This poor performance of mixture Raw 
BS_0.4 is primarily attributed to visible cracks caused by metallic Al, 
which introduced significant defects in the specimens (Fig. 15). These 
results again highlight the effectiveness of the pretreatment process in 
enabling the use of WBFA in formulating binders with satisfactory 

Fig. 14. Mini slump test of BS_0.4 (a) and BS_0.25 (b).

Table 9 
Setting time and flowability of the binary pastes with different water to solid 
ratios.

BS_0.4 BS_0.3 BS_0.25

Initial setting (min) 610 600 530
Final setting (min) 1215 1170 1030
Flowability (mm) 97 235 271

Fig. 15. Deformation of pastes BS_0.4 with WBFA before and after pretreatment 
(a: paste with raw WBFA, b: paste with treated WBFA, c: cross-section of the pastes).

X. Liang et al.                                                                                                                                                                                                                                    Developments in the Built Environment 23 (2025) 100700 

11 



mechanical properties.
By reducing the water-to-solid ratio, it is found that the compressive 

strength increases accordingly. Pastes are found to achieve the 
compressive strength of 58 MPa at 60 days. This indicates that the pastes 
can be tailored for a wide range of applications for strength demand. The 
strength attained in the binary pastes is comparable to that of alkali- 
activated slag systems prepared with chemical activators such as so
dium sulfate, quicklime, and sodium carbonate (Marsh et al., 2022; Tian 
et al., 2021; Kang et al., 2025). Notably, no additional chemical acti
vators were used in the binder developed in this study, which highlights 
the environmental advantages of this binder.

4.4. Micrographs

Fig. 17 presents the micrographs of the fracture surface of binary 
pastes BS_0.4 at 28 days. As illustrated in the figures, there is the pres
ence of fibrous hydrates that form on the surface of grains, effectively 
binding the anhydrous particles together as a cohesive structure. Addi
tionally, needle-shaped crystals are observed to fill the pores and 
contribute to the densification of the overall microstructure of pastes. 
EDS analysis indicates that the fibrous hydrates can be attributed to the 
formation of C-A-S-H gels, while the needle-shaped crystals are identi
fied as ettringite. The presence of ettringite also explains the slight 
expansion of the specimens observed after approximately 20 h.

4.5. Retrospection and prospects on binary pastes

The current work presents investigations into the treatment of 
WBFA, assessing its potential in cementitious materials with a focus on 
its functional properties. The treated WBFA was further applied to 
prepare cement-free binary pastes. This work provided a new solution 
for WBFA valorization in developing clinker- and chemical-free binders. 
From the workability perspective, superplasticizer seems to be feasible 
in improving the flowability and reducing the water-to-binder ratio of 
paste when needed. The binary pastes achieved moderate compressive 
strength that is lower than waterglass-activated slag but comparable to 
those slag pastes activated by neutral salt. Given the successful appli
cation of neutral salt-activated slag binders in areas such as concrete and 
3D printing, the new WBFA-based binder system might also show strong 
potential for practical use. This highlights its promise as a sustainable 
and effective solution for WBFA valorization in both research and in
dustrial contexts. However, further research is required to ensure the 
safe and reliable use of the WBFA–BFS binary binder. The following 
aspects are proposed for future investigation. 

1) To investigate the fundamental reaction mechanism and kinetics of 
the binary pastes, thus guiding the mixture designs of the binary with 
engineered performance.

2) To extend the understanding of the performance and durability of the 
binary pastes such as shrinkage, carbonation, sulfate attack, alkali 

Fig. 16. Compressive strength of binary pastes.

Fig. 17. Micrographs of fracture surface of binary pastes at 28 days.
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leaching behaviour, wet-drying, etc., correlating with the micro
structure development.

Future research will continue to explore these aspects to advance the 
knowledge and application of binary binders.

5. Conclusions

In this research, WBFA with representative physicochemical prop
erties was collected and subjected to analysis, pretreatment, character
ization, and evaluation of potential recycling approaches. The primary 
conclusions drawn are as follows. 

1) WBFA shows distinct physicochemical properties compared to CFA 
and BFS. Calcium, silica, potassium, and sulfur are the primary ele
ments of WBFA. From the mineral perspective, the availability of 
amorphous phases in WBFA was much lower than in CFA and BFS. 
The presence of metallic Al and free lime in raw WBFA are consid
ered threatening factors that would be detrimental to the volume 
stability of cementitious materials.

2) The proposed pretreatment process for WBFA involving water pre
treatment followed by drying and grinding improves the feasibility of 
WBFA as a binder component. After 6 days of water pretreatment, 
metallic Al is fully oxidized, and free lime contents decrease to 0.27 
%, effectively eliminating factors that threaten the volume stability 
of cementitious materials. The subsequent drying and 10-min 
grinding of water-treated WBFA help to pulverize agglomerated 
particles, producing fine particles suitable for use as a binder 
component.

3) The physicochemical properties of treated WBFA are thoroughly 
analysed with a specific focus on the functional elements, namely Ca, 
Si, and Al, which are primarily involved in the reaction of cementi
tious materials and are studied through the dissolution tests. The 
results show that only limited amounts of Al and Si can be dissolved 
from treated WBFA, while a high amount of Ca can be extracted. Due 

to the high availability of calcium and its elevated alkalinity in 
treated WBFA, it is not recommended to utilize treated WBFA as a 
conventional SCM. Instead, it is advised to valorise it as a synergetic 
mineral to enhance the hydration of aluminosilicates.

4) A cement clinker-free paste was developed by combining 50 % of 
treated WBFA and 50 % of BFS with water. The primary hydrates are 
C-A-S-H gels and ettringite. This paste is tailorable in terms of 
flowability with the help of the superplasticizer. The compressive 
strength of paste at 60 days can be enhanced from 37.91 MPa with a 
water-to-binder ratio of 0.4 to 58.34 MPa with a water-to-binder 
ratio of 0.25, indicating its feasibility for different strength demand 
purposes.
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Appendix 

Fig. A1 shows the TGA-DTG curves of WBFA before and after pretreatment. The test was conducted in an argon atmosphere, from 40 ◦C to 1000 ◦C 
with a temperature rising rate of 10 oC/min, aiming to quantify mineral phases such as calcite and portlandite. The consistent results, as shown in 
Table A2, for portlandite and calcite content from QXRD and TGA indicate good reliability of the QXRD results.

Fig. A1. TGA-DTG curves of WBFA before and after pretreatment.
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Table A1 
Comparison of the quantifications results (wt. %) of portlandite and calcite in WBFA before and after pre
treatment using TGA and QXRD analysis

Portlandite Calcite

TGA QXRD TGA QXRD

Raw WBFA 1.12 0.88 12.01 12.13
Treated WBFA 5.92 5.51 11.32 11.7

The reactive silica content of WBFA before and after pretreatment was determined by the dissolution test according to EN 196–2. WBFA was 
dissolved in dilute hydrochloric acid and further treated in a boiling sodium carbonate solution. The chemical compositions of the insoluble residual 
can then be determined by the XRF technique, and the reactive silica can be calculated by subtracting the insoluble silica from the total silica content in 
WBFA. This test was performed to validate the chemical composition of the amorphous phase of treated WBFA calculated by QXRD analysis. In 
general, the reactive silica content from the dissolution test is similar to, although slightly higher than, the amorphous silica content obtained from 
QXRD. This difference may arise because, in the dissolution test, WBFA was continuously crushed manually according to the standard EN 196–2, 
facilitating the dissolution of a small quantity of quartz during the test.

Table A2 
Reactive silica content (wt. %) determined by 
dissolution test according to EN 196-2

Raw WBFA Treated WBFA

5.97 5.35

Data availability

Data will be made available on request.
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Černý, R., 2024. Durability analysis of sustainable mortars with biomass fly ash as 
high-volume replacement of Portland cement. J. Build. Eng. 91. https://doi.org/ 
10.1016/j.jobe.2024.109565.
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