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Abstract

:

The utilisation of Portland cement has aroused tremendous concerns owing to its production exerting a lot of pressure on the environment. Alternative eco-binders have been developed to replace it, among which alkali-activated materials (AAMs) have drawn great attention, especially due to the possibility of encompassing industrial and agricultural waste, which significantly improves the sustainability and cost-efficiency of the material. Biomass wood ash (BWA) is a by-product generated from power plants and, along with the advocation for biomass fuel as a renewable energy resource, there have been increasing applications of BWA in building and construction materials. This review examines the use of BWA as a precursor source in AAMs. Due to its low chemical and hydraulic reactivity, more active binary precursors are usually introduced to guarantee mechanical properties. Whereas the increment of BWA content can have a negative influence on material strength development, it is still a promising and feasible material, and new approaches should be developed to improve the effectiveness of its utilisation. Currently, study of BWA-based AAMs is still in the beginning stages and more research is needed to investigate the effects of BWA characteristics on the property evolution of AAMs, focusing on the durability and analysis of eco-efficiency. Overall, this review provides a comprehensive overview of the characterisation of BWA and its potential applications in AAMs, and meanwhile, based on the analysis of present research trends, proposes some prospective directions for future research.
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1. Introduction


Owing to its excellent mechanical strength, good durability, and low costs, Portland cement (PC) has been used worldwide as the most common binder material for building and construction to fabricate concrete or precast elements. However, despite its outstanding engineering properties and mass application, the environmental threats posed by its production have aroused tremendous concerns, particularly intensive energy consumption and high greenhouse gas emissions. According to Huntzinger and Eatmon [1], as well as Frías et al. [2], the manufacturing of PC corresponds to approximately 5 to 7% of the global emissions of anthropogenic carbon dioxide (CO2) and 10% of industrial energy demand. To deal with the climate crisis, it is essential to decrease anthropogenic CO2 emissions produced by human activities such as fossil fuel burning and PC production [3]. Thus, following sustainable development around the globe, it is important to replace PC with alternative green binder materials. In this context, alkali-activated materials (AAMs) have gained an umbrella concentration in the investigations into building materials and are regarded as potential substitutes for PC due to their low environmental impact, low energy requirements, and good mechanical performance [4,5]. Compared to PC fabrication, the manufacturing of AAMs can reduce CO2 emissions by up to 80% [6,7], which significantly improves the sustainability of the material.



AAMs are a category of inorganic material produced via the activation of aluminosilicate precursors with alkali media such as hydroxide, silicates, and carbonates [8,9]. Based on the source of the precursors and the type of alkali activators, they can be alternatively referred to as “geopolymers” or “inorganic polymers” [10]. There are three categories of alkali-activated composites, including high-calcium composites, low-calcium composites, and hybrid cements composed of both high and low calcium. The types of alkali solutions play an elemental role in the properties and characteristics of AAMs. They are usually aqueous solutions comprised of alkaline elements such as sodium (Na), potassium (K), and calcium (Ca), together with hydroxides, carbonates, silicates, or sulphates [11,12]. In the current research, Na- and K-based activators are most welcomed due to the advantages of their cost and availability of acquisition, particularly sodium silicate (NaSiO3), sodium hydroxide (NaOH), and potassium hydroxide (KOH). Some researchers have also used calcium hydroxide (Ca(OH)2), which is more environmentally friendly, for activating the precursors and pointed out its effectiveness in promoting the formation of calcium aluminium silicate hydrate (CASH) and forming a dense binder microstructure [13,14].



Precursors are usually the solid components in AAMs and mainly consist of silicon dioxide (SiO2), aluminium oxide (Al2O3), and calcium oxide (CaO) [15]. The source materials of precursors can come from natural aluminosilicate materials and also can include a wide range of industrial and agricultural by-products like coal fly ash (FA), ground granulated blast-furnace slags (GGBFS), rice husk ash, etc. In contrast to PC, which consumes a large quantity of non-renewable natural resources, this kind of utilisation of waste greatly benefits the conservation of the environment, energy, and natural resources and can further reduce the production costs of the materials [15,16]. In contrast with other types of industrial waste, such as fly ash and slags, that have been extensively studied as the primary source for producing AAMs [17,18,19,20,21,22,23,24], investigations into the application of biomass ash (BA) are comparatively limited. However, along with the global focus on renewable energy, the utilisation of BA has great potential for future research. BA is the residual matter from the combustion of forestry or agricultural leftovers (wood, crops, and agricultural remnants) burnt at various temperatures and time durations [25,26]. According to Silvestro et al. [27], biomass is the energy source for 10.3% of the global annual primary energy supply. As a sustainable and reliable energy source, it has been developing rapidly and is projected to take up the bulk of global energy supplies [28]. Nevertheless, the generation of every 493 TWh of energy corresponds to an estimated amount of 10 million tons of ash [29]. In practice, most of this ash is disposed of in landfills, with only a tiny amount reused, which imposes significant burdens on land resources and the environment. In this context, the application of BA in fabricating building and construction materials can convert waste into valuable raw materials and is a sustainable move to ameliorate the environmental threats resulting from the disposal of this waste, which has given rise to critical problems for government agencies.



To date, the reuse of BA waste has gradually attracted growing attention in engineering fields, and some available investigations are testifying to its feasibility and profitability as a precursor to producing AAMs [30,31,32,33,34,35,36,37,38]. In recent years, a few reviews have been published focusing on a variety of types of BA such as rice husk ash, sugar cane bagasse ash, and palm oil ash [4,9,10,30,39,40,41]. These reviews analysed the current application states as well as the challenges to incorporating BA in AAMs from comprehensive perspectives, covering the fabrication method, characterisation technologies, and physicochemical mechanisms, offering an integrated overview of current research and knowledge and, meanwhile, critically indicating the existing gaps. Nonetheless, most of these existing reviews mainly involve alkali-activated agricultural ashes, and analysis of biomass wood ash (BWA) is rarely considered, even though it is abundantly generated in northern European countries where wood is the main source of biomass fuel energy. Although the state-of-the-art BWA applied in AAMs is mentioned in several reviews regarding the utilisation of BWA in civil engineering domains [42,43,44,45], most of them mainly focus on the effects of BWA as a supplementary cementitious material in cement-based materials (CBMs) [42,43,44,45,46,47,48,49,50], and a comprehensive review of BWA-based AAMs is still lacking. On the one hand, according to the conducted research on the effects of BWA replacement in CBMs, the incorporation of BWA deteriorates the engineering properties of the material. It leads to an increase in the amount of water required to produce pastes with the desired consistency and significantly delays the cement’s setting time, and this effect is more significant as the amount of ash substituted for PC increases [51,52,53]. Meanwhile, along with the increasing content of BWA in the binder, a decrease in compressive and flexural strength is observed [54,55,56]. BWA is characterised by uneven particle size composition and low pozzolanic activity, and negatively affects the strength properties of PC. It is concluded that partial substitution of PC with BWA can be done only at a level of up to 20% to maintain an acceptable mechanical strength. On the other hand, considering the world’s increasing proportion of bio-energy usage, it is essential to find more sustainable ways to cope with BWA instead of landfills and reuse in the civil engineering field, and practically turn waste into valuable materials. Thus, it is promising and practical to explore the utilisation of BWA in AAMs for providing a new perspective on more effective application of BWA. In this review, the recent development of alkali-activated BWA materials is outlined and analysed to provide an extensive view of the sustainable reuse of BWA waste. The conventional properties and the mechanisms determining the performance evolution are addressed, with particular attention paid to pointing out the existing research limits and future investigation frameworks to promote the reuse and application of BWA as a renewable building and construction material.




2. Characterisation of Biomass Wood Ash


The composition of BWA varies according to its sources and heavily depends on the biomass of the plants. This ash commonly contains many crystalline phases, accompanied by inorganic amorphous phases and organic matter [57]. Based on the procedure of biomass combustion, there are elementally two categories of solid waste ash: biomass bottom ash (BBA), which is the combination of fully and partially burnt materials discharged during combustion, as well as biomass fly ash (BFA), collected from the system of controlling air pollution [58]. Figure 1 shows the macromorphology of various BWAs gathered from biomass combustion in five power plants [59]. It can be seen from the photograph that the macroscopic features of the ashes differ due to the combustion settings and plant conditions. However, they all include unburnt wood residues, which can be clearly observed. The colour of the BBA is darker than the BFA from the same plant and has a smaller quantity of fine-grained and homogeneous particles. Heterogeneous debris with large diameters can be clearly seen, especially for the wood-chip BBA of Colmar and Rixheim. Usually, compared to BBA, BFA consists of smaller particles and more glassy phases, and is of higher reactivity in the application [60]. Thus, more literature reports utilising BFA as a precursor material for producing AAMs and geopolymers [61,62]. However, some authors also pointed out that decreasing the particle size of BBA was feasible to increase its surface area and reactivity [58,63]. The typical micromorphology of BWA is presented in Figure 2. It can be seen in both graphs that the BWA particles have heterogeneous shapes mixed together with some spherical particles under the microscope, and the unburnt wood parts are noticeable.



Table 1 concludes the raw material properties of the wood ashes used to produce AAMs in the five years of the literature (2019–2023) reviewed in this study, as well as their biomass sources. The physical and chemical properties of BWA vary according to the difference in wood source, combustion location, and burning process. The density of the wood ash lies in the range from 0.68 to 3.05 g/cm3, and BFA is measured as having a lower density than BBA. The mean value of the density is 2.29 g/cm3, and the maximum is reported by [64], with a value of 3.05 g/cm3. A great distinguishment in the specific surface area is observed, with a mean value of 1.92 m2/g. The maximal and the minimal specific surface areas in the analysed investigations are 13.94 and 0.10 m2/g, respectively [27,65]. Usually, the specific area of a material is a significant index for defining its reactivity during the pozzolanic and hydration processes. The use of BWA with a higher specific area contributes to higher yield stress, viscosity, and reactivity of BWA geopolymers [27]. These data indicate that the reported ashes have differing potential to be incorporated into AAMs, tremendously affecting the mechanical behaviours of BWA-based AAMs. The loss of ignition (LOI) varies from 2.66 to 74.31% for different ashes, and the mean value is 21.01%. LOI shows the content of organic residues in the ashes. A high value of LOI can be attributed to incomplete wood combustion and the decomposition of hydrated as well as carbonated wood ash phases [66,67]. When the value is greater than 12%, the pozzolanic activity of the material reduces owing to the high amount of unburnt carbon, which also adversely impacts mechanical properties and durability and delays the hydration process of ash-based composites [53,68,69].



In terms of the mineralogical compounds, except for the eucalyptus BWA used by Silva et al. [65], quartz (SiO2, silica oxide) and calcite (CaCO3, calcite) are highlighted as the main components in most of the researches. The other primary identified mineral phases consist of portlandite (Ca(OH)2, calcium hydroxide), lime (CaO, calcium oxide), and Al- or Si-based compounds. Figure 3 shows the X-ray diffraction (XRD) patterns of a typical BWA. Besides the crystalline phases, an amorphous halo is identified around 22.0 °C, which is associated with the organic matter in the ashes [84].



The chemical compound of BWA is strongly associated with the burning procedure. Usually, the temperature of wood combustion ranges from 538 to 1093 °C. According to Etiégni and Campbell [85], the wood ash produced from combustion is highly alkaline, and along with the increment in burning temperature, the elemental contents of Ca, iron (Fe), magnesium (Mg), and phosphorus (P) increase, whereas the amount of zinc (Zn), K, and Na decrease. Meanwhile, the alkalinity of BWA is determined due to the contents of hydroxide, carbonate, and bicarbonate in the ash [44]. In Table 1, the chemical composition of BWA differs; nonetheless, the primary oxides are SiO2, Al2O3, or CaO. The highest content of SiO2 is reported in the BWA from the forest biomass, with 46.10% [58]. The BWA from Portugal has the greatest Al2O3 content of 14.80% [64], while the highest CaO content (61.00%) is recorded in the BWA from timber burning [77].



So as to further compare the chemical composition of diverse BWAs, the distribution of the contents of the principal oxides (SiO2, Al2O3, or CaO), as well as the CaO/SiO2 ratio and the ratio of basic oxides (MgO, Al2O3, and CaO) to acidic oxide (SiO2), which presents hydraulic properties [86,87], are illustrated in Figure 4. The distribution of the chemical contents exhibits a scattered pattern, indicating a large difference in the characteristics of BWA depending on the source of the biomass and the combustion sets, which explains the great difference between BWA-based AAMs and also enhances the difficulty of establishing a uniform standard of BWA application in AAMs. For most of the ashes, the amount of SiO2 is less than 30%, while there are several investigations reporting higher SiO2 content [58,64,79]. The oxide content of Al2O3 is presented as less than 20% for all ashes. It demonstrates that, differently from precursor materials like MK composed of Si and Al, most of the BWA belongs to high-Ca precursors comprised of mainly Si and Ca [88]. In particular, half of the reviewed ashes have a CaO content of over 40% [65,71,72,73,75,76,77,78,82].



The ratio of SiO2 and CaO is used to characterise the hydraulic activity of materials, which affects their capability to set, harden, and generate hydrates during the reaction with water, further influencing the development of the mechanical properties of the matrices, especially for the high-Ca-content materials [61,89]. According to Lee and van Deventer [90], Ca and Mg compounds in AAMs can help to shorten the initial setting time by providing extra heterogeneous nucleation centres. Puligilla and Mondal [91] also pointed out that the presence of Ca prolonged the dissolution of aluminosilicates in precursor materials, considerably impacting the early- and late-stage behaviours of the hardened binder. For most of the reviewed ashes, the CaO/SiO2 ratio is recorded as less than two, which fails to meet the required amount for hydraulic materials (CaO/SiO2 > 2) according to BSEN197-1:2011 standard. Only a few investigations report BWA with a CaO/SiO2 ratio higher than 10 [65,71,77,78]. The presence of Si and Al compounds in precursors is intensively connected with the development of hardened strength [92]. In Figure 4, the ratio of basic oxides to acidic oxides centres mainly in the region of less than five. Only a few ashes report a value over 10 [65,71,77,78,82]. These data explain the importance of incorporating more active precursor materials to improve the hydraulic capacity and mechanical properties of BWA-based AAMs.



In order to improve the reactivity of BWA, pre-treatment approaches are adopted by researchers, among which decreasing the particle size of ashes via ball-milling is the most common method [38,58,70,71]. In some research, before grinding, 64.5 °C heating treatment for 24 h and sieving through 500 μm sieve are also adopted to enhance the effectiveness of pre-processing [5,93]. Ates et al. [71] compared the chemical-physical properties of treated and untreated BWA, reporting that the ball-milling method greatly improved the specific gravity and specific surface area. The milled BWA had finer and more amorphous particles with fewer micro-cracks between them. Teker Ercan et al. [5] also pointed out that after being subjected to 10- and 20-min grinding, the mean particle size of BWA was reduced from 18.31 to 3.79 and 4.22 μm, respectively, and 10-min grinding was more effective in modifying the particle shapes and morphology. This can be attributed to the coverage of smaller particles on grinding balls, reducing the efficiency of the milling process, and the wearing out of milling media can negatively impact grinding kinetics [55,94]. The same outcomes were observed by Kumar and Kumar [95] and Hamzaoui et al. [96], indicating that long-time milling can cause agglomeration and deteriorate the microstructure of ashes. Recalcination is another effective pre-processing method which can greatly alter the mineralogical and chemical composition of BWA, increasing the chemical reactivity [71]. But compared to ball-milling, recalcination is less eco-efficient in terms of energy consumption [97].




3. Preparation of Alkali-Activated Composites


Table 2 illustrates the mix design and sample preparation of BWA-based AAMs in the highly related investigations from 2019 to 2023, including the type of precursors, utilised alkali solutions, and curing conditions. Most of the research still focuses on the development of alkali-activated paste, without the introduction of aggregates. The studies on mortar and concrete materials are comparably limited, especially the latter, only consisting of less than 10% of the investigations. In the research conducted by Lin et al. [76], alkali activation was also used to produce BWA-based lightweight aggregates, which provide a reference for broadening the application of BWA in AAMs. Regarding the testing methods, in most of the research, compressive and flexural strength were tested, together with the microstructural analysis such as XRD, Fourier transform infrared spectra (FTIR), scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), and thermogravimetry (TG). There was little attention paid to the durability, thermal properties, or environmental impacts.



In terms of the alkali activators employed, besides several investigations reporting the application of KOH, K2SiO3, and Na2CO3 [5,38,58,71], NaOH and Na2SiO3 remain the predominant activators in the majority of research due to their remarkable activating effectiveness. The activation potential of alkali activators can be arranged as Na2SiO3 > NaOH > NaOH + Na2CO3 > KOH [98]. Notwithstanding this, the drawback of using Na-based activators is that the production of commercial alkaline activators with Na is associated with intensive energy consumption and a large amount of CO2 emissions. The manufacturing per kg of NaOH product accounts for the emission of 1.915 kg of CO2, and approximately 1.514 kg of CO2 is generated by the production of 1 kg Na2SiO3 [11,99,100]. Also, there is a problem regarding the pollutant aspect due to the high pH and chemical toxicity of NaOH and Na2SiO3 [99,101].



KOH and K2SiO3 are usually employed to replace NaOH and Na2SiO3. The larger potassium cation (K+) size enables a higher rate of dissolution as well as solubilisation of polymeric ionisation, facilitating the formation of a geopolymer network and larger oligomers, accounting for a higher extent of polycondensation and benefiting the development of mechanical strength [102,103,104]. In addition, K+ can enhance the refractory characteristics of AAB and thus provide increasing resistance when exposed to high temperatures [105]. Nevertheless, the challenge associated with the application of KOH and K2SiO3 as activators also stems from their elevated alkalinity, presenting significant environmental concerns. To address this issue, Na2CO3 is introduced to replace NaOH for producing more sustainable activator solutions. The use of Na2CO3 can create a less alkaline environment in the AAMs system and, due to its lower costs, the economic viability of the produced material is greatly improved [38,106,107]. The only limitation is the extended setting time and restricted strength development [108,109]. Ca(OH)2 is another activator option. It is five to six times lower in price compared to NaOH [101], and effective in accelerating the activation process in AAM systems and promoting the formation of CASH, leading to a dense binder microstructure and improving mechanical strength [13,14]. Yet, its application in BWA-based AAMs is still not reported.





 





Table 2. Experimental design and preparation of AAMs.
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	Category
	Precursor
	Alkali Activator
	Testing Methods
	Temperature Treatment
	Curing Humidity
	Major Outcomes
	Reference





	Paste
	BWA, BSS
	KOH, K2SiO3
	Compressive strength, flexural strength, FTIR, bulk density, XRD, thermal conductivity, SEM-EDS
	60 or 20 °C for 24 h
	90%
	Thermal curing at 60 °C increased mechanical properties at early curing ages. The addition of up to 50 wt% of BSS contributed to increased compressive and flexural strengths.
	[58]



	Paste
	BWA, FA, GGBS
	NaOH, Na2SiO3
	Compressive strength, workability, ultrasonic pulse velocity (UPV), XRD, TG, FTIR, SEM-EDS
	Room temperature
	65%
	Replacement of 30 wt% BWA significantly improved compressive strength and microstructure compared to the reference mixture.
	[70]



	Paste
	MK, BWA
	NaOH, Na2SiO3
	Rheological tests, isothermal calorimetry, FTIR, greenhouse gas emissions
	-
	-
	The specific surface area of BWA greatly influenced the rheological parameters and the hydration kinetics of the geopolymers, and BWA had 65% less CO2 emissions than MK.
	[27]



	Mortar
	FA, BWA
	KOH, Na2SiO3
	MIP, compressive strength, flexural strength, XRD, TG, SEM
	70 °C for 24 h
	-
	The inclusion of treated BWA enhanced compressive and flexural strength. The control mix and treated BWA specimens displayed better porosity.
	[71]



	Paste, concrete
	BWA, PG
	NaOH, Na2SiO3
	Compressive strength, flexural strength, SEM, XRD, total porosity
	60 °C for 24 h
	-
	15–20% PG replacement led to improved compressive strength. NaOH/Na2SiO3 as activator solution resulted in reduced open porosity and improved samples’ resistance to freezing and thawing.
	[72]



	Paste
	BWA, zeolitic waste
	NaOH
	Compressive strength, XRD, FTIR, SEM
	60 °C for 24 h
	-
	3% zeolitic waste replacement.
	[73]



	Paste, mortar
	BWA, silica fume
	NaOH
	XRD, SEM-EDS, FTIR, compressive strength, total porosity, Methylene blue concentration reduction
	24 °C
	50–60%
	The alkaline activation of pastes and mortars with 5 M solution exhibited the best levels of compressive strength. Alkaline-activated mortars presented lower water absorption than mortars without activation.
	[65]



	Paste
	BWA, glass powder (GP)
	NaOH
	Compressive strength, flexural strength, XRD, SEM-EDS,
	Room temperature
	-
	With the increase in NaOH content and reduction in GP, both compressive and flexural strength grew.
	[75]



	Paste
	BWA, PG
	Na2CO3, Na2SiO3
	Setting time, density, UPV, compressive strength, water absorption, TG, XRD, SEM
	20 and 40 °C
	-
	The mechanical properties increased with the increase in temperature and Na2CO3/Na2SiO3 ratio.
	[61]



	Paste, mortar
	BWA, MK
	NaOH, Na2SiO3
	XRD, SEM-EDS, workability, bulk density, water absorption, compressive strength
	Room temperature
	65% for 24 h
	Binder/aggregate ratio influenced the properties of the mortar. With an increasing number of aggregates, the compressive strength decreased.
	[64]



	Mortar
	BWA, FA
	NaOH, Na2SiO3
	Compressive strength, flexural strength, water absorption, total porosity, XRD, SEM
	70 °C for 24 h
	-
	Incorporation of BWA up to 20% increased the early strength due to the formation of CSH gel. Only the mortar with 10% BWA replacement showed positive 28-day results.
	[77]



	Paste
	BWA, MK
	NaOH, Na2SiO3
	XRD, TG, SEM-EDS, compressive strength, bulk density, water absorption
	40, 20 °C and room temperature
	65%, submerged in water and open condition
	Samples obtained with hydrothermal conditions and SS:SH = 1.0 can be used for pollutant adsorption and those produced at room condition with SS:SH = 1.5 can be employed as dense mortars.
	[79]



	Aggregate
	BWA, GGBS
	Na2SiO3
	Bulk density, water absorption, crushing strength, pore distribution, XRD, EDS
	30 °C
	65%
	By increasing the content of GGBS from 0% to 30%, the crushing strength improved from 0.84 MPa to 2.25 MPa, and the water absorption decreased from 24.0% to 12.5%.
	[76]



	Paste
	BWA, MK, calcined clay
	NaOH, Na2SiO3
	Bulk density, apparent porosity, water absorption, compressive strength, thermal conductivity, XRD, FTIR, SEM-EDS
	60 °C for 24 h
	-
	BWA and calcined clays improved the mechanical properties of geopolymer.
	[80]



	Mortar
	BWA, GGBFS
	NaOH, Na2SiO3, Na2CO3
	Workability, compressive strength, flexural strength, SEM, total porosity, EDS, XRD, pH value, isothermal calorimetry
	Room temperature
	-
	Grinding wood ash can improve the mechanical properties of alkali-activated systems compared to untreated wood ash, and the incorporation of wood ash increased the porosity of the binder matrix.
	[5]



	Paste
	BWA, silica gel by-product
	NaOH
	Compressive strength, XRD, FTIR, SEM
	60 °C for 24 h
	-
	The compressive strength of AAB specimens relied on the amounts of silica gel by-product and alkali activator. The highest strength (21.6 MPa) was observed in specimens with 35% of silica gel by-product.
	[74]



	Paste
	BWA, MK
	NaOH, Na2SiO3
	XRD, FTIR, SEM-EDS, bulk density, apparent porosity, water absorption, compressive strength
	60 °C for 24 h
	-
	Concentration of at least 8 M NaOH is required to obtain optimum mechanical properties and up to 50 wt% addition of BWA increased compressive strength.
	[81]



	Mortar
	FA, BWA
	NaOH, Na2SiO3
	SEM-EDS, FTIR, catalytic tests, metal sorption
	Room temperature
	-
	Geopolymers possess optical and photocatalytic properties. Geopolymers based on BWA had better sorption properties.
	[83]



	Paste, mortar
	BWA, MK
	NaOH, Na2SiO3
	Workability, compressive strength, XRD, TG, SEM-EDS
	60 °C for 48 h then at 60 °C
	RH 95%
	Incorporation of MK improved mechanical properties. The highest compressive strength was obtained for 40% MK incorporated mortars for around 38 MPa.
	[110]



	Paste, mortar, concrete
	FA, BWA
	NaOH, Na2SiO3
	Setting time, workability, bulk density, flexural strength, sulphate resistance, freeze-thaw resistance
	Room temperature
	-
	The mixtures with 20% BWA showed better sulphate resistance than those with only FA.
	[82]








As the fundamental ingredients in the fabrication of AAMs, precursor materials significantly affect the mechanical performance and durability of AAMs. Most BWA is of low reactivity, therefore, due to the purpose of guaranteeing the engineering properties of AAMs; they are usually only used as a partial replacement for other more active precursors as binary or ternary binder material, such as metakaolin (MK), FA, and slag-based industrial wastes. The results testify to the positive effects of incorporating BWA as a precursor source to enhance the mechanical properties and improve the microstructure of AAMs at a low replacement ratio; nevertheless, when the content of BWA surpasses 50%, a reduction in the mechanical strength is observed [70,71,77,81]. Phosphogypsum (PG) is an effective source of Ca, preferred in recent years by researchers to be used together as a binary precursor with BWA. Vaičiukynienė et al. [72] and Zhu et al. [38] investigated the influence of the PG replacement ratio on BBA- and BFA-based AAMs, respectively, confirming that the optimal ratio of adding PG was less than 30%. Comparing the different precursors used together with BWA, FA and slags exhibit increasingly remarkable results in improving the mechanical strength and microstructure of BWA-based AAMs, outperforming other materials such as PG or zeolite waste. This can be related to the rich Al and Si contents in them, favouring polycondensation and facilitating alkali activation. Nonetheless, further investigations should be conducted to provide a clearer comparison under the same experimental settings. In addition, it is worth mentioning that, unlike CBMs, the utilisation of reinforcing additives, such as nano-admixtures and fibres, is less universally investigated in BWA-based AAMs, and attention is still being paid to the incorporation of more active precursors.



Curing condition is another crucial factor influencing the properties of AAMs, especially temperature treatment, which can help the dissolution of minerals in precursors and facilitate the process of alkali activation [111,112]. Particularly at the early stage, being subjected to heating can improve early strength development and reduce the setting time of AAMs [113,114]. As is shown in Table 2, most researchers adopted the temperature treatment at 60 °C for 24 h, then transferred the samples to room temperature for the rest of the curing period, also due to the consideration of controlling environmental and economic impacts. Curing at 50 °C per 24 h can lead to an increment in CO2 emission by 11% [100]. In the research conducted by Gómez-Casero et al. [58] and Zhu et al. [61], which compared the properties of AAMs with or without heating, their outcomes confirmed the positive effects of temperature treatment. However, to thoroughly indicate the effectiveness of temperature curing, a systematic analysis involving both engineering performance and environmental assessment is still needed.




4. Properties of Alkali-Activated Composites Containing Biomass Wood Ash


4.1. Workability and Setting Time


As is indicated in the literature, there is a consensus that when the BWA ratio in the blended binder increases, the workability exhibits a significant downtrend [5,70,77,110]. Tran Thi et al. [70] pointed out that as the incorporation of BWA content increased (from 30 to 50 to 70%) to replace the GGBFS and FA mixture, the flowability of paste samples experienced a reduction in the range of 13.8–27.9%, 30.5–40%, and 36.7–43.2%, respectively. They ascribed it to the great LOI and porosity of BWA, requiring more free water and thus decreasing the flowability. Another reason could be the high specific surface area of BWA and its irregular particle shape, which exerts an adverse influence on the workability [77]. A different tendency was reported by Bijeljić et al. [82] who observed the growing flowability of mortar mixtures from 122 mm to 141 mm when FA was replaced by BWA from 0 to 25%. They explained that the particle size of FA was finer than 0.1 mm, requiring a larger amount of water, thus when the ratio of FA decreased, the workability correspondingly improved.



In terms of setting time, existing investigations report that by enhancing the BWA content in the binder, both initial and final setting time are remarkably shortened [70,77,82]. Abdulkareem et al. [77] observed an initial setting time decreasing from 210 min to 120 and 35 min when the amount of BWA increased from 10 to 20 and 30%, respectively. This is associated with the high calcium content in most of the BWA contributing to fast setting [82,115]. The water from the alkali solutions undergoes a reaction with certain calcium compounds from BWA, such as portlandite, resulting in the formation of calcium silicate hydrate (CSH) gels which enhance the alkalinity of the solution and contribute to increased setting rates [116].



The growing SiO2/Na2O ratio in the alkali activator solutions, on the contrary, can enhance both the flowability and setting time of AAMs. Tran Thi et al. [70] aligned this to the highly polymerised silicate ions which hinder the setting. In addition, when the SiO2/Na2O ratio increases, the coating on the precursor particle surface is improved, which reduces the rolling friction between the particles, enhancing flowability [117]. The workability of AAMs with BWA follows the ranking order of Na2SiO3 > Na2CO3 > NaOH [5]. Similar results are demonstrated by Zhu et al. [61], who investigated the effects of the Na2CO3/Na2SiO3 ratio, highlighting a significantly shortened final and initial setting time due to the improvement of Na2CO3 content. This is owing to the growing calcium ions dissolved and precipitated with carbanions, speeding up the setting [118].




4.2. Mechanical Properties


Compressive strength is one of the most significant engineering properties for assessing the application of new building and construction materials. The mechanical strength of AAMs is associated with the densification of the materials and is also attributed to the cementitious products formed during the process of hydration and alkali activation. Due to the low reactivity of BWA, the AAMs with 100% BWA possess a strength value within the range between 8.5 and 22.0 MPa, heavily depending on the chemical and mineralogical composition of the ash [38,58,72,73,81]. Therefore, to ensure the quality of fabricated AAMs, most researchers apply binary or ternary precursors to be incorporated together with BWA. These precursor materials usually have a greater reactivity and can effectively facilitate the development of alkaline aluminosilicate gel or geopolymer gel in the binder system. The most commonly added materials include the industrial by-product FA from coal burning, slags, and MK. Abdulkareem et al. [77] pointed out that the replacement of FA with 10% high-calcium BWA contributed to a 106% strength increment compared to the mortar with only FA. This can be related to the increased degree of alkali activation and the secondary hydration of CaO from BWA reacting with silicate and aluminate to form CSH and CASH gels, which fill the voids as micro-aggregates and generate a denser binder structure [119,120]. By adding 50% black steel slag (BSS) and 50% BWA as precursors, Gómez-Casero et al. [58] reported an 86.8% increment of compressive strength from 22.0 to 41.1 MPa. Unlike BWA particles, the dissolution of the glassy phase of BSS is comparatively less dependent on the breakage of Si–O–Si by Si–O–Al bonds, which facilitates the alkali reactions after its addition [121]. In the case of MK, when 50% MK and 50% BWA are used together, a greater strength of 44.0 MPa is achieved, while the single incorporation of BWA or MK only contributes to a strength value of 18.1 and 23.0 MPa, respectively [81]. However, when the ratio of BWA is high, the strength loss is observed owing to the growing organic content in the matrix, which limits the polycondensation and enhances setting time [122]. In other investigations, the binary usage of BWA and 40, 50, and 60% replacement with silica fume contributed to the 28-day compressive strength above 55 MPa [65]. The introduction of glass powder at 30% binder weight led to an increment of 14-day strength value from 2.96 to 19.62 MPa compared to the sample with 100% BWA [75]. And the combination of 3% waste zeolite enhanced the 28-day compressive strength from 8.5 to 14.7 MPa [73].



Several factors influence the development of compressive strength of AAMs. Temperature treatment is reported as favourable for achieving better compressive behaviours. After elevating the curing temperature from 20 to 60 °C, the 28-day compressive strength of alkali-activated paste with only BWA improved from 13.8 to 22.0 MPa, which can be ascribed to the increased dissolution degree of reactive contents in the solid precursors, such as Al, Ca, and Fe species, accelerating the reaction rate and accounting for greater polycondensation and polymerisation [58]. Conversely, heat treatment can have disadvantages, too, especially in the long term, when the degree reaction stays approximately the same, but due to the faster hardening process, less ordered and poorer quality microstructures are formed [123]. The grinding processing of BWA in advance also favours the development of strength. According to Teker Ercan et al. [5], after the milling treatment, strength can be improved by up to 39.81%. This is primarily because of the high unburnt carbon content and unreactive wood residue particles hindering the alkali activation of BWA [69]. In terms of the effects of alkali activators, Silva et al. [65] concluded that the use of 5 M NaOH solution outperformed 10 and 15 M in the development of compressive strength, due to the excessive number of alkaline ions disabling the condensation of Si and Ca ions to form the gels. Similar results were obtained by Silva et al. [75], who showed that when the NaOH concentration was elevated from 2 to 5 M, the compressive strength of AAMs with only BWA decreased from 2.96 to 3.69 MPa. Compared to NaOH and Na2CO3 solutions, higher compressive strength is achieved when Na2SiO3 is used as an activator [5]. It can be connected to improved polycondensation when the activating solution contains Na2SiO3, which provides the Si species available in the solution [124].




4.3. Durability


In the currently existing studies regarding BWA-based AAMs, the primary focus has been on water absorption and the other durability properties are rarely involved. Generally, the influence of BWA on AAMs varies, associated with the other incorporated precursors. Jurado-Contreras et al. [81] demonstrated that the substitution of MK with BWA contributed to the decrease in water absorption values from 34 to 33–12% and, along with the enhancement of the BWA ratio, the water absorption exhibited a reduction. They ascribed it to the formation of a denser structure of the paste, with BWA serving as a filler to fill the spaces, voids, and pores. The same results were obtained by Eliche-Quesada et al. [80], highlighting that the use of BWA to partially replace MK accounted for a more compact structure and reduced water absorption values. Different outcomes were reported when FA or PG were used together with BWA [61,77]. By increasing the content of BWA, the insufficient geopolymerisation reaction contributed to low compactness and was sustained by higher 28-day water absorption [77]. Another reason can be attributed to the great amount of unburnt carbonised organic matter in BWA, actively absorbing water owing to its highly porous structure [125,126].



Concerning the influence of alkali activators, the decrease in NaOH concentration leads to lower water absorption values [81]. Similar outcomes were observed by De Rossi et al. [79], who showed that when decreasing the Na2SiO3/NaOH ratio from 1.5 to 1.0, greater values of water absorption were observed. This is due to the increased amount of free water available in the paste system, which results in higher fluidity and porosity, as well as lower paste consolidation.




4.4. Bulk Density


The bulk density of the produced AAMs containing BWA is connected to the density of additional binary precursors, the type of alkali solutions, and the curing environment. As is interpreted in some investigations [80,81,82], the incorporation of BWA can improve the bulk density of AAMs, not only due to the density of BWA but also the filling and type of gel enrichment effects of BWA, which can lead to a more densified structure. Gómez-Casero et al. [58] demonstrated an uptrend of bulk density growth along with the increasing curing temperature and age. The enhanced thermal curing at 60 °C can facilitate the dissolution of reactive precursor phases, fostering a more substantial reaction. This process reduces the number of voids in the matrix, leading to a higher volume of gel and densification [127]. While extending the curing duration promotes the extended structure of hydration products, diminishing porosity through improved cohesion and adhesion among matrix components ultimately results in densification. A different tendency was revealed by Zhu et al. [61], with a reduction in density observed when the curing temperature was elevated to 40 °C. The distinguishment in the results may be associated with the different curing humidity. In the case of the latter, no humidity control was applied; thus, the evaporation of free water could be accelerated when samples were subjected to temperature treatment. In hydrothermal situations, the promotion of the new phase generation is sustained with the densification process and thus the enhancement of bulk density [128]. They suggested improving the Na2CO3/Na2SiO3 ratio to facilitate the new phase formation and prevent water evaporation. Similarly, when the Na2SiO3/NaOH ratio was enhanced from 1.0 to 1.5, the bulk density of AAMs was raised due to an elevated quantity of Na2SiO3, which augmented the viscosity of the alkaline solution, elevating the compactness of the network structures [79,129].




4.5. Phase Identification


Based on the XRD identification, the major crystalline components detected in the BWA-based AAMs are quartz and calcite [5,81,110], which are also the elemental mineralogical components in BWA raw materials. This indicates that these crystalline phases in BWA are inactive particles and can perform as filler particles in AAMs [124,130]. The alkali activation of BWA leads to the newly formed crystalline compounds in AAMs, including CSH, CASH, and sodium aluminosilicate hydrates (NASH) [71,74]. When the concentration of the alkali solution increases, the peaks of the newly formed phases are more intensive, interpreting increasingly intense alkali activation [65]. In contrast with the patterns belonging to the precursors, Jurado-Contreras et al. [81] observed shifts in the peaks of alkali-activated bricks towards higher 2θ degree, indicating the formation of amorphous NASH gel in the matrix [114,131,132]. The intensity of this amorphous halo decreased with the growing content of BWA, testifying to the higher degrees of polycondensation. Also, some studies reported the formation of amorphous phases of CASH and CSH gel in the range of 20–38°, which is significantly connected with the development of mechanical strength [75,110,133,134,135]. When the BWA is rich in calcite, there can be also the hydrotalcite (Ht)-like phase generated during alkali activation, which presents more intense and sharper peaks with the increment of BWA contents [70,136]. In BWA, calcite may undergo partial dissolution under alkaline conditions, leading to the release of increased CO32– and promoting the formation of more Ht-like phases [137,138]. Another point worth noting is that the curing temperature shows limited impact on the transformation of crystalline phases in the precursors, and structural changes primarily occur in the amorphous phase, but curing at a moderate temperature of 60 °C can contribute to a more pronounced surface attack on the crystalline phases, releasing reactive silica and facilitating gel formation, which favours the early-age strength development [58,139].



In the thermogravimetry-derivative thermogravimetry (TG-DTG) and thermogravimetry-differential thermal analysis (TG-DTA) curves, the primary weight loss occurs from 80 to 800 °C. The mass loss of hydrated AAMs at the temperature from 80 to 250 °C corresponds to the evaporation of free and physically bound water [79], decomposition of CSH [61,140], as well as NASH, which showed an increasing, amount along with the decline of BWA content [110]. The water loss from portlandite formed in the pastes due to the hydration of lime. The dehydration of unburnt organic matter in BWA and the decomposition of Ht-like phases occur at 300–500 °C, while the weight loss owing to the decomposition of calcite is in the temperature range above 500 °C [57,61,110,138].



Along with the increase in BWA content, in the FTIR spectra, the intensity of the functional bands assigned to –OH stretching and the H–O–H bending vibrations from bound water molecules exhibit a reduction, interpreting lower adsorption of water and less gel formation in the AAMs [81,141]. The increasing intensity of O–C–O vibration in the carbonate phases between 1450 and 870 cm−1 can be associated with the high carbonate content in BWA [142,143], or the reaction of the alkali-activated binder with CO2 from the air in the environment [27,144]. The alkali activation of BWA leads to the generation of new amorphous phases in AAMs, especially NASH gel, contributing to the shift of Si–O–Si/Al bands, which is more remarkable when the concentration of alkali solutions is improved [80,81,145,146]. The shift of the peaks is also more pronounced when the samples are subjected to the temperature treatment which favours the dissolution of precursors and accelerates alkali activation, leading to the production of a larger amount of gel [58,147]. In a more alkaline environment, the degree of alkali activation reaction is improved owing to the dissolution of a larger number of precursors, accounting for the increasingly common substitution of Si–O or Si–O–Si with Si–O–Al at the tetrahedral sites, which provides more nucleation sites within the three-dimensional matrix structure and results in a localised alteration of the Si–O bond [148,149].




4.6. Microstructure and Porosity


When 100% BWA is used as a single precursor material, the poorly dissolved BWA particles contribute to a porous and less compacted gel-like microstructure of the AAM matrix, without interconnection between the particles, which adversely influences the development of mechanical strength [110]. This is associated with the growing void volume of the structure owing to the porous nature of BWA as well as the great number of un-hydrated BWA particles [70]. The shrinkage between the unreacted particles leads to the propagation of micro-cracks and agglomerated products precipitated on the particle surface, responsible for the microstructural defects and negatively affecting the compressive strength [77,81]. Another reason could be that the addition of BWA reduces the formation of denser CASH gel via promoting the generation of high-porosity NASH gel [150]. After adding a binary precursor, BWA particles are well embedded and connected to the matrix, leading to a denser morphology of AAMs [110]. Meanwhile, the filling effect of BWA in the voids and pores gives rise to increasing densification of the hybrid binder [80]. Alkali activator solutions tremendously influence the dissolution and reaction degree of BWA during the alkali activation. The increment of activator concentration is usually linked to a more condensed morphology. A greater activator modulus supplied increased reactive aqueous silica, leading to the formation of more gels, further contributing to refining pores in the hardened pastes and establishing a more homogeneous structure due to the even distribution of the reaction products [151,152]. A more compacted morphology is observed with 60 °C of temperature curing, which promotes the dissolution of aluminosilicates and calcium phases in the precursor, accelerating the formation of the new polymer chain and CSH/CASH gel; however, heat treatment can also introduce micro-cracks into the matrix due to fast evaporation of the water molecules [58].



In the existing literature, the research regarding the pore structure and porosity of AAMs with the inclusion of BWA is still minimal [71,72,77,80,81]. Generally, along with the increasing content of BWA, the total porosity of AAC displays an enhancing tendency due to the highly porous microstructure of BWA [153]. The pre-processing of BWA via grinding can effectively improve the pore structure of BWA-based AAMs and contribute to a smaller average pore diameter due to the effect of treatment, which accounts for finer particle size distribution and more densely packed particles of BWA [71]. Abdulkareem et al. [77] observed a decline in the total porosity of alkali-activated samples with 10 and 20% BWA during the early curing age from three to seven days, with 18 and 15%, respectively. They attributed it to the great degree of alkali activation reaction resulting from the inclusion of up to 20% BWA, which promoted the formation of CSH gel and the refined microstructure of the binder. Concerning the impacts of alkali solutions, the porosity of the AAMs activated by various alkali solutions might be following the order of Na2CO3- > NaOH- > Na2SiO3-activated samples [5]. The use of Na2SiO3 solution introduces more active Si into the system, favouring the alkali activation reaction [154]. And the elevated pH values due to Na2CO3 or NaOH solutions facilitate the formation of hydrates, accounting for a denser matrix due to the pore-filling effects [155]. Similar results were obtained by Vaičiukyniene et al. [72], addressing that via replacing NaOH solution with NaOH- Na2SiO3 solution, a greater quantity of closed pores was formed, and the number of open pores was reduced, which could tremendously improve the durability of alkali-activated concrete.





5. Lifecycle Assessment and Analysis of Eco-Efficiency


Wood biomass is widely esteemed as an energy source because of its CO2 neutrality, emitting nearly the same amount of CO2 during combustion as it absorbs throughout its growth [66,97]. With the increasing application of biomass fuel, the by-product BWA has aroused a significant problem regarding its disposal. The utilisation of BWA in the manufacturing of building and construction materials has the potential to improve eco-efficiency, especially considering the waste management costs and environmental burdens due to landfills. BWA has the capability to capture and mineralise CO2 through the hydration process, leading to a remarkable reduction in greenhouse gas emissions from the end product [156,157]. In the domain of cement-based materials with BWA, many investigations have been conducted to evaluate the economic and environmental benefits aligned with the partial replacement of Portland cement (PC) with BWA through the tool of lifecycle assessment, confirming its superiority in reducing manufacturing costs and environmental burdens [97,158,159,160]. Substituting 40% of PC with BWA resulted in a 32.77% reduction in concrete production costs [158]. And the cost of geopolymer-PC hybrids with BWA was half the price of traditional PC [161]. The only concern lies in the pre-treatment, which significantly enhances the energy demand. Approximately 11.9 kWh/t and 2.2 kWh/t are required for the grinding and sieving process of BWA [159,162]. And if more complex procedures, such as washing, drying, and recalcination, are included, the energy consumption is correspondingly increased [163].



As for BWA-based AAMs, although sustainability and environment conservation due to BWA valorisation have been widely mentioned in the literature, currently, investigations involving environmental or cost analyses are still rare. Only Silvestro et al. [27] calculated the CO2 emissions of precursors, and per cubic meter manufactured of geopolymer products containing BWA, highlighting that BWA exhibited a decline of almost 65% in greenhouse gas emissions concerning the MK. With regard to a comprehensive lifecycle assessment, however, still no reports have been seen in this field.




6. Discussion on the State-of-the-Art Research


Based on the core collection on the Web of Science, Figure 5 summarises the results from a bibliometric search about the trend of publications on the incorporation of BWA in CBMs and AAMs during the time span from 2010 to 2023. Overall, in contrast to the research topics of other types of building materials, the publications on BWA-based materials are still limited and in the beginning stage. From 2010 onwards, the number of investigations reported on BWA in both fields depicts a growing tendency, which can be attributed to the rising attention being given to sustainability in the management of industrial by-products and the increasing worldwide utilisation of biomass-based renewable energy. More interest is observed in CBMs compared to AAMs, which can be ascribed to the universal application of CBMs in engineering practice, and also to the diversity of BWA incorporations, such as supplementary cementitious materials and aggregates [48,164,165,166]. Nonetheless, owing to rising concerns about the environmental burdens created during the production of Portland cement, the concept of cementless and cement-free binder materials has attracted umbrella interest. This leads to an improvement in the investigations on BWA-based AAMs and geopolymers, especially after 2015, as is observed in the curves, and a tendency to surpass those on CBMs in the year of 2023.



Figure 6 and Figure 7 illustrate the outcomes of bibliometric analysis based on the refined dataset of 187 highly related publications via the VOSviewer mapping tool. VOSviewer generates a series of networks according to the provided bibliographic data and combines the information in the literature into clusters via a smart local moving algorithm [167,168]. In Figure 6, the co-authorship network of countries is displayed by years using various colours to present the chronological order of the results. Overall, a total number of only 32 countries were defined in the algorithm, with weak cooperation with the research and significant intellectual isolation across different regions observed in the network. Despite a strong link centring in Portugal, most of the countries have no interconnection. There is insufficient international coordination and common policy in the use and application of BWA. This can be associated with the distinguishment of energy policy in different countries, and for most of the regions where coal is still the main source of energy production, the demand for BWA recycling is less significant. The five leading countries with citations over 100 are Portugal, Germany, Brazil, Thailand, and Spain, and since 2023, several countries have emerged in this research area, which can be related to the rising utilisation of biomass fuel. In total, 255 authors were detected by VOSviewer from the core dataset. After applying the algorithm, 45 authors with a minimum of two documents were chosen, and the result of the co-authorship mapping is illustrated in Figure 7. Similar to the outcomes in the co-authorship network of countries, independence among research groups was observed. Seven collaboration networks of authors were depicted in isolated groups and three single authors were disconnected from the network.



Figure 8 exhibits the co-occurrence map of keywords. A total number of 451 keywords was initially identified by VOSviewer and after the refinement to eliminate the generic terms and the terms with the same meaning [169], a network of 394 keywords was illustrated. The occurred keywords can be mainly divided into six groups: (1) treatments and curing conditions of the materials, such as “curing temperature”, “ball milling”, and “grinding”; (2) mix design and the selection of raw materials, like “superplasticizer”, “sodium silicate”, “ sodium carbonate”, and “SiO2/Na2O ratio”; (3) testing of the engineering properties, such as “setting time”, “durability”, “early-strength properties”, “compressive strength”, “workability”, and “freeze-thaw resistance”; (4) incorporation of other by-products—for example, “phosphogypsum”, “fly ash”, “metakaolin”, and “furnace slag”; (5) analysis of microstructure and mechanism, such as “SEM”, “reaction-kinetics”, “hydration”, “porosity”, and “XRD”; (6) sustainability-related analysis—for instance, “CO2 emissions”, “energy consumption”, “waste valorisation”, and “cost analysis”.



Figure 9 summarises the evolution direction of the research on BWA utilisation in the domain of AAMs. The research commenced with the demands of waste utilisation and focused on the characterisation of the ashes, as well as the development of high-performance materials, especially the ones with improved compressive strength, via the use of various curing conditions, the incorporation with auxiliary materials of high reactivity, and the introduction of effective activators. Further attention has been paid to investigations on the material microstructure and the reaction mechanism. Along with growing concentration on the development of cement-free eco-binders, the trend then has shifted towards the recent idea of identifying the environmental impacts of the materials, centring on the emission analysis of CO2 and other greenhouse gases, as well as the production’s demand of energy. Meanwhile, the enhancement of durability and economic feasibility has obtained increasing interest. The occurrence of the keyword “circular economy” in 2023 indicates the growing demand in the building and construction industry for facilitating sustainable development and waste management via reducing waste, and maximising the recycling, reuse, and recovery of possible resources [170,171]. The idea of a circular economy advocates for the efficient utilisation of resources and the achievement of zero carbon emissions by transforming end-of-life waste into economic resources, emphasising sustainability in consumption [171,172,173]. Another point worth noting is the application of optimisation methods and data mining introduced into the investigation, indicating a tendency to combine multi-disciplinary research approaches.




7. Conclusions and Future Research Perspectives


This review has examined the characteristics and application of BWA in the production of ecological cement-free AAMs. There is great distinguishment in the physical-chemical properties of BWA which heavily depend on the biomass sources and combustion conditions of the power plant. This difference in the raw ashes increases the difficulties and challenges of utilising BWA, especially since the chemical composition plays a crucial role in determining the engineering performance of AAMs. For most of the raw ashes, mineralogical components consist primarily of quartz and calcite, while some of them also contain portlandite and lime. Concerning the chemical composition, most ashes are composed of a comparably high amount of CaO and SiO2—up to 46.1 and 61.0%, respectively–and over 70% of them contain Al2O3 at a level less than 6.75%. This determines that they are of low chemical reactivity and hard to dissolve even in a highly alkaline ambient environment. In contrast with the conventional by-products universally applied as precursors to produce AAMs, such as FA, MK, and slags, the hydraulic reactivity of most BWA fails to meet the requirements, limiting strength development when they are incorporated as precursors. The morphology of BWA via SEM shows a porous, non-homogeneous structure with irregularly shaped particles, which is linked with the high porosity of AAM samples if BWA is used in a large ratio. A 10% increment of the amount of BWA in AAMs can account for a 30% increase in the porosity. Another element hindering the evolution of mechanical strength is attributed to the unburnt wood residues in BWA, particularly the high carbon content, which also leads to a great LOI.



In order to improve the reactivity of BWA, some pre-processing methods are adopted, with the most umbrella one being the ball milling that effectively decreases the particle size distribution of BWA and accounts for a growing homogeneous morphology. Recalcination and washing are also proven to be effective, which, nonetheless, are associated with concerns about enhancing the energy consumption and environmental burdens of AAM production. In the current literature, the investigations are still centred on pastes and mortars, with less focus devoted to the manufacturing of concrete. And the research elementally concentrates on the binary or ternary usage of BWA with other precursor materials (FA, MK, PG, and slag); no attention has been paid to the effects of reinforcing additives, such as fibre and nanomaterials, which have been widely used in CBMs. One possible reason can be attributed to the higher cost of incorporating these additives; however, research is needed to compare their effectiveness. As a binary precursor used together with BWA, materials rich in Al and Si, such as FA and slags, account for more impressive enhancement in the mechanical properties of BWA-based AAMs, in contrast with PG which supplies a source of Ca. However, further research is needed for a thorough investigation. Heat treatment from 30 to 70 °C is also an umbrella method used during the preparation of AAMs. Most researchers adopt 24-h temperature curing in order to improve sustainability and some combine the temperature with controlled humidity to prevent cracks due to the fast evaporation of water.



The most commonly tested properties at present include mechanical strength (especially compressive strength), density evolution, microstructural analysis, and phase-change identification. With regard to durability, except for water absorption, other properties have still not been investigated. Generally, a high ratio of BWA incorporation results in the low strength, high porosity, and inferior structure of AAMs due to the porous nature and low chemical reactivity of BWA. However, a proper content of BWA used together with other precursors exerts a positive influence on the strength development, which can reach even 106%. This is connected with the effect of BWA acting as a micro-aggregate to fill the voids and pores, contributing to a denser structure. Meanwhile, the CaO in BWA can react during the alkali activation to form CSH gel, favouring strength gain. Another point worth mentioning is that although the utilisation of BWA to produce AAMs is always considered a more sustainable alternative binder material for PC, nevertheless a thorough LCA and eco-efficiency analysis on the effects of BWA addition on the environmental and economic feasibility is still lacking. On the other hand, the concepts of a circular economy and optimisation have gradually aroused researchers’ attention in recent years.



Despite the promising results in the literature, there is still not enough research on the effects of BWA on AAMs, and the underlying mechanisms are not fully understood. More research should be conducted to figure out the feasibility of incorporating a large quantity of BWA, instead of using it as a partial replacement in a small amount. Besides the development of high-performance BWA-based AAMs, for future investigations, more attention should be paid to the durability properties, particularly the long-term performance in extreme surroundings. In addition to the introduction of binary precursors, the effectiveness of the incorporation of reinforcing admixtures could be investigated. Furthermore, quantitative analysis is needed to understand the sustainability and cost efficiency of the utilisation of BWA. And data mining, as well as multi-criteria optimisation methods, can be adopted for comparing and locating the optimal mixes.
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Figure 1. Macro-features of BFA (top row) and BBA (bottom row) from different biomass plants [59]. 
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Figure 2. Macro-graphs of (a) BBA [58] and (b) BFA [61]. 
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Figure 3. XRD pattern of a BWA from pine chip combustion in Vilnius, Lithuania [61] (Q: quartz; D: dicalcium silicate; P: portlandite; L: lime; K: calcite). 
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Figure 4. Distribution of the oxide compounds and oxide ratios. 
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Figure 5. Number of publications regarding BWA in the area of CBMs and AAMs. 
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Figure 6. Co-authorship network of countries. 
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Figure 7. Co-authorship network of authors. 
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Figure 8. Co-occurrence map of keywords. 
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Figure 9. Research evolution by years. 
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Table 1. Summary of the material characteristics of the BWA used in AAMs.
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Ash Category

	
Biomass Source

	
Specific Surface Area/(m2/g)

	
Density/(g/cm3)

	
Chemical Composition/wt%

	
CaO/SiO2 Ratio

	
Basic Oxide/Acidic Oxide Ratio

	
Mineralogical Composition

	
Reference




	
LOI

	
SiO2

	
Al2O3

	
CaO

	
MgO

	
Fe2O3

	
Na2O

	
K2O

	
P2O5






	
BBA

	
Forest biomass

Jaen, Spain

	
-

	
-

	
5.58

	
46.10

	
12.04

	
19.65

	
3.71

	
4.78

	
0.78

	
4.59

	
1.12

	
0.43

	
0.77

	
Quartz, calcite, lime, aluminosilicates

	
[58]




	
BBA

	
Cedar chips

Taiwan, China

	
0.67

	
-

	
-

	
18.33

	
3.88

	
26.29

	
5.04

	
2.48

	
-

	
11.42

	
-

	
1.43

	
1.92

	
Quartz, calcite, portlandite

	
[70]




	
BWA

	
Pine sawdust and chips

Cacador, Brazil

	
0.30

	
1.86

	
74.31

	
9.51

	
2.67

	
5.87

	
1.69

	
2.65

	
-

	
1.42

	
0.89

	
0.62

	
1.08

	
Quartz, calcite

	
[27]




	
BWA

	
Pine sawdust and chips

Cacador, Brazil

	
0.10

	
2.34

	
31.50

	
25.06

	
12.28

	
9.90

	
2.60

	
8.05

	
1.33

	
3.99

	
1.60

	
0.40

	
0.99

	
Quartz, calcite

	
[27]




	
BWA

	
Pine sawdust and chips

Cacador, Brazil

	
0.21

	
2.09

	
58.59

	
21.56

	
10.73

	
4.60

	
1.36

	
7.82

	
0.12

	
3.03

	
0.85

	
0.21

	
0.77

	
Quartz, calcite

	
[27]




	
Treated BFA

	
Wood pellet plant

	
0.44

	
2.7

	
-

	
3.97

	
1.18

	
53.33

	
8.67

	
1.44

	
0.09

	
4.19

	
5.01

	
13.16

	
15.91

	
-

	
[71]




	
Non-treated BFA

	
Wood pellet plant

	
0.37

	
2.6

	
-

	
3.22

	
1.07

	
42.38

	
4.87

	
1.31

	
0.11

	
4.57

	
3.23

	
13.43

	
15.01

	
-

	
[71]




	
BBA

	
Radviliskis, Lithuania

	
0.40

	
-

	
4.06

	
22.40

	
2.51

	
49.00

	
8.29

	
2.18

	
0.28

	
8.69

	
5.05

	
2.19

	
2.67

	
Quartz, portlandite, anorthoclase, gehlenite

	
[72,73,74]




	
BWA

	
Eucalyptus chips

Nestle SA, Brazil

	
13.84

	
1.98

	
29.72

	
1.76

	
5.06

	
43.80

	
8.36

	
2.43

	
0.28

	
4.64

	
3.32

	
24.89

	
32.51

	
Calcite, lime, portlandite, periclase, sylvite

	
[65]




	
BFA

	
Krosno, Poland

	
1.88

	
2.58

	
5.88

	
12.70

	
3.50

	
46.05

	
3.70

	
3.40

	
-

	
9.00

	
4.0

	
3.66

	
4.19

	
Portlandite, quartz, calcite, syngenite, sylvite, kalsilite, hydroxylapatite

	
[75]




	
BFA

	
Pine chips

Vilnius, Lithuania

	
0.49

	
0.68

	
-

	
22.91

	
2.63

	
31.50

	
3.57

	
2.32

	
0.26

	
4.00

	
2.71

	
1.37

	
1.65

	
Quartz, portlandite, lime, calcite

	
[61]




	
BFA

	
Portugal

	
-

	
3.05

	
6.39

	
38.5

	
14.8

	
16.7

	
3.44

	
5.94

	
1.53

	
5.97

	
1.12

	
0.43

	
0.91

	
Mica, quartz, calcite, microcline

	
[64]




	
BWA

	
-

	
-

	
-

	
-

	
19.00

	
2.51

	
60.50

	
1.97

	
3.28

	
-

	
4.44

	
-

	
3.18

	
3.42

	
Quartz, calcite

	
[76]




	
BWA

	
Timber wood

Perak, Malaysia

	
6.26

	
2.40

	
18.00

	
2.70

	
1.30

	
61.00

	
8.70

	
1,30

	
-

	
12.00

	
2.70

	
22.59

	
26.30

	
Quartz, calcite, portlandite, mullite, potassium aluminate

	
[77]




	
BWA

	
Michoacan state, Mexico

	
-

	
-

	
-

	
0.98

	
1.51

	
44.81

	
3.81

	
1.19

	
1.64

	
6.89

	
1.72

	
45.72

	
33.20

	
Quartz, calcite

	
[78]




	
BFA

	
Portugal

	
-

	
-

	
2.66

	
34.00

	
13.5

	
16.5

	
3.1

	
5.0

	
1.5

	
5.5

	
-

	
0.49

	
2.45

	
Quartz, calcite

	
[79]




	
BBA

	
Olive tree and forest,

Jaén, Spain

	
-

	
2.546

	
5.58

	
46.10

	
12.04

	
19.65

	
3.71

	
4.78

	
0.78

	
4.59

	
1.12

	
0.43

	
0.77

	
Lime, quartz, calcite, aluminosilicates

	
[80]




	
BFA

	
Pitea, Sweden

	
-

	
-

	
29.70

	
22.40

	
6.75

	
15.10

	
2.69

	
2.62

	
1.46

	
8.25

	
2.81

	
0.49

	
3.64

	
Quartz, calcite, arcanite, sylvite

	
[5]




	
BFA

	
Olive tree and forest,

Jaén, Spain

	
-

	
-

	
9.99

	
22.08

	
6.65

	
34.54

	
4.77

	
3.64

	
1.91

	
7.99

	
2.33

	
0.43

	
2.08

	
Quartz, calcite, alumininosilicate, sylvite

	
[81]




	
BBA

	
Driftwood waste from biofuel

	
-

	
2.68

	
12.24

	
4.45

	
1.85

	
48.83

	
6.62

	
5.32

	
0.46

	
10.42

	
2.45

	
0.49

	
3.97

	
-

	
[82]




	
BWA

	
Wood chips from deciduous trees

Arłamów,

Poland

	
-

	
-

	
-

	
17.50

	
5.16

	
10.99

	
1.56

	
1.48

	
-

	
17.22

	
-

	
0.43

	
1.01

	
-

	
[83]




	
Maximum

	
Maximal value

	
13.84

	
3.05

	
74.31

	
46.10

	
14.80

	
61.00

	
8.70

	
8.05

	
1.91

	
17.22

	
5.05

	
45.72

	
33.20

	
-

	
-




	
Minimum

	
Minimal value

	
0.10

	
0.68

	
2.66

	
0.98

	
1.07

	
4.60

	
1.36

	
1.19

	
0.09

	
1.42

	
0.85

	
0.21

	
0.77

	
-

	
-




	
Mean value

	
Mean value

	
1.92

	
2.29

	
21.01

	
18.82

	
5.89

	
31.48

	
4.39

	
3.61

	
0.84

	
6.80

	
2.47

	
6.50

	
8.68

	
-

	
-

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products