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Abstract: The production of biomass ash (BA) is expected to increase in the future, as
biomass is generally considered a carbon-neutral fuel. BA potentially concentrates heavy
metals and trace elements at high levels. With the growing production of BA, its disposal
in landfills or recycling must be addressed through solid waste policies and within the
framework of a circular economy. Utilizing BA as a cement substitute solves disposal issues
while offering environmental benefits aligned with the circular economy. However, the
varying physical and chemical properties of BA, influenced by factors such as biomass type
and combustion technique, necessitate more effective utilization strategies. Consequently,
researchers are developing various treatment methods to ensure that BA meet the necessary
requirements and do not pose problems such as heavy metal or chlorine leaching. These
treatments facilitate the production of concrete with higher compressive strength at greater
cement replacement levels, supporting greener construction practices. This review consoli-
dates existing BA data and treatment methods, focusing on their impacts and efficiency. It
also explores combined treatments and potential new approaches. By providing a founda-
tion for future research and practical applications, this study aims to improve treatment
techniques, helping the industry mitigate environmental risks and advance carbon-neutral
construction solutions.

Keywords: biomass ash; carbonation; cement; grinding; hydrothermal synthesis; leaching;
micro-grinding; substitution

1. Introduction
Anthropogenic emissions of CO2 come from three main sources: burning of fossil

fuels (coal, oil, and gas), large-scale deforestation, and carbonate decomposition [1]. Coal
use in energy and power generation is the factor with the largest share in global CO2

emissions, with a share of 41% in 2022 [2]. Cement is the largest source of emissions from
the decomposition of carbonates [1]. Cement production leads to CO2 emissions in two
main ways. The first is through chemical reactions during clinker production (5% of total
annual anthropogenic emissions), where carbonates (limestone, CaCO3) transform into
oxides (lime and CaO) and CO2 due to heat [1,3,4]. The second source is from fossil fuels
or purchased electricity used to heat raw materials in clinker production. Energy-related
emissions make up approximately 60% of process emissions [1,5].

Reducing dependence on fossil fuels is crucial for mitigating environmental issues
associated with greenhouse gas (GHG) emissions (Figure 1) [6]. It is essential to address
the resulting energy deficit by promoting the use of renewable resources in order to
secure future energy needs and minimize environmental impacts [7–9]. There are various
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renewable energy sources that can be utilized for energy production [8,10]. Biomass, in
particular, garners significant attention due to its widespread availability worldwide and
its ease of use in energy production [11]. By 2050, biomass could supply up to 33–50% of
the world’s current primary energy consumption [12]. In energy production, biomass is
considered carbon neutral because the CO2 emitted when burned is equivalent to the CO2

absorbed during biomass growth. However, for this to be sustainable, the consumption
rate must not exceed the growth rate [13].
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Biomass can be defined as a complex heterogeneous mixture of organic and inorganic
matter obtained from living or recently deceased organisms and primarily originates from
wood sources, as well as from herbaceous agricultural residues like grasses, flowers, straw,
husks, and pits [17,18]. Additionally, it encompasses various specific waste streams, includ-
ing commercial and construction waste like demolition debris and paper pellets, along with
household and industrial organic waste, animal and human biomass waste, and aquatic
biomass, such as algae [19]. When biomass is mentioned as feedstock for power plants,
some biomasses can be seen to be used more widely, such as forest residues, wood chips,
agricultural residues, rice husk, wheat straw, municipal solid waste, sewage sludge, and
industrial waste [20–22]. Additionally, specific to certain geographical locations, biomass
types such as sugarcane bagasse, palm oil, olive residue, bamboo leaf, banana leaf, marabou
weed, and corn cob can be utilized in energy production [23–33]. By utilizing industrial,
municipal, agricultural, and forest waste for energy production, biomass contributes to
waste management as well as carbon-neutral energy production.

There are several disadvantages to using biomass in energy production as well as
advantages; one of the most important is the generation of solid waste [34]. It is estimated
that, all around the world, around 480 million tons of ash are produced from biomass-fired
power plants every year [12]. The waste produced by power plants is called biomass
ash (BA). There are two types of ash produced in biomass-fueled power plants: fly ash,
which consists of lightweight particles carried by exhaust gases, and bottom ash, which
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consists of heavier unburned or partially burned particles found in the form of slurry or
slag [17,34]. BA is a mixture containing complex organic and inorganic materials, including
minerals and carbon-based substances in crystalline, semi-crystalline, or non-crystalline
phases [8,18].

At present, BA is primarily disposed of in landfills, leading to environmental con-
cerns such as pollution, land degradation, and the aesthetic deterioration of surrounding
areas [35,36]. As the amount of ash produced increases, so do the costs of storage [8]. To
mitigate these challenges and derive economic benefits, BA has been widely utilized across
various industries, including construction, agriculture, environmental remediation, waste
management, and the production of ceramics and glass [8,35,37]. Its high alkalinity and
surface charge enable the effective adsorption of heavy metals from wastewater, while the
presence of unburnt carbon enhances its capacity to capture organic pollutants and flue gas
contaminants [38–40]. Furthermore, BA serves as a valuable raw material in the production
of geopolymers, ceramics, and glass-ceramics, where its mineral composition improves
thermal stability and mechanical properties [41–43]. Modified BA-based materials have also
demonstrated significant potential in phosphate removal from wastewater and mercury
capture from flue gases [42,44]. Additionally, the presence of iron oxides and other mag-
netic minerals expands its applications to metallurgy and ore processing [41,42]. Moreover,
BA has been effectively incorporated as a cost-efficient and sustainable binder in backfill
materials for mining applications, enhancing their mechanical strength and permeability.
By reducing cement consumption in backfill formulations, BA not only improves material
performance but also supports resource efficiency and lowers the environmental footprint
of mining operations [45–47].

In the construction industry, BA is commonly used as a supplementary cementitious
material (SCM) in cementitious composites. The high content of minerals such as SiO2,
Al2O3, and CaO in BA imparts pozzolanic and hydraulic activity, making it a desirable
material. Although numerous studies have demonstrated that BA can positively affect
concrete’s strength, durability, thermal conductivity, and acid resistance, it can also contain
harmful substances that adversely impact its properties [48,49]. Various treatment methods
are employed to reduce the harmful substances in BA and to enhance its reactivity, allowing
for higher cement replacement ratios and the production of higher-performance concretes.
This study aims to provide a thorough investigation of the treatment methods used for
BA, as well as their influence on its characteristics and applications in ash-based concrete.
The research presents and compares different treatment techniques, outlining how they
modify specific properties and processes. Additionally, it will review the results from prior
studies that have employed these methods, offering insights into the effectiveness and
outcomes observed. Finally, the study will assess the combined impact of these methods by
analyzing findings from earlier research, with a focus on optimizing the performance of BA
in concrete applications.

2. Properties of Biomass Ash
BA refers to the solid waste produced as a result of the combustion of various types

of biomass. Similar to coal ash, BA is composed of fly ash and bottom ash, depending on
where the ash accumulates. Biomass fly ash (BFA) is a fine ash fraction that is carried by
the flue gases from the biomass combustion chamber and captured by emission control
devices such as electrostatic precipitators or bag filters, typically possessing an average
particle size ranging from 4 µm to 100 µm, and biomass bottom ash (BBA) is a coarse ash
fraction that is accumulated at the bottom of the combustion chamber [50,51].

It is well recognized that even within the same biomass type, factors such as growth
conditions, plant maturity, pesticide application, harvest timing, soil characteristics, con-



Materials 2025, 18, 834 4 of 25

tamination levels, and the specific plant part utilized can influence ash composition [51–55].
Table 1 presents the minimum, maximum, and average values of major oxides for woody
and herbaceous biomasses, highlighting the chemical composition variations between
different parts of the same biomass and the effects of filtration and treatment techniques
on ash composition. Vassilev et al. [55] demonstrated that BA has the potential to contain
elements from nearly the entire periodic table. However, the chemical composition of BA,
while showing variability in relative concentrations, primarily consists of SiO2, Al2O3, CaO,
MgO, K2O, P2O5, and SO3 compounds [12,54,56,57].

The mineralogical composition of BA is characterized by the presence of various
secondary mineral phases, including silicates, oxides and hydroxides, sulfates, phosphates,
carbonates, chlorides, and nitrates [12,58,59]. The dominant crystalline phases commonly
identified in BA include quartz, calcite, sylvite, arcanite, anhydrite, char, glass, lime, peri-
clase, and hematite [12,60]. The mechanisms of silicate formation in BA are quite similar
to those in coal ash [61]. Likewise, oxides and hydroxides in BA develop through mech-
anisms comparable to those in coal fly ash (CFA). These phases primarily emerge from
the breakdown and oxidation of organic matter, as well as from the transformation of
oxalates, carbonates, phosphates, sulfates, chlorides, and nitrates. Additionally, crystalliza-
tion of molten material during combustion contributes to the formation of these mineral
phases [18]. In contrast, iron compounds such as siderite and hematite have only been ob-
served in forest residue ash [19,60]. Furthermore, some oxy-hydroxides remain unchanged
during biomass combustion due to their high melting/decomposition temperatures, per-
sisting as primary minerals in the ash [12].

Table 1. Chemical characteristics (main oxides) of BA depending on variables such as
biomass type, biomass part, combustion technique, combustion stage, fuel mix, and treatment
(forest r.: forest residue).

Ash Type Main Oxides (%wt)

SiO2 Al2O3 Fe2O3 CaO P2O5 K2O MgO SO3 MnO Na2O Cl TiO2 LoI

Woody biomasses (minimum) [53] 1.86 0.12 0.37 5.79 0.66 2.19 1.10 0.36 - 0.22 - 0.06 -
Woody biomasses (average) [53] 22.22 5.09 3.44 43.03 3.48 10.75 6.07 2.78 - 2.85 - 0.29 -
Woody biomasses (maximum) [53] 68.18 15.12 9.54 83.46 13.01 31.99 14.57 11.66 - 29.82 - 1.20 -
Herbaceous and agricultural biomasses (minimum) [53] 2.01 0.10 0.22 0.97 0.54 2.29 0.19 0.01 - 0.09 - 0.01 -
Herbaceous and agricultural biomasses (average) [53] 33.39 3.66 3.26 14.86 6.48 26.65 4.02 3.61 - 2.29 - 0.18 -
Herbaceous and agricultural biomasses (maximum) [53] 94.48 14.60 36.27 44.32 31.06 63.90 16.21 14.74 - 26.20 - 2.02 -

Wood pellets (spruce) [62] 24.70 5.30 3.20 25.80 4.90 7.90 9.30 - 1.00 2.30 - 0.40 9.70

Pine bark [53] 9.20 7.20 2.79 56.83 5.02 7.78 6.19 2.83 - 1.97 - 0.19 -
Pine chips [53] 68.18 7.04 5.45 7.89 1.56 4.51 2.43 1.19 - 1.20 - 0.55 -
Pine prunings [53] 7.76 2.75 1.25 44.10 5.73 22.32 11.33 4.18 - 0.42 - 0.17 -
Pine sawdust [53] 9.71 2.34 2.10 48.88 6.08 14.38 13.80 2.22 - 0.35 - 0.14 -

Rice straw [53] 77.20 0.55 0.50 2.46 0.98 12.59 2.71 1.18 - 1.79 - 0.04 -
Rice husk [53] 94.48 0.21 0.22 0.97 0.54 2.29 0.19 0.92 - 0.16 - 0.02 -

70% forest r. and 30% peat [63] 52.20 11.00 4.80 16.00 1.70 2.90 3.50 1.70 - 2.10 0.10 - 3.20
60% forest r., 30% recycling waste, and 10% paper sludge [63] 39.40 12.10 4.90 23.00 1.30 2.40 3.10 6.90 - 2.90 0.40 - 0.70
50% forest r. 40% peat, and 10% recycled wood waste [63] 43.80 7.40 2.60 21.10 3.00 6.50 3.40 6.30 - 2.10 0.30 - 5.40
70% forest r. and 30% peat (air-classified) [63] 53.70 11.10 4.70 15.10 1.60 2.90 3.30 1.40 - 2.10 0.10 - 2.90
60% forest r. 30% recycling waste, and 10% paper sludge
(air-classified) [63] 49.70 13.60 5.30 14.50 0.90 2.60 2.20 2.40 - 2.90 0.10 - 3.90

50% forest r., 40% peat, and 10% recycled wood waste
(air-classified) [63] 56.50 8.80 2.80 13.80 1.80 5.90 2.30 2.20 - 2.20 0.10 - 3.30

Pine sawdust and chips (from wood burning) [64] 9.51 2.67 2.65 5.87 0.89 1.42 1.69 - 0.71 - - 0.28 74.31
Pine sawdust and chips (from generated ash) [64] 25.06 12.28 8.05 9.90 1.60 3.99 2.60 - 0.69 1.33 - 3.00 31.50
Pine sawdust and chips (from ash disposal) [64] 21.56 10.73 7.82 4.60 0.85 3.03 1.36 - 0.46 0.12 - 1.61 58.59

Wood pellet [65] 3.22 1.07 1.31 42.38 3.23 4.57 4.87 0.59 4.73 0.11 0.07 0.07 -
Wood pellet (calcining and milling) [65] 3.97 1.18 1.44 53.33 5.01 4.19 8.67 0.52 7.20 0.09 0.06 0.09 -

Wood chips (bottom ash) [66] 25.10 4.51 2.28 44.60 4.96 10.20 4.73 - 0.83 0.58 - 0.19 5.40
Wood chips (electrostatic precipitator) [66] 13.50 3.18 1.64 30.90 4.13 18.20 3.70 - 0.41 0.70 - 0.17 21.1
Wood chips (bottom ash) [66] 35.80 0.98 0.79 51.10 3.51 7.31 1.48 - 0.35 0.43 - 0.07 3.51
Wood chips (cyclone filter) [66] 17.90 1.31 8.98 55.00 1.92 1.18 1.27 - 0.31 0.47 - 0.10 30.20
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Table 1. Cont.

Ash Type Main Oxides (%wt)

SiO2 Al2O3 Fe2O3 CaO P2O5 K2O MgO SO3 MnO Na2O Cl TiO2 LoI

Woody (grate combustion) [67] 11.00 2.40 2.90 53.60 2.90 14.60 4.20 5.40 - 1.00 0.80 - 15.00
Woody (grate combustion—washed) [67] 12.70 3.00 3.20 65.00 3.80 4.40 5.80 1.30 - 1.00 0.00 - 19.60
Woody (circulating fluidized bed) [67] 23.80 5.60 3.10 44.70 3.80 7.60 4.10 6.10 - 0.80 0.40 - 16.20
Woody (circulating fluidized bed—washed) [67] 26.50 6.30 3.30 45.00 4.20 5.70 4.40 3.70 - 0.90 0.00 - 19.70

Wood and peat [68] 41.80 13.10 13.60 16.30 3.50 2.30 2.50 2.10 - 2.10 0.10 0.50 0.30
Wood and peat [68] 30.80 15.10 26.70 12.00 4.90 1.60 2.50 3.50 1.10 0.10 0.40 1.50

Sulfates also play a significant role in the mineralogical composition of BA, formed
through interactions between acidic gases and oxides produced during combustion [12].
Additionally, sulfates can form through the interaction of newly generated phosphates
with oxides during combustion. Carbonates and amorphous materials (glass) are the final
major phases present in BA. Minerals rich in calcium, particularly calcite, anhydrite, and
dolomite, are prevalent in BA, which is largely attributed to the naturally high calcium
content found in woody biomass [60]. In addition, the formation of an amorphous glassy
phase occurs as inorganic components melt during combustion and subsequently solidify
upon rapid cooling [12,69,70].

The composition and properties of BA, including its chemical and mineralogical
makeup, glass content, unburned carbon levels, elemental distribution, and particle density,
are shaped mainly by combustion parameters such as temperature, duration, air-to-fuel
ratio, fuel particle size, and combustion rate [12,56,57,59,70]. A study published by Baxter
et al. [71] described the properties of BA and its combustion behavior for various biomass
fuels. Their study analyzed ash samples from various boiler sections, identifying key
inorganic elements like Si, K, Ca, Na, Al, Mg, Fe, S, P, and Cl. Biomass ash formation
temperatures vary more widely and are generally lower than coal’s, yet the mechanisms
of fundamental phase-mineral transformation show similarities [61]. High Ca, Al, and Ti,
along with low contents of K, Si, P, S, Fe, Na, and Mg, contribute to an increased biomass
combustion temperature (around 1100 ◦C). The ash formation process in biomass follows a
series of phase-mineral transformations, starting with the generation of intermediate and
less-stable compounds such as chlorides, hydroxides, carbonates, sulfates, and phosphates,
along with amorphous inorganic materials. This is followed by the development of silicates
and glass phases incorporating various salts, eventually leading to the carbonation of newly
formed mineral structures. The formation pathways of glass, amorphous phases, char,
organic minerals, and other inorganic components are linked to rising combustion temper-
atures [18]. Specifically, organic material combustion occurs between 200–850 ◦C, particle
fragmentation initiates at 500 ◦C, particle agglomeration occurs between 700–1300 ◦C, and
mineral fusion progresses in stages: initial melting at 700 ◦C, extensive fusion between 900
and 1100 ◦C, complete fusion at 1100–1500 ◦C, new phase crystallization between 500 and
1500 ◦C, and molten glass formation between 700 and 1500 ◦C [18].

During biomass combustion, certain heavy metals volatilize and later condense into
the finer fractions of BFA as the material cools [12,72]. This process facilitates the incor-
poration of elements such as Cd, As, Pb, Ni, Hg, Cr, Cu, Mn, and Zn into the ash matrix,
making their presence a significant concern in terms of environmental impact [55]. These
potentially hazardous elements typically accumulate in biomass from external sources like
soil, pesticides, and fertilizers. Upon combustion, they become mobilized, forming water-
soluble compounds in the final BFA. Additionally, combustion conditions influence the
unburned carbon content in BFA, the proportion of residual organic material to inorganic
matter, and the overall nutrient composition of the ash [52,69].

The physical properties of BA, like its chemical characteristics, vary depending on
the type of biomass. The average particle size of BA can range from 0 to 10 mm [49].
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Particle size affects the reactivity and workability of the ash. BA also exhibits variations
in properties such as density and water absorption. However, it generally tends to have a
lower density and higher water absorption compared to inorganic materials like sand and
cement. The combustion time and temperature also influence the morphology, texture, and
porosity of the ash [73].

3. Expectation of Biomass Ash as a Supplementary Cementitious Material

In Europe, the determination of whether BA (non-reactive, non-hazardous, or haz-
ardous) is disposed of in a landfill depends on the leaching concentrations of trace ele-
ments [74,75]. BA should be treated as controlled waste in commercial–industrial environ-
ments both in the EU and globally [76]. Moreover, contemporary management schemes
prefer the recycling of industrial solid waste rather than its disposal [75,76]. Many different
articles mention that BA reduces costs for cementitious composites, decrease carbon emis-
sions, provide lower thermal conductivity, and lead to the production of more durable and
lightweight elements. This makes BA desirable for SCMs.

BA is utilized as cement substitution, depending on its physical and chemical prop-
erties [11,77–81]. The positive effects of using BA as cement substitution on the various
properties of cementitious mixtures have been demonstrated in numerous studies [81,82].
However, not all forms of BA exhibit strong pozzolanic reactivity due to their specific
chemical and physical characteristics, and some may contain compounds that could be
detrimental to cementitious mixtures.

There are currently no established standards for the use of ashes derived from biomass
combustion in cementitious mixtures. Due to this lack of specific guidelines, the most
practical approach is to apply the standards used for coal ash and natural pozzolans when
incorporating biomass ashes into cementitious mixtures. These include standards such as
ASTM C618-23 and EN 450-1 [83,84].

Classifying BA according to European and American standards is a complex task,
as the two standards have similar yet distinct limitations as shown in Table 2. While
some forms of BA, typically classified as Class F, meet the required physical and chemical
properties for compliance with these standards, variations in oxide and calcium content
often prevent classification in a broad context. These compositional differences pose
challenges in aligning different forms of BA with established standards. Based on the 86
types of biomasses identified by Vassilev et al. [53], Figure 2 comparing oxide and calcium
contents for woody biomasses, herbaceous and agricultural biomasses, contaminated
biomasses, and solid fossil fuels reveals that woody forms of BA generally do not meet the
standards. While agricultural forms of BA include more types that align with the standards,
a significant portion still fails to comply. For instance, biomass ashes derived from land-
clearing wood, pine chips, reed canary grass, sorghastrum grass, rice straw, coconut shells,
rice husks, sugarcane bagasse, and mixed wastepaper are considered suitable according
to both European and American standards. In contrast, ashes from alder–fir sawdust,
Christmas trees, oak wood, miscanthus grass, sweet sorghum grass, switchgrass, wheat
straw, and demolition wood meet only the oxide content requirements specified in the
American standards.

Table 2. Characteristics of ashes to be used in concrete applications according to EN 450-1 and ASTM
C 618-23 [83,84].

Characteristics EN 450-1 (%wt) ASTM C618-23 (%wt)

LOI A ≤ 5–B ≤ 7–C ≤ 9 ≤6
SiO2 + Al2O3 + Fe2O3 ≥70 ≥50
Chloride ≤0.1 -



Materials 2025, 18, 834 7 of 25

Table 2. Cont.

Characteristics EN 450-1 (%wt) ASTM C618-23 (%wt)

Sulfate (SO3) ≤3 ≤5
Free CaO ≤1.5 -
Reactive CaO ≤10 F≤18–C>18
Reactive SiO2 ≥25 -
Moisture Content - ≤3
Total Alkalis (Na + K) ≤5 -
MgO ≤4 -
P2O5 ≤5 -
Fineness (45 µm) S ≤ 12–N ≤ 40 ≤34
Activity Index (7 day) - ≥75
Activity Index (28 day) ≥75 ≥75
Activity Index (90 day) ≥85 -
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The use of ashes as SCMs is not only cost-effective and environmentally friendly in
terms of the reutilization of ashes and the reduction of clinker production but also con-
tributes to the mechanical and physical properties of products [110]. Research indicates
that moderate replacement levels (typically up to 20%) can enhance long-term strength due
to pozzolanic reactions, while higher replacement ratios often result in strength reductions
due to excessive silica content acting primarily as a filler rather than a reactive compo-
nent [81]. Studies have shown that compressive strength can be maintained or slightly
improved with controlled biomass ash replacement, whereas splitting tensile and flexural
strength generally follow similar trends, with moderate reductions at higher replacement
levels [111]. However, the contaminants present in the ashes and their varying chemical
compositions they possess depend on the type of biomass and combustion process, and
their physical properties such as particle size, shape, texture, and surface area must be
refined to suit the intended purpose of the cementitious composite. While rearranging
these properties through different treatments, limiting factors such as the amount of en-
ergy required, the waste produced, time, and cost must be considered to choose the most
efficient method.
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4. Treatments
There are various characteristics of BA that may prevent it from functioning effectively

as an SCM. To achieve the desired chemical composition or physical characteristics for their
use, certain treatments may be necessary. These treatments can range from low-energy,
resource-efficient processes to more complex procedures that require substantial energy
and resources. From an environmental perspective, efforts should focus on minimizing
additional processing or meeting the desired characteristics through minimal interventions
such as screening. High-energy and resource-intensive methods, such as vitrification,
chemical washing, or electro-dialytic remediation, which may also lead to extra waste
generation, should be carefully evaluated for their performance benefits and economic
feasibility. The combination of different improvement techniques has been observed in
numerous studies [34,112,113]. In this section, current improvement technologies and
cutting-edge processes for utilizing ashes as SCMs will be reviewed.

4.1. Grinding

Ensuring that the materials used in concrete have a specific particle size distribution
(PSD) is crucial for its overall performance. Therefore, screening aggregates, fillers, or
pozzolans to achieve the desired PSD is a common practice. However, the use of materials
that do not possess the ideal PSD is also important from the perspective of recycling and
the circular economy. Adjusting their particle size for SCMs can significantly enhance
pozzolanic reactivity [114]. For ashes that possess suitable chemical properties but contain
larger particle fractions, grinding into finer particles can make them more suitable for
use [75]. Maschio et al. [115] demonstrated that by grinding and screening BBA, a PSD
similar to that of fly ash and cement can be achieved. In a broader context, grinding
increases the fineness and surface area of the material, which enhances pozzolanic reactivity
and packing density, thereby leading to higher compressive strength [116]. Grinding
treatment is particularly effective for agricultural BA, converting highly large porous
particles into denser particles [117]. According to the study by Cordeiro et al. [118] on
sugarcane bagasse ash, grinding also positively affects concrete resistance to chloride-ion
penetration and rheology due to pore refinement resulting from pozzolanic reaction and
reduction of the particle interlocking and internal friction, respectively.

According to ASTM C618-23 [83], a good SCM should leave a maximum residue of
34% on a 45 µm (No. 325) sieve. By applying grinding, not only can the actual pozzolanic
reactivity of the ashes be enhanced, but compliance with these standards can also be
achieved (according to EN 450-1 [84], the maximum ratio is 40%). The duration of the
grinding process is also crucial for achieving desired results. Longer grinding times have
been observed in various studies to lead to an enhanced surface area and, consequently,
higher compressive strength [114,116]. The outcomes of the grinding process are influenced
not only by the grinding duration but also by factors such as the type of process, the
grinding mechanism, and the speed. These variables can significantly affect the efficiency
of treatment. In a study investigating grinding process efficiency, a comparison between
vibratory and tumbling mills showed that the vibratory mill produced better results in a
shorter time and with less energy consumption [118].

4.2. Mechano-Chemical Activation (MCA)

Mechano-chemistry is an extended branch of the grinding process used not only
for construction materials but also for processing minerals, food, pharmaceuticals, and
chemicals [119]. It is an environmentally friendly process that enables the production of
new compounds through solid-state reactions without the use of heat or solvents [120].
Mechano-chemical reactions rely on changes in Gibbs free energy and require mechanical
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functions such as shearing, compression, and grinding to accumulate the stress energy
needed to initiate the reaction [121].

Mechano-chemical reactions are based on milling, a process that not only reduces
particle size but also promotes the formation of reactive surfaces (Figure 3). When precursor
materials are crushed between two balls, a significant amount of potential energy is stored,
causing bonds to break and leading to the formation of defects and active sites on the
surface. The reaction occurs at the interfaces between phases, which makes the creation of
fresh and active surfaces essential. Therefore, factors such as the amount of substrate, the
size and material of the milling vessel, the number, diameter, and density of the balls, the
rotation speed, and the milling time are critical for achieving MCA and ensuring efficiency
in ball milling [121]. Depending on these factors, mechano-chemical reactions may not be
observed in every grinding process.

MCA, fundamentally a grinding process, results in processed ashes with improved
fineness and surface area, leading to similar outcomes in concrete. Grinding reduces
particle size and creates new surfaces that serve as precipitation sites for cement hydration
products, enhancing the filling effect [122–125]. The increased pozzolanic reactivity leads
to a higher formation of reaction products such as calcium–silicate–hydrate (C-S-H) and
calcium–aluminate–hydrate (C-A-H) within the cement matrix. This contributes to a denser
microstructure, thereby improving compressive strength [126,127]. MCA can increase the
substitution value of non-reactive solid waste, such as BBA without compromising strength
by improving their reactivity [112]. This phenomenon was observed in the study of [128]:
using untreated fly ash resulted in higher strength compared to the reference mix at a
substitution rate of only 10%, whereas milled fly ash allowed for a substitution rate of up
to 30%. The factors contributing to this increase include relatively higher contents of SiO2

and Al2O3, lower LOI, and an increase in fineness.
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Moreover, MCA can also facilitate the stabilization of heavy metals present in the
ash. Chen et al. [130] observed that MCA of municipal solid waste ash (MSWA) resulted
in the stabilization of heavy metals such as Cd, Cu, Mo, Pb, Sb, and Zn. When the ash is
subjected to prolonged grinding, its microstructure deteriorates, crystallinity decreases, and
the structure transforms into amorphous phases resembling a melt-like state, as evidenced
by X-ray diffraction (XRD) [128,130]. It is believed that heavy metals are stabilized through
absorption by these amorphous phases [124,130,131]. The stabilization of heavy metals
suggests that ashes treated with MCA may be suitable for use as SCMs, remaining safe
even after weathering and not posing adverse environmental impacts.

The grinding duration and method significantly impact the outcome. As observed in
the study by Wu et al. [128], longer grinding increases reactivity and alters the mineralogical
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structure. MCA reduces the degree of silicate polymerization, and this effect becomes more
pronounced as the treatment time extends. The characteristics of BA also vary depending
on the grinding method. Due to differences in grinding methods, materials with the same
PSD can exhibit different specific surface areas, impacting reactivity and compressive
strength. For instance, Wu et al. [128] found that vibration milling resulted in a greater
increase in reactivity compared to ball milling.

4.3. High-Temperature Treatment (HTT)

HTT of ashes has been observed in various studies, often through processes like re-
combustion to eliminate organic matter or vitrification. HTT reduces the LOI and enhances
pozzolanic activity [132–134]. The feasibility of this treatment depends on the amount of
energy consumed and the type of energy source. In a study conducted by [34], HTT was
applied by heating BBA to 800 ◦C and maintaining that temperature for 18 h. Considering
the compressive strength improvement achieved, the authors concluded that this treatment
was feasible. Other studies have also shown that heating up to 800 ◦C increases the relative
amount of amorphous silica in the ash, enhancing pozzolanic oxides and reactivity [135,136].
This improvement is also due to the removal of volatile compounds and organic matter at
around 600 ◦C [137]. However, beyond 800 ◦C, pozzolanic reactivity decreases due to the
transformation of amorphous silica into crystalline cristobalite [135,136].

In another study, the vitrification process was used to transform ashes into non-
crystalline materials with high latent hydraulic reactivity. A mixture of fly and bottom ash
obtained from power plants burning both woodchips and straw was used as the ash source.
The vitrification process was completed at a temperature of 1500 ◦C in one hour. The
effects of vitrified ash on compressive strength were evaluated against SCMs like limestone,
fumed silica, and pozzolan. The results showed that the vitrified ash mortar (at 28 days
and 30% replacement) performed better than other SCMs and untreated ash. Performance
at 90, 180, and 360 days increased further due to the filler effect, hydration acceleration,
and pozzolanic or hydraulic reactions. Additionally, to investigate the effect of vitrification
temperature, a second set of samples was heated up to 1300 ◦C. However, at the lower
vitrification temperature, the final product contained crystalline particles, resulting in a
glass–ceramic structure and lower performance compared to fully vitrified ash [138].

Vitrification separates harmful organic compounds and stabilizes heavy metals within
a glassy matrix [139,140]. It is considered one of the safest methods for processing haz-
ardous waste and transforming it into leach-resistant materials [140]. However, the most
prominent disadvantage of vitrification is the high energy consumption required for the
melting process [140]. The glassy product obtained through post-vitrification can be used
as an SCM, as demonstrated in the study by [138], or as a colored vitreous product, as
shown in the works of Ribeiro and Monteiro [139,140].

4.4. Hydrothermal Synthesis (HTS)

HTS is a process that uses water under high temperatures and pressure to induce
specific chemical and physical changes in various materials. It is commonly employed in
waste management, biomass recycling, material synthesis, and mineral processing. HTS is
considered as an eco-efficient process due to the fact that it employs low temperatures to
activate BA, implying no emission of CO2 to the atmosphere, and is increasingly used in
the recycling and reuse of industrial waste [141]. Studies on the synthesis of tobermorite
from ashes using HTS have a history of about a quarter century, with conducted subtopics
including improving process efficiency, temperature and pressure values, starting materials,
and the stabilization of harmful elements [142].
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Kaminskas et al. [143] investigated the potential use of HTS for synthesizing C-S-H
products from BFA and explored the properties of the synthesized material for use as
an SCM. In their study, synthesis was carried out at 200 ◦C for 2 to 24 h. Tobermorite
formation was already observed after 2 h of synthesis. The final product contained only
quartz, calcite, and tobermorite. Extending the synthesis time to 24 h resulted in an increase
in C-S-H products, but this increase was not sufficient relative to the energy expended.
According to the results, replacement of up to 10% can be achieved without reducing the
compressive strength.

HTS, while utilized for the enhancement of ashes, is also a commonly employed
method in the synthesis of zeolites. Although zeolites exhibit a range of mineralogical vari-
ations, they can be broadly described as hydrated aluminum-silicate crystals. Depending
on their mineralogical variety, zeolites are employed for various applications including
water treatment [144,145], the remediation of polluted soils [146], chemical catalysis [147],
and as SCMs [148]. Zeolites used as SCMs are typically synthesized from waste products
resulting from the production of AlF3 [149,150]. When used as SCMs, zeolites generally
improve the freeze–thaw resistance and compressive strength of concrete, although they
can reduce workability [149–151].

Jiménez et al. [141] synthesized tobermorite along with zeolitic phases such as analcime
and cancrinite, from a 4 h synthesis process at 200 ◦C. In their study, NaOH solution was
used as the synthesis medium to enable the formation of zeolite and the more efficient
dissolution of silica crystals. The reactivity of the treated ash was assessed based on its
lime-fixing capacity, showing better performance compared to SCMs like silica fume and
metakaolin, as well as untreated ash. Additionally, the absence of chloride ions in the
processed ash after HTS is promising for its use as an SCM.

It can be observed from the literature that there is limited research on the use of zeolites
obtained from BA through HTS [19]. The study by Pimraksa et al. [148] demonstrated
that zeolites produced from CFA can be used as SCMs, showing good performance in
both strength and heavy metal stabilization. Fukasawa et al. [152] showed that BA can
be employed in the synthesis of zeolites via HTS, suggesting the potential use of these
synthesized zeolites as SCMs.

In another study, a BA composite was developed using treated sewage sludge ash
(SSA) as a filler, which demonstrated potential for application as a robust material for
packaging and insulation purposes. In this composite, straw powder and waste sawdust
were utilized as the biomass matrix, with treated SSA serving as the filler. The HTS resulted
in the formation of C-S-H products, which enhanced the cohesion performance of the ash
as a filler. This improvement enhanced the overall structural integrity and effectiveness of
the composite [153].

4.5. Washing Treatment

Washing treatment is an easy-to-apply method for improving ashes, involving the
washing of ashes with water, solvents, or acids. Washing is an effective method for
removing salts such as chlorides, sulfates, and alkaline compounds, as well as heavy
metals [154,155]. Since chlorides and sulfates are known to harmfully influence the strength
and durability properties of concrete, this treatment could be beneficial for using ash as
an SCM.

4.5.1. Water Washing (WW)

WW can be carried out in a single step or in several sequential steps. Several stud-
ies have demonstrated that chlorides can be effectively removed in the initial step of
washing [156]. According to these studies, WW is a viable method for chloride removal.
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However, the authors of [156] noted that the efficiency of removal decreases in subsequent
steps. Phua et al. [157] reported that WW can achieve up to 90–95% removal of chlorides
from the ash, improving the quality of the final product for further utilization. Nevertheless,
Yang et al. [158] have raised concerns about the potential risk of heavy metal leaching in
discharge waters. According to Zhu et al. [159], the use of chemical additives and pH
adjustment could address this issue.

4.5.2. Chemical Washing (CW)

There is limited research on washing ashes with solvents or acids. CW is generally
applied for the removal of heavy metals [160]. Washings with sulfuric acid and phosphoric
acid have shown good results in the removal of heavy metals such as Pb, Zn, and Cu [159].
In the study by Ma and Zhang [161], phosphoric acid was found to be more effective
than sulfuric acid. Washing treatment with HCl is also quite effective in removing Pb,
Cd, Cu, and Zn [160]. Pöykiö et al. [162] investigated the leaching behavior of residues in
ashes using a three-step washing process with water, ammonium acetate (CH3COONH4),
and HCl solutions, respectively. They found that water extraction was effective for S,
ammonium acetate extraction was effective for Cu and S, and HCl extraction was effective
for the removal of Ti and Al concentrations.

In washing processes aimed at reducing the chlorine content of ashes, factors such
as the liquid-to-solid ratio, stirring speed, temperature, and time play a significant
role [161,163]. For instance, a higher liquid-to-solid ratio yields better results. However,
there is currently no standard or general consensus on washing parameters [164]. The wash-
ing process also has some drawbacks, including the large volumes of water required and the
necessity to treat process waters for contamination before discharge [154,155,159,161,163].

4.6. Electro-Dialytic Remediation (EDR)

EDR is a method that combines electro-dialysis with the electro-migration of ions to
remove the mobile fraction of heavy metals from ash, thereby reducing heavy metal and
salt leaching. The fundamental principle of the EDR involves placing a solution containing
an ash suspension into electro-dialytic cells. An electric current is applied across the cells,
facilitating the transport of metal ions to the electrodes according to their charges. Ion-
exchange membranes placed between the cells enable the collection of metal ions before
they reach the electrodes and subsequently their removal from the solution as shown in
Figure 4 [164]. In EDR, the ion transfer medium can be deionized water, NH3 solution,
citric acid solution, or ammonium citrate solution [165–168].
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According to the study by [165], the EDR technique is not very efficient in the removal
of heavy metals. Ebbers et al. [166] suggest that efficiency can be improved by using
certain ancillary agents to optimize heavy metal removal. However, this can result in
the production of a more challenging liquid waste that requires further treatment before
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reuse or disposal [170]. Additionally, EDR is a method that requires continuous energy
consumption and is quite time-consuming [164].

Although EDR has been used in several studies for the removal of Cd from BA, these
studies did not aim to use the treated ash as an SCM [169,171]. According to the study
conducted by [169], EDR was able to remove 70% of the Cd present in the ash. In another
study conducted by Chen et al. [171], EDR reduced the leachability of heavy metals such as
Se, As, Ba, Pb, Cu, Zn, Cd, Cr, and Mn (except Ni). Researchers noted that the reduction in
K content during the process also decreased the fertilizer value of the ash. However, the
ash can still be used as an SCM or as a clay substitute in bricks [172,173]

In the study conducted by Kirkelund et al. [174], which is one of the few studies inves-
tigating the use of EDR-treated ash as an SCM, it was found that the heavy metal leaching
of MSWA mortars was similar to that of the reference mortars without any additives. The
compressive strengths were also comparable to those of CFA mortars (at 28 days with
15% replacement, achieving 40 MPa). However, it was observed that the initial setting
time of treated ash mortars increased up to 16 h and workability decreased. According to
Kirkelund et al. [174], due to its high salt content, treated ash should only be considered for
unreinforced concrete.

4.7. Carbonation—Accelerated Carbonation (AC)

Under specific conditions, CO2 can be absorbed and stabilized in alkaline solid waste,
such as BA, in the form of carbonate minerals or dissolved carbonate ions, depending on the
alkalinity and reactivity of the waste [112,175,176]. AC is used to reduce the environmental
impact of waste materials and improve their structural properties [177]. The primary goal
of this treatment is to facilitate the binding of CO2 by reactive components within the
ash, thereby reducing the amount of carbon in the atmosphere. AC of ashes represents
a sustainable and environmentally friendly approach to CO2 sequestration. During AC,
CO2 reacts with compounds like calcium silicate and aluminate to form calcium carbonate
(CaCO3). The presence of phases such as lime, free CaO, and portlandite in the material
facilitates CO2 binding, while carbonation of silicate phases like gehlenite and akermanite
is more challenging [178]. Additionally, a finer particle size enhances carbonation [179].
Carbonation also stabilizes the chemical structure of the ash and reduces leaching risks.

The use of carbonated ashes in mortars has been investigated by various researchers.
While carbonated ashes may lead to reduced compressive strength due to their larger
particle size, they can produce more durable products resistant to dissolution and chemical
degradation, thanks to their more stable chemical structure [112]. Previous studies have
shown that carbonated waste, when used as SCMs, provides higher strength compared to
untreated waste and reduces Ca leaching [180–182].

4.8. Air-Classification Treatment (ACT)

ACT is a method used to analyze the ash in a dry state based on particle size and to
remove detrimental materials such as sulfates, chlorides, heavy metals, or unburnt carbon
found in fine fractions [72,183]. ACT essentially involves exposing the ash to airflow at
a specific speed, where the finer ash fractions are captured and separated by the airflow
while the coarser ash fractions pass through the airstream and are deposited separately
(Figure 5). The process is highly dependent on airflow and requires different speeds for
different materials. In the study conducted by Ohenoja et al. [183], after ACT, it was found
that the SiO2 and Al2O3 fractions remained in the coarser ash fraction, while harmful
substances such as sulfates, chlorides, and heavy metals (Cd, Cu, Zn, and Pb), along with
the CaO fraction, were retained in the finer ash fraction. By separating the finer fraction
from the ash, a material that met standards for sulfate and chloride content was obtained.
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Similarly, De La Grée et al. [113] found that ACT was highly effective in removing fine
carbon particles and the chlorides and sulfates attached to these particles.
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Zhang et al. [184] observed in their study that the fine fraction obtained after ACT
was rich in amorphous phases, as well as chlorides, sulfates, and unburnt carbon, while
the coarse fraction was abundant in crystalline phases. Through pozzolanic activity and
compressive strength tests, they found that fractions with particle size below 8 µm exhibited
higher reactivity and were deemed more suitable for use as SCMs. Another study by
Ohenoja et al. [63] provided data consistent with these findings. The ash subjected to ACT
showed lower reactivity compared to their previous studies. The researchers attributed this
to the removal of Ca and S content along with the fine fractions during the ACT process.

4.9. Combined Treatments

There are various treatment processes applied to improve the properties of BA for
its use as an SCM. In the literature, it is often observed that these treatment methods are
combined. By using different thermal, chemical, and mechanical treatments together, the
adverse effects of one treatment can be mitigated by another, ash quality can be improved,
and more eco-efficient and cost-effective processes can be developed.

Rosales et al. [34] aimed to determine the optimal treatment process for BA by applying
three different treatment methods and their combinations to mitigate the adverse effects of
organic matter on the durability and mechanical properties of cementitious mixtures. The
methods used in the study include combustion (800 ◦C for 18 h), flotation, and grinding (to
a particle size finer than 125 µm), as well as their combinations. All treatments successfully
reduced organic matter content; however, combustion demonstrated the greatest efficiency,
while grinding showed the lowest efficiency. The lowest organic matter content was
achieved with the combination of all treatments, while the contribution of flotation and
grinding treatments to combustion was only 3%. The lowest porosity and water absorption
values were also obtained with the triple-combined treatment. For both porosity and water
absorption, grinding proved to be the most effective treatment. Similarly, for compressive
and flexural strength results, the triple-combined treatment yielded values closest to those
of mortar without ash, with grinding being the most effective treatment. Table 3 presents
the compressive strength values from studies investigating different treatment methods
for biomass ashes from various sources. The grinding-combustion combination achieved
75% and 100% increases in strength at 20% and 38.5% replacement ratios, respectively.
However, the final strength at the 38.5% replacement remained lower compared to the
20% replacement. According to the researchers, grinding and combustion processes are
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considered feasible for using BA as an SCM. However, flotation is theoretically applicable
but considered a challenging and expensive process.

De La Grée et al. [113] conducted a study aimed at reducing the leaching of contami-
nants from BA. To achieve this, the researchers examined the effectiveness of various treat-
ment techniques, both individually and in combination, for ashes with different physical
and chemical properties, and designed a combined treatment approach. The methodology
involved initially removing carbon particles from the ashes. Subsequently, the ashes were
washed to reduce the content of soluble salts (such as chloride and sulfate), heavy metals,
and aluminum and finally ground to achieve a suitable PSD to enhance reactivity. The
study authors found that washing alone was insufficient for chloride removal in some
ashes. The researchers hypothesized that soluble chlorides were bound to the surface of
carbon particles and thus did not dissolve in water. To address this issue, they proposed
two pre-treatments to remove carbon particles before washing: First, re-heating the ashes
to 750 ◦C to burn off the carbon particles, and second, applying air-filtration to physically
separate fine carbon particles from the ash mixture. Following these pre-treatments, the
chlorine content in the ashes decreased by 70% and 75%, respectively, supporting the
researchers’ hypothesis. With the removal of carbon content, the total reduction in chlorine
content for ashes subjected to re-washing was 93% and 82%, respectively. Sieving the ashes
also improved chlorine reduction in some cases. In experiments with ashes containing large
carbon particles, washing without sieving achieved a chlorine removal rate of 71%, while
sieving through a 500 µm sieve before washing increased this rate to 91%. Air-filtering and
re-heating processes, which removed fine carbon particles, led to changes in the PSD of the
ashes. Ashes with increased average particle size were ground to meet the standard PSD.
Based on experimental data, the researchers developed a pilot process for scaling up the
washing procedure to an industrial scale, incorporating cycloning, flotation, and rinsing
stages. According to the results of the study, an industrial-scale treatment method was
developed that is both cost-effective and eco-efficient compared to ash storage.

In a study aimed at developing waste-derived SCMs, Skevi et al. [112] applied a
combination of MCA and carbonation treatment to BA. The study authors found that with
a 40% replacement ratio, the compressive strength of mortar with BA was only 17% of that
achieved without any ash addition, whereas mortar with mechano-chemically activated
biomass ash (MBA) reached 63% of the reference strength. The 28-day compressive strength
of mortar with 40% MBA (23.17 MPa) was nearly identical to that of mortar with 20%
untreated BA (25.01 MPa), which is promising for more economical and eco-efficient
concrete. MCA led to a decrease in the intensity of akermanite and the formation of
the carbonate phase baylissite (K2Mg(CO3)2·4H2O), with new carbonates forming due to
surface defects and atmospheric CO2. Other observed changes included the amorphization
of calcites and an increase in amorphous silica content in the ash. Replacing 40% of
cement with carbonated MBA resulted in a 28.5% increase in 28-day compressive strength
compared to the reference, which was significantly lower than the values for MBA mortars
but nearly twice that of mortars containing untreated ash. The carbonation process led to
the formation of stable carbonate phases in the MBA. Consequently, the active Si-O bonds
on the surface of the carbonated MBA likely bonded with CO2 during the carbonation
process, leaving fewer active sites compared to MBA. The formation of carbonates may have
also contributed to the larger particle sizes of carbonated MBA, which could reduce the
filling effect compared to MBA. Although the carbonation of BA before incorporation into
cementitious composites adversely affected compressive strength, the potential to reduce
the carbon footprint to near zero is a significant outcome. Therefore, it is recommended to
maintain relatively low replacement levels in applications involving carbonation to avoid
substantial reductions in strength.
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Table 3. Effects of treatments methods on the strength properties of different ashes [34,63,67,112,185].

Ash Type Source Treatment Substitution Ratio
(%)

Reference Strength
(MPa)

Untreated Strength
(MPa)

Treated Strength
(MPa) Effect of Treatment

BBA Wood and timber combustion
Mechano-Chemical Activation 40% 36.80 6.24 23.17 +271.31%
Mineral Carbonation and MCA 40% 36.80 6.24 10.48 +67.95%

BBA Wood (whole tress and primarily pine) Sieving–Washing 20% 69.90 51.10 59.30 +16.05%

BFA 70% forest residues and 30% peat Classification 20% 49.40 25.80 29.00 +12.40%
Classification + Grinding 20% 49.40 25.80 36.60 +41.86%

BFA
60% forest residues, 30% recycling
waste, and 10% paper sludge

Classification 20% 49.40 27.80 29.20 +5.04%
Classification + Grinding 20% 49.40 27.80 34.20 +23.02%

BFA
40% peat, 50% forest residues, and 10%
recycled wood waste

Classification 20% 49.40 31.40 36.60 +16.56%
Classification + Grinding 20% 49.40 31.40 38.40 +22.29%

BBA Olive tree prunings

Washing 20% 58.03 25.12 27.61 +9.91%
Heat Treatment 20% 58.03 25.12 29.12 +15.92%
Grinding 20% 58.03 25.12 36.18 +44.03%
Washing + Heat Treatment 20% 58.03 25.12 33.21 +32.21%
Washing + Grinding 20% 58.03 25.12 38.92 +54.94%
Heat Treatment + Grinding 20% 58.03 25.12 44.17 +75.84%
Washing + Heat Treatment + Grinding 20% 58.03 25.12 51.96 +106.85%

BFA Wood chips Washing 15% 46.50 40.00 38.00 −5.00%
Washing 30% 46.50 38.20 39.00 +2.00%
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ACT is an effective method for removing harmful substances from the fine fraction
of ash. However, as demonstrated in several studies, the method yields better results
when combined with grinding [183,184]. In the study of Ohenoja et al. [183], prior to ACT,
ash was subjected to grinding solely to eliminate agglomerations formed during storage
and transportation, which facilitated the separation of the fine fraction and its associated
contaminants. A drawback of the ACT is that it can adversely affect the PSD of the ash. In
their study, De La Grée et al. [113] used combined treatments, whereby they re-ground the
ash after ACT, achieving the desired PSD in ash containing fewer detrimental materials. A
similar result was obtained in the research by Ohenoja et al. [63], where ACT significantly
reduced the levels of SO3 and Cl in the ash, while the content of “SiO2 + Al2O3 + Fe2O3”
relatively increased. Additionally, the median particle size increased from approximately
45 µm to 200 µm, and to rectify this, grinding was employed, reducing the median particle
size to 30 µm. This resulted in an improvement in both flexural and compressive strength.

5. Conclusions
The production of biomass ash as a residue of biomass combustion is increasing world-

wide. The chemical and mineral composition of biomass ash is extremely varied, and
a general evaluation of its utilization cannot truly be made. The integration of biomass
ash into concrete has demonstrated significant potential in contributing to both improved
material performance and more sustainable construction practices. Biomass ash contains
beneficial components such as silica, alumina, and iron oxides, which contribute to its
reactivity. Depending on its chemical composition and fineness, untreated biomass ash
can sometimes be directly used as a supplementary cementitious material, though its
performance may vary considerably. Nevertheless, the effectiveness of biomass ash as a
supplementary cementitious material is highly dependent on the treatments applied to en-
hance its properties, such as particle size distribution, reactivity, and contaminant content.

It is important to note that certain properties can be improved depending on the
treatment methods used, while others may be adversely affected. Heavy metal and chlorine
content may decrease, but particle size distribution may deteriorate, reducing the filler
effect. Alternatively, while reactivity and fineness may increase, some contaminants might
remain in the system, reducing the durability of the mixture. Therefore, careful optimization
of these treatments is necessary to balance the beneficial and adverse impacts specific to the
chemical and physical properties of the ashes, ensuring that the overall performance of the
concrete is enhanced. Moreover, the environmental advantages of using biomass ash are
considerable, as its inclusion in concrete production can reduce the reliance on traditional
cement, thereby lowering greenhouse gas emissions and conserving natural resources.

Considering these findings, the effective treatment and use of biomass ash should be
further explored to maximize its potential as a key component in sustainable construction.
In line with this goal, future research conducted by our team will focus on examining
the effects of the mechano-chemical activation method on biomass ashes obtained from
different sources, as this review identifies mechano-chemical activation as one of the most
effective treatment methods. This approach could provide valuable insights into enhancing
the sustainability and durability of concrete structures.
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Abbreviations
The following abbreviations are used in this manuscript:
BA Biomass Ash
BFA Biomass Fly Ash
BBA Biomass Bottom Ash
SCM Supplementary Cementitious Material
GHG Greenhouse Gas
PSD Particle Size Distribution
CFA Coal Fly Ash
MCA Mechano-Chemical Activation
C-S-H Calcium–Silicate–Hydrate
C-A-H Calcium–Aluminate–Hydrate
HTS Hydrothermal Synthesis
SSA Sewage Sludge Ash
WW Water Washing
CW Chemical Washing
EDR Electro-Dialytic Remediation
ACT Air-Classification Treatment
AC Accelerated Carbonation
LoI Loss on Ignition
ASTM American Society for Testing and Materials
EN European Norm
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150. Vaitkevičius, V.; Vaičiukynienė, D.; Kantautas, A.; Kartovickis, A.; Rudžionis, Ž. Blended Cements Produced With Synthetic
Zeolite Made from Industrial By-Product. Mater. Sci. 2015, 21, 136–142. [CrossRef]

151. Hassan, E.M.; Abdul-Wahab, S.A.; Abdo, J.; Yetilmezsoy, K. Production of Environmentally Friendly Cements Using Synthetic
Zeolite Catalyst as the Pozzolanic Material. Clean Technol. Environ. Policy 2019, 21, 1829–1839. [CrossRef]

https://doi.org/10.1016/j.conbuildmat.2019.01.208
https://doi.org/10.1016/j.conbuildmat.2018.05.060
https://doi.org/10.1016/j.cemconres.2010.07.004
https://doi.org/10.3390/coatings11080902
https://doi.org/10.1007/s00710-019-00666-y
https://doi.org/10.1016/j.wasman.2012.12.014
https://doi.org/10.1007/s10163-007-0192-y
https://doi.org/10.1016/j.cemconcomp.2008.10.004
https://doi.org/10.1016/j.cemconcomp.2011.02.003
https://doi.org/10.1007/s12205-017-0881-6
https://doi.org/10.1016/j.cemconcomp.2014.11.002
https://doi.org/10.1016/j.conbuildmat.2017.07.041
https://doi.org/10.1016/j.conbuildmat.2009.02.013
https://doi.org/10.1179/1743676115Y.0000000043
https://doi.org/10.1016/j.jnoncrysol.2005.11.008
https://doi.org/10.1016/j.jhazmat.2010.03.004
https://doi.org/10.1016/j.minpro.2016.11.002
https://doi.org/10.3390/su16072754
https://doi.org/10.1016/j.jhazmat.2007.11.123
https://www.ncbi.nlm.nih.gov/pubmed/18221835
https://doi.org/10.4102/sajs.v106i5/6.231
https://doi.org/10.1016/j.chemosphere.2005.05.029
https://www.ncbi.nlm.nih.gov/pubmed/16039695
https://doi.org/10.1016/j.cattod.2012.02.025
https://doi.org/10.1016/j.jclepro.2012.10.003
https://doi.org/10.1016/j.conbuildmat.2016.04.155
https://doi.org/10.5755/j01.ms.21.1.5635
https://doi.org/10.1007/s10098-019-01752-7


Materials 2025, 18, 834 24 of 25

152. Fukasawa, T.; Horigome, A.; Tsu, T.; Karisma, A.D.; Maeda, N.; Huang, A.-N.; Fukui, K. Utilization of Incineration Fly Ash from
Biomass Power Plants for Zeolite Synthesis from Coal Fly Ash by Hydrothermal Treatment. Fuel Process. Technol. 2017, 167, 92–98.
[CrossRef]

153. Shi, Y.; Wei, L.; Sun, H.; Li, Y.; Cui, J.; Zhang, W. Preparation and Characterization of Biomass-Ash Composites Derived from
Incinerated Sewage Sludge Fly Ash after Hydrothermal Treatment. Proc. Inst. Mech. Eng. Part J Mater. Des. Appl. 2024,
238, 1778–1790. [CrossRef]

154. Lam, C.H.K.; Ip, A.W.M.; Barford, J.P.; McKay, G. Use of Incineration MSW Ash: A Review. Sustainability 2010, 2, 1943–1968.
[CrossRef]

155. Margallo, M.; Taddei, M.B.M.; Hernández-Pellón, A.; Aldaco, R.; Irabien, Á. Environmental Sustainability Assessment of the
Management of Municipal Solid Waste Incineration Residues: A Review of the Current Situation. Clean Technol. Environ. Policy
2015, 17, 1333–1353. [CrossRef]

156. Wang, L.; Li, R.D.; Li, Y.L.; Wei, L.H. Release of Soluble Salts and Heavy Metals during the Short-Time Washing Process of MSWI
Fly Ash. Adv. Mater. Res. 2012, 518–523, 3247–3251. [CrossRef]

157. Phua, Z.; Giannis, A.; Dong, Z.-L.; Lisak, G.; Ng, W.J. Characteristics of Incineration Ash for Sustainable Treatment and
Reutilization. Environ. Sci. Pollut. Res. 2019, 26, 16974–16997. [CrossRef] [PubMed]

158. Yang, R.; Liao, W.-P.; Wu, P.-H. Basic Characteristics of Leachate Produced by Various Washing Processes for MSWI Ashes in
Taiwan. J. Environ. Manag. 2012, 104, 67–76. [CrossRef] [PubMed]

159. Zhu, F.; Takaoka, M.; Oshita, K.; Kitajima, Y.; Inada, Y.; Morisawa, S.; Tsuno, H. Chlorides Behavior in Raw Fly Ash Washing
Experiments. J. Hazard. Mater. 2010, 178, 547–552. [CrossRef]

160. Weibel, G.; Eggenberger, U.; Kulik, D.A.; Hummel, W.; Schlumberger, S.; Klink, W.; Fisch, M.; Mäder, U.K. Extraction of Heavy
Metals from MSWI Fly Ash Using Hydrochloric Acid and Sodium Chloride Solution. Waste Manag. 2018, 76, 457–471. [CrossRef]

161. Ma, G.X.; Zhang, H.Y. Washing of the Ash from One Shanghai Plant Using Phosphoric Acid. Adv. Mater. Res. 2013, 664, 228–231.
[CrossRef]

162. Pöykiö, R.; Nurmesniemi, H.; Dahl, O.; Mäkelä, M. Chemical Fractionation Method for Characterization of Biomass-Based Bottom
and Fly Ash Fractions from Large-Sized Power Plant of an Integrated Pulp and Paper Mill Complex. Trans. Nonferrous Met. Soc.
China 2014, 24, 588–596. [CrossRef]

163. Chen, W.-S.; Chang, F.-C.; Shen, Y.-H.; Tsai, M.-S.; Ko, C.-H. Removal of Chloride from MSWI Fly Ash. J. Hazard. Mater. 2012,
237–238, 116–120. [CrossRef]

164. Kanhar, A.H.; Chen, S.; Wang, F. Incineration Fly Ash and Its Treatment to Possible Utilization: A Review. Energies 2020, 13, 6681.
[CrossRef]

165. Ottosen, L.M.; Jensen, P.E.; Kirkelund, G.M. Phosphorous Recovery from Sewage Sludge Ash Suspended in Water in a Two-
Compartment Electrodialytic Cell. Waste Manag. 2016, 51, 142–148. [CrossRef] [PubMed]

166. Ebbers, B.; Ottosen, L.M.; Jensen, P.E. Comparison of Two Different Electrodialytic Cells for Separation of Phosphorus and Heavy
Metals from Sewage Sludge Ash. Chemosphere 2015, 125, 122–129. [CrossRef] [PubMed]

167. Ebbers, B.; Ottosen, L.M.; Jensen, P.E. Electrodialytic Treatment of Municipal Wastewater and Sludge for the Removal of Heavy
Metals and Recovery of Phosphorus. Electrochim. Acta 2015, 181, 90–99. [CrossRef]

168. Guedes, P.; Couto, N.; Ottosen, L.M.; Ribeiro, A.B. Phosphorus Recovery from Sewage Sludge Ash through an Electrodialytic
Process. Waste Manag. 2014, 34, 886–892. [CrossRef]

169. Pedersen, A.J. Characterization and Electrodialytic Treatment of Wood Combustion Fly Ash for the Removal of Cadmium.
Biomass Bioenergy 2003, 25, 447–458. [CrossRef]

170. Ferreira, C.D.; Jensen, P.; Ottosen, L.; Ribeiro, A. Preliminary Treatment of MSW Fly Ash as a Way of Improving Electrodialytic
Remediation. J. Environ. Sci. Health Part A 2008, 43, 837–843. [CrossRef]

171. Chen, W.; Jensen, P.E.; Ottosen, L.M.; Kirkelund, G.M. Electrodialytic Remediation of Fly Ash from Co-Combustion of Wood and
Straw. Electrochim. Acta 2015, 181, 208–216. [CrossRef]

172. Chen, W.; Ottosen, L.M.; Jensen, P.; Kirkelund, G.M.; Schmidt, J.W. A Comparative Study on Electrodialytically Treated Bio-Ash
and MSWI APC-Residue for Use in Bricks. In Proceedings of the 5th International Conference on Engineering for Waste and
Biomass Valorization (WasteEng2014), Rio de Janeiro, Brazil, 25 August 2014; pp. 648–662.

173. Lima, A.T.; Ottosen, L.M.; Ribeiro, A.B. Assessing Fly Ash Treatment: Remediation and Stabilization of Heavy Metals. J. Environ.
Manag. 2010, 95, S110–S115. [CrossRef]

174. Kirkelund, G.M.; Geiker, M.R.; Jensen, P.E. Electrodialytically Treated MSWI APC Residue as Substitute for Cement in Mortar.
Nord. Concr. Res. 2014, 49, 1–16.

175. Renforth, P. The Negative Emission Potential of Alkaline Materials. Nat. Commun. 2019, 10, 1401. [CrossRef] [PubMed]
176. Vassilev, S.V.; Vassileva, C.G. Extra CO2 Capture and Storage by Carbonation of Biomass Ashes. Energy Convers. Manag. 2020,

204, 112331. [CrossRef]

https://doi.org/10.1016/j.fuproc.2017.06.023
https://doi.org/10.1177/14644207241233460
https://doi.org/10.3390/su2071943
https://doi.org/10.1007/s10098-015-0961-6
https://doi.org/10.4028/www.scientific.net/AMR.518-523.3247
https://doi.org/10.1007/s11356-019-05217-8
https://www.ncbi.nlm.nih.gov/pubmed/31041714
https://doi.org/10.1016/j.jenvman.2012.03.008
https://www.ncbi.nlm.nih.gov/pubmed/22484656
https://doi.org/10.1016/j.jhazmat.2010.01.119
https://doi.org/10.1016/j.wasman.2018.03.022
https://doi.org/10.4028/www.scientific.net/AMR.664.228
https://doi.org/10.1016/S1003-6326(14)63099-5
https://doi.org/10.1016/j.jhazmat.2012.08.010
https://doi.org/10.3390/en13246681
https://doi.org/10.1016/j.wasman.2016.02.015
https://www.ncbi.nlm.nih.gov/pubmed/26951721
https://doi.org/10.1016/j.chemosphere.2014.12.013
https://www.ncbi.nlm.nih.gov/pubmed/25548038
https://doi.org/10.1016/j.electacta.2015.04.097
https://doi.org/10.1016/j.wasman.2014.02.021
https://doi.org/10.1016/S0961-9534(03)00051-5
https://doi.org/10.1080/10934520801974319
https://doi.org/10.1016/j.electacta.2015.04.083
https://doi.org/10.1016/j.jenvman.2010.11.009
https://doi.org/10.1038/s41467-019-09475-5
https://www.ncbi.nlm.nih.gov/pubmed/30923316
https://doi.org/10.1016/j.enconman.2019.112331


Materials 2025, 18, 834 25 of 25

177. Pan, S.-Y.; Chen, Y.-H.; Fan, L.-S.; Kim, H.; Gao, X.; Ling, T.-C.; Chiang, P.-C.; Pei, S.-L.; Gu, G. CO2 Mineralization and Utilization
by Alkaline Solid Wastes for Potential Carbon Reduction. Nat. Sustain. 2020, 3, 399–405. [CrossRef]

178. Liu, W.; Teng, L.; Rohani, S.; Qin, Z.; Zhao, B.; Xu, C.C.; Ren, S.; Liu, Q.; Liang, B. CO2 Mineral Carbonation Using Industrial Solid
Wastes: A Review of Recent Developments. Chem. Eng. J. 2021, 416, 129093. [CrossRef]

179. Kim, J.; Azimi, G. The CO2 Sequestration by Supercritical Carbonation of Electric Arc Furnace Slag. J. CO2 Util. 2021, 52, 101667.
[CrossRef]
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