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1．Introduction
Fly ash, which is a sub-product discarded from 

thermal power plants, mainly comprises quartz (SiO2) 
and mullite (3Al2O3・2SiO2). Fly ash is produced when 
coal is burned in a boiler and molten ash particles are 
cooled at the boiler outlet[1-4]. In addition, since 2011, the 
proportion of electricity generated by thermal power 
plants in Japan has increased significantly, and as the 
domestic demand for coal increases, the amount of fly 
ash discarded is expected to increase. Conventionally, 
fly ash is disposed by landfilling, particularly in China, 
India, and other developing countries where large 
amounts of carbon dioxide (CO2) are emitted. This has 
become a serious environmental problem, such as a 
decrease in landfill sites and leaching of heavy metal 
ions containing fly ash particles[5-8]. Additionally, the 
disposal of ceramic resources has become a problem, 
and attempts have been made to reuse fly ash as a 
valuable inorganic material. However, fly ash shows 
high chemical stability; therefore, ions are hardly eluted 
unless it is a highly concentrated alkaline solution of 
8–14 M. Therefore, generally, it is used by utilizing its 

physical properties, such as an admixture for increasing 
bulk and improving workability, and as an adsorbent for 
purifying wastewater. To chemically reuse fly ash, we 
solved this problem using mechanochemical (MC) 
treatment via a planetary ball mill and activating the fly 
ash particle surface. With this technique, reactivity with 
a low-concentration of alkaline solution (3 M) improves 
and increases the elution of Si and Al ions by two 
effects: increasing the specific surface area owing to the 
grinding effect and activating the fly ash surface owing 
to the MC effect[9-11]. Moreover, using a solidification 
reaction in which aluminosilicate is generated through a 
condensation reaction between the eluted ions, we 
fabricated a solidified body utilizing only fly ash, which 
has a high compressive strength equivalent to that of 
conventional Ordinary Portland Cement (OPC). As 
aforementioned, fly ash is conventionally disposed of in 
landfills,  however,  i ts value has recently been 
reconsidered, and it has been reused and applied via 
various methods and technologies. In this paper, we 
investigated the synthesis method, reaction mechanism, 
and applications of ceramic materials utilizing fly ash.
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2．Construction material
2-1. Admixture mixing in concrete
During the fabrication process, the fly ash particles 

are spherical because the melted coal is collected in air 
using an electrostatic precipitator during the cooling 
process. Thus, it could improve the workability and 
reduce the amount of water in the cement paste based on 
the particle morphology, therefore, decreasing the 
contraction rate. Regarding the correlation between the 
additional amount of fly ash and rheological properties, 
as shown in Fig. 1, Dengwu et al. have reported that the 
apparent viscosity decreases due to the ball-bearing 
effect by fly ash particle morphology[12]; however, in 
thixotropy where the network structure formed by 
colloidal aggregation and nucleation of calcium silicate 
hydrate is severed with shear stress, the addition of fly 
ash particles increases the distance between cement 
particles and suppresses hydration reaction[13], and 
therefore, increasing the addition amount of fly ash 
particles has a negative effect on rheological properties. 
In addition, the particle size of fly ash is approximately 
10-100 μm, and larger than the size of voids in concrete. 
Therefore, the particle distance between cements is 
increased by mixing fly ash in concrete[14, 15], and this is 
attributed to two effects: suppression of the hydration 
reaction and a decrease in cracks due to chemical 
contraction[16-18]. Although there is a concern that the 
compressive strength decreases owing to the delay in the 
hydration reaction, the generated calcium hydroxide 
reacts with SiO2 derived from fly ash particles, reducing 
the porosity and improving the microstructure; thus, it is 
expected to improve long-term stability[19, 20]. Stefanovic 
et al. explained that the addition of fly ash promoted the 
pozzolanic reaction, in which Si and Al ions eluted from 

the fly ash particles reacted at the particle interface 
between the POC and fly ash[59]. Moreover, they bind via 
a hydration reaction to form calcium compounds. This 
improved the initial strength of the solidified bodies. 
The hydration mechanisms of POC and fly ash are 
shown in Fig. 2.

2-2. Precursors for geopolymer
The emission of CO2 is a serious global environmental 

problem in the cement industry. Approximately 0.8 tons 
of CO2 is produced per ton when the raw material 
calcium carbonate is thermally decomposed at 
1400 ℃[21-24]. Thus, attempts have been made to develop 
construction materials without cement, such as 
geopolymers. Geopolymers are fabricated by mixing fly 
ash, an industrial waste, with highly concentrated water 
glass (8–14 M) to elute Si and Al ions from fly ash 
particles, and the solidification reaction progresses 
through a condensation reaction during the curing and 
drying process[25-29]. In general, OPC utilizes unused 
resources, such as calcium carbonate and clay, and the 
solidification reaction proceeds with a hydration 
reaction[30], whereas geopolymers are fabricated from 
low-cost industrial waste. Moreover, aluminosilicate, 
which is a binder, undergoes a solidification reaction due 
to the condensation reaction with the eluted Si and Al 
ions[31]. The reaction mechanism and the internal 
geopolymer structures formed are shown in Fig. 3 and 4, 
respectively[26]. Geopolymers exhibit high acid and 
thermal resistance and reduce the emission of CO2 by 
approximately 30% compared to conventional OPC. In 
this section, we describe the synthesis method and 
structural control of the geopolymers.

Fig. 1 Shear stress versus shear rate hysteresis cycle of cement paste (Reprinted from Constr. Build. Mater. 2018, 188, 170-177. 
Copyright: © 2018 Elsevier Ltd. All rights reserved.)
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2-2-1. Synthesis method
In the fabrication process of geopolymers, the ratio of 

Si ions, which serve as the framework, to Al ions, which 
contribute to the condensation reaction (Si/Al ratio), 
plays an important role, and changes in the Si/Al ratio 
affect the formed chemical structure, compressive 
strength, and long-term stability. Yaguand fabricated 
geopolymers with Si/Al from 1 to 3 and reported that as 
the Si/Al ratio increased to 1.5, the geopolymer 
properties improved and the efflorescence decreased 
significantly[32]. Efflorescence is generated on the bulk 
surface by eluting alkali metal ions with water, 
suggesting that the structure is saturated with alkali 
metal ions. Therefore, the reduction in efflorescence 
indicates that a large amount of Al is substituted in the 
silicate structure, and aluminosilicate is precipitated over 
a wide range. Conversely, Loweistein’s principle of 
aluminium insolubility explains that Al ions do not bond 
with each other, and only Si-O-T(T: Si, Al) forms in the 
geopolymer ’s structure[33, 34]; therefore, during the 
fabrication process of geopolymer, even if Si/Al ratio is 

significantly lowered, the amount of Al that does not 
contribute to the geopolymer’s structure increases, and 
different characteristics are expressed. In addition, the 
alkali concentration and ionic species of the alkali metal 
ions used in the raw material affect the chemical and 
physical properties of geopolymers. Duxson fabricated 
geopolymers utilizing alkali activators derived from 
sodium, potassium, and mixed alkali activators and 
reported the coordination state of Al in the structure and 
the bonding superiority of alkali metal ions [35]. The 
proportion of octahedral Al in the geopolymer structure 
is the highest when a sodium alkali activator is used, 
suggesting that potassium alkali activators exhibit higher 
basicity[36]. Nevertheless, the dissolution rate is faster for 
sodium because the respective ionic radii are Na+ < K+, 
and thus it is argued that this promotes the elution of Si 
and Al ions because the smaller size of sodium stabilizes 
the silicate monomer[38, 39].

2-2-2. Microstructure controlling
Microstructure is a key factor when discussing 

mechanical properties of construction material, and it is 
simultaneously a difficult issue to completely control. 
For example, reducing the viscosity of the paste and 
improving its workability and filling rate are expected to 
decrease the porosity of solidified bodies and internal 
water. However, micropores can sometimes lead to the 
dispersion of residual stress and an improvement in 
compressive strength. In this section, the microstructural 
control of geopolymers is discussed. Assi et al. classified 
fly ash particles by particle size and investigated the 
influence of particle size on the microstructure. The 
compressive strength reduces as the particle size and 
porosity increase, and from 0.25 mm and more, the 
compressive strength increases because the porosity 

Fig. 2 The mechanism of hydration reaction of OPC and fly 
ash mixture (Reprinted from J. Serb. Chem. Soc. 2007, 72, 6, 
591-604. Copyright: © The property of National Library of 
Serbia.)

Fig. 3 Descriptive model of the alkali activation of fly ash 
(Reprinted from Cement. Concrete. Res. 2005, 35, 6, 1204-
1209. Copyright: © 2004 Elsevier Ltd. All rights reserved.)

  

 

Fig. 4 The scheme of geopolymerization mechanism
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improves[60]. Furthermore, the amount of generated 
calcium silicate (CSH) gel decreased as the particle size 
increased, suggesting that larger particles have higher 
crystallinity and show lower activation with alkali 
solution. Conversely, it is considered that when the 
particle size is 0.25 mm or more, the proportion of 
amorphous SiO2 increases, which improves the reactivity 
during the solidification process and increases the 
amount of generated CSH gel filling the gaps between 
particles [40].

2-3. Novel cement-less concrete material
As aforementioned, geopolymers are valuable 

materials because they exhibit high acid and thermal 
resistance and can utilize industrial waste. However, 
considering its use as a construction material, safety 
during the moldering process and control of the 
solidification process are problematic because of the 
presence of water glass, which is a high-concentration 
alkaline solution (8–14 M). A highly concentrated water 
glass is used because fly ash particles exhibit high 
chemical stability, thus, almost no ions are eluted. 
Therefore, we improved the reactivity between fly ash 
particles and a low-concentrated alkali solution and 
increased the elution of ions through the MC treatment 
utilizing a planetary ball mill. Moreover, using this 
technique, we developed cementless concrete that 
utilizes only fly ash through a condensation reaction 
with eluted ions. In this section, we discuss the 
investigation of the MC treatment and its applications 
using particles.

2-3-1. Mechanochemical (MC) activation
Mechanochemistry is the field of chemistry that 

promotes chemical reactions using mechanical forces 
and energy. In general, chemical reactions proceed 
through heat treatment and solvents, whereas in 
mechanochemistry, diffusion and phase transitions 
proceed by applying mechanical energy, such as friction 
and pressure to particles and crystals. Kato et al. 
performed MC treatment of fly ash particles using a 
planetary ball mill. Contrary to rotational motion, a 
planetary ball mill contributes to the kinetic energy of 
rotation and revolution to constantly overlap the 
centrifugal force, providing a large amount of energy to 
the material in the pot. Fig. 5 shows that the scheme of 
changes in particle morphology and surface state during 
the MC treatment process. Kato et al. reported that in the 
early stages of MC treatment, the particle size decreases, 

and the specific surface area increases due to the 
grinding effect; in the middle stage of MC treatment, the 
fly ash particle surface is activated due to the MC effect; 
in the final stage, energy is applied for grinding the 
coarse aggregates and agglomerates, formed by the 
strong impact of mechanical energy, and increases Si 
and Al ion elution in a low concentrated alkali solution 
(3 M)[9]. Fig. 6 shows the particle morphology of fly ash 
particles before and after MC treatment, and it is 
confirmed that the spherical particles are deformed and 
smaller in size and aggregate with increasing treatment 
time[9]. The elution behavior of Si and Al ions in alkali 
solution are shown in Fig. 7, surface activation by 
energy contribution accelerates ion elution with 
increasing treatment time[9]. In addition, Sangu et al. 
investigated the effect of the ball material used in MC 
treatment on particle surface activation and reported that 
the energy contributed by balls to particles increases, 

Fig. 5 The schematic illustration of changing particle during 
MC treatment (Reprinted from Ceram. Int. 2018, 45, 849-853. 
Copyright: © Elsevier Ltd and Techna Group S.r.l. All rights 
reserved.)
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and the grinding effect is promoted as the material 
density increases, whereas the MC effect can be obtained 
efficiently as the friction coefficient between fly ash 
particles and balls, even if the contribution energy is 
small. Because a large number of Si ions derived from 
quartz are eluted, it is argued that surface activation by 
friction forces contributes to the quartz. The changes in 
the crystalline phase in the fly ash particles and the Si 
and Al ions elution behavior in alkaline solution through 
MC treatment utilizing different ball material is shown 
in Fig. 8 and the sample names Z, F and A represent the 
materials of balls utilized in MC treatment (Z: ZrO2, F: 
Fe, A: Al2O3).

2-3-2. Solidification process
This material is an alternative to the MC-treated fly 

ash particles. Regarding the solidification mechanism, in 

OPC, hydrates are generated by the hydration reaction 
of calcium compounds, which are the main components 
of OPC, connect part icles,  and proceed to the 
solidification reaction. However, it is argued that surface 
activation by friction force contributes to solidification 
process through a condensation reaction with Si and Al 
and generates an aluminosilicate gel. The structure of 
this material is controlled by the MC treatment time and 
changes in the particle morphology. In addition, Kato et 
al. reported that as the MC treatment time increase, the 
crystalline phase in the fly ash particles changes 
amorphous, and crystal strain also increases accordingly, 
the strain of mullite phase is particularly noticeable, and 

Fig. 6 NThe particle morphology of raw and MC treated 
powders (a) raw, (b) 1 hour, (c) 6 hours, (d) 24 hours 
(Reprinted from Ceram. Int. 2018, 45, 849-853. Copyright: 
© Elsevier Ltd and Techna Group S.r.l. All rights reserved.)

Fig. 7 The dissolution amounts of ions into 3 M NaOH 
solution (a) The dissolution amount of Si and Al ions, (b) The 
dissolution amount of Si and Al ions per unit surface area. 
(Reprinted from Ceram. Int. 2018, 45, 849-853. Copyright: 
© Elsevier Ltd and Techna Group S.r.l. All rights reserved.)

 

 

 

 

 

 

Fig. 8 (a)-(d) 29Si NMR spectra of fly ash particle treated MC 
process utilizing balls with different materials. (a) Raw fly ash, 
(b) Z6h, (c) F6h, (d) A6h, (e) The composition ratio of fly ash 
particles. (f)-(g) the elution behavior of Si and Al ions from fly 
ash particles in 3 M KOH solution. (Reprinted from Ceram. 
Int. 2023, 49, 34327-34332. Copyright: © 2023 Published by 
Elsevier Ltd.)
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it is confirmed that this affects the Si/Al ratio of 
cementless concrete [10]. The crystalline/amorphous ratio 
of fly ash particles before and after MC treatment 
calculated from the 29Si NMR spectrum, and the 
influence of MC treatment time on crystal strain of fly 
ash particles and the mechanical strength of fly ash 
solidified bodies are shown in Fig. 9.

3．Zeolite synthesis utilizing fly ash
Zeolites are aluminosilicates and classified as natural 

and artificial zeolites. Natural zeolites have a porous 
structure and include abundant minerals that are highly 
safe for human health; however, their functionality 
varies owing to their uneven composition. Conversely, 
artificial zeolite is low-cost and high-performance 

material fabricated by crystallizing industrial waste, 
such as fly ash by alkali treatment[41-43]. Moreover, the 
high functionality of artificial zeolites has attracted 
significant attention, and various synthesis methods and 
applications have been investigated, as discussed below.

3-1. Synthesis method
Zeolite synthesis from fly ash particles was first 

proposed by Holler and Wirsching, and since then, 
numerous researchers have proposed various liquid/bulk 
ratios, solvents, and synthesis temperatures and times 
depending on the application [44]. Generally, it is 
synthesized by mixing fly ash particles into an alkaline 
solution and stirring the mixture at high temperature and 
pressure for a long time. The mechanism of zeolite 
crystallization can be classified into two stages: 
nucleat ion and crysta l  growth.  Firs t ,  through 
hydrothermal synthesis, an amorphous silicate gel of the 
zeolite precursor is formed through a condensation 
reaction between Si and Al ions, generating crystal 
nuclei. Subsequently, crystal growth is promoted by 
nuc leus  sa tu ra t ion  th rough  typ ica l  S - shaped 
crystallization centered around the generated nucleus. 
Owing to the metastable nature of zeolites, the rate of 
crystal growth is determined by the treatment time. 
Crystal growth is also proposed; however, the detailed 
reaction mechanism has not been explained. Mintova et 
al. reported the zeolite formation mechanism as 
follows [45, 46]: (ⅰ) Zeolite precursor is brought to a critical 
state via hydrothermal treatment. (ii) At the initial stage 
of crystallization (10–15%), crystal growth propagation 
t h r o u g h  t h e  s i l i c a t e  g e l  b e c o m e s  d o m i n a n t . 
(ⅲ) Crystallization then proceeds due to agglomeration 
and Ostwald growth of particles. Furthermore, crystal 
growth proceeds at the interface between the silicate gel 
and liquid phase, and as the crystal grows, amorphous 
particles are rearranged into highly crystalline zeolites.

3-2. Structure control
One of the excellent characteristics of zeolites is their 

morphology selectivity; during the synthesis process, the 
pore diameter can be controlled by changing the pH, 
temperature, pressure, reaction time, and compo-
sition[47-50]. Controlling the pore diameter directly affects 
the functionality of zeolites when they are used as 
catalysts or adsorbents. Examples of zeolite frameworks 
are shown in Fig. 10. The middle of the line segments 
forming the frameworks represents the T atoms (T: Si, 
Al), and each vertex represents an oxygen atom. A 

Fig. 9 (a) 29Si NMR spectra of fly ash particles treated MC 
treatment. (b) The ratio of crystalline and amorphous in MC 
treated fly ash particles. (c)-(d) The quantity of strain in mullite 
and quartz phase in raw and MC treated fly ash particles. (e) 
Compressive strength of fly ash solidified bodies utilized raw 
or MC treated fly ash particles. (Reprinted from J. Ceram. Soc. 
Jpn. 2023, 128, 4, 224-228. Copyright: © 2020 The Ceramic 
Society of Japan. All rights reserved.)
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spherical unit cell is called a “sodalite cage”; it is 
classified as sodalite, A-type, or Y-type depending on the 
bonding state of each lattice. A structure surrounded by 
n T atoms is called an n-ring, and an A-type is an 8-ring 
and a Y-type is a 12-ring, with pore diameters of 0.41 
nm and 0.74 nm, respectively. In addition, similarly to 
geopolymers, the Si/Al ratio plays an important role in 
the synthesis process, and changing the Si/Al ratio 
affects crystallinity, crystal size, and functionality. 
Moreover, the Si/Al and Si/alkali ratios play important 
roles in controlling the zeolite structure; Miguel et al. 
reported that the proportion of sodalite structure 
increases as the concentration of alkali solution 
increases, whereas the X-type structure shifts to X-type 
as the Si/Al ratio decreases[51]. In addition, Alechine et 
al. adjusted the Al ion concentration in solvents utilizing 
sodium aluminate and aluminum hydroxide, and 
synthesized zeolite from fly ash in the range of Si/Al = 
0.27 to 0.80[52]. Consequently, they controlled the crystal 
size in the range of 0.67 to 3.18 μm and reported that the 
crystal size and Si NMR peak area observed proportional 
relationships with decreasing Si/Al ratio. Conversely, 
the crystallinity is inversely proportional to the 
precipitation of the amorphous phase near the crystal 
grain. The precipitated amorphous phase is considered 
to be soda lime generated through Ostwald growth 
between crystal grains due to the supersaturation of Al 
ions during the zeolite formation process; when the Si/
Al ratio is high, crystallization occurs without 
interference from impurities, and a cubic structure is 
formed[53]. Moreover, in a synthesis process with a 
similar Si/Al ratio, Purnomo and Zhang reported that 
they obtained pure zeolite when Si/Al ≦ 0.80, and 
amorphous zeolite when Si/Al ≧ 1.07[54-56].

3-3. Selective ions adsorption
As a forementioned, zeolites have micropores of 

various shapes in the voids of the three-dimensional 
network structure formed by the bonding of tetrahedral 

(Si ,  Al)O 4 ,  and crystal  water  and cat ions are 
incorporated into the micropores. Zeolite-containing 
crystal water has a stable structure; however, it exhibits 
strong adsorption properties during dehydration and can 
be utilized as an adsorbent. Although silicate structures 
comprising only Si are electrically neutral, a negative 
charge is generated when Si are substituted with Al, and 
alkali metal ions are attracted to the vicinity of the Al 
ions  owing to  pos i t ive  charge  compensat ion . 
Furthermore, because the cations in the zeolite structure 
move freely within the voids, ion exchange is possible in 
the liquid phase. He et al. attempted to remove heavy 
metal ions from wastewater using a zeolite made from 
fly ash and clarified the selectivity of the modified 
cation. The tendency of modified cations to remove 
heavy metal ions was observed in the order Al3+ > 
NH4

+ > Ca2+ > Mg2+ > Na+, suggesting that the 
competitive ability among cations depends on the ionic 
charge and radius[57]. Moreover, NH+, which shows high 
adsorption capacity despite being a monovalent cation, 
is considered to have complex interactions with heavy 
metal ions. Also, Mokzycki et al. focused on ion 
exchange functionality of fly ash zeolite utilizing copper, 
and inves t iga ted  the  morphology change  and 
functionality by changing the concentration of precursor 
copper nitrate. The adsorption-desorption isotherms of 
X-type zeolite with different amounts of precursor metal 
added to evaluate the ion exchange function are shown 
in Fig. 11(a), and Fig. 11 (b) gives the maximum 
adsorption amount of the material calculated from the 
Langmuir model and Freundlich model based on the 
isotherms. Mokzycki et al. reported that the optimal 
concentration for the modification of X-type zeolite 
towards phosphate ions adsorption is 0.05 M of 
Cu(NO3)2･H2O, moreover, pores are partially blocked 
and the adsorption functionality decreases if the amount 
added is further increased[58].

4．In summary
In this study, we focused on fly ash, an industrial 

waste, and introduced its application, reaction 
mechanism, and structural control of a synthesized 
material. Utilizing the properties of industrial waste as a 
valuable ceramic resource can contribute to solving 
environmental problems related to construction materials 
that exhibit a compressive strength equivalent to that of 
conventionally used OPC. However, because the 
solidification reaction progresses through a condensation 
reaction, which is different from the solidification 

Fig.10 Scheme of zeolite structure, zeolite-A, zeolite-X, Y and 
sodalite (Reprinted from Chem. Rev. 1993, 93, 321-339. 
Copyright: © 1993 American Chemical Society.)
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mechanism of OPC, controlling the solidification 
process on a practical scale is an additional attempt. Fly 
ash has also been used to synthesize zeolites and remove 
heavy metal ions and dyes. However, the properties of 
synthesized materials depend on their composition, pH, 
and temperature. Thus, functionality and synthesis 
methods must be adapted depending on the country of 
application, and it is necessary to understand the reaction 
mechanism and structural control in more detail.
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