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Abstract: The purpose of the article was to conduct an in-depth literature review on the possibilities
of managing combustion by-products (mainly fly ash) in the context of a closed-loop economy. First,
information on the chemical composition of fly ash in Poland was collected and compared with
the composition of fly ash in other European countries. The authors concentrated on describing
methods for synthesizing geopolymers and zeolites using fly ash as a substrate. By-products of
zeolite synthesis, which are strongly alkaline solutions, can be used as a substrate in the synthesis of
geopolymers. A concept has been proposed to combine the synthesis of zeolites and geopolymers
into a single process to close the material loop. The search for comprehensive technological solutions
that take into account the ideas of a closed-loop economy is essential in an era of resource depletion,
and this literature review encapsulates this topic area.
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1. Introduction

Hard coal and lignite are raw materials characterised by a high elemental carbon
content in their structure, which makes them hugely potent. Thermal processing of mine
raw materials produces combustion by-products. They include bottom ash and fly ash, as
well as boiler slag and residues from combustion gases desulfurization [1]. In addition to
ash, obtained from the combustion of hard coal and lignite, millions of tons of combustion
gases such as CO,, SO,, and NOy are emitted into the atmosphere. Other harmful sub-
stances produced by the energy sector include by-products of combustion [2,3]. It has been
estimated recently that the annual output of fly ash derived from the coal and lignite sector
will amount to 750 million tons [4].

Another source of fly ash is the municipal solid waste (MSW) thermal treatment indus-
try. The composition of fly ash, despite some similarities to fly ash from coal combustion,
shows a different proportion of metal oxides [5]. The properties of fly ash from MSW
combustion also makes it possible to use it as a substitute raw material in the manufac-
turing process. Nevertheless, it should be noted here that the amount of certain chemical
compounds contained in fly ash prevents its use in this way. The pretreatment of these
compounds is required, which does not necessarily involve a large financial investment [6].

Unfortunately, as with the combustion of coal and lignite, the thermal treatment of
MSW produces millions of tons of fly ash, which exhibits high toxicity. Among these
toxic products is the emission of dioxins and furans, as well as polychlorinated biphenyls
into the atmosphere. They are generated as a result of improper thermal processing of
municipal waste. These chemical compounds belong to the group of halogenated aromatic
hydrocarbons containing a chlorine atom in their molecule. As fly ash exhibits a diverse
chemical composition and its particle size is nonuniform, it can freely enter the atmosphere
and/or biosphere. Not only would improper storage truly lead to air contamination, but
it would also cause water and soil contamination [7-9]. Fly ash is characterised by a rich
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and varied crystalline structure; its physicochemical properties are strictly dependent on
the amount of a particular oxide whose content in the fly ash is the main component. One
way to analyse and group fly ash is its division according to the amount of silicon oxide,
aluminium oxide, and calcium oxide. Fly ash is categorized into: silicate ash, aluminium
ash, and calcium ash [10]. Fly ash with a high content of silicon and aluminium compounds
(mainly their oxides), exhibit very extensively developed pozzolanic properties, making it
possible to combine with lime water, because it is possible to obtain silicate compounds
and calcium aluminates [11].

Because of the rich crystalline phase of fly ash, it is possible to use it as a raw material
in various chemical processes. The use of fly ash as a new material fits perfectly with
the idea of a circular economy (CE). Given that the average use of fly ash worldwide is
only 16%, manufacturers of construction materials (cement) and also the chemical industry
producing sorbent materials are increasingly attempting to initiate combustion by-products
in their plants [12]. Nowadays, consumers are increasingly paying attention to products
that are recycled. In doing so, they are guided not only by concern for the health of
themselves and their relatives but also by a focus on protecting the environment. Firstly,
in order to successfully implement a circular economy, it is necessary to abandon classical
linear production [13]. This provides companies with legal security while complying
with national regulations, but it also brings greater financial benefits. The Corporate
Sustainability Reporting Directive (CSRD) includes a review of companies demonstrating
sustainable development practises [14].

Sustainability and the idea of a circular economy aim to reduce the quantity of natural
resources used as much as possible by replacing them with waste materials. The rich
chemical composition of combustion by-products, including fly ash (FA), enables their use
in the synthesis of geopolymers and zeolites. Chemical activation of fly ash with alkaline
solutions makes it possible to obtain new materials with improved sorption capacity and
mechanical strength. Fly ash, because of its diverse crystalline composition, exhibits many
chemical and physical properties, so it is possible to reuse it in the production cycle as
a raw material and/or substrate. As mentioned above, the idea of a circular economy is
to use industrial waste as much as possible, minimising the use of natural resources, e.g.,
metakaolin, from which geopolymers were originally synthesised [15,16].

Geopolymers are inorganic amorphous chemical compounds that can be synthesised
either from mineral resources (mine waste, clays) or from industrial waste: fly ash, blast
furnace slag, and sludge from water treatment processes. Geopolymers are made up of
long chains: silicon and aluminium oxide copolymers and metal cations (Na*, K*), which
play a stabilising role in the structure of the geopolymer. In the synthesis of geopolymers,
the most important factor that is responsible for the crystalline structure of the geopolymer
is the Si/ Al ratio [17]. Another possibility for fly ash usage is the zeolite synthesis process.
These are minerals found in the environment naturally, whose crystal structure is mainly
based on hydrated alkali elemental aluminosilicates with a large number of micropores.
Zeolites are widely used as sorbents, due to their high ability to exchange ions and sorption
properties [18,19]. The geopolymerization process consists of the following steps: disso-
lution of silicon and aluminium compounds in a strongly alkaline solution, diffusion of
the dissolved substances, polycondensation, and hardening of the gel phase. The zeolite
synthesis process is very similar to the geopolymerization process; however, it consists
of three steps: dissolution of silicon compounds (aluminosilicate glass), formation of the
aluminosilicate gel, and crystallisation of the zeolite [20,21].

The aim of the article was to focus on the possibility of using fly ash in the context of
a circular economy. The authors focused on an in-depth analysis of scientific journals on
not only the characteristics of combustion by-products but also their reintroduction into
the cycle. The concept of a closed-loop economy makes it possible to make the most out of
waste materials not only from industries, but also from households as a new raw material
which, due to its properties, can replace natural raw materials used in the chemical and
construction industries Figure 1.
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Figure 1. Idea of circular economy (CE).

The high content of silicon and aluminium oxides allows FA to be used in the synthesis
of geopolymers and zeolites as a substrate. The authors provided a broad review of
the literature primarily concerning the use of fly ash in the synthesis of geopolymers
and zeolites. The authors presented selected methods for the synthesis of geopolymers
and zeolites. Since the idea of a circular economy is constantly being modernized, the
authors propose to move away from the classic linear model of synthesizing zeolites and
geopolymers using fly ash as much as possible, replacing it with a hybrid method.

2. Fly Ash—Production, Characteristics, Properties
2.1. Polish Fly Ash

Despite many attempts to modernise the energy market in Poland, starting with
renewable energy sources such as water, sun, wind, biomass, etc., the Polish energy market
is still largely based on the generation of electricity and heat using hard coal and lignite
(Figure 2). As a result of the combustion of fossil raw materials, the amount of inorganic
matter increases. The by-products of combustion (including, to a large extent, fly ash)
exhibit a diverse chemical composition that significantly affects their properties [22]. In
addition to the chemical composition of the by-products of combustion (including fly ash),
another characteristic of fly ash is its particle size granularity. According to the literature,
fly ash granule size is mainly influenced by the combustion process temperature, the size of
the feed fraction, and also the combustion technique. In the case of a fluidised bed reactor,
the process temperature is between 1073 and 1323 K and the entire process is carried out
at a pressure of 1-1.2 MPa. The fraction of fuel supplied is very fine (1-5 mm). Another
combustion method is the use of a pulverised fuel boiler, the fuel processed consists of a
very fine fraction, less than 0.1 mm, and the entire process is carried out at a temperature
of 1473 to 1873 K, at a pressure of 2 to 8 MPa [23]. The method of classifying by-product
is the size of their grain fraction, fly ash can be divided into three groups, based on grain
size [24]:

Fine-grained—where the grain size is <0.075 mm and its content is less than 25%;

Medium-grained—where the grain size is <0.075 mm and the total content in the in

the fraction is between 40 and 75%;

e  Coarse-grained—the size of a single grain is <0.075 mm and the amount of particles of
this size particle size does not exceed 40% of the total volume.
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Figure 2. Energy supply in Poland 1990-2020 (https://www.iea.org/countries/poland, accessed
on 20 September 2023): Yellow—oil; green—biofuels and waste; dark blue—natural gas; blue—coal.
(Source: IEA World Energy Balances 2022. All rights reserved).
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The Polish energy economy today relies on around 80% of its energy generation from
hard coal. One of the end products of the thermal processing of coal is fly ash [25]. Other
products of the combustion of energy raw materials include:

e  Bottom ash—by-products of combustion, characterised by irregular grain shape and
varying physical and chemical properties. They show very pozzulanic properties, high
resistance to external forces. They contain a large amount of alkaline compounds in
their structure and have a high hydrophilicity. They are mainly used in the mining,
energy, and construction industries [26].

e  Slag—the main chemical compounds forming the crystalline structure are silicon
oxide and aluminium oxide. Slag can be divided into two varieties. The first includes
unburned slag, its characteristic feature is its dark grey colour, and the carbon in
it is only partially burnt, while the grains are glassy. The second variety of slag
includes burnt slag, which has a brick-red colour. Coal firing results in a large amount
of sinter; the grain fraction is relatively small. In addition to the enamel content,
the substances included in the chemical composition of the slag are mullite crystals,
fused quartz, anorthite, melilite, burnt clay rock and clayey ironstone, magnetite, and
gypsum [27,28].

e  Flue gases, the resulting by-products of combustion in the gaseous state. They include
primarily CO, and also SO, NOy [29].

Due to the large production of fly ash in the energy sector, the idea of reusing fly ash
in industry is constantly being improved. Since the fact that the development of fly ash as a
raw material is restricted by the restrictions and regulations issued by the state authorities,
fly ash is dumped in large amounts in heaps or landfills. Improper management of fly ash
can lead to contamination of the atmosphere, earth, water, and air [30]. With regard to the
restrictions in place, Poland has divided ash into three types Figure 3.
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Figure 3. Division of fly ash into categories depending on its chemical composition according to
standard BN-79/6732.09 [31].

In the Polish energy sector, electricity and heat are obtained mainly from two raw
materials: hard coal and lignite. Each of these raw materials has a different chemical struc-
ture, which significantly affects energy efficiency and also the composition of combustion
by-products. The classification of fly ash can also be carried out by taking into account
the raw material that has been burnt. Fly ash that is the product of hard coal combustion
belongs to class F, whereas fly ash obtained from lignite coal belongs to group C (ASTM
C-618) [32]. In the case of similar raw materials, the chemical composition of fly ash also
varies [33]. The main components of fly ash from both hard coal and lignite include silicon
oxide, aluminium oxide, iron oxide, and calcium oxide. Figure 4 shows the chemical
composition of fly ash from several Polish power stations [22].

As a member of the European Union, Poland is subject to strict restrictions on the
extraction and development of energy resources. In 2017, an announcement on critical raw
material resources was introduced. The purpose of this document was a broad analysis of
the amount of energy raw materials extracted. The main coal mining region in Poland is
the Silesia Region and it is the most extensive mining area. The list of critical raw materials
primarily aims to initiate the idea of a circular economy, which can be understood as the
replacement of as many natural resources as possible, using industrial waste, including
fly ash [34,35]. The classifications of fly ash are being upgraded at a rapid pace. The
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number of scientific publications devoted to fly ash is increasing each year. The authors
have presented a study on fly ash classification taking into account multiple parameters
‘Identification and Petrographic Classification of Fly Ash Components Working Group,
Commission III—ICCP". In their research paper, the authors detailed the classification of fly
ash into six levels: the first three define a given field in the fly ash particle, while the next
three present the identification of the entire molecule Figure 5 [36].
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Figure 4. Example of chemical composition from combustion of energy resources hard coal and lignite
from Polish energy plants: (a) Chemical composition of FA from coal (1), (b) chemical composition
of FA from coal (2), (c) chemical composition of FA from lignite (1), (d) chemical composition of FA
from lignite (2) [22].

Figure 5. Classification of fly ash according to the ICCP system [37].

Table 1 shows a partial qualitative and quantitative analysis of fly ash produced in
Poland. According to previous comments, the main chemical compound that builds the
crystalline structure is silicon oxide, and its average content in each fly ash is about 50%.
The second chemical compound to be considered is aluminium oxide, its content ranges
from 20 to 30%. These two chemical compounds make it possible to use the by-products
of combustion that are fly ash for use in the synthesis of geopolymers and zeolites. Other
important chemical compounds include calcium oxide. Its content in fly ash samples from
hard coal does not exceed 10%; making it almost twice as low. Fly ash with a high calcium
content shows very high hydraulic strength, so it can be used in construction as a substitute
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for cement, thereby reducing the cost of its production. Due to the high content of calcium
compounds, construction materials show high mechanical strength and chemical resistance.

Table 1. Chemical composition of fly ash from Polish power plants [31]. Adapted with permission
from Ref. [31]. Copyright 2020, Elsevier.

Power Plant in Poland SiO, Al,O3 Fe, O3 MgO CaO Na,O K,O
Lagisza 49.00 27.72 6.92 241 3.24 1.44 2.65
Jaworzno 49.33 26.35 9.62 247 3.93 1.51 2.67
Siersza 47.54 2471 7.30 3.40 5.17 2.86 2.60
Laziska 49.58 28.08 6.69 2.70 3.28 1.08 3.36
Rybnik 49.12 26.73 5.52 2.19 343 1.14 3.11
Stalowa Wola 5291 21.72 5.83 2.29 3.01 0.90 2.77

Technological solutions are being searched for to reduce the amount of calcium oxide
in fly ash in favour of calcium carbonate, which is restricted both in Poland and in European
Union countries. One such solution is the mineral carbonation process using carbon dioxide.
The mineral carbonation process makes it possible to manage high-calcium fly ash as a
raw material for the production of building materials. Carbon dioxide can be used in the
mineral carbonation process to reduce calcium oxide in favour of low-energy carbonate
molecules. Figure 6 shows a scheme for the saturation of waste from thermal treatment of
energy raw materials with carbon dioxide [38].

co,
Ene Waste Building

rey carbonation aggregates
Fly ash

Figure 6. The process of saturating high-calcium fly ash with carbon dioxide.

2.2. Energy Sector in Europe—Fly Ash

Greenhouse gas emissions and the production of combustion by-products in Europe
have prompted attempts to modernise the energy market. As the energy sector is widely
developed, there are many options for obtaining electricity in European Union countries.
These include primary energy, natural gas, renewable energy sources, nuclear energy, and
oil. Although there are so many different options available to countries in Europe, the
power sector still uses coal. Figure 7 shows the amount of coal-fired energy generation in
Europe [39].

The European Union’s goal is to achieve climate neutrality by 2050. The plans related to
the European Green Deal include the development of modern environmental technologies
as a priority in their activities. The Green Deal will not only improve the quality of the
environment but will also bring many other benefits. Examples include creating more
jobs, increasing company revenues, and being independent from other businesses [40].
The use of fly ash as a raw material for the production of building materials, e.g., cement,
will make it possible to reduce the use of natural resources and thus reduce the costs of
the entire process. Another positive aspect of using fly ash for the production of building
materials is that it achieves zero carbon dioxide emissions. Fly ash shows very good
pozzulanic properties. During the synthesis process, it reacts with the activating agent to
form so-called C-S-H gels. In addition to their pozzolanic properties, fly ash also exhibits
high hydraulic activity, especially fly ash from the HCFA group (high calcium fly ash).
This fly ash is mainly used in the production of hydraulic binders. Plants using fly ash
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for cement production must comply with the applicable standards (PN-EN 197-1:2002/A3
2007 and PN-EN 450-1+A1:2009). In addition to the use of fly ash for cement production, it
has found extensive use in: road building, mining, and land stabilisation and reclamation.
The use of fly ash as an additive in the concrete production process reduces the amount
of water required to produce a mix with a certain workability. The granulation of fly ash
has a positive effect on the workability of the concrete, as its particles are so small that
they easily lodge between the cement particles. Another positive aspect of using fly ash
as a cement substitute is that it increases the mechanical strength of the concrete and its
chemical resistance, to weather conditions like acid rains. The use of FA in the production
of concrete reduces the rate and amount of energy released during the hydration process,
thus avoiding cracks in the concrete [41-43].

Figure 7. Primary energy derived from hard coal in Europe.

Table 2 shows the content of selected metal oxides that form the crystalline structure
of fly ash from European countries. It can be seen that the content of each oxide varies
greatly from country to country. This is mainly due to the type of raw material used, the
combustion temperature, and the technology. Fly ash must meet appropriate standards in
order to be used in industry, the first of which is its silicon and aluminium oxide content.
The silica content is usually between 40 and 60%, but in the case of fly ash from Germany
and Greece, it varies greatly, from 20 to even 80%. The second oxide that plays a significant
role in both the synthesis of geopolymers and zeolites is alumina. It is mainly in the range
of 10 to 30%. The compound that prevents fly ash from being used as a substrate is calcium
oxide. According to accepted European restrictions, its presence in fly ash must not exceed
certain values (according to the norm PN-EN 197-1). As some fly ash has a high calcium
oxide content, e.g., in Poland, Turkey, and Bulgaria, initiatives are being taken to reduce
this compound in favour of calcium carbonate, which is not harmful to the environment.
Mineral carbonation is an example of this process.
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Table 2. Chemical composition of fly ash from Europe % wt. [44]. Adapted with permission from
Ref. [44]. Copyright 2022, Elsevier.

Power Plant SiO, Al,O3 Fe, O3 CaO Na,O K,O MgO TiO,
Britain 44.00-55.80 17.70-32.80  4.90-15.00 1.10-5.40 0.20-2.60  1.00-4.50 1.20-4.40 0.90-1.10
France 47.00-53.00  26.00-34.00 4.34-7.27 2.30-6.66 0.04-6.40  1.04-1.33 0.90-2.44 1.32-1.81

Germany 20.00-80.00  1.00-22.70 1.00-22.00 2.00-52.00  0.00-4.21  0.00-440 0.50-11.00  0.10-1.08
Greece 21.00-70.10  4.17-22.00 2.50-10.90 5.00-45.00  0.04-4.50  0.30-3.00 1.21-6.00 0.12-1.20
Portugal 48.00-59.10  19.90-29.60 4.46-7.40 1.38-4.65 0.41-1.25  1.01-2.25 1.00-1.75 0.90-1.40
Italy 33.80-54.00  10.90-33.40 3.00-8.80 2.00-39.59  0.00-1.16  0.00-2.60 0.00-2.40 0.59-2.60
The Netherlands  45.10-59.70  24.80-28.90 3.30-9.00 0.50-6.80 0.10-120  0.60-2.90 0.60-3.70 0.90-1.80
Poland 32.20-56.50  3.97-32.20 3.97-9.00 1.16-29.90  0.00-3.11  0.19-3.34 0.52-5.94 0.20-2.22
Spain 41.10-58.60 17.60-45.40  2.60-16.20 0.30-11.80  0.20-4.50  0.204.05 0.30-3.20 0.50-1.80
Denmark 48.00-65.00  26.00-33.00 3.30-8.30 2.20-7.80 1.10-2.80 - - -
Turkey 18.10-60.30  7.63-30.80 4.10-11.30 0.20-38.20  0.10-2.57  0.32-5.62 0.43-8.98 0.57-1.50
Bulgaria 12.50-59.00  8.36-29.50 4.36-45.90 1.50-28.90  0.00-1.90  0.00-6.46 0.49-5.11 0.00-2.30
Czech Republic ~ 51.90-53.80  25.50-33.00 5.51-8.00 1.84-5.80 0.25-0.70  1.75-2.74 0.92-1.94 0.96-2.10
Romania 40.80-54.30  15.70-26.20 7.58-9.93 2.42-13.80  0.19-0.83  1.35-2.66 1.49-2.48 0.06-1.07
Serbia 50.20-70.00  11.00-27.00  5.30-10.40 1.06-8.19 0.24-0.70  0.44-1.60 1.28-3.12 0.30-1.00

3. The Process of the Synthesis of Geopolymers Using Different Fly Ashes

Geopolymers are inorganic aluminosilicate compounds. As previously mentioned,
geopolymers were originally obtained from metakaolin. The synthetics geopolymers
are obtained by chemicals activating fly ash together with an activating agent mainly
NaOH [17]. Geopolymers are made up of long chains: silicon and aluminium oxide
copolymers and metal cations (Na*, K*), which play a stabilising role in the structure of the
geopolymer. In the synthesis of geopolymers, the most important factor that is responsible
for the crystalline structure of the geopolymer is the Si/ Al ratio. Figure 8 shows the Si/ Al
ratio and the different chains of aluminosilicate oligopolymers.

Ksm\l '
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Figure 8. Different Si/ Al ratios in aluminosilicate oligopolymers, forming a geopolymer.
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The geopolymerization process using FA or metakaolin involves complex and simulta-
neous steps in the formation of a three-dimensional amorphous geopolymer network. The
dissolution of silicon and aluminium compounds depends primarily on: process kinetics,
physicochemical, and thermodynamic parameters. The next step is reorganisation: crys-
talline networks of different sizes are formed, thus providing the physical properties of the
geopolymer. The metal cations (silicon and aluminium) in the structure of the geopolymer
gels are coordinated by oxygen bridges, resulting in the formation of a negatively charged
ion, which is balanced by the metal cations (sodium and/or potassium) from the activator.
An aqueous environment with high pH enables the geopolymerization process, in which
reactive aluminosilicate compounds are dissolved and in the next stage (polycondensation)
tetrahedra [SiO4]*~ and [AlO4]°~ combine with other ions [45,46]. Depending on the
composition of the raw material used in the geopolymerization process, the end product
can consist of different phases: amorphous, gel, etc. The chemical activation of fly ash
containing large amounts of aluminosilicates proceeds quite differently from the hydration
of classic Portland cement. The binding phase of the cement is calcium silicate hydrate
(C-(A)-S-H) gel, while the chemical activation of fly ash results in sodium aluminosili-
cate hydrate as the main phase: N-A-S-H. The geopolymerization process is based on
the hydrolysis—condensation of compounds rich in silicon and aluminum. A crystalline
network is then formed, in whose pores water molecules are trapped. Aluminosilicate
gels are obtained by the sol-gel process, spherical polymer units that are densely packed.
The speed of the process depends primarily on the amount of water, or more precisely,
its expulsion into larger pores, as a result of which the network is reorganized [47-50].
The process of geopolymer network formation is shown in Figures 9 and 10. The crystal
network of geopolymers is made up of an irregular aluminosilicate network. The sialate
network is built between the [Si04]*~ and [AlO4]°~ tetrahedra linked by oxygen atoms [51].
The geopolymerization process is based on the preparation of alumosilicate samples (e.g.,
metakaolin, clays, fly ash) with a well-defined Si/ Al ratio and the preparation of aqueous
solutions of activating agents (usually highly concentrated sodium hydroxide) [52-54]. The
prepared paste is cast into special moulds used to shape the geopolymer and then heated
for a period of 24 h at a temperature of approximately 25-70 °C [55].

. r."’: e "%-'%, _..
A |:‘,> % ff“}‘
‘f}i‘ ‘ o Q)( R
Chemical Attack D1ssolutlon Gel 1
®si ®a @0 ®Na OH D

Growth Polymerization Gel 2

®osi A eoa A

Figure 9. Mechanism of the geopolymerization process [56].
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Figure 10. Idea of obtaining geopolymers from fly ash with different activators.

The use of fly ash in geopolymerization has many positive aspects for environmental
engineering. Firstly, by using it as a substrate in the geopolymer synthesis process, the
amount of landfilled fly ash from various industrial sectors is reduced. Geopolymers show
properties far superior to those of classic Portland cement. Depending on the course of the
geopolymerization process (the concentration of the activating agent, fly ash composition,
and stabilising additives must be taken into account here), the compressive strength of
geopolymers ranges from 25 to 100 MPa, while the flexural strength ranges from 5 to
25 MPa [57-62]. They are also highly resistant to acids, chlorine, and sulphur compounds.
They are also resistant to weather conditions (high frost resistance) and high heat resistance
of up to 800-900 °C. Figure 11 shows the possibilities of using geopolymers in industry.

Fire protection
composites
Fire insulation in
aviation, heat shields E“"‘V'fc"t';"“'
for shuttle tankers s

Carrier material for

toxic waste disposal in the foundry industry

l Self-hardening masses

Replacement of classic

Portland cement

Manufacture of
sandwich panels

Fitting into the spirit of
a circular economy

Figure 11. Use of geopolymers in industry.

Table 3 shows the parameters of the geopolymerization process of the selected authors,
along with the subjects of the tests that were carried out on the geopolymers obtained.
Rattanasak et al. [63] confirmed the thesis that during the geopolymerization process the
use of admixtures is as conducive as possible to the formation of geopolymer chains. The
addition of calcium chloride reduces the setting time both at the beginning and at the end
of the process. The addition of Nay;SOj increases the bonding time due to the formation
of ettringite. The addition of CaSO, did not affect the setting time of the paste. The
compressive strength for the control paste was 25.8 MPa, while the addition of 1 wt.%
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admixture resulted in higher compressive strength, interestingly the addition of 2 wt.%
admixture has almost no effect on compressive strength. Somna et al. [64] carried out the
synthesis of geopolymers using fly ash and sodium hydroxide at different concentrations.
The compressive strength of the obtained geopolymers was very similar to classic Portland
cement. As the geopolymers aged, their compressive strength increased. The highest
growth compressive strength for the obtained geopolymers was observed when NaOH
concentrations ranging from 4.5 to 9.5 mol/dm? were applied. The concentration of the
NaOH solution affects the strength of the geopolymer. The highest compressive strength
was observed for the geopolymer sample where NaOH with a concentration of 14 mol/dm3
was applied, after a time of 60 days it was 25.5 MPa. There are also publications where not
only fly ash is subjected to mechanical activation to obtain geopolymer, but also bottom
ash after pretreatment (grinding). The mass ratio of fly ash and bottom ash to NaOH
and NaySiO3 was 15:4:6. The obtained products were subjected to compression testing.
Geopolymers obtained from fly ash showed almost twice the compressive strength of
geopolymers obtained from bottom ash. The most resistant material was a sample of
geopolymer obtained from fly ash and sodium hydroxide at a concentration of 10 mol/dm?3.
The compressive strength was 35 MPa [65].

Different experiments have been carried out on geopolymers, one of which was to
test the resistance of geopolymers to sulfate. Bhutta et al. [66] proposed the effect of the
exposure to a 5% NaySO4 solution on two samples (OPC—ordinary Portland cement and
BFAGC—blended fuel ash geopolymer concrete). The test samples were immersed in a
solution containing SO42~ anions for a period of 18 months. After the presumed running
time, the samples were examined. A large mass loss was observed in the OPC geopolymer
sample—it was 20%. The sodium sulfate solution did not affect the strength of BFAGC
geopolymer, with the passage of time its strength increased, the sample was resistant up
to 35 MPa. The OPC sample behaved in the opposite way, with the passage of time its
compressive strength decreased from 22 to 10 MPa. A similar study was conducted by
Long et al. and Lakhssassi [67,68].

As mentioned above, ash with a high calcium content can be used in the mineral
carbonation process. The concept of introducing such a technology will fill another gap
in the material loop of obtaining geopolymers. However, this process will significantly
modify the composition of the fly ash; therefore, research studies are being conducted to
determine the impact of this process on the subsequent synthesis of geopolymer materials.
Two samples were subjected to the carbon dioxide sorption process: Portland cement and
a geopolymer obtained by activation with sodium hydroxide. The process of mineral
carbonation on the test samples proceeded in different ways. The compressive strength
of the PCC (Portland cement concrete) sample increased sharply in the first few days, but
stabilized after 7 days and was about 63 MPa. In the case of the geopolymer sample obtained
from fly ash, the compressive strength decreased in the first seven days and then began to
increase from 33 to 44 MPa. The strength of the samples before the mineral carbonation
process was 49 MPa for PCC and 46 MPa for FGC (fly ash geopolymeric concrete) [69].
Other authors have attempted to carry out mineral carbonization on geopolymers obtained
from fly ash and ground granulated blast furnace slag with strict ratios. The kinetics of
the mineral carbonation process depends on how the samples are prepared. A sample
prepared from fly ash and GGBFS (ground granulated blast furnace slag), 70:30 without
Na;SiO3 admixture, showed similar CO, sorption process performance to Portland cement.
The applied methods of instrumental analysis detected a change in the composition of the
samples tested; the presence of calcium carbonates formed was confirmed [70].
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Table 3. Research on the synthesis of geopolymers from fly ash and the determination of their properties.

Materials Synthesis Conditions Aim of the Research Reference
NaOH,
Na,SiO3, The use of high-calcium fly ash for geopolymer synthesis,
CaCly, together with the use of admixtures, improves the
Fly ash CaSOy, bonding performance of geopolymer chains. [63]
NaySOy, Determination of the effect of the calcium chloride
Temperature: 65 °C admixture on the setting time of the geopolymer paste.
Time: 48 h
NaOH 4.5-16.5 mol/dm?, Activation of fly ash with sodium hydroxide in a
Fly ash Temperature: 25-28 °C, concentration range of 4.5 to 16.5 mol/dm3 and testing [64]
Time: 7, 14, 28, 42, 60 days, the compressive strength.
NaOH 5, 10, 15 mol/dm?, Use of fly ash and bottom ash for mechanical activation
Fly ash, Na,SiO3, with sodium hydroxide of different concentrations, [65]
Bottom ash Temperature: 65 °C, comparison of mechanical properties of the obtained
Time: 48 h, products (compressive strength).
NaOH A ge.op.olymer synthesis process using a ﬂy ash blend
Na-Si O’ consisting of: thermal fuel fly ash, palm oil from
axo1ls, . . . . :
Flv ash Na,S04 (aq), mum'c1pa1 solid wgste, together with a solution of Ne'12504 [66]
Y T 2o ataq Che o solution. Comparison of the properties of the resulting
emperature: 28 °C, duct with classical Portland cement: sulphate
Time: 28 days, product with classicat 7o Fsup
resistance, compressive strength.
NaOH 10 mol/dm3, Comparison of the effect of magnesium sulphate solution
Fly ash NaySiO3, on the geopolymer obtained with sodium hydroxide [67]
5%MgS04(aq), solution and sodium silicate to classic Portland cement.
NaOH, Interaction of solutions of sulphuric acid (VI), sodium
Fly ash NaySiO3, sulphate, and sodium chloride on synthetic geopolymer [68]
Temperature: 70 °C, material and Portland cement. Use of analytical methods
Time: 24 h, to calculate the weight loss of the materials tested.
Effects of carbon dioxide on geopolymers and Portland
Fly ash NaOH, cement. Carrying out the carbonation process at a [69]
Na,SiO3, temperature of 20 £ 2 °C, a carbon dioxide concentration
of 20 = 3%, and a relative humidity of 70 £ 5%.
The in situ natural mineral carbonation process of a
Fly ash NaOH 7 mol/dm? geopolymer obtained by mechanical activation of fly ash
ila KOH 7 mol/dm?3 with slag in ratios of 75:25% and 70:30%. Analysis of [70]
& NaySiO3 carbonation reaction products by TGA and FI-IR analysis

after 8 years.

4. Zeolites as Part of a Circular Economy

Fly ash, due to its diverse crystalline composition, exhibits many different chemical
and physical properties. As a result, it is possible to reuse it in the production cycle as a
raw material and/or substrate. As mentioned earlier, the idea of a circular economy is to
use industrial waste as much as possible, thus minimizing the use of natural resources [15].
One of the options for using fly ash obtained from the thermal treatment of fossil fuels or
unconventional fuels is the zeolite synthesis process. Zeolites are minerals found in the
environment naturally, whose crystal structure is based mainly on hydrated alkali elemental
aluminosilicates with a large number of micropores. Fly ash is most often used to synthesize
zeolites [71]. Among the most well-known methods for the synthesising of zeolites using fly
ash as the raw material is the hydrothermal method under atmospheric pressure, as shown
in Figure 12. It is a multi-step physical and chemical process. The whole process takes place
in a high pH environment in the liquid phase. Most often, sodium or potassium hydroxide
is used. The physical parameter that affects the performance of the process is mainly
temperature. The zeolitization process is carried out at 80-200 °C [72,73]. The next most
widely used method for the synthesis of zeolites from fly ash waste materials is the fusion
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method (Figure 13). Fly ash with a high silicon oxide content is activated together with
solid sodium hydroxide at a temperature around 600 °C [74,75]. Zeolites are largely used
as sorbents, due to their high ability to ion exchange and sorption properties [18,19,76,77].

) |rnin I [0 I [t

Figure 12. The hydrothermal process of synthesis zeolites.

Figure 13. The fusion method for synthesis of zeolites.

Table 4 shows the synthesis processes of zeolites obtained by two methods. The hy-
drothermal method uses solutions of aqueous sodium hydroxide and potassium hydroxide
of varying concentrations. Depending on the chemical composition of the fly ash and the
process parameters (temperature and crystallisation time), different types of zeolites can
be obtained, e.g., Na-A, Na-P1 or K-H or Na-X. In the fusion method, it is also possible to
obtain similar products, but this method is primarily more time-consuming and compli-
cated. Pretreatment of the fly ash, desorption of the water so that it does not react with
the solid sodium hydroxide, and time spent obtaining the melt in an elevated-temperature
environment are all necessary. By initiating a circular economy as one way of disposing
of combustion by-products, including fly ash, it is possible to reintroduce them into the
industrial cycle and also to use the resulting product as a new material (Figure 14).

Figure 14. Examples of the use of synthetic zeolites obtained from fly ash in industry.
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Table 4. Fly ash, method of synthesis parameters and product reference.

Method of Synthesis

Fly Ash

Parameters

Product

Reference

Hydrothermal

Coal

Activation solution: 2.0 mol/dm?® NaOH
Ratio liquid/solid: 25 cm®/g
Temperature: 90 °C

Time: 6-48 h

Na-P1
Na-X
Na-A

[78]

Hydrothermal

Coal

Activation solution: 0.5-2.0 mol/dm3 KOH
Ratio liquid/solid: 5-50 cm3/g
Temperature: 80-160 °C

Time: 12-72 h

Hydrothermal

Coal

Activation solution: 2.0 mol/dm3 KOH
Ratio liquid/solid: 2.5

Temperature: 90-150 °C

Time: 12 h

Na-P1

Hydrothermal

Coal

Activation solution: 0.5-3.0 mol/dm?® NaOH
Ratio liquid/solid: 18 cm3/ g

Temperature: <175 °C

Time: 24 h

Activation solution: 5.0 mol/dm® NaOH
Ratio liquid/solid: 18 cm3/ g
Temperature: <175 °C

Time: 24 h

Na-P1

F zeolite
Kalsilite
Tobermorite

[81]

Hydrothermal

Coal

Activation solution: 0.5-3.0 mol/dm? NaOH
Ratio liquid/solid: 10-18 cm?/g
Temperature: 90-175 °C

Time: 348 h

Activation solution: 5.0 mol/dm>® NaOH
Ratio liquid /solid: 10-18 cm3/g
Temperature: <150 °C

Time: 3-48 h

Na-P1

Linde F
Kalsilite
Tobermorite

[76]

Hydrothermal

Coal

Activator: 1200 g NaOH
Mass of the FA sample: 2000 g
Water: 9000 cm?

Temperature: 80 °C

Time: 36 h

Na-P1

Hydrothermal

Coal

Activation solution: 3.0 mol/dm3 NaOH
Ratio liquid/solid: 20 cm3/g
Temperature: 75 °C

Time: 24 h

Activation solution: 1.0 mol/dm® NaOH
Ratio liquid/solid: 20 cm®/g
Admixtures: 100 cm® 3.0 mol/dm? NaCl
Temperature: 105 °C

Time: 24 h

Activation solution: 5.0 mol/dm® NaOH
Ratio liquid/solid: 40 cm3/ g
Admixtures: 200 cm® 3.0 mol/dm? NaCl
Temperature: 105 °C

Time: 24 h

NA-X

Na-P1

Sodalite
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Table 4. Cont.

Method of Synthesis

Fly Ash Parameters Product Reference

Fushion

Ratio FA/NaOH: 0.6-2.0

Heat time: 1 h

Temperature of heated: 550 °C X
Water to dissolving: 45 cm? HS
Time of crystallized: 0.5-26 h

Temperature of crystalized: 40-180 °C

MSW

Fushion

Ratio FA/NaOH: 1.2
Time of heated: 1 h
Temperature of heated: 550 °C
MSW Water to dissolving: 250 cm3
Admixtures: 12 g glass powder, 7 g Al,O3
Time of crystallisation: 24 h
Temperature of crystalized: 90 °C

> =

Hydrothermal

Activation solution: 2.2 mol/dm3 NaOH
Ratio liquid/solid: 50 cm3/g

Coal Admixtures: 20 cm® NaAlO,
Temperature: 85 °C
Time: 24 h

Na-A
Na-X

Fushion

Ratio FA/NaOH: 0.9-2.0

Time of heated: 1-2h

Temperature of heated: 300600 °C
Water to dissolving: 12cm3/1 g
Time of crystallized: 24 h
Temperature of crystalized: 80 °C

Coal

> >

(86]

Physicochemical Properties of Synthetic Zeolites

The scientific literature on the synthesis of zeolites from fly ash is extensive. As
synthetic zeolites are characterised by different physicochemical properties, the topics
related to them are diverse. Synthetically obtained zeolites are very often used in industry
as sorbents. Zeolites obtained from fly ash can be used as a substitute for natural zeolites
or those obtained from pure chemical reagents. Because the processing of raw materials
for energy such as hard coal and especially lignite produces large amounts of flue gases
that contain large amounts of SO, Czuma et al. [87] attempted to perform SO, sorption
on zeolites obtained from fly ash using a fusion method. The SO, sorption process was
carried out at 25 °C on zeolites X and A. The F700-0.8-6 sample showed a higher SO,
sorption capacity, and it was also observed in the reverse process (desorption) that only
in the first stage the sorption capacity decreases, while in the other stages it remains the
same. The decrease in sorption capacity was due to the fact that SO, was bound to fly ash
which did not completely react in the zeolite synthesis process. For sample F550-0.8-6, the
sorption capacity was lower, but the sample behaved similarly in sorption and desorption
measurements as the F700-0.8-6 sample. The higher sorption capacity of SO, is due to the
fact that the test sample contained more zeolite X and A.

Pedrolo et al. [88] carried out production of synthetic zeolites using a hydrothermal
method using potassium hydroxide as the activating agent. The concentration range
was 3-5 mol/dm3 and they investigated the sorption capacity of SO, zeolites at ambient
temperature and determined the specific surface area of Spgr zeolites and their CEC cation
exchange capacity. The sorption process was carried out on synthetic zeolites and on
commercial zeolite Y. The system temperature was 25 °C. Nitrogen was dosed for 2 h to
remove moisture from the samples. Subsequently, SO, sorption studies were initiated,
S0, sorption tests were carried out as follows: a mixture of SO, with Ny was dosed at
100 cm® min~!. The zeolites obtained by the hydrothermal method showed a much higher
50, sorption capacity than the commercial zeolite Y. The authors also showed that the
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specific surface area BET (Sggr) and cation exchange capacity increased with increasing
KOH concentration and synthesis time. In comparison, the Sggt for the fly ash raw material
was 3.4 m? g~!, while the CEC was equal to 0 meq. NHy* g~ 1. For the synthetic zeolite
obtained by mechanical activation of fly ash with KOH at a concentration of 5 mol/ dm?,
the Sgpr was 102.4 m? g’1 while the CEC was 1.9 meq. NHz* g’l.

In addition to the use of synthetic zeolites for flue gas cleaning, they are also used as
air purifiers for gases such as CO and NOx. Siddharth et al. [89] obtained zeolite from fly
ash by a fusion method at 600 °C where the NaOH/Fa ratio was 1:12. The synthesis yielded
two types of zeolites: Na-P1 and A. The efficiency of the sorption process was determined
by X-ray photoelectron spectroscopy (XPS). Quantitative analysis showed that the zeolite
obtained from the fly ash was capable of adsorbing gases such as NO, NO;, N,O, as well
as CO and CO,.

Research on hydrogen storage in materials with very high porosity began about
50 years ago. It has been proven that hydrogen can be stored on, for example, activated
carbons under cryogenic conditions. Czarna-Juszkiewicz et al. [90] decided to conduct a
literature review aimed at finding an equivalent activated carbon on which hydrogen could
be stored. Due to continuous modernization and expanding knowledge of the circular
economy, the focus was on zeolites obtained from fly ash. Since the process of synthesising
zeolites does not require a large financial investment, economical synthetic zeolites can
serve as a material for hydrogen storage. Under low-pressure cryogenic conditions, the
average sorption capacity of Hy on zeolites is 2 wt.%. A higher sorption capacity of Hj
(7.3 wt.%) is shown by zeolite-templated carbons (ZTC) [90].

Yang et al. [91] conducted a proof-of-concept experiment to synthesise zeolite from fly
ash by the fusion method using sodium hydroxide and various admixtures (aluminium
compounds) and then subjected the resulting product to the As (V) sorption effect. Ku-
necki et al. [92] have attempted a hybrid zeolite method along with modification with silver
and iron ions. The X and A zeolites obtained from fly ash class C and F were activated
with AgNO3 and Fe(NO3)3-9H,O. The final product was used to capture mercury from the
gas stream. The results of crystallographic analysis presented that the zeolites that were
obtained differ in chemical composition and structure. The crystal structure of a zeolite
significantly affects its physicochemical properties, such as Sggr and CEC. Zeolites that
were activated with iron ions did not show the ability to sorb mercury; one possible reason
for this is that it was the form of iron that was used to activate the zeolite. Zeolites activated
with silver ions have shown the ability to sorb mercury, especially zeolite X [92].

5. Synergy of Zeolite and Geopolymer Synthesis Using Fly Ash

The circular economy is a broad scientific branch that enables the greatest possible
reduction in the use of natural resources. By using fly ash (class F) for the synthesis
of zeolites and geopolymers, landfilling and environmental pollution can be greatly re-
duced. However, the question that needs to be asked here is: What about the residues
and by-products that result from the zeolite and geopolymer synthesis processes. As with
most processes, the research and experimentation process generates unwanted substances,
which also need to be managed. The solution is not to store them, but to use them. The
hydrothermal method for the synthesis of zeolites from fly ash uses aqueous solutions of
sodium hydroxide and potassium hydroxide at a range of concentrations. In addition to
the obtained zeolite, a large amount of highly alkaline liquid is produced [93-95]. The idea
of a circular economy is about using all waste as much as possible. Therefore, the filtrate
obtained in the process of hydrothermal synthesis of zeolites can be used as a substitute for
sodium hydroxide in the synthesis of geopolymers (Figure 15) [96]. Another example of
synergy (hybrid method) is the preparation of a zeolite-geopolymer composite. During the
geopolymerization process (chemical activation with NaOH and/or KOH), in addition to
the amorphous product (gel), geopolymers can contain unreacted material and form other
porous compounds such as zeolites. Zeolite-geopolymer composites can complement each
other to give a final product with improved physical and chemical properties. The gel phase
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of the geopolymer can increase the mechanical properties of the zeolite and, at the same
time, the resulting zeolite can increase the specific surface area of the geopolymer, making
it have greater sorption properties [97]. The idea of a synergy process (hybrid method)
makes it possible to obtain a new porous material. Liu et. al., 2023, in their research paper,
present a zeolite-geopolymer composite as a material with highly developed sorption
properties. The composite consists of a geopolymer and has a strong substrate, while the
zeolite portion serves as an adsorbent. In the synthesis of the zeolite-geopolymer compos-
ite, clinoptilolite was used. The obtained composite was subjected to adsorption of heavy
metals (ions: Cr®*, Pb?*, Ni%*, Cu?* and Cd?*). The efficiency of heavy metal ion removal
ranged from 87 to as much as 99% [98]. Another literature item also confirms the thesis that
zeolite-geopolymer composites have high mechanical strength, a well-developed specific
surface area, and also high ion exchange capacity, e.g., Pb2+. Yang et. al., 2022, in their
scientific publication, presented the possibility of obtaining such a composite using fly
ash and metakaolin as sorbents. In their study, they proved that the synthetic composite
contained microporous, mesoporous, and microporous pores and its specific surface area
was larger than that from natural zeolite (heulandite). The compressive mechanical strength
of the resulting composite was 6.4 MPa, with a removal efficiency of almost 450% for Pb?*
ions in solution [99]. Zeolite-geopolymer composites can not only be used as adsorbents for
metal ions but can also be carved out for gas adsorption. Papa et. al., 2023, in their scientific
work, presented the possibility of obtaining a composite using metakaolin and commercial
zeolite Na4A. Geopolymer slurries were prepared with metakaolin and a concentrated
solution of sodium potassium hydroxide or potassium silicate. The Si/ Al ratio was 1.2 or
2.0. Geopolymer matrices act as binders that enable the shaping the zeolite and defining
different chemical compositions, thus increasing the mechanical properties of the resulting
product. The CO; adsorption process was carried out on a pressure apparatus using the
volumetric method. A higher amount of adsorbed CO, was noticed on the composite using
sodium hydroxide as an activator. At a pressure of 1 bar, the yield of adsorbed CO;, was 2.6
mmol g~!. The sorption capacity for the composite obtained using potassium hydroxide
at the same pressure value was only 0.003 mmol g~'. This may be due to the fact that the
zeolite Na4A was cancelled out by potassium ions during ion exchange [100].

Hydrothermal
Zeoltes r-nethod el Fly ash
using NaOH and
I KOH
I Filtration

Figure 15. Synergy of synthesis zeolites and geopolymers from fly ash.

6. Conclusions

The potential of using fly ash as a substrate for the production of porous materials,
in particular geopolymers and zeolites, has been extensively discussed in the scientific
literature. The process of synthesising geopolymers and zeolites using fly ash fits into
the idea of a closed-loop economy, which aims to maximise the use of waste materials.
The authors of this study noted the importance of a hybrid process for the synthesis of
geopolymers and zeolites, using the filtrate from the zeolitisation process as a substrate
in the geopolymer synthesis process (Figure 16). Since chemical activation of fly ash with
concentrated solutions of sodium and/or potassium hydroxide is very often used for
hydrothermal synthesis of zeolites, highly alkaline aqueous by-products are formed during
the process in addition to the final product. Due to the high content of hydroxide ions, it is
possible to use the zeolite process waste (filtrate) as an activating substance in the synthesis
of geopolymers. The hybrid process model for the synthesis of geopolymers and zeolites
enables a continuous closed loop where no by-product is unused. The hybrid model of
the chemical activation of fly ash, in addition to the use of by-products in the new cycle,
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also enables the formation of zeolite—geopolymer composites. The proposition to develop
a method for the hybrid synthesis of zeolites from fly ash and then geopolymers fits into
the idea of a closed-loop economy. First of all, it makes it possible to use the by-products
of combustion as a new raw material and thus make use of the waste obtained at the
synthesis stage. The resulting materials exhibit specific physicochemical properties, thus
enabling them to be used in industry. Research on geopolymers and synthetic zeolites
derived from fly ash shows that the resulting porous materials can find applications in a
variety of industries, from environmental engineering to the building materials industry.
Activation of fly ash with sodium or potassium hydroxide solutions provides the possibility
of trapping heavy metal oxides in the matrix of geopolymers, so they do not have a negative
impact on the environment.
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