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Abstract: In the era of increasing climatic requirements and changing approaches towards
circular economy (CE), the demand for materials designed with care for the environment
is growing. This idea is especially important in the construction industry, where ordinary
Portland cement (OPC) production emits a large number of greenhouse gases. The main
aim of this article is to demonstrate the possibility of using industrial waste for geopolymer
production according to CE goals, including closing material loops. This work is based on
a critical analysis of the literature and selected case studies. The most important findings
of this article allow us to confirm that the role of industrial waste in the construction
industry is growing and that industrial by-products are valuable sources for geopolymer
production. The development of sustainable materials allows the introduction of closed
loops into production processes by making it possible to reuse materials after the end of
use, which is an important issue in the context of introducing CE into practice, especially in
existing systems.

Keywords: geopolymers; circular economy; sustainability; recycling; industrial by-products;
waste management

1. Introduction
Geopolymers are amorphous, inorganic, synthetic aluminosilicate polymers created

from the synthesis of silicon (Si) and aluminum (Al) and obtained geologically from
minerals. Their composition is similar to that of zeolite, however, revealing an amorphous
microstructure [1,2]. Geopolymers are most often hard, mechanically resistant, and durable
bodies resembling natural stone or concrete [3]. However, they are created by a different
mechanism than materials related to cement. The binding of Portland cement is simple: it
occurs through the hydration of calcium silicates and the formation of a hydrated C-S-H
phase with the released hydroxide levels, along with the bonding of geopolymers and the
geopolymer cement, leading them through polycondensation [1]. Geopolymers can be
produced based on both natural raw materials and industrial by-products, or even some
waste materials [4].

These materials find a lot of application, including in medicine, water purification, and
the energy industry, but still, the main area of their use is the construction industry [5,6].
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In this area, they are considered an eco-friendly alternative for ordinary Portland cement
(OPC) [7,8] and the most suitable materials for strengthening the sustainability of the
construction industry and the revolution towards circular economy (CE) [9,10]. Firstly, the
geopolymers can be used for the manufacture of different kinds of by-products and waste
materials, and secondly, they have a small environmental burden (low gas emissions during
manufacturing and small energy consumption) [11,12]. One of the possibilities is the usage
of construction and demolition waste in the geopolymerization process [12,13]. These
kinds of materials are characterized by reasonable mechanical properties and effectively
close material loops in the recycling process. Furthermore, for some by-products, such
as coal shells/gouges, it is possible to use them to produce insulation materials for the
construction industry with high fire resistance, meaning that with appropriate design, the
geopolymerization process is possible via up-cycling [14]. Their unique properties for
the immobilization of hazardous elements also allow these materials to be applied as an
effective solution for radioactive waste immobilization [15–17].

This review fills the research gap in the literature and links CE principles to multi-
sector applications of geopolymers. This kind of analysis gives a new perspective on wider
applications of geopolymers in practice. The main aim of this article is to demonstrate the
possibility of using industrial waste for geopolymer production according to CE goals, in-
cluding closing material loops. The provided review is in the form of a critical analysis and
stresses the aspects connected to waste and by-product valorization. In the review, firstly,
the coherence of the CE approach with geopolymers is discussed. Secondly, industrial
by-products are used as raw materials for the geopolymerization process. Next, synthesis
methods and their main properties are discussed in comparison to geopolymers based on
natural feedstocks. Then, some information about areas of application is presented and a
discussion of the challenges and limitations of the use of geopolymers based on industrial
by-products is provided. Eventually, future perspectives are presented.

2. Methodology
This review is based on sources in the literature; however, it has the character of a

critical analysis, not a systematic review. Because of this, the typical Preferred Reporting
Items for Systematic (PRISMA) method was not applied; however, some of the elements
of this approach were adopted for the presented review. They were applied for a better
visualization of the problems at hand. Some approaches typical of systematic reviews were
used to show the extent of the problem and the most popular directions of this research
area around the world. The steps employed were as follows:

• Step 1: A research question was formulated to check the possibility of using in-
dustrial waste for geopolymer production according to CE goals, including closing
material loops.

• Step 2: Relevant publications were identified using the Scopus database and appropri-
ate keywords.

• Step 3: Using this database ensured the proper quality of the selected materials,
i.e., that they had a scientific background. The keywords were selected in relation to
the topic and in line with the critical character of the review to show different points
of view on the analyzed problem.

• Step 4: The publications were first assessed according to abstracts and relevance for
the planned topic.

• Step 5: The interpretation of the findings was made by a minimum of two co-authors
working together.
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The first phase was a determination of the basic literature for the problem. The
connection between the two keywords “geopolymer” and “industrial by-products” allows
us to obtain 610 results in the Scopus database (Figure 1).
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lished documents by type.

The analysis of these results shows a clear trend in the last year that the interest in this
topic is growing. The topic has been intensively developed since 2014, and the number of
publications is increasing (Figure 1a). Taking into consideration the types of publication,
the most important part, more than 60%, is original research articles, about 25% conference
papers, and 8% are review publications (Figure 1b). Based on these data, it is evident that
the importance of the topic is growing and new studies are being conducted in this area.
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Additionally, some more in-depth and related analyses have been made on this topic,
to the best of the authors’ knowledge. The replacement of the keyword “industrial by-
product” with “waste” significantly increased the number of results up to 4664. These terms
have different meanings, but in the literature, they are very often treated as synonyms.
However, it should be noted that according to the regulations, the method of processing
this kind of raw material is different and the by-products usually meet fewer restrictions.
Another difference is that the source of waste is not only industrial activity. The overview
of the obtained results confirms that many authors treat these two terms as equal, even
though they have different meanings according to the economy. Another consequence of
this difference is the various approaches to this material with respect to legal issues. In
many countries, the classification as waste means that special permission to process these
materials is necessary. Meanwhile, the classification as a by-product means these materials
are more likely to be processed. Because of this, we decided in this review to be more
precise about this terminology; however, it did not prevent us from using articles where
the term “waste” was used (not always correctly).

In the second step, to narrow down the list, the previous two keywords were combined
with the additional keyword “circular economy” to achieve the goals of the article more
accurately. In this case, we obtained only 23 results. To expand the list, we replaced
“circular economy” with “sustainability”. As a result, we obtained 95 results. These two
results were the basis for this review.

To visualize the initial research results and delve deeper into particular areas, we also
created a map of connection keywords used in the 610 articles. We set a limit of 10 rep-
etitions of selected keywords. For the visualization, we used VOSviewer version 1.6.20
(Centre for Science and Technology Studies, Leiden University, Leiden, The Netherlands)
(Figure 2).

The obtained results show that the main material used in this area is “fly ash”
(Figure 2a), which has a strong connection with other keywords found in the literature,
including “sustainability”, “carbon footprint”, and other environmentally driven terms.
It is represented by a green cluster. The blue cluster in Figure 2a represents “geopolymer
concrete”, and is strongly connected with slag precursors (ground granulated blast-furnace
slag (GGBF) or slag). It is worth noting that these two main clusters are connected by a
significant number of yellowish phrases like “cement” or “byproducts” that show a lot of
common areas between them. The red cluster with the main keyword “geopolymer” shows
a lot of terminology connected with material characterization. Some violet points indicate
a connection with the blue cluster, connected with some base elements and terms such as
“recycling”. The other possible raw materials for the geopolymerization process do not
appear directly. The scheme shows some keywords are connected with the concrete and
building industries, but do not directly link geopolymer with construction and demolition
waste. Also, the other raw materials, such as mine tailings, are missing. The analysis
of connections demonstrates that the most widely used industrial by-products as raw
materials dedicated to geopolymer manufacturing are fly ash and slag.
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3. Importance of Industrial By-Products Explained as a Part of the
Circular Economy Approach

The CE is attracting the attention of governments, enterprises, and non-governmental
organizations because it is proposed as an answer to the unsustainable, conventional
linear economic model [18]. Nowadays, the CE approach, supported by innovative socio-
technological concepts, articulates a future radically different from the one that exists
now [19]. The origin of the term CE has been attributed to many authors. Today, the CE
covers many concepts and associations, which are generally linked to the representations
of cyclic closed-loop systems [20]. Currently, the most well-known definition is provided
by the Ellen MacArthur Foundation [18], which defines the CE as an industrial system that
is restorative or regenerative by intention and design. It replaces the concept of “end of product
life” with the possibility of renewal, leans towards the use of renewable energy, eliminates the use of
toxic chemicals that hinder reuse, and strives to eliminate waste through the appropriate design of
materials, products, systems, and within these business models [18].

Because the CE is a concept that is in the process of being defined, it has been used
to define different ways of coordinating materials, technology, and organization. For
example, in China, the concept of the CE has slowly shifted from a focus on recycling of
the waste to a broader focus on creating closed material loops in production, distribution,
and consumption [21]. In Europe, the transition to a circular economy is encompassed in
broader categories regarding required system changes related to technology, organization,
society, consumer activities, financing methods, and politics [22]. Elements such as product
and service systems and the collaborative economy were also taken into account [22]. For
others, the pursuit of a CE is essentially a matter of economics and profit maximization
that brings inventory optimization.

The concepts underlying the CE are not new; the idea of using waste as a resource
in economic activity at the level of enterprises can be traced back to the 19th century [23].
Furthermore, before the industrial revolution, municipal waste management plants in
Western Europe were described as material recovery facilities that used manual sorting and
screening for the production of secondary raw materials [23]. This idea is also the basis for using
industrial by-products in geopolymer production. Many industrial by-products, such as fly
ash or mine tailings, can be used as raw materials for geopolymer synthesis. This approach
also offers clear environmental benefits, such as utilizing waste materials [24,25].

The concept of a CE can be seen as another possible stage in the evolution of waste
management systems. Following the need for effective resource use, many countries and
governments, driven by an ambition for waste management policy, have implemented
numerous initiatives in this regard. Germany was a pioneer in this field thanks to the
adoption in 1994 “Act on closed circulation of substances and waste management” [26]. The
purpose of this document was to protect natural resources and ensure compliance with the
rules for the disposal of environmental waste. In the European Union, the discussion on CE
developed in July 2014, when the European Commission published the directive “Towards
a circular economy: a zero waste programme for Europe” [19,22]. In December 2014,
this strategy was discontinued and the new Commission made a commitment to present
by the end of 2015 a new package that would also take into account the full economic
cycle and not just waste reduction [27]. This was carried out during public consultations
from May to August 2015, and in December 2015, the package “Closing the loop: plan
EU action on the circular economy” was officially published [27]. In December 2019, the
European Commission announced the European Green Deal, i.e., a development strategy
that accelerates the transition to a circular economy [28].

The main goal of the Green Deal strategy is to maintain the value of products, ma-
terials, and resources in the economy for as long as possible, with waste minimization
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and sustainable development, to promote a low-carbon, resource-efficient and competitive
economy. It is believed that the CE will increase the competitiveness of the European Union,
help to create new jobs and new business opportunities, and also offer more efficient and
innovative ways of producing and consuming [19,28]. The updated directives set waste
reduction targets and a long-term pathway for waste management and recycling [29]. It
is worth noting that the very concept of obtaining materials with lower footprint emis-
sions from waste is strongly associated with this idea, which gives new perspectives for
geopolymer materials. This initiative can be the answer to regulatory gaps in the case
of geopolymer materials, including the possibility to create a roadmap for standardizing
geopolymer production.

Several attempts have been made to trace the conceptual and theoretical origins of
the CE [20]. The ecological economy has been recognized as a significant precursor of the
environmental economy and industrial ecology. One of the principles of the ecological
economy states that economic systems should consist of as much recycling and renewable
energy as possible, so as not to put future generations at a significant risk of scarcity
of natural resources [30]. The idea of the economic environmental theory states that
the environment provides esthetic values and a resource base for the economy, absorbs
the remaining flows, and constitutes a life support system. Additional services that are
undervalued or underestimated should be internalized in the economy [31].

In addition to the conceptual foundations of the green economy and the environmental
economy, it is suggested that industrial ecology probably has the greatest practical impact
on the CE development [31]. Industrial ecology is defined as ‘the study of material and
energy flows resulting from human activity’. It provides the basis for the development of
approaches to closing cycles in such a way as to minimize the impact of these activities
on the environment. The fundamental problems of industrial ecology are as follows [32]:
(a) improving pathways for industrial processes and the use of materials (creating circular
industrial ecosystems), (b) dematerialization of industrial production, and (c) systematiza-
tion of energy use schemes. In this way, the circular economy is radically shifting away
from conventional modes of organization in the linear economy [32]. Taking this into con-
sideration, we have to note that the production of geopolymers from industrial by-products
is in line with the first point. It allows recirculation of the potential waste into different
products dedicated in particular to building applications. Moreover, the by-products from
the energy industry suit the idea of urban mining well. The green economy is seen as
the path to sustainable development by solving financial problems and challenges related
to climate change, as well as other environmental impacts. In this area, geopolymers are
useful and considered as an environmentally friendly material for replacing OPC [33].

Several basic principles were proposed to coordinate activities in the CE. Stahel [34]
identifies five principles with an emphasis on stock quality in the CE [34,35]:

1. The smaller loops (in terms of activity and geographic scope) are more profitable
and efficient.

2. Loops should be defined as a series of logistic processes, where waste and used
products have undergone recovery processes and constitute value in the form of
secondary raw materials and materials; loops have no beginning or end.

3. The speed of flows in the loops is crucial: inventory management efficiency in a CE
increases with decreasing flow velocity.

4. Continuation of ownership is cost-effective: reuse, repair, and refurbishment without
changes in ownership (marketing authorization holder) save transactional costs.

5. The CE needs functioning markets.
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It is worth comparing these principles with the approach of the Ellen McArthur
Foundation [18], where the CE is based on the following three principles that apply to both
challenges related to resources as well as to the system:

1. Protection and strengthening of the so-called natural capital by controlling finite
resources and balancing renewable resource flows.

2. Optimization of resource efficiency through the circulation of products, components,
and materials with the greatest utility at any time in the technical and biological cycles.

3. Supporting system efficiency through disclosure and design of negative externalities.

To effectively implement the ideas of the circular economy, research should be con-
ducted on materials that will allow for a departure from linear economic processes, such as
geopolymers made from anthropogenic raw materials, such as by-products from industrial
processes and waste materials [19,36]. This approach allows for minimizing the negative
impact on the environment by making materials potentially reusable and does not consume
significant natural resources. Moreover, predicting and controlling the performance of
materials throughout their life cycle is desirable, including designing intelligent structures
allowing for self-monitoring and self-healing [37]. An important element is also to be aware
of materials’ end of life and find a strategy for their recirculation. From the perspective of
CE and environmental policy, industrial by-product-based geopolymers seem to be very
promising materials for applications and the interest in their usage should increase.

4. Current Practices in Geopolymer Production
4.1. Industrial By-Products—Precursors for the Geopolymerization Process

The basic advantages of using industrial by-products are connected with environmen-
tal benefits. Some of them are pretty obvious, such as closing the loops and extending
the circulation of materials. Others are connected with more specialistic knowledge, such
as the fact that a lot of industrial by-products, including fly ashes and slags, require less
of the sodium silicate (Na2SiO3) solution than metakaolin-based geopolymers during the
synthesis process, which also reduces their environmental impact [38].

When writing about the raw materials, especially the precursors for the geopolymer-
ization process, it should be stressed that they have to be rich in both alumina and silica [38].
A large number of industrial by-products, such as silica fume or glass waste, do not meet
these requirements, and because of this, they should rather be considered as a valuable
additive, not a precursor for the process. The main group of industrial by-products applied
for geopolymers manufacturing is presented in Figure 3, with their placement on the graph
according to chemical (oxide) composition.
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Among the most important applications in the geopolymerization process are slags.
These materials are usually by-products of iron production. They are obtained in a process
where temperatures are about 1500 ◦C. According to chemical composition, they contain a
large amount of calcium oxide (CaO)—about 40%—and silicon dioxide (SiO2)—30–40%.
This composition is similar to that of OPC (Figure 3) [40]. However, the slags contain
reactive elements like iron; these elements do not play an important role in the synthesis
of geopolymers because they remain passivated during hydration and hardening. From a
further application point of view, these elements could play a role in increasing self-sensing
capabilities (thanks to the combination of ionic and electronic conduction) and pre-establish
this material for advanced applications [41,42].

The second important group is fly ash [43]. They are usually by-products of energy
production, especially from coal power plants. Their composition and quality depend on
many factors, including the technology used, the coal deposit, season, etc. [44]. This group
can be divided into two classes: C and F, following ASTM C618; the class requirements
are connected with chemical (oxide) composition (Figure 3). The advantages of fly ashes
include the possibility to use them in the delivery state, because they do not require
additional activation, and they demonstrate potential as fast ionic conductors, which also
allows for the application of these raw materials for some self-sensing applications [42,45].

The disadvantage of both these precursors is their application in the cement industry
as an additive to replace clinker. As a consequence, the supply of both materials drastically
decreased [4,46,47]. Moreover, another issue is the declining supply of fly ash in some
countries, due to the transition away from coal combustion power plants. These trends
are evident in the USA and EU countries, causing a shift toward more environmentally
friendly energy sources. Therefore, the identification of more precursors is important [48].

The next category of industrial by-products is mine tailings, which include quite
a wide range of coal gauges or coal shales that were tested as a potential materials for
geopolymerization. The main area of planned application for these materials is building
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products [49]. The disadvantage of these precursors is the necessity for activation, usually
by using the calcination process, which consumes a large amount of energy. The advantage
is the abundance of material generated by the mining industry in response to the increasing
demand for mineral products [50]. Also, a similar situation exists with red mud, which
is a by-product of the Bayer process from aluminum production. In this case, during the
production process, the alumina plant produces one to two times as much red mud as
alumina [40].

Other precursors are made in lower amounts and are not so intensively investigated
as by-products potentially useful in the geopolymerization process. The characteristics of
the most popular precursors are presented in Table 1.

Table 1. The exemplary composition of the most popular industrial by-products, which are precursors
in geopolymer synthesis.

No Material Al2O3
[% wt.]

SiO2
[% wt.]

CaO
[% wt.]

Other Oxides
[% wt.] Source

1 GGBFS 15.22 33.58 33.41 Other oxides—balance [51]

2 GGBFS 11.43 33.36 37.94
Other oxides—balance
(including: MgO—5.88%,
SO3—4.34%)

[52]

3 Chromium slag 5.63 1 5.96 1 27.27
Other oxides—balance
(including: MgO—27.32%,
Fe2O3—10.62%, Cr2O3—4.92%)

[52]

4 Casting material slag 14.90 30.68 44.18 Other oxides—balance [53]
5 Water-quenched slag 16.95 33.24 37.41 Other oxides—balance [16]

6 Cooper slag 7.37 1 27.29 3.12 Other oxides—balance
(including: Fe2O3—51.80%) [54]

7 Fly ash class F 26.40 51.80 1.61 Other oxides—balance
(including: Fe2O3—13.20%) [55]

8 Fly ash class F 31.87 55.89 2.82 Other oxides —balance
(including: Fe2O3—4.93%) [56]

9 Fly ash class F 38.2 46.6 4.2 Other oxides—balance [51]
10 Fly ash class C 7.68 1 34.80 30.68 Other oxides—balance [57]

11 Fly ash class C 16.40 27.60 27.20 Other oxides—balance
(including: Fe2O3—15.20%) [58]

12 Coal gasification slag 26.65 46.59 16.21 Other oxides—balance
(including: Fe2O3—5.38%) [59]

13 Shell coal
gasification fly ash 22.31 58.76 5.32 Other oxides—balance [60]

14 Biofuel ash 12.67 47.26 19.19 Other oxides—balance
(including: Fe2O3—7.49%) [61]

15 Municipal solid
waste ash 4.18 1 10.22 38.58 Other oxides—balance [62]

16 Red mud 14.0 1.2 1 2.5 Other oxides—balance
(including: Fe2O3—30.9%) [63]

17 Red mud 22.36 19.50 13.6 Other oxides—balance
(including: Fe2O3—11.89%) [52]

16 Ceramic powder 18.3 63.3 4.5 Other oxides—balance
(including: Fe2O3—4.4%) [64]

17 Coal gangue 23 63 0 Other oxides—balance
(including: Fe2O3—4.6%) [65]

18 Coal gangue 42.48 55.06 0.17 Other oxides-balance [66]
1 A low amount of compounds that can result in an inappropriate geopolymerization process.

Except for alumina and silica, some of the precursors contain a significant amount of
calcium and iron oxides. In the case of calcium, it can enhance the properties of geopolymers
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by generating calcium silicate hydrates and polymeric gel; however, a significant amount
also accelerates the bonding process, preventing the proper geopolymer network from
forming [67,68]. In the case of iron oxide, it very often reacts, creating ferro-sialates, that
influence visual and structural aspects [67,68].

Based on current publications, the trend of mixing different kinds of local by-products
and waste to obtain optimal composition is visible [52]. This kind of composition is
always designed taking into consideration a local condition and potential application. The
physical and mechanical properties should be designed according to requirements for
specific construction; for example, using materials with high compressive strength for
pavement could cause problems during demolition, or during the repair of underground
infrastructure. Also, to fulfill the environmental requirements, it is good to employ local
by-products in material design to avoid the costs of transportation [69].

4.2. Geopolymer Synthesis Methods

The high variety of industrial by-products applied to geopolymer synthesis requires
different approaches and adjustments in the process to be more suitable for specific by-
product composition. Various activators and process modifications are applied.

The first step is proper preparation of industrial by-products, which, for some of them,
involves milling and/or activation. This step is necessary to obtain reactive ingredients of
the material components, such as silica, that will create the geopolymer network during the
synthesis [70]. Non-reactive components will only play the role of aggregate, such as sand
in geopolymer composition. It will not effectively create a geopolymer matrix [71]. Some
research suggests that reactiveness is connected with the amount of amorphous phase in the
raw material and can be validated using X-ray diffraction (XRD) [70,72]. The investigation
provided by Li et al. [51] shows that there is a negative correlation between the compressive
strength of final materials and raw material particle size [51]. However, it is important
to note that the process of milling is also energy-consuming and generates additional
costs connected with material processing. Moreover, materials that are too fine can cause
problems with processing due to the generation of dust. Additionally, the previous research
also confirms the positive correlation between particle size and the leaching rate [51]. In
this step, some materials are required to be activated. It is necessary, for example, for
mine tailings [50]. The process of activation is most often provided by a temperature up to
800 ◦C. The differential scanning calorimetry (DSC) analysis allows for the determination
of the proper temperature for the calcination of particular materials. Because calcination
is a very expensive step, some investigations have determined possible alternatives such
as mechanical activation, usually made by milling [50]. However, this kind of activation
cannot always be applied.

The next step is the selection of a proper activator for the synthesis. In the case of
activators, the most popular are alkali-based. However, some research has also been con-
ducted on acids and salts as an auxiliary additive for alkali solutions [7,73,74]. These two
mechanisms of creating geopolymers are slightly different. The activation using acids or
salts is less investigated, and it has not been tested on a larger scale. Nevertheless, the
provided research shows promising results for several raw materials, especially natural
ones such as metakaolin and volcanic tuffs [75,76]. This research shows benefits for acid
activation, such as better early age, enhanced thermal properties, resistance to efflores-
cence, and leaching [76]. Moreover, the activator based on acids emits a smaller carbon
footprint [75,77]. In the case of alkali activation, in theory, there are a lot of possibilities,
such as different alkali substances: hydroxides (derived from group 1 elements, so-called
alkali metals), silicates, carbonates, or alkaline sulfates [78]. The alkaline metal hydrox-
ides used for geopolymerization can be various, including NaOH, KOH, LiOH, RbOH,
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or CsOH [79,80]. Additionally, Na2SiO3 and sodium metasilicate, as well as potassium
silicate, can be employed in this process. The important point is the requirement of the
pH level, which should be 11.5 for proper process efficiency in case of alkali-activated
geopolymers [68]. This pH allows for the proper reaction of ingredients with the activator
and, as a result, creates a proper material structure. In practice, the following activators are
most commonly used:

• Na2SiO3 combined with NaOH;
• NaOH alone;
• Na2CO3 combined with Na2SiO3;
• Na2SiO3 alone.

Also, the research shows the connection between the alkali concentration and the
geopolymer’s mechanical strength [68]. Nevertheless, while the correlation exists, a lot
of scientists try to limit the molarity of solutions because of the environmental burden
and high probability of efflorescence occurrence. Additionally, at high morality (above
12 M) for some materials, a reduction in strength is observed [68]. Because alkali agents,
such as Na2SiO3, are environmentally intensive, research is also being conducted to find
more environmentally friendly alternatives [68,80]. It is worth noting that several studies
show that the usage of a large amount of silica silicate can cause environmental indicators
to be worse for the geopolymers than for OPC [81]. Promising options include various
aluminosilicate precursor materials, such as rice husk ash, glass waste, silica fume, sugar
cane straw ash, olive biomass, and diatomite fume [68,82].

A kind of alternative is an application of the geopolymerization process activated
by acids. In this case, phosphoric acid is the most popular option [68,83]. It has been
tested for many industrial by-products, including fly ash, mine tailings, and slags [83].
Despite some tests in the area of activation by acids, currently, the alkali is the most widely
applied option.

The final step in the synthesis is a curing process. Also, it can be made in different
ways. The two most popular ways are ambient and oven curing. Ambient curing is the
most environmentally friendly option, but it does not work for all materials, because of
some differences connected with mineralogical composition [68,84]. In the case of some
minerals, in the geopolymerization process, it is necessary to increase the temperature.
Usually, this range of temperature does not exceed 100 ◦C. The second component is time.
The typical time of curing in the case of laboratory research is around 24 h, but in practice,
this time can be significantly shortened to several hours [68,84]. The time of 24 h is very
often just a result of leaving the samples in the oven overnight. Other alternative solutions
for curing are water and wet curing in salt or fresh water [68,85], carbonation curing [86],
steam processing [87,88], and microwave [89], electric heat [90], and sunlight curing [91].
Most of the alternatives were also successfully tested on industrial by-products [7].

4.3. Performance Characteristics

The final performance of geopolymers is strictly connected with their precursors,
used additives, and method of synthesis. Because of this, it is quite hard to provide one
performance characteristic of geopolymers based on natural sources and on industrial by-
products. Previous works were mainly focused on comparing fly-ash-based geopolymers
with metakaolin, but the results of this research were not always similar regarding the
obtained performance characteristics. It is also worth noting that some investigations
suggest that the best results concerning performance characteristics, especially strength,
are obtained by mixing natural precursors such as metakaolin with industrial by-products
such as fly ash [55]. However, other research shows that mixing can also result in opposite
outcomes, reducing the compressive strength in comparison with geopolymers made
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from a single raw material [92]. The above research confirms that the crucial factor is the
chemical and mineralogical composition of the precursors rather than their origin; especially
important is the SiO2/Al2O3 ratio that has a strong correlation with the strength [84,93].
The other performance characteristics are shown in Table 2.

Table 2. The comparison of fly-ash-based and metakaolin-based geopolymers.

No Results Source

1

The metakaolin-based and fly-ash-based geopolymers have
different porous structures. The metakaolin-based material
has a significant amount of mesopores, whereas the
fly-ash-based material has a higher amount of micropores.

[94]

2 The fresh paste that is based on fly ash has higher
workability than one prepared based on metakaolin. [92]

3 The electrical resistivity for metakaolin-based geopolymer is
worse than for fly-ash-based geopolymer. [95]

4
The impact of curing temperature is significant in the case of
fly-ash-based geopolymer. The metakaolin-based
geopolymer does not show such a strong correlation.

[96]

5

The used reinforcement can behave differently depending on
the matrix material. The glass fibers do not react with the
metakaolin matrix—they retain elastic and flexural strength;
for fly ash–based geopolymers, glass fibers become brittle.
This is caused by fiber degradation in the
fly-ash-based matrix.

[97]

The number of works comparing the usefulness of other industrial by-products with
the original materials for the geopolymer synthesis is much lower. He et al. [63] compared
red-mud-based geopolymers with metakaolin-based ones. This investigation shows the
higher strength properties of metakaolin-based materials and a lower amount of pores
compared to red-mud-based samples [63]. Despite the relatively large amount of work on
geopolymers based on industrial by-products, it is not always possible to make a direct
comparison with other provided works on natural materials because there is no standard-
ization for the process of geopolymerization, which is quite often modified according to
raw material specifications.

5. Areas of Application
Currently, the main area of application for geopolymers is the building industry. A

relatively large amount of research is dedicated to basic construction products as pavements
or bricks [98]. In this area, various industrial by-products are employed, including slags, fly
ash, sewage sludge, and mine tailings [24,99]. According to the literature, there are some
well-known projects connected with the use of fly ash for large manufacturing projects
such as the Toowoomba Wellcamp Airport, Global Change Queensland GCI building or
prefabricated elements for a special crypt system. The first project was connected with
a number of different types of surfaces made from geopolymers on this airport, such as
sidewalks, playing field slabs, building foundations, etc., which have been made from
geopolymers [100]. For this project, the alkaline-activated geopolymer concretes were
commercialized in Australia under the name E-Crete™ (company: Zeobond, Brighton, Aus-
tralia). In this case, fly ash and recycled waste aggregates were used [100,101]. The second
project was connected with manufacturing some parts of the Global Change Queensland
GCI building, constructed in 2013, which had 3 floors made of 33 precast geopolymer
concrete elements [102]. It was the first public building in the world to use geopolymer
concrete structural elements designed by the HASSELL company (Jacksonville, FL, USA)
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in cooperation with Bligh Tanner (Fortitude Valley, Australia) and Wagners (Toowoomba,
Australia) companies. It is worth mentioning that apart from geopolymer materials, other
environmentally friendly technologies were used in the building [102]. Another application
was made by the Rocla company. For its customers, it made 3000 prefabricated elements
for a special crypt system [103]. The company used about 2.5 thousand tons of geopolymer
concrete for this purpose. All manufactured elements were finished to a high standard,
both in terms of surface condition and dimensional accuracy [103].

Another example of technology is the production of geopolymers from red mud, as
presented in Figure 4.
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However, the application of geopolymers as a building material over the last years also
brings new perspectives. One of them is the design of insulation materials using foamed
geopolymers. The foaming process is usually made using hydrogen dioxide or aluminum
powder. As a precursor, fly ash, slags, or mine tailings can be used [14,104]. The obtained
material has not only low thermal conductivity but also reasonable mechanical properties.
Additionally, the test shows that it is fire-resistant [65]. The exemplary foamed materials
made from industrial by-products are presented in Figure 5.

In the case of building applications, some research has also been conducted to en-
hance the performance of some products for advanced applications by including different
additives, especially nanomaterials [25]. The areas of investigation are connected with
improving seismic resilience [105], developing sensing properties, or solar-driven self-
cleaning geopolymers [106]. Wang et al. [49] pointed out that industrial by-products based
on geopolymers have significant electrical response variations under different loading
conditions. They may monitor changes in compression, bending, and tension strength of
some elements [49]. Moreover, they monitor other factors such as temperature, moisture,
and corrosion, because of the changes in conductivity [49]. It confirms the potential of this
material for self-sensing applications.
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Another quite obvious area of exploitation is the mine tailings and some sediments
used for stabilization of the exploited mines [107]. This solution has additional advantages
because the main by-products are used practically on-site, which reduces transportation
costs and is beneficial from an environmental perspective. In this case, these materials have
an advantage confirmed also by Life Cycle Assessment (LCA) analysis [81,108]. It can also
provide additional advantages because these materials provide effective immobilization
of radionuclides and heavy metals and are investigated as materials for nuclear waste
storage and for hazardous waste immobilization [15,16]. This ability is also used in design-
ing the sorption materials based on geopolymers, for example, for dyes’ photocatalytic
degradation [109] or used as catalysts in biodiesel production [110].

It is worth stressing that the usage of industrial by-products also has some limitations.
They are not widely investigated for medical applications, because of regulation and
standardization limitations [6].

6. Challenges and Limitations
In this section, the challenges and limitations of producing geopolymers from in-

dustrial by-products are discussed. Also, the implementation of the results from several
perspectives such as technical, economic, and social aspects, and environmental issues, is
presented. The main issues are presented in Table 3.

Despite the many challenges, the examples presented in Section 4 show the possibilities
of producing geopolymers from industrial by-products. The presented technologies show
the possibilities of managing various industrial waste into materials that can be used in the
broadly understood construction, energy, and other industries. Materials obtained in the
geopolymer synthesis are characterized not only by appropriate mechanical properties, but
also by many features, such as the immobilization of heavy metal elements by binding them
in the material structure and fire resistance. These properties also predispose the obtained
product to be used as the so-called special materials. Examples of possible applications
include the protection of landfills, where materials are often affected by corrosive factors.
The fireproof properties suggest that this material may also be used in mining. It should
be noted, however, that most of the research work currently being carried out is at the
prototype stage [10,111]. The developed technologies require considerable investment in
their development and adaptation to local conditions before they can be implemented.
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The potential costs associated with the technology scaling process are not always possible
without appropriate support and legal regulations.

Table 3. Selected challenges and limitations in the area of implementation of geopolymers based on
industrial by-products.

No Area Main Limitations

1 Technical Challenges—raw materials

Variability in quality and composition of industrial by-products,
including seasonal changes in the composition of feedstock.
A lack of guarantee of a stable stream for “waste” generation in the
long term.
Competitive technologies for industrial by-products valorization.

2 Technical
Challenges—manufacturing process

The repetitiveness of the mechanical properties can depend on the
use of raw materials.
There is a lack of full knowledge regarding the prevention of some
phenomena that occur during the usage of the products, such
as efflorescence.

3 Technical Challenges—scaling up

A relatively small number of tests are connected with
long-term behavior.
Different behaviors of the materials on a small scale and a large
scale in the case of some technologies, for example,
additive manufacturing.

4 Economic

Changeable prices of raw materials for the
geopolymerization process.
Necessity to provide some expensive additives or admixtures for
obtaining the advanced products.
Cost of transportation for building products—economic viability
only on a local scale.

5 Regulatory and
Standardization—processing

Limitations to the processing of industrial by-products and the
necessity to obtain special permissions.

6 Regulatory and
Standardization—products

A lack of a standard dedicated to geopolymers in many countries.
Long-term process of certification of the products for applications
in many areas, including the construction industry.

7 Social awareness

While there is a general belief in the validity of the concept of using
recycled products for construction products; however, it is not
reflected in individual consumer decisions often leading to
avoidance of “waste” products and choosing products made of
primary materials.

Thus, another important aspect in the development of technology is the problem that
may arise at the stage of adapting solutions for the use of by-products in the geopolymer-
ization process to local conditions. The properties of the acquired material are strongly
dependent on the base raw material [84,112]. Therefore, it is important to obtain a source
of raw material with a stable chemical composition or the possibility of introducing each
batch of material into the measurement process and, depending on the results obtained,
introducing appropriate additives into the process [113,114].

Another aspect is the selection of elements that will be produced in the geopolymeriza-
tion process. If we assume that these will be typical building materials, sales opportunities
on the local or regional market should be taken into account, because in this case, transport
costs will play a significant role (both in financial terms and the so-called “environmental
costs”) [68]. In the case of materials with special properties, the market reach may be
significantly larger geographically. Even if the recycling of construction materials gives a
great possibility, especially regarding the amount of waste that can be managed, it does
not always provide the solution that allows for so-called up-cycling. So, for the most valu-
able waste, another strategy should be considered [19,115]. An example of this approach



Sustainability 2025, 17, 4536 17 of 28

could be the production of materials for higher economic value from recycled feedstock or
industrial by-products from processes in which original products have a lower value. This
kind of material is mentioned in Section 4, nanomaterials, where industrial by-products are
used to produce an advanced geopolymer composite with improved properties.

Another potential limitation is the current scale of application of geopolymers. Al-
though geopolymers are considered the most environmentally friendly materials for build-
ing, the real benefits are limited by the scale of applications of these materials. Nowadays,
the usage of geopolymers is limited to some experimental buildings and niche applications.
If we compare the amount of used secondary raw materials in geopolymers to those in con-
crete, the scale of application is significantly larger for concrete. This is because nowadays,
concrete is the most widely used building material [116]. As a part of concrete, different
ingredients can be applied to increase the environmental friendliness of this material, such
as recycled aggregates [117,118], fly ash and slag [116], waste glass [119,120], waste plastic
and rubber [121], and also other waste and by-products [116,122,123]. It is worth noting
that most of these additives do not worsen the concrete properties, and some of them
even improve the concrete characteristics, reducing at the same time the environmental
burden [124,125]. Moreover, most of the concretes with recycled additives are also recy-
clable, similarly to geopolymers, and thus, they allow for closing the loops in the circular
economy approach [125,126]. Thus, the small scale of application of geopolymer materials
is currently one of the factors that limit their positive impact on the environment.

The next challenging area is regulatory and standardization issues. The CE approach
can support this process, for example, by the possibility of a design roadmap for stan-
dardizing geopolymer production connected with some initiatives like the EU’s Green
Deal. However, the transition to a CE is a related challenge with multi-level management.
There is currently a significant gap in knowledge about options management at the levels
of the EU, member states, local authorities, the private sector, and citizens [19]. This is
not a trivial matter, because the CE requires a massive transformation of the underlying
conventions of economic systems [127,128]. The role of research is important in identifying
appropriate forms of CE that decision-makers, businesses, and citizens might want to apply.
This requires investigation to assess the ecological impacts, costs, and benefits of potential
CE products and services. It is also important to find possible negative side effects caused
by the transformation of the CE and identify of potential actors, who may be adversely
affected by this process [18,128].

Technological innovations, such as the production of geopolymers from industrial
by-products, are still needed to enhance process efficiency in recycling materials in the
reuse of polluted and mixed flow. Beyond new technologies to influence effective interest
in society and organizations, it is necessary to understand the issues related to prevailing
trends and general feelings towards the idea of a CE to increase both demand and supply
of the business models related to it [18]. In addition to implementing regulations, at the
international and national levels, it is possible to undertake additional action in each country.
For example, governments can support the development of various policy instruments,
including taxation and additional economic incentives. Additionally, due to the significant
urbanization in the world, the role of local governments, including municipal authorities,
in supporting CE is significant. This means, among other things, an appropriate way of
spatial planning, supporting the development of smart technologies and virtual platforms,
selection of appropriate systems and other activities that enable the closing of material
loops [20].
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7. Future Perspectives
7.1. Material Development and Advanced Products

One of the basic innovations that should be developed for geopolymeric products,
including industrial by-product-based geopolymers, is to design the materials for more
advanced applications with tailored properties. Examples in this area are self-cleaning, self-
sensing, or self-healing properties [37,41,106]. The unique composition of selected industrial
by-products can be helpful in achieving this aim. These raw materials can enhance and
tailor performance characteristics and promote circular economy principles [68]. In this area,
some necessary steps could be connected to creating artificial raw materials for geopolymer
synthesis using natural sources such as clays and feldspars or industrial by-products [4].

In the case of traditional, well-recognized materials that are mainly dedicated to the
construction industry, further study should be connected mainly with upscaling the solution
and stabilization technology [4], which is one of the challenges mentioned in Section 5.
Currently, the traditional processes meet a lot of problems with implementation on a large
scale. A notable example is the creation of insulation materials using the foaming process.
This process is influenced by a lot of factors, such as atmospheric pressure, which causes
the problems with foam growth and foam stabilization [129]. Another important trend is
to make the production process more environmentally friendly by finding alternatives to
more harmful components, such as Na2SiO3. However, while the research on the small
scale confirms this possibility, the environmentally friendly additives are not applied on a
wider scale.

7.2. Modern Production Technologies—3D Printing

Another possibility to be coherent with the CE approach in the building industry is the
use of additive technology [130]. It is worth mentioning that the efficiency of this technology
is strictly related to the materials [131,132]. The greatest benefits are derived from using
waste materials such as construction and demolition waste; however, it is connected
with some practical problems, starting from optimization of the material viscosity and
ending with problems with legal regulations [131]. Currently, the main limitations of
this technology are related to material issues [132]. The provided investigation shows
that additive manufacturing has high potential to be used in the building industry for
printing infrastructure as well as residential buildings. The provided research shows that
it reduces the cost of materials and labor by up to 80% and limits the influence on the
environment [69,133]. These issues are clearly in line with the CE approach, because of
reduced environmental impact, including the amount of waste [134]. However, despite the
fact that this technology has a lot of advantages, today, its application is quite limited and
requires further research, including the following:

• Solving the materials problem connected with scaling-up technology, especially the
rheological behavior of applied pastes;

• Designing proper materials for binder jetting technology: nowadays, most of
the research connected with the construction industry is based on extrusion tech-
niques [134,135];

• Designing more efficient materials, especially for 3D printing and the reinforcement
construction performed in additive manufacturing technology [130,135].

Additive manufacturing, in this case, is regarded as more environmentally friendly
compared to traditional technologies applied for metals, including casting [136]. This
technology allows us to save energy and materials [137,138].
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7.3. Data-Driven Modeling for Optimizing Process Conditions

Future trends also include using computer modeling for predicting the properties of
the geopolymers and geopolymer composites. This kind of work can be especially useful in
the case of using industrial by-products as raw materials, because of the changeability of this
feedstock. The large number of variables that influence the process of geopolymerization
is difficult to model, and because of this, the computer-aided approach is necessary for
designing advanced materials with tailored properties [139,140].

Currently, some artificial neural networks, as well as systems based on artificial
intelligence (AI), have been investigated in this area [114,141]. Zhang et al. [142] researched
the possibility of using the artificial neural network (ANN) system for the prediction
of durability for geopolymer mortar reinforced with nanoparticles and PVA fiber. The
ANN was able to predict the freeze–thaw cycle for investigated materials, sulfate erosion
resistance of geopolymers, and chloride ion permeability with sufficient accuracy. Moreover,
it was possible to obtain some data for compressive strength, electric flux values, and the
loss rate of mass, which were useful for the durability study [142]. Other research shows
the possibility of calculating the effect of molar ratios on the compressive strength of fly-
ash–slag geopolymer [143]. The development of such models can be a crucial point for
further implementation of industrial by-product-based geopolymers on a broader scale.

7.4. Circular Economy

In the context of future trends, it is also worth highlighting some new areas of ex-
ploration for the CE. This idea, especially in the material context, also goes beyond the
Earth’s problems [144]. The same new conceptions show that the basic concepts for CE
should also be applied to space exploration, including the potential terraforming process
for other planets [145,146]. At this moment, it may sound a little bit futuristic, but in space
exploration, this could work because of economic reasons. Saving resources and materials
for space travel is equal to saving money, and it seems to be one of the most important
motivations for starting many activities [145]. In this case, the geopolymers can play an
important role, due to experience gained from using different kinds of raw materials for
their production; they seem to be the ideal material for production infrastructure on other
planets [147,148]. Moreover, some research has been conducted in this direction utilizing
Martian and lunar regolith simulants [146,149].

Another important trend is connected with the implementation of CE principles,
especially lower input and use of natural resources, increased share of recyclable resources,
and fewer material losses [150]. From an economic perspective, based on a summary
by Ghisellini et al. [151], the implementation of the principles of CE is expected to bring
economic benefits for companies and local government communities due to the reduction in
waste management, reduction in environmental externalities (less environmental pollution),
and new jobs, opportunities, and improved prosperity for low-income households. In
Europe, it has been estimated that thanks to the rapid technological development, the CE
could create an increase in resource productivity of up to 3% per year, and following the
CE scenario would yield a growth of gross domestic product (GDP) by 7% in relation to
current development, along with additional employment [18]. Benefits at the national level
from the CE have been estimated for the economies of the Netherlands, Finland, France,
Spain, and Sweden. The practical application of industrial by-products as a raw material
well suits these scenarios. Moreover, the lower emission of greenhouse gases during the
geopolymerization process compared to OPC production additionally supports this idea. It
is worth noting that recent analyses and discussions on the CE, including its development,
have focused mainly on the scarcity of resources and its impact on the environment in
macroeconomic terms. In the literature on the subject, little attention has been given to the
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potential economic benefits resulting from the implementation of the circular economy for
industrial entities [127,152]. Such an approach may prove unattractive to investors and
other long-run decision-makers who are considering introducing closed loops to processes
in the enterprise supply chain. As a result, the potential benefits from the implementation
of such products as industrial by-products based on geopolymers seem to be crucial for
their further adoption.

7.5. Current Trends

A summary of presented trends in the context of further development for industrial
by-products based on geopolymers is presented in Figure 6.
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8. Conclusions
The current review links CE principles to multi-sector applications of geopolymers. It

shows the new directions of development of sustainable materials: geopolymers that will
allow the introduction of closed loops into production processes by enabling their reuse
after the end of their life cycle. This is an important issue in the context of introducing the
CE into existing systems. In the case of geopolymers, this change can be mainly achieved
through the use of industrial by-products. Most of this technology is almost ready to be
implemented on a wider scale. The provided review allows the formulation of some main
conclusions in this area, which show current areas of interest, limitations, and challenges:

• Based on the literature analysis, it is obvious that the importance of the topic is growing
and new research is provided in this area.

• The literature analysis also shows that the most widely used industrial by-products
are fly ash and slag as raw materials dedicated to geopolymer manufacturing.

• From the perspective of CE and environmental policy, industrial by-product-based
geopolymers seem to be very promising materials for applications and the interest in
their usage should be increasing.

• Various raw materials were tested for geopolymerization. However, the technology
is highly flexible and most of them can be created for some products, but not all of
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them are profitable for wider implementation and not all obtained products are of
sufficient quality.

• The crucial aspect of precursor selection is a chemical and mineralogical composition
of the raw materials rather than their origin.

• Currently, the most popular area of application for industrial by-product-based
geopolymers is the construction industry; however, the importance of other areas is
rising, especially in applications as an advanced material, including nanocomposites.

• There are still many challenges related to the practical application of industrial by-
product-based geopolymers, but only a part of them are connected to technical limi-
tations. A lot of challenges are connected with economic, environmental, and social
barriers, including a lack of proper standards for geopolymer materials.

• The further implementation of technologies for geopolymers based on industrial by-
products is controlled by many factors, and not all of them are technological. The CE
approach can be supportive of this process.

• The most important further trends seem to be the development of materials with
tailored properties, enhancement of technological solutions, usage of additive manu-
facturing in production, design of specialized products with higher revenue, wider
application of computer-aided modeling, and support for circular economy solutions.

Innovative solutions have a crucial role in today’s economy, as well as sustainable
development. The CE approach to geopolymers can combine these two trends and de-
velop the proper technology. The article demonstrates selected solutions in the area of
industrial by-product-based geopolymers that comply with the CE approach. They also
show the importance of the continuation of research in this field for the development of
innovative solutions.
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138. Mierzwiński, D.; Łach, M.; Gądek, S.; Lin, W.-T.; Tran, D.H.; Korniejenko, K. A Brief Overview of the Use of Additive Manufactur-
ing of Con-Create Materials in Construction. Acta Innov. 2023, 48, 22–37. [CrossRef]

139. Zhang, J.; Shang, F.; Huo, Z.; Chen, J.; Xue, G. Multi-Objective Optimization of Ternary Geopolymers with Multiple Solid Wastes.
Mater. Today Commun. 2024, 40, 109599. [CrossRef]

140. Matsimbe, J.; Dinka, M.; Olukanni, D.; Musonda, I. Fundamental Machine Learning Algorithms and Statistical Models Applied
in Strength Prediction of Geopolymers: A Systematic Review. Discov. Appl. Sci. 2024, 6, 538. [CrossRef]

141. Alaneme, G.U.; Olonade, K.A.; Esenogho, E.; Lawan, M.M.; Dintwa, E. Artificial Intelligence Prediction of the Mechanical
Properties of Banana Peel-Ash and Bagasse Blended Geopolymer Concrete. Sci. Rep. 2024, 14, 26151. [CrossRef] [PubMed]

142. Zhang, X.; Zhang, P.; Yuan, W.; Hu, S. Durability Prediction of Geopolymer Mortar Reinforced with Nanoparticles and PVA Fiber
Using Particle Swarm Optimized BP Neural Network. Nanotechnol. Rev. 2024, 13, 20230214. [CrossRef]

143. John, S.K.; Cascardi, A.; Nadir, Y.; Aiello, M.A.; Girija, K. A New Artificial Neural Network Model for the Prediction of the Effect
of Molar Ratios on Compressive Strength of Fly Ash-Slag Geopolymer Mortar. Adv. Civ. Eng. 2021, 2021, 6662347. [CrossRef]

144. Pino, P.; Salmeri, A.; Hugo, A.; Hume, S. Waste Management for Lunar Resources Activities: Toward a Circular Lunar Economy.
New Space 2022, 10, 274–283. [CrossRef]

145. Moore, K.R.; Segura-Salazar, J.; Bridges, L.; Diallo, P.; Doyle, K.; Johnson, C.; Foster, P.; Pollard, N.; Whyte, N.; Wright, O. The
Out-of-This-World Hype Cycle: Progression towards Sustainable Terrestrial Resource Production. Resour. Conserv. Recycl. 2022,
186, 106519. [CrossRef]

146. Korniejenko, K.; Pławecka, K.; Kozub, B. An Overview for Modern Energy-Efficient Solutions for Lunar and Martian Habitats
Made Based on Geopolymers Composites and 3D Printing Technology. Energies 2022, 15, 9322. [CrossRef]

147. Zhan, J.; Xue, X.; Hua, J.; Huang, L. Effects of Curing Temperature on Early-Age Mechanical Property and Microstructure of
Lunar Regolith Simulant Geopolymer. Case Stud. Constr. Mater. 2025, 22, e04329. [CrossRef]

148. Shao, R.; Wu, C.; Li, J. Engineering Cement-Free High-Performance Martian Concrete with Enhanced in-Situ Utilization of Soil
Simulant: Curing across −20 ◦C–40 ◦C and CO2-Rich Environments. J. Environ. Manag. 2025, 375, 124426. [CrossRef] [PubMed]

149. Zheng, X.; Zhao, C.; Sun, X.; Dong, W. Lunar Regolith Geopolymer Concrete for In-Situ Construction of Lunar Bases: A Review.
Polymers 2024, 16, 1582. [CrossRef] [PubMed]

150. EEA Report No 2/2016 Circular Economy in Europe. Developing the Knowledge Base. Available online: https://www.eea.
europa.eu/publications/circular-economy-in-europe (accessed on 2 February 2025).

https://doi.org/10.1177/0309132514566342
https://doi.org/10.1016/j.spc.2022.10.022
https://doi.org/10.1016/j.conbuildmat.2023.131907
https://doi.org/10.1016/j.coche.2020.06.005
https://doi.org/10.1016/j.conbuildmat.2022.127114
https://doi.org/10.3390/ma15124112
https://www.ncbi.nlm.nih.gov/pubmed/35744173
https://doi.org/10.3390/recycling6030046
https://doi.org/10.1007/s40964-024-00703-z
https://doi.org/10.1016/j.jobe.2021.103603
https://doi.org/10.1016/j.jmapro.2023.05.102
https://doi.org/10.1016/j.istruc.2022.12.039
https://doi.org/10.32933/ActaInnovations.48.2
https://doi.org/10.1016/j.mtcomm.2024.109599
https://doi.org/10.1007/s42452-024-06244-y
https://doi.org/10.1038/s41598-024-77144-9
https://www.ncbi.nlm.nih.gov/pubmed/39478028
https://doi.org/10.1515/ntrev-2023-0214
https://doi.org/10.1155/2021/6662347
https://doi.org/10.1089/space.2021.0012
https://doi.org/10.1016/j.resconrec.2022.106519
https://doi.org/10.3390/en15249322
https://doi.org/10.1016/j.cscm.2025.e04329
https://doi.org/10.1016/j.jenvman.2025.124426
https://www.ncbi.nlm.nih.gov/pubmed/39908622
https://doi.org/10.3390/polym16111582
https://www.ncbi.nlm.nih.gov/pubmed/38891528
https://www.eea.europa.eu/publications/circular-economy-in-europe
https://www.eea.europa.eu/publications/circular-economy-in-europe


Sustainability 2025, 17, 4536 28 of 28

151. Ghisellini, P.; Cialani, C.; Ulgiati, S. A Review on Circular Economy: The Expected Transition to a Balanced Interplay of
Environmental and Economic Systems. J. Clean. Prod. 2016, 114, 11–32. [CrossRef]

152. Lieder, M.; Rashid, A. Towards Circular Economy Implementation: A Comprehensive Review in Context of Manufacturing
Industry. J. Clean. Prod. 2016, 115, 36–51. [CrossRef]

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

https://doi.org/10.1016/j.jclepro.2015.09.007
https://doi.org/10.1016/j.jclepro.2015.12.042

	Introduction 
	Methodology 
	Importance of Industrial By-Products Explained as a Part of the Circular Economy Approach 
	Current Practices in Geopolymer Production 
	Industrial By-Products—Precursors for the Geopolymerization Process 
	Geopolymer Synthesis Methods 
	Performance Characteristics 

	Areas of Application 
	Challenges and Limitations 
	Future Perspectives 
	Material Development and Advanced Products 
	Modern Production Technologies—3D Printing 
	Data-Driven Modeling for Optimizing Process Conditions 
	Circular Economy 
	Current Trends 

	Conclusions 
	References

