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Abstract

Concrete is the most used material worldwide, with cement as its essential component.
Cement production, however, has a considerable environmental footprint contributing
nearly 8% of global CO, emissions, largely from clinker calcination. This review aims to
examine strategies for reducing these emissions, with a particular focus on alternative
materials for producing magnesium phosphate cements (MPCs). Specifically, the objectives
are first to summarize mitigation pathways, such as CO, capture, energy efficiency, and
alternative raw materials, and second evaluate the feasibility of using industrial wastes
and by-products, including low-grade MgO, tundish deskulling waste (TUN), boron-MgO
(B-MgO), and magnesia refractory brick waste (MRB), as MgO sources for MPC. The review
highlights that these materials represent a promising route to reduce the environmental
impact of cement production and support the transition toward carbon neutrality by 2050.

Keywords: cement; alternative cement; magnesium phosphate cements; circular economy;
sustainability

1. Current Situation
1.1. Environmental Issues

The future of the planet under ongoing environmental change remains uncertain,
yet it is clear that urgent action is required to reverse current trends. Humanity carries
the responsibility to safeguard the environment, public health, and the well-being of
future generations by striving for zero pollution and a sustainable economy. Achieving
this requires adherence to fundamental principles such as equity and sustainability, with
climate action representing one of the most pressing challenges of our time. Coordinated
global efforts and the development of robust international environmental frameworks are
therefore essential to drive meaningful change by 2050.

At the policy level, the European Union (EU) and many other countries have commit-
ted to ambitious environmental targets aligned with international agreements. Achieving
consistency across national and global strategies is critical, as illustrated by the United Na-
tions Sustainable Development Goals (SDGs), which provide a comprehensive framework
for advancing sustainability worldwide.

The growing world population and materials consumption are causing negative
impacts on the planet. In 2022 (latest figures available), the total waste generated in the EU
was around 2.233 Mt [1]. Preventing waste is a part of the EU’s strategy to achieve efficiency
of the resources and a circular economy. The amount of waste generation depends on the
development of society, although it is important to create solutions to ensure that waste
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is treated properly. The Waste Framework Directive (Directive 2028 /851) defines some
basic waste management principles, where waste prevention is the preferred option and
the worst option is landfill. The package of measures on waste will lead to the creation
of a circular economy and allow the deficiencies of the waste sector to be corrected. By
using these wastes as raw materials, humans are dealing with another global problem: the
scarcity of resources to produce materials.

The Directive 2018/850 on the landfill of waste specifies that all member states will
implement strategies to ensure that the recycled or recovered waste does not end up in
landfills by 2030. The main goal is to reduce the negative landfill effects on the environment
and human health and set out minimum responsibility requirements for all producers. In
addition, the member states have agreed that waste must receive adequate treatment before
being deposited in landfills. Waste landfills are divided into three categories: hazardous,
non-hazardous, and inert.

Carbon dioxide (CO;) stands as a significant constituent among the greenhouse gases
(GHGs) contributing to the global warming phenomenon. The escalation in human activi-
ties steadily amplifies the emission levels of these GHGs year by year. In 2023, global carbon
dioxide emissions resulting from energy combustion and industrial processes recorded
a notable increase by 1.1%, culminating in a total of 37.4 Gt [2]. By 2050, the world’s
population will have increased to 9 billion [3]. In the context of the climate emergency and
achieving the 2030 goals focusing on GHG emissions reduction and carbon neutrality by
2050, the Directive 2010/75 on industrial emissions is the main instrument for controlling
and/or preventing pollutant emissions from industries to the atmosphere, water, and
ground. This directive is based on the integrated approach, the use of the best available
techniques, and several inspections, among others.

The production and use of energy are the principal cause of GHG emissions, along
with transport. Final energy consumption in the EU for 2022 decreased by 3.9% compared
to 2021 (latest figures available), reaching a total of around 37,771 PJ [4]. Of this total, the
three sectors that consumed the most energy were transport, households, and industry [4].
According to the International Energy Agency (IEA), industrialized economies achieved a
record decline in carbon dioxide emissions by 2023, despite gross domestic product (GDP)
growth, as a result of low-emission energy generation [5]. The EU has different climate
rules to ensure that GHG emissions” reduction would be at least 40% in 2030 compared
to 1990. In particular, the Directive 2018 /844 intends to achieve: (i) energy consumption
reduction and (ii) an increase in the proportion of renewable energy consumed. The EU is
trying to develop a decarbonized, efficient, secure, and sustainable energy system by 2050.

1.2. Cement Sector

Cement stands as one of the pivotal materials significantly contributing to the social
and economic development of society. World cement production has increased in recent
decades, and in 2023, the estimated global production was 4.1 Gt [6]. Cement is the funda-
mental component in developing concrete and acts as a binder for the concrete particles,
giving cohesion and mechanical resistance through chemical and physical processes. The
construction sector uses concrete, which is the most consumed material on Earth [7]. The
cement sector is one of the most challenging industries, as it has multiple regulatory frame-
works in Europe to achieve carbon neutrality by 2050. The transition is accompanied by
new regulations, technologies, and infrastructures.

Cembureau, the European Cement Association, proposes a 40% reduction in gross
carbon dioxide emissions down the value chain by 2030 compared to the 1990 carbon
dioxide emissions (783 kg COy-t71 of cement), as an intermediate step towards carbon
neutrality by 2050 [8]. Some Cembureau targets to achieve climate neutrality by 2050
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are based on reducing clinker and deploying innovative technologies, shown in Figure 1.
This challenge can be addressed through renewable energy and efficiency improvements.
Additional strategies include the adoption of clinker substitutes, the use of supplementary
cementitious materials (SCMs), and the incorporation of sustainable alternatives, such as
waste or by-products.
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Figure 1. Cembureau targets to climate neutrality by 2020 (adapted from [8]).

1.2.1. Ordinary Portland Cement Industry

Cement production depends on the geographical area, the availability of raw materials,
and the technologies used, among other aspects. Cement production was 1.4 Gt in 1995
and 4.1 Gt in 2023 globally, a good indicator to show the growth trend of the construction
industry [6]. Cement is related to fast-growing economies. China was the highest contribu-
tor to world production, with 55% of the total of 4158 Mt in 2022 [9]. China produces over
half of the world’s cement, followed by India with 8% [10]. Hence, the forecast for the next
few years is that other developing countries in Africa and Asia will have an increase in the
demand for cement. The new international policies enhance international coordination and
collaboration for the decarbonization roadmap of the cement industry.

Cement manufacturing is highly energy intensive. Ordinary Portland cement (OPC),
widely used in civil engineering and construction since the 19th century, is valued for its
abundant raw materials, low cost, and reliable performance. It is produced mainly from
calcined limestone and aluminosilicates (usually clay) [11]. OPC is a hydraulic binder that,
mixed with water, forms a paste that sets, hardens, and preserves its resistance and stability.
OPC is obtained by mixing clinker, gypsum (calcium sulfate), and other additives. The
clinker is the main component, which is subjected to a series of steps before it is mixed
with the other components. This process encompasses the extraction of raw materials,
followed by crushing, grinding, calcination, and subsequent cooling and grinding [7].
Its composition is shown in Table 1, and its mineral phase composition is shown in Ta-
ble 2. The percentage of gypsum depends on the type of cement and serves to retard its
setting time.

Table 1. Clinker elemental chemical composition [12].

Oxide Name Wt.%
CaO Lime 60-70
510, Silica 18-22

AL, O3 Alumina 4-6

Fe, O3 Iron oxide 2-4

Figure 2 shows the manufacturing process flows, the energy and heat demand (inputs),
and emissions associated with each stage. Cement manufacture requires large amounts
of raw materials and involves high amounts of energy and carbon dioxide emissions, as
depicted with icons in Figure 2. Specifically, the production of a ton of clinker requires
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approximately 1.5 tons of raw materials. Consequently, cement manufacture entails a high
consumption of natural resources [13].

Table 2. Clinker mineral phase composition [12].

Con?};((i)gietion C;rgﬁ:n Cement Notation Wt.%
3Ca0-5i0, Alite C3S 50-65
2Ca0-Si0O; Belite CyS 15-25
3Ca0-Al,O3 Tricalcium aluminate CA 5-15

4Ca0-Al,03-Fe, O3 Calcium alumina-ferrite C4AF 5-12
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Figure 2. Process flow diagram for the manufacturing process of OPC.

The manufacturing process is energy intensive due to the consumption of high quanti-
ties of fuels (mainly from non-renewable sources of thermal processes). Coal is the principal
energy carrier with 70% of total energy consumption, followed by oil and natural gas with
24% and alternative fuels and biomass with just over 5% [14]. Around 3% of the global
primary energy is consumed by the cement sector [15]. The global thermal energy intensity
of clinker from 2020 to 2023 was 3.5-3.6 G]-t ! per year [10,16]. In the net-zero emissions by
2050 scenarios, the anticipated thermal energy intensity for clinker production is projected
for 2030 to be 3.3 GJ-t~! per year [10,13]. The predominant source of energy is in the form
of fuel, primarily derived from fossil fuels for clinker production, alongside electricity
consumption [9,10]. In cement manufacturing, the heating process consumes 70-80% of the
total energy consumption and 20-30% of electricity [14].

The manufacturing process of cement emits contaminant gases into the atmosphere
(CO,, NOx, SO,, and other pollutants) coming from the burning of fuels in the kiln and fine
particles dragged by the exhaust gases of the kiln [15]. The cement industry contributes
approximately 5-7% of the total global anthropogenic carbon dioxide emissions and 8% of
the global emissions [3,17,18]. Specifically, the direct carbon dioxide intensity of cement
production increased by about 1.5% per year from 2015-2023 [10]. Seventy to eighty percent
of carbon dioxide emissions come from the involved chemical reaction to obtain CaO, and
the rest of the emissions come from the energy required to reach a high temperature in the
rotary kiln during calcination, among other processes such as transport and grinding [3,8].
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1.2.2. Alternative Cements

The advancement of alternative cements has allowed reducing the clinker content.
Replacing part of the clinker with other materials can improve both the properties and the
environmental impact.

Building materials involve several environmental impacts during their life (manu-
facturing, construction, use, maintenance, and final disposal/demolition phase). Several
strategies are available to reduce the environmental impact of cement production. Key ac-
tions include improving energy and material efficiency, adopting low-carbon technologies,
using alternative fuels, and incorporating substitute materials. The key actions to reduce
the impact are [19]:

e  Reduction of clinker by using alternative decarbonized mineral additives.

e  Alternative fuel usage, promoting the circular economy and using renewable energies
to replace fossil fuels.

e  Optimization of energy and technology efficiency.

e  Carbon capture and storage (CCS) and carbon capture and use (CCU) to transit to a
net-zero model.

This research focuses on alternative cements that can reduce OPC consumption. Sus-
tainable cements, with lower environmental impacts, offer a pathway toward low-carbon
manufacturing in the cement sector. A selection of publications related to alternative
cementitious materials was made in 2024 by using the Web of Science (WoS) webpage,
considering journals and books, with a total of 1720 publications. As depicted in Figure 3,
the quantity of publications and citations pertaining to the advancement of this research
field has been steadily increasing over the years. Of the total amount of these publications,
a detailed analysis was conducted to ascertain the percentage of the contribution of each
country to the total number of publications from the previous results obtained from the
WoS, as illustrated in Figure 4. As evidenced in the map chart, the country with the highest
number of publications on the development of alternative cementitious materials is the
USA, followed by China and Indjia.

300 12,000

250 + 10,000

200 +

Publications
g
1
Citations

100 +

50

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Figure 3. Number of publications and citations on alternative cementitious materials.

The strategy to search for sustainable alternatives to OPC can reshape the cement
industry into a pivotal sector driving the circular economy. It involves the development
of sustainable materials made from by-products or waste, presenting opportunities for
economic viability. Some examples of alternative binders are:
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Limestone-calcined clay cement (LC3). LC3 is a relatively new cement based on SCMs.
Specifically, LC3-50 is obtained by mixing clinker (50 wt.%), calcined clay (30 wt.%),
limestone (15 wt.%), and gypsum (5 wt.%). This binder has a high potential to reduce
carbon dioxide emissions due to the reduced clinker content, replaced by calcined
clays and limestone [20-22].

Alkali-activated cement (AAC). AAC is produced like cement, but its properties
are like those of sintered ceramic. AAC is produced by the reaction of amorphous
aluminosilicates with alkali. The subsequent requirement is for reactive solid alumi-
nosilicates and an alkaline activating solution. The source materials of aluminosilicate
are frequently industrial waste or by-products like municipal solid waste (MSW),
blast furnace slag (BFS), and fly ash (FA), among others. Some of the technical issues
associated with these cements are their hardening rates, as well as high shrinkage.
AAC is generally used as precast material [15,17-19].

Calcium aluminate cement (CAC) and calcium sulfoaluminate cement (CSAC). CAC is
based on aluminate. On the one hand, the major component in CAC is calcium [23,24].
This type of cement exhibits both early strength and high-temperature resistance. Their
applications are specifically geared towards scenarios where resistance to elevated
temperatures is crucial [23,24]. The main phase of CSAC is ye’elimite (C4A3S). Other
secondary phases are belite (C;S), calcium sulfate, and gehlenite (C,AS). A dimin-
ished proportion of calcium and lower calcination temperature contribute to a notable
reduction in the environmental footprint. Short setting time, high early strength,
permeability, and corrosion resistance, among others, are some of the CSAC proper-
ties. Then, CSAC can be applied in the solidification and stabilization of hazardous
materials [23,24].

Belite cement (BC). BC is primarily composed of belite, C;S (40-50%), alongside alite
(C3S) and calcium aluminates. The impact on the environment is reduced by their
lower clinker content. BC exhibits slower hydration rates, resulting in lower early-
age compressive strength. This is widely applied in hydraulic concrete to control
temperature cracking and reduce thermal stresses and cracking [25-27].

Magnesium phosphate cement (MPC). MPC belongs to the chemically bonded ceramic
(CBC) family, more specifically classified as chemically bonded phosphate cement
(CBPC). MPC is obtained by mixing a magnesium source with phosphate salt. CBC
has remarkable properties: fast setting and good encapsulation of heavy metals and
radioactive waste, due to its ability to form stable and durable matrices that effectively

immobilize and encapsulate hazardous materials. MPC also can be applied as repair
cement [28-30].
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Figure 4. Percentage of publications on alternative cementitious materials with respect to country.



Urban Sci. 2025, 9, 352

7 of 27

2. Chemically Bonded Ceramic (CBC)

CBCs encompass a category of inorganic materials exhibiting properties of both
cements and ceramics, formed by chemical reactions at low temperatures (Figure 5) [31].
The structure and properties of CBC closely resemble those of ceramics; nonetheless, their
formation at room temperature exhibits similarities to cementitious materials [32].

CBC is formed though the reaction between an acid and a base. As a result, acid-base
cement (ABC) belongs to the category of CBC [13,32]. Specifically, the bonding of CBC is a
mixture of ionic and covalent bonding, as van der Waals bonding [31,33]. The predominant
types of bonding determine the properties exhibited by ceramics [31].

\\e«(\ca\\y bonded ce’a'hic

Figure 5. Classification of CBC families related to phosphate-based materials.

Research on CBC is relatively recent but essential due to its environmental advantages,
such as lower GHG emissions and reduced energy demand. CBC is also cost-effective,
eliminates high-temperature processing, and has applications ranging from biomedical
uses to nuclear waste encapsulation and composites materials [34].

CBC is produced through a series of sequential steps, including the dissolution of a
base salt in an acid medium, followed by gelation and precipitate formation, and culminat-
ing in crystallization, as illustrated in Figure 6. The resulting paste achieves a neutral pH
because of the neutralization between the acid and alkali components.

Dissolution of a
basic salt in acid to
form cations.

Interaction between cations
and anions to form neutral
complexes. Interaction
between dissolved species.

Connected network.

Solid precipitation
from the saturated
gel.

Complexes gelation
and saturation of the
solution.

Figure 6. CBC’s reaction.
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The dissolution of the basic precursor is an important control factor to verify a coherent
structure and a solid product [32]. In essence, if the basic precursor dissolves at a slow rate,
the formation of the reaction product will correspondingly proceed slowly. As a result, the
saturation of the gel will require a longer period. In contrast, if the basic precursor dissolves
rapidly, precipitates will form, compromising the coherence of the structure. Therefore, the
solubility of the basic precursor is a relevant factor as it directly affects the formation of the
ceramic. In the context of ABC, the dissolution of the basic precursor into an acid solution
is invariably partial.

As mentioned before, when phosphates are employed in the formation of CBC, this
cement is referred to as CBPC. Notably, CBPC is recognized as viable as an alternative
cement to conventional hydraulic cement [35,36].

2.1. Chemically Bonded Phosphate Ceramic (CBPC)

As mentioned earlier, CBPCs are derived from an acid-base reaction and demonstrate
notable characteristics such as high strength and low solubility. The acid-base reaction
is between a phosphoric acid and metal oxide [31]. This reaction allows combination of
phosphate anions with metal oxide cations to form a phosphate gel that crystallizes as
insoluble phosphates [36,37]. Equation (1) shows the reaction between the metal oxide and
phosphoric acid. In this equation, the letter x refers to the valence of the metal M/n, and the
letter m refers to an arbitrary value that defines the amount of water added to the reaction.

MO +nH3POy + mH,0 — MHzy—(POy)u + (m n %) H,0 (1)

The final properties of the cement will depend on the solubility of the raw material
and its pH level. CBPC can be formulated from different raw materials. There are several
possible sources of phosphate [38,39]. Initially phosphoric acid was used, but due to its
difficult handling (corrosive liquid) and the rapid setting that occurs, it has fallen into
disuse. Later, the use of ammonium phosphate salts gained prominence, but when forming
the cement, ammonia gas is released, which is a toxic gas, so it has also been losing
prominence [40]. Finally, potassium phosphate salts have been the phosphate source that
shown advantage over others, even though there are other interesting phosphate salts, such
as sodium, aluminum, etc. [39].

One of the frequently employed options is monopotassium phosphate (MKP, KHpPOy),
among other potassium phosphate salts [41,42]. Concerning oxides, they must exhibit an
appropriate solubility (i.e., low solubility) for facilitating the formation of CBPC, because
the formation of the cement depends on the dissolution kinetics of the oxide used [40].
The reduced solubility contributes to a delayed setting time, which in turn enhances the
workability of the cement [37]. If the oxides exhibit excessive solubility, they will precipitate
in crystalline form, impeding the formation of a three-dimensional network. Conversely,
if the solubility is too low, an insufficient supply of ions hinders the rearrangement into
a three-dimensional network [31]. The main oxides used are magnesium oxide (MgO),
calcium oxide (CaO), and zinc oxide (ZnO).

When mixing a phosphoric acid and a metal oxide in an aqueous solution, the forma-
tion of CBPC occurs in three stages [43,44]:

1. Dissolution of the phosphoric acid in water, phosphate releases anions and forms an
anion phosphate solution of low pH.

2. Low pH increases the solubility of the alkaline component, and a gradual dissolution
occurs in the solvent at the same time, which releases cations in the acidic solution.

3. The reaction to obtain precipitation of a crystalline salt, also named neutral phosphate,
is between the phosphate anions and the alkaline cations.
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Whether the result is a well-ordered ceramic or a crystalline precipitate depends
directly on the rate of dissolution of the oxides in the acid solution and on the rate of the
exothermic acid-base reaction. To obtain a well-crystallized ceramic, the following specific
requirements are needed [32]:

e  The solubility of the oxides should be sufficiently high to facilitate the formation of a
saturated gel, yet not excessively high to allow for gradual crystallization of the gel.

e  The rate of the exothermic acid-base reaction should be slow enough to enable the
gradual and steady crystallization of the phosphate gel.

CBPC has extensive advantages such as rapid hardening, high early strength, and
high-temperature resistance. CBPC’s strength is due to the strong covalent bonds resulting
from the acid-base reaction, contrasting with the weaker bonds resulting from the hydra-
tion process in conventional cement. Initially, CBPC was used in biomedical applications,
specifically in the dental sector. At the moment, CBPC has found diverse applications,
including repair and reinforcement cement in civil engineering, encapsulation and solidifi-
cation of radioactive waste, and in biomedical uses [36,45,46]. The essence of ABC lies in its
ability to use acid and alkaline waste or by-products as raw materials. Producing ceramics
through these chemical processes demands less energy compared to conventional ceramics
production. For these reasons, CBPC can contribute to diminishing environmental impact
and promoting a circular economy.

2.2. Magnesium Phosphate Cement (MPC)

One of the most extensively studied cements among the CBPCs is MPC. MPC is
obtained from the exothermic acid-base reaction between a magnesium source (typically
as an oxide) and a phosphate source. MPC obtained from MKP as a phosphate source
stands out, and in the current scenario, in this case it is called and known as magnesium
potassium phosphate cement, using in this case the acronym MKPC instead of MPC to
differentiate it from the rest. Thus, the term MPC refers to the generic term, while the term
MKPC refers to the case of using MKP as a phosphate source (Figure 5).

Magnesium oxide (MgO) is the most common and widely used raw material for MPC
due to its moderate solubility in an acid—phosphate solution compared to iron and calcium
oxides [43]. To achieve this solubility, MgO undergoes calcination at temperatures above
1000 °C. Elevated temperatures reduce the porosity and permeability of MgO, leading to
an increase in particle size. The diminished solubility of the calcined magnesium oxide
powder can be attributed to a notable decrease in its surface area. A less reactive form of
MgO contributes to the development of a more compact microstructure in MPC, as well as
extends the setting time, leading to an improvement of the mixing process [37].

MPC is usually synthesized by an acid-base neutralization reaction, involving calcined
magnesia powder and a phosphate source, at room temperature and in aqueous media,
shown in Equations (2) and (3), where the two most used sources of phosphate are shown.
The former, MKP, is commonly used as a fertilizer or food additive [28,47,48]. The latter,
monoammonium phosphate (MAP), as mentioned above, has fallen into disuse due to the
potential release of ammonia gas [30].

MgO(s) + KHyPOy(s) + 5H,0(1) — MgKPO,-6H,0(s) )

MgO<S) + NH4H2PO4(S) + 5Hzo(l) — MgNH4PO4'6Hzo(S) (3)

The final product of the first reaction is a magnesium—potassium phosphate binder,
MKPC, and the crystal is named K-struvite (MgKPO,-6H,0) [49]. The final product of
the second reaction is struvite, which is a magnesium ammonium phosphate hexahydrate
(NH4MgPOy-6H,0). The distinction between K-struvite and struvite lies in the presence
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of potassium. Specifically, in K-struvite, potassium replaces ammonium in the chemical
composition, as shown in Figure 7. Both K-struvite and struvite have an orthorhombic
structure. They have important cementitious properties and are widely used in the MPC
field. In fact, K-struvite is preferred due to its reduced release of ammonia gas during
setting, lower setting characteristics, and lower exothermicity. These properties enhance
the ease of handling and workability of pastes while ensuring proper and controlled
setting [50,51].

K Mg P O H

Figure 7. K-struvite crystal phase (adapted from [52,53]).

The formation of K-struvite takes place in three steps [31,32,40,44]:

e  The interaction between MgO and an acid phosphate solution results in the creation
of positive colloidal solutions. In this process, the cations of the dissolved species are
surrounded by water molecules, generating positively charged aqueous sols through
hydrolysis.

e  Through an acid-base reaction and gel formation by condensation, positive aqueous
sols engage with phosphate anions, leading to the formation of hydrophosphate gel or
binder phosphate salts.

e  The gel undergoes a transformation into ceramic material as it becomes saturated, and
gel crystallizes around the unreacted metallic oxide granules. This crystalline network
forms a monolithic ceramic structure.

MPC was developed in 1940 by Prosen as ceramic materials for the molds used in lost
casting [54]. Nowadays, MPC has captured increasing attention for its applications, such
as bone substitution, stabilization, and solidification of waste and composite cement with
fibers [50,55]. MPC (and MKPC) is distinguished by several key characteristics, including
near neutral final pH, low drying shrinkage, minimal water demand, and high early-age
mechanical strength compared to other cements [49]. Additionally, different variables
directly affect the final properties of MPC, likewise the ratio between the acid and basic
components, the ratio between liquid and solid (L/S), and the reactivity of MgO [39,40,56].

MPC exhibits highly exothermic setting reactions [32,54,57]. The phosphate source
must possess adequate solubility to allow controlled setting at a moderate speed, allowing
the material to dissipate heat gradually during the setting process and thereby preventing
thermal shock. The preferred candidate is MKP (KH,POy) [39,40]. In recent years, the
scientific community has sought to reduce the production costs of MPC by using secondary
sources of magnesium and introducing mineral and industrial waste. Despite this, the
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high cost of this type of cement is still a factor to be considered when compared to con-
ventional cement, such as OPC [39,40]. Thus, for the coming years and for the sustainable
development of MPC, it would be interesting to find phosphate sources coming from
secondary sources.

Magnesium oxide can be derived from primary or secondary sources. In the case of
primary sources, it involves the calcination of pure MgO from magnesite or dolomite min-
erals to obtain dead burned magnesia (DBM) [58]. In the case of secondary sources, MgO
sources come from waste and industrial by-products rich in this compound, such as low-
grade magnesium oxide (LG-MgO), tundish deskulling waste (TUN), boron-magnesium
oxide (B-MgO), or magnesia refractory brick waste (MRB). Using by-products and waste
promotes future sustainable construction practices, advancing the principles of a circular
economy environment preservation.

2.3. Significance of MPC

Research in the field of MPC has expanded significantly in recent years. MPC could play
a substantial role in reducing the use of OPC due to the advantages. In recent years, numerous
studies have been undertaken to investigate the properties and applications of MPC.

A literature search was conducted to identify the most relevant data and advancements
in the research area of MPC within the construction and building industry. This study
allows us to analyze the characteristics of this field over the past decade. The main goal
of this literature search is to evaluate and comprehend the progress made in this field,
with a focus on its significance in the construction sector. Additionally, it aims to spotlight
the most impactful publications, identify the authors with significant contributions, and
highlight the regions that have been most active in this area. The data source used was WoS,
considering the metadata features and the publications [59]. A total of 628 publications
in significant journals and books related to MPC publications were selected from 2013
to 2024. A meticulous selection process was carried out to identify publications aligning
with the research area, while excluding those that did not meet the criteria. The unifying
factor among these documents was the presence of the term “MPC”, and the required
application was specifically centered on the construction sector. The results revealed
a clear trend of escalating publications year by year, reaching its peak volume in 2022.
Accordingly, the trend in evolution indicates a likely continuation of increasing publications
in the forthcoming years. Hence, the maximum number of publications was in 2022, with
112 publications, as shown in Figure 8.

120

Number of publications

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Publication years

Figure 8. Evolution of publications over the years.
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The trend in MPC research is fully associated with environmental regulations related
to the reduction of the environmental impacts of the cement industry. Consequently, it also
reflects the development and use of alternative cements [18].

The three most common WoS categories are “Materials Science Multidisciplinary”,
“Construction Building Technology”, and “Engineering Civil”. The top journals in the re-
search areas are related to “Materials Science”, “Engineering”, and “Construction Building
Technology”. “Materials Science” stands out as the most common research area, contribut-
ing to 69.9% of the total publications in this field. The most common publisher is Elsevier,
followed by MDPL

The top five recurrent publication journals are “Construction and Building Materials
(28.7%), “Materials” (6.1%), “Journal of Building Engineering” (5.6%), “Cement and Concrete
Research” (4.1%), and “Journal of Materials in Civil Engineering” (3.8%). Articles make up
91.9% of the total percentage, while the remaining percentage consists of review articles

”

and early-access publications.

Table 3 shows the top seven publishing countries in the selected research field, along
with the number of publications and the most cited papers. The main country in publishing
articles is China, specifically 76.8%, with 482 publications (Figure 9) which is three quarters
of the total. It shows the substantial interest in this field, particularly when compared to
other countries that are considerably distant from China. The six countries that follow
China are the USA (5.9%), England (3.7%), France (3.7%), Czech Republic (3.2%), Australia
(2.7%), and Spain (2.5%).

Table 3. Details of the seven countries with the highest impact of MPC.

Maximum Number of

Country Citations Title Authors Reference
China 198 Factors that affect the properties of magnesium Li Yue, Chen Bing [60]
phosphate cement
Influence of fly ash on compressive strength Biwan Xu, Hongyan Ma,
USA 146 and micro-characteristics of magnesium Hongyu Shao, Zongjin Li, [61]
potassium phosphate cement mortars Barbara Lothenbach
Magnesia-Based Cements: A Journey of 150 . .
England 486 Years, and Cements for the Future? Sam A. Walling, John L. Provis [51]
On the influence of Mg/P ratio on the Mathieu Le Rouzic, Thierry
France 126 properties and durability of magnesium Chaussadent, Lavinia Stefan, [62]
potassium phosphate cement pastes Mickaél Saillio
Czech Preparation of. magnesium phosphate cement Alberto Viani, Alessandro F.
. 58 by recycling the product of thermal . [63]
Republic . . Gualtieri
transformation of asbestos containing wastes.
Red mud-enhanced magnesium phosphate Lei Wang, L12}ng Chen, Binglin
. s Guo, Daniel C.W. Tsang, )
Australia 77 cement for remediation of Pb and As bi ik Ok [64]
contaminated soil Longbin Huang, Yong Sik Ok,
Viktor Mechtcherine
Ricardo del Valle-Zermefio,
Preliminary study of the mechanical and Jean Emmanuel Aubert,
Spain 45 hygrothermal properties of hemp-magnesium Aurélie Laborel-Préneron, [41]

phosphate cements

Joan Formosa, Josep Maria
Chimenos

While China leads in overall contributions to this field, considering the population
density of each country reveals that the United States has the highest number of publications.

The top four authors with the highest number of publications on MPC are Chen Bing
with 58 articles (9.2%), Li Yue with 34 articles (5.4%), Qian Jueshi with 32 articles (5.1%),
and Jian-Ming Yang with 31 articles (4.9%). Chen Bing started publishing in 2020, Li Yue in
1999, Qian Jueshi in 1999, and Jian-Ming Yang in 2009; therefore, it is observed that this field
of research is increasingly gaining more maturity and more relevance. Table 4 illustrates



Urban Sci. 2025, 9, 352

13 of 27

various indicators of the top authors, including their affiliation, number of publications,
number of citations, and the H-index. Finally, the three most recurring affiliations in the
publications are Shanghai Jiao Tong University (10.2%), Chongqing University (6.7%), and
Beijing University of Technology (4.9%).
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Figure 9. Number of publications from the most relevant countries.

Table 4. Authors with a significant impact in the MPC field.

Author Affilation N° Publications Citations H-Index
Chen Bing Shanghai Jiaotong University, Shanghai, China 235 9103 51
Li Yue Beijing University of Technology, Beijing, China 239 2403 31
Qian Jueshi Chonggqing University, Chongqing, China 227 3945 36
Jian-Ming Yang Sanjiang University, Nanjing, China 64 1077 17

Table 5 shows the three most impactful publications for each of the four most promi-
nent authors in this research area, along with their titles, citations, publication years,

and references.
The highest number of citations related to this selection occurred in 2023, reaching

3508 citations, as demostrated in Figure 10.
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Figure 10. Times cited and publications over time on MPC.



Urban Sci. 2025, 9, 352 14 of 27
Table 5. Most cited publications by the four authors with the most impact.
Author Title Citations Year Reference
Research progresses on magnesium phosphate cement: A-review. 151 2019 [65]
A comprehensive study of basalt fiber reinforced magnesium 128 2019 [66]
Chen Bing phosphate cement incorporating ultrafine fly ash.
Experimental research on magnesium phosphate cements modified 116 2020 [67]
by red mud.
Effects of fly ash and quartz sand on water-resistance and
. . 97 2016 [68]
salt-resistance of magnesium phosphate cement.
. Experimental study on mechanical properties and fracture
LiYue toughness of magnesium phosphate cement. 75 2015 [69]
The effect of slag on the properties of magnesium potassium 56 2016 [70]
phosphate cement.

Influence of fly ash and metakaolin on the microstructure and

compressive strength of magnesium potassium phosphate cement 147 2018 [71]
paste.
Qian Jueshi Effect of early hydration temperature on hydration product and 110 2015 [72]
strength development of magnesium phosphate cement (MPC).
Bond behavior and interfacial micro-characteristics of magnesium 94 2018 [73]
phosphate cement onto old concrete substrate.
Research progresses in magnesium phosphate cement-based 103 2014 [74]
materials.
Jian-Ming Yang Effect of waterglass on water stability of potassium magnesium 88 2014 [75]
phosphate cement paste.

Effect of curing regime on water resistance of 74 2017 [76]

magnesium—potassium phosphate cement.

Table 6 presents the five most cited publications, all of which are highly relevant to

the research field. The top-ranked publication is a review, while the remaining four are

research articles.

Table 6. Highly relevant publications.

Citations Tittle Authors Reference Year Country
Magnesia-Based Cements: A Journey of . .
486 150 Years, and Cements for the Future? Walling, SA, Provis, JL [51] 2016 England
198 Factors th.at affect the properties of Li Yue, Chen Bing [60] 2013 China
magnesium phosphate cement
Magnesium potassium phosphate .
173 cement paste: Degree of reaction, Hongyazr;rl:/[e.ai,nBavan Xu, [77] 2014 China
porosity and pore structure &
Effects of water content,
magnesia-to-phosphate molar ratio and .
172 age on pore structure, strength and H&ﬂg}gﬁaxaﬁzlz?lf;x& ]Luin [78] 2014 China
permeability of magnesium potassium ’ ’ &)
phosphate cement paste
151 Research progresses on magnesium M. Aminul Haque, Chen Bing [65] 2019 China

phosphate cement: A review

Finally, a keyword map was created for all the selected publications to visualize

the trends and advancements in keywords and is shown in Figure 11. It highlights the

most frequently used keywords, including “Magnesium phosphate cement”, “Magnesium
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potassium phosphate cement”, and “Microstructure”. The map showcases different circles,
each representing a keyword within the chosen research field. The connecting lines between
circles indicate the number of publications featuring each keyword. The size of each
keyword is directly proportional to its frequency of occurrence in the selected publications.
Larger keywords represent terms that appear more frequently, while smaller keywords
correspond to less frequently mentioned terms. Consequently, keywords with smaller
font sizes may be less legible, reflecting their lower prominence within the research field.
Furthermore, the color scheme represents the appearance year of the keyword. Specifically,
yellow refers to recent terms, while blue corresponds to older ones. After evaluating the
trends and the specific keywords such as porosity, durability, and 3D printing, it becomes
evident that there has been notable improvement and progress in this field in recent years.
The keywords “Microstructure”, “Compressive strength”, and “Mechanical properties” are
closely linked to material properties and characteristics, which, in turn, can be linked to the
application requirements.
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Figure 11. Keyword map of MPC.

3. Alternative Cements

The following section presents alternative materials to high-purity MgO. The materials
presented are industrial by-products and waste that have been identified in the literature
as potential alternatives for the development of MPC. The methods of obtaining and
conditioning these materials for use as a source of magnesium oxide to obtain MPC are
described. Significantly, although the conditioning processes of these secondary materials
involve an energy cost, if pure MgO is used, a thermal treatment at high temperatures
(above 1000 °C) must be carried out in order to achieve adequate reactivity and thus the
correct formation of the cementitious matrix.

3.1. Low-Grade Magnesium Oxide (LG-MgO)

Magnesite (MgCQO3) is one of the most important raw material sources for magnesia
refractory production [79]. After its calcination, two principal products are commonly
obtained, calcined magnesite and sintered magnesite. Below are the sequential steps
involved in obtaining MgQO [79]:
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Mineral extraction: Several minerals are extracted from different opencast mines rich
in MgCO3. Magnesite is the main source of magnesium, although it is also possible to
obtain it from seawater and brines such as Mg(OH),. Then, the minerals are ground.
Separation: The minerals are discharged into hoppers at the factory. To remove
impurities in the mineral, it is classified by size through a classifier/washer, obtaining
a carbonate that can be used in the process. The minerals classified are separated
employing two wet sieves, obtaining four fractions (greater than 12 mm, 4-12 mm,
1-4 mm, and 0.3-1 mm).

Enrichment of magnesium carbonate: The two smaller fractions are sent to cyclones,
where the minerals are dehydrated. This fraction cannot be enriched more, being
stored to feed the ovens or being dried and sold as carbonate. The two greater fractions
pass along conveyor belts to enrich the treatment plant for dense media that contains
water and minerals. These fractions are also used to feed the ovens.

Calcination and/or sintering of magnesium carbonate to obtain MgO: The separated
minerals are added to different rotating cylindrical kilns at temperatures between
1100 °C and 1950 °C. The finer materials are compacted because, otherwise, the
current from the furnace would drag them away. The thermal decomposition that
occurs in the kiln is shown below (Equation (4)):

Depending on the calcination temperature, MgO is produced with different reactivity,

with the following use conditions:

The caustic calcined magnesite (CCM), high reactive MgO, is treated around
1300 °C. It is used in agriculture, livestock applications, and innovative products
for the environment.

The sintered magnesite or dead burned magnesite (DBM) is treated at temperatures higher
than 1800 °C. It is essential for the steel industry in refractory materials manufacturing.

The high-temperature air current circulates in a direction opposite to the movement of the

material. The combustion gases are led to a purification system before their emission into the

atmosphere, where the flying particles are retained, initially in a system of cyclones and later in

a bag filter. The by-product, mainly composed of low-grade or low-content MgO, is collected as

cyclone dust, as shown in Figure 12, named low-grade magnesium oxide (LG-MgO). LG-MgO

is an

industrial by-product obtained from the calcination process of natural MgCOj to produce

MgO. Then, LG-MgO plays a crucial role in the production of MgO.
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Figure 12. Simplified flow diagram for producing LG-MgO at Magnesitas Navarras S.A. (Zubiri-

Navarra, Spain).
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LG-MgO has different environmental applications such as stabilization of metal-
contaminated soils, desulfurization of gases, production of hydromagnesite, and for CBPC
development as a precursor for MKPC, among others [80]. Using LG-MgO instead of pure
MgO has many benefits. Not only does it contribute to environmental sustainability by
valorizing industrial by-products, but it also presents a significant economic benefit, being
ten times more cost-effective [43,44]. Taking this into account, the production of 1 ton of
MgO from MgCOs results in approximately 1.08 tons of carbon dioxide emissions. This
translates to a higher emission level compared to the emissions from OPC [81].

3.2. Tundish Deskulling Waste

Steel production significantly increased in the last decade [82,83]. Steel is indispensable
for numerous sectors, including energy, transportation, and construction. This material is
usually produced in a basic oxygen furnace or in an electric arc furnace [83]. Refractory
materials are essential for steel manufactories. The function of refractory materials is
to form a protective lining layer in high-temperature containers. The final refractory
material depends on the main materials and its composition. Refractory materials can be
acid, neutral, or basic. Refractories based on magnesia (MgO) are basic ones and present
resistance to steelmaking slags [84]. Pure MgO is used in steelmaking industries due to
its excellent slag corrosion resistance, thermal shock resistance, and low corrosion [85].
Around 90% of the world’s steel production goes through a continuous casting process [86].
Tundish mass is an indispensable component for regulating the right amount of molten
steel. It is the last metallurgical container where the steel liquid flows from the ladle to
the continuous casting mold before solidifying. The interactions between molten steel
and tundish are fundamental for the steel industry [87]. Thus, the material and design of
the tundish are crucial in defining the composition and quality of the steel [86]. The flow
field within the tundish plays a critical role in removing any inclusion [88]. Due to the
importance of this material, many innovations have been introduced in the steelmaking
sector [89,90].

Tundish is usually recovered from a basic refractory material, known as tundish mass,
with more than 60% MgO [84]. The composition of refractory material for tundish is
essential because it must present the correct property to ensure the quality of the steel. A
fundamental property is thermal shock resistance.

The refractory material (tundish mass) used in the steel industry deteriorates over
time and becomes waste, referred to as tundish deskulling waste (TUN), which is disposed
of in landfills [36]. Consequently, there is a global issue that requires management and
prevention to avoid its disposal in landfill. Nevertheless, TUN could be considered a by-
product, given its considerable potential for further processing and value addition [91,92].
The entire scientific environment is looking for applications for this waste to reduce the
environmental footprint. In addition, waste or by-products used as raw materials avoids
the impact associated with natural mineral resource extraction. Hence, TUN can be used
as a MgO source, but it must be properly conditioned to achieve an adequate quality
with the desired particle size to be used as a component of the MPC [91]. The TUN
conditioning process, provided by Magnesitas Navarras, S.A., is based on different steps
and shown in Figure 13:

1. Collection and manual separation. Tundish deskulling waste (TUN) is collected in the
steel industry after its use. Fractions of visible undesirables are removed manually
before moving to the next phase. Once the raw material is picked up, it is transported
by truck to the conditioning plant.
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2. Screening. The material is sieved into two different size fractions, pebbles larger than
10 mm, named blocks, and all other grain sizes smaller than 10 mm known as fines.
From now on and until further notice, these two fractions will be treated separately.

3.  Grinding. Each fraction is automatically crushed and sieved into two particle sizes,
firstly 1 to 3 mm and then particles below 1 mm.

4. Magnetic separation. Magnetic separation is the final stage in the conditioning plant.
Both fractions go separately through a magnetic machine to remove part of the
remaining steel to increase the purity of the outgoing materials. After separating the
magnetic and non-magnetic parts from the fractions, the non-magnetic fractions are
gathered once again.
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Figure 13. Conditioning process of TUN.

Afterwards, the non-magnetic material is transported by truck to another plant to mix
it with the other components to obtain MPC considering the specific proportions.

Anyway, this process is specifically designed to utilize the material as a source of MgO
for the development of MPC. However, in the case of Magnesitas Navarras, this fraction is
used as feedstock for the furnace.

3.3. Boron-Containing Magnesium Oxide By-Product (B-MgO)

Lithium is emerging as a pivotal energy material, prominently employed in lithium-
ion batteries (LiBs) for electric vehicles [93]. These new vehicles have the potential to reduce
the environmental footprint associated with conventional fossil-fuel vehicles. Lithium is a
key component to the energy transition in the coming years and, for this reason, nowadays
it is one of the most critical metals.

The global Li content production in 2020 amounted to 82-103 metric tons, and it is
estimated to increase due to the new revolution in the transportation sector. Consequently,
a substantial volume of waste and by-products are and will be generated. Li is produced
from brine (LiCOj3) or from hard-rock ore (concentrate of Li,CO3 and LiOH) [94]. The
brines are the main source of Li, such as from salt lakes brines, for their cheaper production
cost and their availability [95].

Approximately 40% of the world’s Li,CO3 production in 2020 was sourced from
brine-based resources [94]. Li;CO3 production is based on different processes, shown
in Figure 14 [95]. Specifically, the process starts with Li-containing brines, followed by
Li-containing MgCl,, and continuing with Li-containing MgO, to obtain the dilute LiCl
solution that will later be used to obtain LiCl concentrate to get Li;COs3 [96].
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Figure 14. Production of Li,CO3 [97,98].

One of the by-products of the production of LiCOj3 from salt lakes is boron-containing
MgO, known as a B-MgO [58]. B-MgO needs to undergo calcination within a temper-
ature range between 800 °C and 1400 °C to achieve the desired surface area, ensuring
the appropriate reactivity for its use as a raw material [99,100]. Notably, the calcination
conditions are totally linked to the properties of the MgO source. The main components
of B-MgO by-product are MgO and trimagnesium diborate (Mg3B,Og) [96]. Ideally, the
optimal approach would involve removing impurities from the by-product. Despite this,
the high cost associated with the purification process prevents the separation of boron and
magnesium [101].

In the coming years, this technology is expected to mature and become increasingly
significant. Consequently, it is crucial to explore alternative approaches for developing new
applications to employ the waste and by-products generated.

3.4. Magnesia Refractory Brick Waste (MRBW)

Magnesia refractory brick (MRB) is used in the metallurgy sector, due to its service
conditions such as high fire resistance, high-temperature strength, and high absorption of
thermomechanical stresses [102]. As a key component, its demand is expected to increase.
It is applied to furnace equipment in high-temperature environments. After their useful
life, the refractory materials must be replaced by others to guarantee operating conditions.
It is at this point that magnesia refractory brick waste (MRBW) is produced.

MRBW is formed by different refractory materials based on MgO, MgO-C, MgO-Al,O3,
MgO-CaO, MgO-5i0;, or MgO-Cry0O3 [103,104]. The specific properties of the refractories
may be tuned depending on their composition. Several studies demonstrate the high
quality of MgO content in the composition of MRB. Then, it is an alternative and promising
source of MgO to develop MPC [104-106].

Nevertheless, a conditioning process is essential to obtain an adequate granulometry,
as shown in Figure 15. This process relies on crushing, sorting, and grinding procedures.
Waste valorization is beneficial for avoiding landfilling treatment and reducing the envi-
ronmental impact associated with the extraction of natural resources.
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Figure 15. Process diagram of the conditioning process of MRBW.

3.5. Challenges and Future Considerations

Despite the numerous advantages of MPC developed with alternative sources, its

implementation on a large industrial scale still faces certain challenges. Addressing these

obstacles is essential to unlocking the potential of alternative materials for use in sustain-

able construction. Some of the most pressing challenges and future considerations to be

addressed include:
1.

Local resource availability: Ensuring the availability and quality of local raw materials
is essential to standardize the production of MPC. Given the widespread availability
of alternative sources across many regions, MPC offers several advantages, making
it easier to adopt globally by utilizing locally sourced materials. However, the vari-
ability of resources can affect homogeneity and consequently the performance of the
final product. Then, it is essential to develop strategies for sourcing and material
characterization to ensure the viability and reliability of MPC formulations.
Alternative phosphate sources: The use of alternative phosphate sources is vital for
enhancing sustainability and reducing costs. Identifying and optimizing secondary or
recycled phosphate materials could mitigate dependence on primary resources while
lowering the environmental footprint.

Pilot testing for properties and durability: Rigorous pilot-scale testing of MPC formu-
lations is required to evaluate their mechanical properties, durability, and long-term
performance under real-world conditions. These studies are essential for building
confidence in MPC suitability for diverse applications.

Adoption barriers: Overcoming adoption barriers in the construction industry is a
key challenge. This includes addressing cost considerations, adapting production
techniques, meeting regulatory standards, and increasing awareness of MPC’s envi-
ronmental and performance benefits among stakeholders.

By addressing these challenges, MPC technology can advance toward becoming a

widely adopted solution in sustainable construction practices. This progress would not

only significantly reduce the environmental footprint of the construction industry but

also promote the principles of a circular economy by integrating waste and by-product

valorization and resource efficiency.

Table 7 provides an indicative comparison of chemical compositions and typical

ranges of CO, emissions, illustrating the relative advantages of waste-derived MgO for
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MPC production. Values are approximate due to variability in raw materials, processing

conditions, and system boundaries.

Table 7. Comparative overview of the approximate chemical compositions and typical ranges of CO,
emissions for different cement types and alternative raw materials.

Typical CO, Emissions

Cement/Material Main Chemical Components (Range) (kg CO,/ton Cement) References
CaO (~60-65%)
. SiO; (~20%)
Ordinary Portland Cement (OPC) AL Oj (~5-8%) 800-950 [107,108]
Fe203 (~2—5°/o)
CaO-rich phases
. Variable SiO,
Calcium-Based Cements (CBCs) Variable Al,Os 700-900 [108,109]
Variable Fe; O3
Calcium-Phosphate Cements (CBPCs) CaO + phosphate phases (e.g., Caz(POy),) 500-700 [108,109]
Magnesium Phosphate Cements (MPCs) MgO (from various sources), NHyH,POy, 200-400 [51,108]
phosphate phases
Boron-Containing MgO (B-MgO) MgO with B,Oj3 traces 150-350 [108,110]
Magnesia Refractory Brick Waste (MRBW) High MgO (>70%) 100-250 [108,110]

Minor Fe;O3, Al,O3

4. Conclusions

This review has explored strategies to reduce the environmental footprint of the cement

industry, with a particular focus on magnesium phosphate cement (MPC) as a sustainable
alternative to ordinary Portland cement (OPC). The findings suggest that MPC could play
a critical role in advancing low-carbon, resource-efficient solutions for the construction

sector. Within the context of urban development, the following conclusions can be drawn:

MPCs represent a promising alternative binder to OPC, offering rapid setting, high
early strength, and durability, making them particularly suitable for diverse urban
infrastructure applications, including repair, prefabrication, and emergency construction.
The use of industrial by-products and waste materials as alternative sources of MgO in
MPC formulations contributes to more circular, locally adapted urban material flows,
aligning with sustainable urban resource management and waste valorization strategies.
Adoption of MPC-based systems can support cities’ efforts to reduce greenhouse gas
emissions and mitigate climate change impacts through lower embodied carbon in
construction materials.

Advancing fully sustainable alternative MPC systems will require continued research
and innovation of secondary phosphate sources, particularly in identifying and vali-
dating new and sustainable phosphate sources, which could be integrated into urban
and regional waste recovery systems, promoting local circular economy models.
Ensuring consistent technical performance while managing the variability of waste-
based materials is essential, particularly in densely populated urban environments
where structural reliability and regulatory compliance are critical.

A multidisciplinary approach—combining materials science, urban planning, envi-
ronmental policy, and industrial ecology—is vital to fully evaluate and implement
alternative cementitious systems within urban settings.

Future studies should not only assess technical and environmental aspects but also explore
how these materials contribute to broader urban sustainability goals, including resilience,
resource efficiency, and the reduction of construction-related emissions in cities.



Urban Sci. 2025, 9, 352

22 of 27

Author Contributions: Conceptualization, J.G.-P. and ].E; data curation, A.A.-R. and S.H.-H.; formal
analysis, A.A.-R.; funding acquisition, J.G.-P. and ].F.; investigation, A.A.-R. and S.H.-H.; methodology,
J.G.-P. and ].F,; resources, S.H.-H.; supervision, ].G.-P. and ].F; visualization, A.A.-R., SH.-H., ].G.-P,,
and J.F; writing—original draft, A.A.-R.; writing—review and editing, S.H.-H., ].G.-P.,, and J.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the Spanish Government with Grant PID2021-1258100BC21,
funded by MCIN/AEI/10.13039/501100011033, by “ERDF A way of making Europe”, Grant
CNS2022-135800, funded by MICIU/AEI/10.13039 /501100011033, and by the “European Union
NextGenerationEU/PRTR”. The authors would like to thank the Catalan Government for the quality
accreditation and funding given to their research group DIOPMA (2021 SGR 00708). DIOPMA is a
certified agent TECNIO in the category of technology developers from the Government of Catalonia.
Furthermore, the Agéncia de Gesti6é d”Ajuts Universitaris i de Recerca (AGAUR) contributed through
A. Alfocea-Roig’s PhD grant (FI-DGR 2021). This work is also partially supported by Magnesitas
Navarras, S.A. (FBG312160).

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed at the corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or

personal relationships that could have appeared to influence the work reported in this paper.

Abbreviations

The following abbreviations are used in this manuscript:

MPC Magnesium phosphate cement
MgO Magnesium oxide

LG-MgO Low-grade MgO

TUN Tundish deskulling waste
B-MgO Boron-magnesium oxide

MRB Magnesia refractory brick waste
GHG Greenhouse gase

OoPrPC Ordinary Portland cement

WoS Web of Science

LC3 Limestone-calcined clay cement
AAC Alkali-activated cement

MSW Municipal solid waste

BFS Blast furnace slag

FA Fly ash

CAC Calcium aluminate cement
CSAC Calcium sulfoaluminate cement
BC Belite cement

CBC Chemically bonded ceramic
CBPC Chemically bonded phosphate cement
ABC Acid-base cement

MKP, KH,POs  Monopotassium phosphate
MKPC Magnesium potassium phosphate cement
K-struvite MgKPO4-6H,O

DBM Dead burned magnesia

MgCOs3 Magnesite

CcCM Caustic calcined magnesite
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