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Abstract: The construction of lunar bases represents a fundamental challenge for deep space explo-
ration, lunar research, and the exploitation of lunar resources. In-situ resource utilization (ISRU)
technology constitutes a pivotal tool for constructing lunar bases. Using lunar regolith to create
geopolymers as construction materials offers multiple advantages as an ISRU technique. This pa-
per discusses the principle of geopolymer for lunar regolith, focusing on the reaction principle of
geopolymer. It also analyzes the applicability of geopolymer under the effects of the lunar surface
environment and the differences between the highland and mare lunar regolith. This paper sum-
marizes the characteristics of existing lunar regolith simulants and the research on the mechanical
properties of lunar regolith geopolymers using lunar regolith simulants. Highland lunar regolith
samples contain approximately 36% amorphous substances, the content of silicon is approximately
28%, and the ratios of Si/Al and Si/Ca are approximately 1.5 and 2.6, respectively. They are more
suitable as precursor materials for geopolymers than mare samples. The compressive strength of
lunar regolith geopolymer is mainly in the range of 18~30 MPa. Sodium silicate is the most commonly
utilized activator for lunar regolith geopolymers; alkalinity in the range of 7% to 10% and modulus
in the range of 0.8 to 2.0 are suitable. A vacuum environment and multiple temperature cycles reduce
the mechanical properties of geopolymers by 8% to 70%. Future research should be concentrated on
the precision control of the lunar regolith’s chemical properties and the alkali activation efficacy of
geopolymers in the lunar environment.

Keywords: lunar regolith simulants; geopolymer; ISRU; mechanical property

1. Introduction

With the development of space technology in the 20th century, human understanding
of the lunar environment has been constantly deepening [1]. Based on the remote sensing
information obtained from the Apollo, Luna, and Chang’E lunar exploration mission
series and the study of in-situ lunar regolith sampled from the lunar surface, it has been
realized that the lunar environment contains rich resources. The course and goal of the
lunar exploration project are shown in Figure 1 [2–4]. As space exploration expands in
depth and breadth, the traditional space transportation methods originating from Earth
will gradually show their limitations. In-situ resource utilization (ISRU) has become
an essential technological tool that primarily includes extracting, transforming, storing,
and utilizing material resources under specific lunar surface environment conditions,
which runs through space activities and occupies an essential position in deep space
exploration [5,6]. As the first station for deep space exploration, lunar bases are essential
to exploiting lunar resources and conducting scientific research [6]. The challenges and
difficulties of lunar base construction are the resistance to unfavorable environments, the
exploitation and utilization of resources, and the highly automated requirements of the
construction method [7]. Various materials have been developed for the in-situ construction
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of lunar bases, including sintering [8], fusion [9], bonding [10], and bio-polymerization [11].
Sintering and melting require significant energy input, and the molded specimens’ quality
is not readily controllable. Cement, sulfur, and other binders cannot be produced on the
lunar surface and must be obtained by rocket delivery. The alkali-activated lunar regolith
geopolymer process addresses these shortcomings and has emerged as a technologically
preferred option for ISRU [12,13].
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Figure 1. Overview of the international lunar explorations.

Alkali-activated geopolymers are inorganic polymer materials formed by depolymer-
ization and subsequent polymerization of silico-aluminate in an alkaline environment [14].
After being proposed in 1989, it has emerged as a prominent research topic in building
materials because of its significant advantages of high strength, durability, and environ-
mental friendliness [15–17]. The lunar regolith is widely distributed on the lunar surface
and is a primary material source for in-situ construction in the lunar environment. To
date, lunar sampling missions have retrieved hundreds of kilograms of lunar regolith
from various regions and terrains of the lunar surface. Chemical analysis of these in-situ
samples indicated that the lunar regolith is composed mainly of aluminosilicate materials,
predominantly silicon, aluminum, and calcium, comprising over 80% of the material. Phase
analysis indicates that between 10% and 36% of the aluminosilicate minerals in the lunar
regolith are amorphous. These findings suggest that the lunar regolith shares properties
similar to those of common geopolymer precursors [18–20]. Consequently, researchers
have proposed using the alkali-activation process to produce lunar regolith geopolymer
as a construction material [13,21]. The geopolymer reaction does not consume excessive
water resources, as water can be extracted and recycled after the reaction [22]. As a result,
this technology has an exceptionally high degree of in-situ resource utilization and low
energy consumption [7].

Many factors influence the reaction products of alkali-activated geopolymers, includ-
ing the type of precursor material, the specific alkaline activator used, its alkalinity, the
reaction temperature, etc. Each of these elements significantly impacts the mechanical
properties of the geopolymer [23–25]. Existing studies on alkali-activated geopolymers
for lunar in-situ construction have utilized lunar regolith simulants. Variations in the
production processes of these simulants have led to differences in their chemical proper-
ties, affecting the mechanical performance of the alkali-activated geopolymer made from
lunar regolith simulants [21,26,27]. However, the existing studies lack uniform control
parameters and processing procedures for lunar regolith simulants, resulting in disparate
mechanical properties of geopolymers using lunar regolith simulants, which may impede
the ability to accurately determine material parameters for the structural design of lunar
bases. Additionally, more studies are needed on the effects of the lunar surface environ-
ment on geopolymers. This paper, therefore, aims to summarize and discuss the effect of
the lunar surface environment on geopolymer concrete materials from the perspective of
chemical reaction mechanisms. In order to standardize the processing flow of lunar regolith
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simulants, the differences in lunar regolith from different terrains were analyzed through
a series of test data on the chemical and mineral composition of actual lunar regolith,
and the key parameters affecting the chemical properties of lunar regolith were summa-
rized. Subsequently, an approximate range of mechanical properties was obtained by
synthesizing the research on the mechanical properties of alkaline-activated lunar regolith
simulant geopolymers.

2. Geopolymer Materials

Typical precursor materials for geopolymers on Earth encompass silico-aluminate
materials, including fly ash (FA), metakaolin (MK), ground granulated blast furnace slag
(GGBS), silica fume (SF), and volcanic ash (VA) [12,28,29]. Activators commonly used are
substances that confer alkalinity to the cementitious system, such as sodium hydroxide
(NaOH), potassium hydroxide (KOH), and sodium silicate (Na2SiO3) [12,25]. The geopoly-
mer concrete is formed by solidification after mixing alkaline activators with precursor
materials, and it can be divided into four scales from microscopic to macroscopic, which
are disordered gel particles, gel matrix, slurry, and mortar/concrete. The gel matrix, mainly
composed of hydrated calcium silicate (C-S-H), hydrated sodium silica-aluminate (N-A-
S-H), and hydrated calcium silica-aluminate (C-A-S-H), plays a critical role in particle
bonding, as illustrated in Figure 2.
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2.1. Reaction Mechanism of Geopolymer

In the geopolymer precursors, the amorphous substances are the reactants involved
in the alkali activation process. X-ray diffraction (XRD) experiments have shown that
crystalline minerals have a long program with a tightly ordered atomic arrangement
in equilibrium, and amorphous substances have a short program without long-range
orders [31]. From a thermodynamic perspective, unlike crystalline minerals with a tightly
ordered atomic structure, they maintain a metastable state and are in equilibrium [32].
For alkaline activation reactions, crystalline mineral forms of silico-aluminate minerals
generally exhibit higher bond energies, whereas amorphous silico-aluminates feature
weaker chemical bonds due to their internal structural disorder [33]. The reduced bond
energy renders amorphous substances more reactive, making them more prone to reactions
in an alkaline environment.

According to the chemical composition of geological polymer precursor materials,
they are divided into three systems:

Low calcium system: Materials like VA and FA belong to this category. These materials
contain less than 30% calcium and are dominated by silicon and aluminum. Due to
the minimal presence of free calcium, the reaction products are mainly N-A-S-H, with a
Young’s modulus of about 17 GPa [34,35]. Figure 3 shows the growth model for alkaline
silica-aluminate gels proposed by Krivenko [30]. In this model, the N-A-S-H gel, an
intermediate product, forms by substituting sodium ions and aluminum groups for silica
tetrahedra. Initially, the ratio of Si/Al is close to 1 but approaches 2 in the later stages
of the reaction. This shift occurs because Al-O bonds are more susceptible to breaking
than Si-O bonds [36,37]. Duxson et al. [38] refined the model by confirming water’s
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distinct roles in the geopolymer reaction process compared to traditional cement materials.
Water does not form the structure in the dehydration–condensation reaction process of
geopolymers. Instead, water acts as a carrier in the alkaline-activation reaction. A two-
phase structure of bound and free water is presented in the pores of the gels while the
reaction is completed [39,40]. Most water can be extracted and recycled [22].
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High calcium system: As GGBS, high-calcium FA, and other raw materials contain
more than 30% calcium, the reaction rate is higher due to the higher calcium content in the
system [25,41]. Calcium can sufficiently replace the sodium in the N-A-S-H, and the final
product is primarily C-A-S-H. In C-A-S-H, calcium plays the cross-linking role, enhances the
Si-O and Al-O skeleton bonding, and provides higher mechanical and durability properties
than N-A-S-H. The Young’s modulus of C-A-S-H ranges from 13 to 48 GPa. When the Al/Si
ratio in the system is around 0.4, the mechanical performance is superior. However, the
shrinkage is significant and prone to dry cracking [42].

Mixture system: The low-calcium system has the disadvantages of a slow reaction rate
and low mechanical properties. The high-calcium system has high mechanical properties
and poor durability caused by high shrinkage cracking [43]. Therefore, a certain proportion
of the mixture using GGBS, FA, and MK materials as precursor materials for geopolymer
can compensate for the shortcomings of the above two systems; the reaction products
contain N-A-S-H, C-S-H, C-A-S-H, and a small amount of mullite and hydrotalcite [44–46].

2.2. Factors Influencing Mechanical Properties

Alkali-activated geopolymers were evaluated primarily based on their mechanical
properties when used as construction materials. Many factors, such as the types of geopoly-
mer raw materials and alkaline activators, significantly affect the mechanical properties of
geopolymer concrete.

2.2.1. Content of Amorphous Substances

Typically, the content of amorphous material in FA is between 30% and 60%, while
GGBS contains more than 85% amorphous content [47–49]. In the XRD pattern, FA exhibits
many sharp peaks, whereas GGBS exhibits a broad peak between 15◦ and 35◦ (2θ), with
only a few weak sharp peaks. In comparable conditions, the compressive strength of FA
geopolymer is typically 40% to 70% of that of GGBS geopolymer [29,50]. Mao et al. [51]
demonstrated this by alkali-activating fine basalt powder containing only 4% amorphous
content. The physical phase was transformed upon rapid cooling following calcination in a
muffle furnace. A portion of the crystalline phase is transformed into amorphous, readily
reactive substances. As shown in Figure 4a, the XRD pattern of untreated basalt exhibited
many sharp peaks with maximal intensity, and the 7-day compressive strength was only
3.37 MPa when activated by Na2SiO3 solution. After melting treatment, the XRD pattern
exhibited enhanced broad peaks between 25◦ and 35◦. The 7-day compressive strength of
the alkali-activated geopolymer reached 12.1 MPa. Figure 4b shows that the microstructure
of alkali-activated basalt is a loose and porous arrangement with evident intergranular
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gaps. In contrast, the geopolymer microstructure of the alkali-activated melt-treated basalt
exhibits a dense configuration, suggesting the generation of sufficient silico-aluminate gels
to fulfill a bonding role.
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2.2.2. Chemical Composition

Due to the fixed chemical composition of single-component geopolymer precursors,
especially the calcium content, controlling material properties can be challenging. For
example, when GGBS is used as a precursor, its high calcium content (30% to 60%) leads
to rapid reactions with alkaline activators, resulting in excessively short cure times and
reduced workability [52]. Although such materials can achieve more than 75% of their
final strength at 14 d, they are prone to significant shrinkage or cracking over time [47].
Conversely, using only FA, which belongs to a low calcium system, results in a slower
rate of alkaline activation, leading to inadequate setting and curing or poor mechanical
properties. FA geopolymer can only develop 30% to 60% of its mechanical properties at
14 d [48]. Consequently, most existing geopolymer precursor materials employ composite
components in appropriate proportions, which regulate the reaction rate and products to
achieve the desired effect on mechanical properties and durability [41,53]. The existing
studies of alkali-activated geopolymers are shown in Table 1.

Further research has shown that adding an appropriate quantity of solid particles
with a certain degree of inertia to the reaction system provides nucleation points for gel
precipitation, which is conducive to the cross-linking of the gel and improves the anti-
chlorine ion penetration properties of geopolymers [54,55]. These materials are typically
blended with GGBS, and their dosage must be carefully controlled to avoid adverse effects
on mechanical properties. Lou et al. [56] found that with the substitution rate increasing to
10%, the average compressive strength of 28 d was decreased by 9.6%, and the chloride
diffusion coefficient was reduced by 46.5%. In addition, Huang et al. [54] used 20% quartz
powder instead of GGBS to increase the mechanical strength of the geopolymer by 12%.
Moreover, the particle size and specific surface area of the precursor materials also influence
the extent of the reaction. Materials with a larger specific surface area have a greater contact
area with the activator in the system, forming more gel and providing higher mechanical
properties [57]. The mechanical properties of FA with a median particle size of 7.87 µm are
90% higher than those of geopolymer with a median particle size of 38.5 µm [58].
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Table 1. Three systems of alkali-activated geopolymer.

System Precursors Activator n(SiO2/Na2O) Na2O% Compressive Strength
(MPa) Ref.

High
calcium

GGBS Na2SiO3 2.6 15% 44.9~78.4
[53]GGBS Na2SiO3 2.6 12% 41.0~75.4

GGBS Na2SiO3 1.5~2.4 14% 47.3~76.2 [29]

Low
calcium

FA Na2SiO3 1.2 8% 27.4~41.7 [28]
FA Na2SiO3 0.5~1.0 4% 19.6~42.3

[59]FA Na2SiO3 1.0 8% 23.0~64.0
FA Na2SiO3 0.6~1.5 7% 24.9~43.6 [48]
FA Na2SiO3 2.0 9% 24.3~32.0

[60]
FA KOH+

Na2SiO3
2.2 9% 22.0~26.0

Mixed

GGBS+
FA Na2SiO3 0.5~2.3 12% 30.0~56.0 [61]

VA Na2SiO3 1.5 14% 33.2 [62]
VA NaOH 2.5 6% 22.0 [50]

2.2.3. Activators

The type and dosage of activator are critical factors in the performance of geopolymer
concrete. Alkalinity is measured as the mass fraction of Na2O in the cementitious material.
Higher alkalinity promotes the dissolution of cementitious materials, increasing the number
of silico-aluminate groups involved in the reaction and producing more gel products that
contribute to mechanical properties. However, when the alkalinity exceeds a certain
threshold, the mechanical properties of the geopolymer begin to deteriorate. The most
commonly used alkalinity ranges from 4% to 12% [63].

Na2SiO3 provides alkalinity and introduces additional SiO2, which affects the ratio of
Si/Al in the system due to the modulus (n(SiO2/Na2O)) in Na2SiO3. Taghvayi et al. [64]
explored the effect of different doping amounts of Na2SiO3 on mechanical properties
when used as an activator. As shown in Figure 5, the temporal compressive strength
at two ages, 7 d and 90 d, exhibited disparate patterns. During the curing period of
up to 7 d, the compressive strength increased with alkalinity and modulus. When the
modulus exceeded 0.85, the impact of elevating the alkalinity on the compressive strength
became less pronounced. Furthermore, when the modulus reached 1.05, the strength of
the geopolymer was no longer elevated following the elevation of the alkalinity to 5.5%.
Upon curing the geopolymer specimens for 90 days, it became evident that increasing
the alkalinity and modulus had a more pronounced effect on the mechanical properties.
However, when the modulus exceeded 0.85 and the alkalinity exceeded 5.5%, further
increments in the alkalinity resulted in a decline in compressive strength. Consequently,
during the geopolymer reaction process, the alkalinity and modulus in the system exert
a mutual influence, and an optimal modulus and alkalinity exist to obtain the highest
mechanical properties [64,65].

In conclusion, incorporating higher amorphous content will form more silica-aluminum
groups, which serve as reaction materials. Among these, the reactivity of the calcium ele-
ment is the most pronounced, exhibiting the capacity to effectively enhance the reaction
rate and degree of reaction while simultaneously improving the mechanical properties
of geopolymers. Using sodium silicate as an activator facilitates the geopolymer reaction
by regulating the elemental percentage within the reaction system. The optimal range for
alkalinity and modulus control is associated with the highest mechanical properties.



Polymers 2024, 16, 1582 7 of 24
Polymers 2024, 16, x FOR PEER REVIEW 7 of 26 
 

 

  
(a) (b) 

Figure 5. Compressive strength of the GGBS geopolymer based on modulus and alkalinity [64]: (a) 
7 days; (b) 90 days. 

In conclusion, incorporating higher amorphous content will form more silica-
aluminum groups, which serve as reaction materials. Among these, the reactivity of the 
calcium element is the most pronounced, exhibiting the capacity to effectively enhance the 
reaction rate and degree of reaction while simultaneously improving the mechanical 
properties of geopolymers. Using sodium silicate as an activator facilitates the 
geopolymer reaction by regulating the elemental percentage within the reaction system. 
The optimal range for alkalinity and modulus control is associated with the highest 
mechanical properties. 

2.3. Applicability of Geopolymers in the Lunar Environment 
The lunar environment exhibits notable differences from that of the Earth. It is 

characterized by extreme temperature variations, vacuum conditions, cosmic radiation, 
moonquakes, and low gravity, which can affect the reaction process, rheological 
properties in the freshly mixed state, and hardened mechanical properties. Furthermore, 
the high levels of cosmic radiation and moonquake disturbances present significant 
challenges for geopolymer materials’ radiation and impact resistance. Consequently, it is 
paramount to assess the suitability of geopolymers as construction materials in the lunar 
environment. 

2.3.1. Temperature 
Temperature significantly impacts the reaction process of geopolymers, with the 

early curing temperature directly influencing the final mechanical properties. The most 
substantial improvement in the mechanical properties of geopolymers occurs when the 
curing temperature is between 40 °C and 85 °C [28,66]. When the curing temperature is 60 
°C, the mechanical properties are enhanced to 32% relative to those at 25 °C. However, 
when the temperature exceeds this threshold, the enhancement rate of the mechanical 
properties begins to decline [28]. In environments up to 500 °C, the residual strength of 
geopolymer remains above 85% of that with 25 °C as the environmental temperature [67–
69]. When the temperature exceeds 500 °C, the stiffness of the geopolymer begins to 
decrease, and sintering gradually occurs [70]. Additionally, it can withstand low 
temperatures and has a specific resistance to the impact of temperature change. Xiong et 
al. [21] placed the geopolymer in 0 °C and −30 °C curing for 7 d, respectively. The 
compressive strength of the specimen remained above 50 MPa, and the residual strength 
was 90% after undergoing the action of temperature cycling 40 times in the temperature 
range of −196 °C to 25 °C. Zhang et al. [26] found that the flexural strength of geopolymer 

Figure 5. Compressive strength of the GGBS geopolymer based on modulus and alkalinity [64]:
(a) 7 days; (b) 90 days.

2.3. Applicability of Geopolymers in the Lunar Environment

The lunar environment exhibits notable differences from that of the Earth. It is charac-
terized by extreme temperature variations, vacuum conditions, cosmic radiation, moon-
quakes, and low gravity, which can affect the reaction process, rheological properties in the
freshly mixed state, and hardened mechanical properties. Furthermore, the high levels of
cosmic radiation and moonquake disturbances present significant challenges for geopoly-
mer materials’ radiation and impact resistance. Consequently, it is paramount to assess the
suitability of geopolymers as construction materials in the lunar environment.

2.3.1. Temperature

Temperature significantly impacts the reaction process of geopolymers, with the
early curing temperature directly influencing the final mechanical properties. The most
substantial improvement in the mechanical properties of geopolymers occurs when the
curing temperature is between 40 ◦C and 85 ◦C [28,66]. When the curing temperature is
60 ◦C, the mechanical properties are enhanced to 32% relative to those at 25 ◦C. However,
when the temperature exceeds this threshold, the enhancement rate of the mechanical
properties begins to decline [28]. In environments up to 500 ◦C, the residual strength of
geopolymer remains above 85% of that with 25 ◦C as the environmental temperature [67–69].
When the temperature exceeds 500 ◦C, the stiffness of the geopolymer begins to decrease,
and sintering gradually occurs [70]. Additionally, it can withstand low temperatures and
has a specific resistance to the impact of temperature change. Xiong et al. [21] placed the
geopolymer in 0 ◦C and −30 ◦C curing for 7 d, respectively. The compressive strength of
the specimen remained above 50 MPa, and the residual strength was 90% after undergoing
the action of temperature cycling 40 times in the temperature range of −196 ◦C to 25 ◦C.
Zhang et al. [26] found that the flexural strength of geopolymer decreased by 49% to 70%
and the compressive strength decreased by 15% to 18% when subjected to mid-latitude
temperature cycling on one lunar day.

Table 2 summarizes the temperature conditions observed on the lunar surface, ranging
from −233 ◦C to 140 ◦C. The temperature difference between lunar daylight and sunset is
significant, and the lunar day and night cycle is long, with one lunar day equaling 28 earth
days [3]. Previous studies indicate that geopolymers can adapt to the extreme temperatures
of the lunar surface. It is also important to note that the geopolymer reaction requires liquid
water as a carrier. When the temperature is below 0 ◦C, it is impossible to guarantee that
the activator will be liquid. Therefore, it is advisable to consider performing the work when
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the temperature exceeds 0 ◦C or artificially heat the area to maintain the proper tempera-
ture. A temperature cycle with a large amplitude can weaken their performance signifi-
cantly. Therefore, environmental temperatures should be considered when selecting lunar
base sites.

Table 2. Temperature variations in different lunar regions (◦C).

Polar Shadow Crater Remaining Polar Regions Equator Mid-Latitudes

Average temperature −233 −53 −19 −53~−19
Range — 10 140 110

2.3.2. Moonquake

The moonquake monitors deployed by Apollo have monitored approximately
500 seismic activities occurring on the lunar surface each year. The interval between
each occurrence is approximately 0.7 earth days, with 81% of these events classified as
deep-source seismic, with a relatively small magnitude equivalent to a Richter earthquake
of 2~3 [71,72]. Therefore, the moonquake does not directly damage the building structures
in a low-gravity environment but negatively impacts the structural performance during
construction. The seismic frequency is typically concentrated between 0.3 and 12 Hz, with
a duration of approximately 30 to 120 min [73]. Many factors influence the setting process
of geopolymer, including the type of precursor material, the environmental conditions,
the alkali activators, the temperatures, etc. The solidification time of FA geopolymer was
found to be 2.6 h at the initial stage and 21 h at the final stage. However, when the precur-
sor material was added to 35% GGBS, the initial and final setting times were adjusted to
40 min and 80 min, respectively. Furthermore, the initial and final setting times are shorter
when the maintenance temperature increases to 60 ◦C [74]. By adjusting the ratio of Si/Al
in the precursor material to a value below 1.1, the final setting time of the address polymer
could be controlled within 400 min [75]. This process allows the completion of setting to
occur during the moonquake interval, which is beneficial for resisting the seismic shock.

Freshly mixed geopolymer belongs to the Bingham fluid category. It has been demon-
strated that vibration significantly affects the rheological properties of the fluid [76]. The
vibration frequency and duration are sensitive technical parameters. By subjecting the
fresh mortar to vibrations at approximately 25 Hz, the geopolymer and aggregate undergo
relative motion, resulting in a slump decrease of 4.7% to 7.7% and an increase of 25% to 33%
in 2 h slump loss over time [77–79]. The utilization of lunar geopolymer concrete as a raw
material and the construction thereof via the 3D printing concrete process represent the
prevailing direction of ISRU [80]. The perturbation caused by the moonquake will specifi-
cally affect the geopolymer in its fresh state, thereby affecting the construction and building
processes; it must be considered in material design and structural analysis. However, at
the present stage, more concrete material performance tests and analyses are lacking for
the impact of moonquakes. Furthermore, the influence mechanism must be clarified, as
it restricts the development of in-situ additive manufacturing of lunar regolith concrete
technology and the implementation of intelligent construction of lunar base programs.

2.3.3. Vacuum

The lunar surface’s atmosphere is thin and creates a vacuum environment [81]. The
compressive strength of the geopolymer exhibited a reduction of 8% to 15% following con-
ditioning in a vacuum environment. This phenomenon can be attributed to the vacuum’s
capacity to accelerate the volatilization of water within the system, thereby increasing
the porosity of the geopolymer after molding [22,82]. Curing geopolymers in a vacuum
environment at 25 ◦C has a detrimental effect on their mechanical properties after 28 days.
The residual strength rate is approximately 60% and is elevated to 80% when the curing
process occurs at 80 ◦C or above. This phenomenon, known as the early high-temperature
effect, accelerates the polymerization reaction, allowing the geopolymer to react sufficiently
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before the moisture is lost, which reduces the number of pores [83]. However, the existing
environments are simulated by vacuum curing chambers with a vacuum level of about
2 × 10−6 Pa. The lunar surface vacuum level varies between 10−11 Pa and 10−14 Pa, and
the effect of higher vacuum levels on the mechanical properties of geopolymers has not yet
been investigated [84].

2.3.4. Radiation

The lunar surface has intense cosmic radiation, with an annual dosage of approxi-
mately 300 mSv. The maximum permissible radiation dosage for workers in the radiation
area is 50 mSv per year. Furthermore, cosmic radiation can affect instruments’ precision [85].
Therefore, the lunar base must provide sufficient shielding against radiation to guaran-
tee the normal conduct of scientific research and the health of researchers. Concrete is
a commonly used radiation-shielding material for nuclear projects. Its higher density
provides a high level of radiation isolation, and a high density of lead is usually mixed as
aggregates [86,87]. Studies have shown that geopolymers with FA and GGBS as precursor
materials possess good radiation resistance, and the specimen’s density shows a linear
trend with the radiation attenuation coefficient, as shown in Figure 6. The growth rate of
the radiation attenuation coefficient with increasing density is 0.043. A linear attenuation
coefficient of 0.12 can be achieved for a 2.1 g/cm3 material density. As the radiation inten-
sity increases from 1173.24 keV to 1332.50 keV, the growth rate of the radiation attenuation
coefficient with increasing material density increases to 0.08 [24].
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The density of the lunar regolith samples ranges from 1.2 to 3.2 g/cm3. The formation
of geopolymers in the lunar regolith after alkali activation results in higher densities [2,88].
Consequently, the Fuller grading curve is optimized based on the continuous grading
theory to achieve the maximum mixed material density [89]. This approach can maximize
radiation shielding performance. A significant quantity of lunar regolith can be utilized
to cover the surface of a building; thereby, radiation levels are reduced by more than 50%
when the thickness of the cover exceeds 1 m [90]. Consequently, alkali-activated lunar
regolith polymers can serve as protective building materials against radiation.

Table 3 summarizes the characteristics of each environmental factor and the challenges
faced when geopolymers are applied to the lunar surface environment.
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Table 3. Challenges posed by the lunar surface environment.

Factors Features Challenges

Temperature Range: −230~140 ◦C
Low temperatures impede the chemical reaction.

Temperature-induced cyclic shock has a detrimental
effect on the mechanical properties of geopolymers.

Moonquake

Frequency: 500 occurrences per year,
equivalent to an earthquake of magnitude 2 on

the Richter scale
Duration: 30~120 min

Frequent seismic activities affect the rheological
properties of the fresh-state geopolymers and the

required setting time.

Vacuum Vacuum level: 10−11~10−14 Pa
A vacuum can prematurely evaporate the water in the
reaction system, increasing the geopolymer’s internal

porosity and weakening its mechanical properties.

Radiation Radiation dose: 300 mSv per year
Geopolymers need to be as dense as possible, and

sufficient weathering should be applied to cover the
building surface so that it absorbs the radiation.

In conclusion, silico-aluminate mineral precursor materials with suitable chemical
element composition ratios and high amorphous content can be alkaline-activated to pro-
duce geopolymers with excellent mechanical properties. Geopolymers are well suited
for the lunar surface environment when used as construction materials. Consequently,
lunar regolith, which also comprises silico-aluminate minerals, has the potential to serve
as precursor materials for geopolymers. However, it is still necessary to enhance the
reliability of geopolymers for lunar regolith by conducting tests on their applicability
for extreme temperature variation, high vacuum, and moonquakes within the lunar
surface environment.

3. Lunar Regolith as a Precursor

Figure 7 shows the lunar structure and external environment. The lunar regolith is the
fine-grained part that covers the surface at a depth of 3 to 20 m [91]. It is readily available
and abundant and has become a preferred source of in-situ building materials.
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The lunar atmosphere is thin, with a density far less than one hundred trillionth of the
earth’s atmosphere [92]. Due to the lack of atmospheric protection, meteorites and minor
asteroids can impact the lunar surface, with impact speeds reaching 20 to 40 m per second.
The lunar magnetic field’s strength is less than one-tenth of that of the earth. Additionally,
the depth to which solar wind and cosmic rays penetrate the lunar surface can reach
ten meters [93]. Consequently, the lunar regolith, in addition to undergoing the formation
of volcanic eruptions, also undergoes a unique weathering process [94].

The series of lunar regolith samples collected from equatorial, mid-latitude regions and
the northern Lumke Mountains by Apollo, Luna, and Chang’e covers different formation
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periods and landforms [95]. According to the different sampling locations, lunar regolith
samples can be classified into three categories: mare, highland, and mare–highland. There
are some notable differences in the chemical and mineralogical characteristics of different
lunar regolith samples [84].

3.1. Chemical Composition of the Lunar Regolith

The lunar regolith is rich in silica-aluminate, with a SiO2 mass fraction accounting
for 40~50%. Additionally, it contains a range of chemical components, including Al2O3,
MgO, CaO, Ti2O, and FeO. The ratios of SiO2, Al2O3, and CaO in the precursor materials
can significantly affect the reaction process of alkali-activated geopolymers. Therefore, it is
necessary to analyze the differences in the Si/Al and Si/Ca ratios of different samples and
select suitable samples to use as precursor materials.

Figure 8 shows the relative proportions of the three principal elements in each category
of lunar regolith samples. The Apollo 16 samples from the highland exhibit a markedly
higher proportion of aluminum by mass, approximately 28%, with an average Si/Al ratio
of 1.5. Mare samples exhibit the lowest proportion of aluminum, approximately 12%,
with a Si/Al ratio of 3.4 [3,18]. Combining two topographic layers, samples from the
mare–highland junction have a higher aluminum content than those from the mare samples
(Figure 8a) [96]. Similarly, the highest elemental calcium content was found in the highland
samples, at approximately 17%, with a Si/Ca ratio of 2.6. In contrast, the mare samples
exhibited only 10% elemental calcium and a high Si/Ca ratio of 4.0 (Figure 8b).
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Geopolymer precursors with an appropriate chemical element ratio interval exhibit
higher mechanical properties. For silica-aluminum-rich precursors, such as MK, with an
aluminum percentage of 35% or more and a Si/Al ratio of approximately 1.2, the alkali-
activated geopolymer tends to possess higher mechanical properties later [23,97]. For
precursor materials rich in calcium–silicon, such as GGBS, the Si/Al ratio ranges from 1.2
to 3.0, and the Si/Ca ratio ranges from 0.4 to 0.9. The high calcium content will result in
the geopolymer possessing high early strength. In general, precursor materials with Si/Al
ratios of 2 and below exhibit higher volcanic ash activity [96]. The highland samples’ Si/Al
and Si/Ca ratios meet the requirements, rendering them more suitable as geopolymer
precursor materials regarding chemical element compositions than the mare samples.

3.2. Mineral Composition of the Lunar Regolith

Figure 9 shows the mineral composition of the lunar regolith, primarily composed of
glass, plagioclase, pyroxene, and olivine, with a minor component of ilmenite [98]. The
genesis of lunar regolith amorphous substances can be attributed to two factors. Firstly,
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during periods of lunar volcanism, fine particles formed by volcanic eruptions are trans-
formed into a glassy material called volcanic glass due to the rapid cooling rate. Secondly,
the thin lunar atmosphere and the decisive impact of meteorites triggered explosions, with
the resulting impact and high-temperature effects leading to the fragmentation and molten
vaporization of the lunar basalt, followed by rapid cooling, replenishing some of the glass.
The lunar regolith underwent a vitrification process, forming glass as agglutinates, slag-like
substances formed by glass-bonded rock particles [99].
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A large amount of glass at the scale of micrometers to sub-micrometers is present
on the surface of the lunar regolith particles, and the amorphous substances consist of
a combination of separate glass (Figure 10a) and agglutinate (Figure 10b) [100]. The
amorphous substances appear as broad bun peaks in the XRD pattern. Figure 11 shows
the XRD pattern of CE5C044 belonging to the mare samples and Apollo69661 belonging to
the highland samples, while the broad peaks at 20◦~80◦ (2θ) represent the lunar regolith
amorphous substances [2].
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Figure 11. XRD pattern of a lunar regolith sample: (a) CE5C044 [102]; (b) Apollo 69661 [103].

The composition of the lunar regolith is influenced by genesis and environmental
factors, resulting in a slight variation in the percentage of different mineral types. Table 4
presents the statistical data on the percentage of significant minerals in the typical lunar
regolith samples. The rate of amorphous substances in the highland lunar regolith is higher
than that in the mare lunar regolith. Furthermore, the content of amorphous substances
in the Apollo 12, Apollo 16, and Luna 20 series belonging to the highland samples is
significantly higher than that of the mare samples, which is 31% to 36% [3,104]. Given
that amorphous substances serve as the primary precursor material in the geopolymer
reaction, a higher content of amorphous substances allows for a more thorough alkali
activation, resulting in the production of more significant quantities of silico-aluminate gel,
which plays a more critical role in bonding, ultimately leading to enhanced mechanical
properties. Regarding amorphous content, highland lunar regolith samples are more
suitable as precursors for developing alkali-activated lunar regolith geopolymer.

Table 4. Proportional mineral composition of the lunar regolith.

Specimens
Amorphous Substances

(wt.%)
Crystalline Minerals

(wt.%) Ref.

Glass Agglutinate Plagioclase Pyroxene Olivine

CE-5 15.5 30.4 44.5 3.6 [2]
Apollo (67461) 15.4 72.2 8.7 4.8

[104]

Apollo (64501) 32.0 45.2 5.2 14.1
Apollo (69961) 35.3 51.8 5.3 5.6
Apollo (12001) 32.4 19.2 34.9 7.5
Apollo (12044) 31.9 17.7 16.9 5.7
Apollo (15531) 27.6 16.0 42.7 4.1
Apollo (15558) 14.5 7.3 14.2 42.2 1.0
Apollo (10018) 7.7 13.5 — — —
Apollo (10094) 4.8 5.5 — — —

Luna16 15.1 32.3 16.1 15.8 5.7 [105]
Luna20 8.2 26.6 25.3 13.2 3.2 [106]

3.3. Reaction Mechanism of Alkali-Activated Lunar Regolith Geopolymer

Researchers have found that lunar regolith can be activated to manufacture geopoly-
mer concrete with considerable strength in alkaline environments [13,27,107].

The highland lunar regolith sample could be a geopolymer precursor material. The
amorphous substance in the highland lunar regolith contains approximately 15% elemental
calcium and 35% elemental aluminum, with a Si/Al ratio of 1.5 and a Si/Ca ratio of 2.6,
characteristic of the alkali-activated mixed system. The alkali-activated reaction process
can be divided into four steps: depolymerization, condensation, crystalline hardening, and
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precipitation into shells. Based on the chemical composition of lunar regolith, the reaction
process of alkaline-activated lunar regolith can be inferred, as shown in Figure 12.
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The reaction process can be divided into four stages:

1. Depolymerization: Induced by the action of OH−, it results in the dissolution of
amorphous lunar regolith constituents, including CaO, into a free ionic state. This
process involves the disruption of Si-O-Si, Si-O-Al, and Al-O-Al bonds, which hy-
droxyl groups subsequently replace. This process results in the formation of various
free radicals.

CaO + H2O → Ca2+ + 2OH−

SiO2 + H2O + OH− → SiO(OH)3
−

Al2O3 + 3H2O + 2OH− → 2Al(OH)4
−

2. Condensation: As the degree of depolymerization increases, the number of groups in
the system rises, and the contact between the groups intensifies, leading to an increase
in the polycondensation degree, with Na+ and Ca2+ in the system replacing some of
the hydroxyl groups. This results in the formation of a condensation gel, which occurs
concurrently with the formation of a gel in the system containing C-S-H.

SiO(OH)3
− + Na+ ↔ SiO(OH)3Na

SiO(OH)3Na + Ca2+ +OH− ↔ SiO(OH)4Ca + Na+

3. Al3+ addition: Al3+ dissolution is slower, and in the third stage, Al(OH)4
− groups are

replaced, forming Si-O-Al bonds once again. The product at this stage is (N,C)-A-S-H.

SiO(OH)3
− + Al(OH)4

− → (OH)3AlOSiO(OH)2
2− + H2O

SiO(OH)2
− + Al(OH)4

− → (OH)3AlOSiO2(OH)2
3− + H2O

4. Shell formation: The gel product continues to be generated and precipitates into a
shell until the precipitation hardens.
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In conclusion, the samples of lunar regolith materials retrieved from different land-
forms exhibit some differences in chemical element composition and amorphous content.
In conjunction with the alkali-activated geopolymer reaction principle, the highland lunar
regolith, which contains a higher amorphous material content, exhibits higher chemical
reactivity. The silicon, aluminum, and calcium ratio within this type can facilitate the
formation of C-A-S-H, which possesses superior mechanical properties.

4. Research on Alkali-Activated Lunar Regolith Geopolymer
4.1. Lunar Regolith Simulants

Due to the limited availability of lunar regolith samples, researchers have developed
multiple versions of lunar regolith simulants to assess the viability of producing alkali-
activated lunar regolith polymers. These simulants are crafted based on lunar regolith
samples’ physical and chemical properties. However, the differing objectives behind the
development of each simulant can result in variations in specific properties. A summary of
the existing simulated lunar regolith is provided in Table 5. Lunar regolith simulants can
be classified into two types based on raw materials and production processes.

Type I: Designed to simulate physical properties derived from minerals such as basalt,
MLS-1, and JLU-H. These materials simulate the chemical composition and geotechnical
properties of the lunar regolith but do not account for the amorphous substances within
the minerals.

Type II: Designed to simulate chemical and physical properties. Examples of this
type include materials such as JSC-1, JSC-1A, and CAS-1. This type employs volcanic ash,
which has a formation process analogous to lunar regolith and includes a certain number
of amorphous substances.

Table 5. Development and research on lunar regolith simulants.

Category Name Year Agency Source Feature Ref.

I

JLU-H 2022 Jilin University
Damiao Mine,
Chengde City,

Hebei Province

Focus on the simulation of the
lunar regolith crystalline phase [108]

ISRM-1 2023
Chinese

Academy of
Sciences

VA, titanium
magnetite

Focus on the simulation of the
Apollo 17 sample’s titanium [109]

TJ-1 2011 Tongji University
Volcanic ash from

Jingyu County, Jilin
Province

Focus on geotechnical
properties. [110]

MLS-1 1990 University of
Minnesota Basalt

Does not contain amorphous
substances, with a smaller

average particle size
[111]

II

JSC-1 1993 Johnson Space
Center

Volcanic ash from
Merriam Crater,

Arizona
Non-residual [112]

CAS-1 2009
Chinese

Academy of
Sciences

Volcanic ash from
Jingyu County, Jilin

Province

The median grain size is
chemically similar to that of

the Apollo 14 lunar
regolith sample

[113]

JSC-1A 2010 Johnson Space
Center

Volcanic ash from
Merriam Crater,

Arizona
A substitute for JSC-1 [114]

BP-1 2013 Geological
Survey Denver

Black Point lava flow,
Arizona.

The grain size is more akin to
the lunar regolith than JSC-1 [115]

BH-1 2020
Beijing University

of Aeronautics
and Astronautics

Volcanic ash from
Huinan County, Jilin

Province

Particle size distribution close
to the Apollo 17 lunar

regolith sample
[83]
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Table 5. Cont.

Category Name Year Agency Source Feature Ref.

DNA-1 - ESA Italy Amorphous substance
simulations were considered [82]

LHS-1 2021 University of
Central Florida

Mineral and
rock debris Similar to the highland sample

[116]

LMS-1 2021 University of
Central Florida

Mineral and
rock debris Similar to the mare sample

To approximately determine the methods of manufacturing geopolymer using lunar
regolith simulants, it is of the utmost importance to select a type of lunar regolith simulant
that closely mimics the properties of the actual lunar regolith. This entails ensuring
similarities in the content of amorphous substances, chemical composition, particle size,
specific surface area, particle morphology, etc. Most alkali activation experiments on lunar
regolith employed the second type of lunar regolith simulants.

4.2. Mechanical Properties of Alkali-Activated Lunar Regolith Simulants

Table 6 presents a synthesis of existing research on geopolymers using lunar regolith
simulants. The precursor materials are the Type II lunar regolith simulants, which are
physically and chemically similar to lunar regolith samples. Alkali activators such as
NaOH, Na2SiO3, and K2SiO3 were utilized. Significant variability is evident in the 28-day
compressive strength reported in various studies.

Wang et al. [22] adopted VA as a lunar regolith simulant and attained a compres-
sive strength of 50.36 MPa with an 8% alkalinity of NaOH. The compressive strength
of the geopolymer using JSC-2A was found to be 54.85 MPa, while that of LN was
59.60 MPa [21,117]. The median particle size of JSC-2A is 35.3 µm, while the median parti-
cle sizes of JSC-1A, OPRL2N, OPRH2N, and EAC-1A are 68.2 µm, 58.0 µm, 46.2 µm, and
181.0 µm, respectively. Additionally, the amorphous content of JSC-2A is 51.0%, consider-
ably higher than that of the authentic lunar regolith sample. The mechanical properties
of the geopolymer utilized as the precursor material for JSC-2A are so elevated as to be
unrepresentative. The reactivity of these three lunar regolith simulants differs significantly
from other simulants due to the degree of control over the content of amorphous substances
and their chemical composition. The 28-day compressive strength ranged from 12.25 MPa
to 31.86 MPa for the remaining lunar regolith simulants. The identical quantity of activa-
tor was utilized to activate different lunar regolith simulants, and it was discovered that,
except for JSC-2A, the 28-day compressive strength of geopolymer mainly ranged from
19.20 MPa to 24.35 MPa, which means that these lunar regolith simulants exhibit similar
reactivity during the alkali activation [117]. BH-1 is a simulant of the mare sample with
16% aluminum content, and the addition of metakaolin and alumina reagents can increase
the aluminum content of the precursor material. The addition of 5% metakaolin resulted
in a 71% increase in compressive strength and a 28% increase in flexural strength, thereby
enhancing the mechanical properties of the lunar regolith geopolymer [83].

Nevertheless, incorporating an additional aluminum source also entails elevated
transportation costs for lunar construction scenarios due to the augmented necessity for
Earth-to-lunar transportation. Different types and dosages of activators were used to
activate two lunar regolith simulants, LHS-1 and LMS-1 [118]. The results demonstrated
that the mechanical performance when using Na2SiO3 as the activator was significantly
higher than when using K2SiO3. Highland samples can generate a greater quantity of silico-
aluminate gel following alkali activation, which results in markedly superior mechanical
properties in the highland simulant LHS-1 compared to the mare simulant LMS-1. The
mare lunar regolith samples contain higher MgO to form N-(M)-S-H gel with porous
and low mechanical properties [119,120]. This corroborates the analysis presented in
Section 3.1, which indicates that highland samples are more suitable as precursor materials
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for geopolymers. As the concentration of the activator increases, so does the alkalinity in
the system, which further promotes the formation of geopolymers.

Table 6. Mechanical properties of alkali-activated lunar regolith simulants.

Precursor w/b Activator Na2O%/
K2O% n(SiO2/Na2O) 28-Day Compressive

Strength (MPa)
Temperature

(◦C) Ref.

BH-1 0.28 NaOH 9% — 13.00~32.00 40~80 ◦C [80]
VA 0.27 NaOH ~8% — 32.46~50.36 −196~25 ◦C [22]

LHS-1 0.25 K2SiO3 ~7% 0.8 12.25

76~105 ◦C [118]

LHS-1 0.25 K2SiO3 ~8% 1.0 16.73
LMS-1 0.25 K2SiO3 ~7% 0.8 13.87
LMS-1 0.25 K2SiO3 ~8% 1.0 18.09
LHS-1 0.23 Na2SiO3 ~7% 0.6 27.95
LHS-1 0.23 Na2SiO3 ~8% 0.8 41.23
LMS-1 0.23 Na2SiO3 ~7% 0.6 24.59
LMS-1 0.23 Na2SiO3 ~8% 0.8 31.86

JSC-1A

0.21 Na2SiO3 ~8% 2.0

24.35

60 ◦C [117]
JSC-2A 54.85

OPRL2N 22.47
OPRH2N 22.96
EAC-1A 19.20

LN 0.26 Na2SiO3 8% 1.4 59.60 60 ◦C [21]

In order to investigate the strength development pattern of alkali-activated lunar
regolith simulants, the experimental compressive strength data at different ages in Table 6
were tabulated in Figure 13. The mechanical properties in the early stages appear to have
different development patterns. A higher amorphous content promotes the development
of the reaction. The majority strength of JSC-1A and OPRL2N, with amorphous contents of
49.9% and 45.4%, respectively, has been developed at 7d. In contrast, EAC-1A mechanical
properties grow linearly. Only 32% of the compressive strength is developed at 7 d.
Moreover, the 28-day compressive strength of the EAC-1A geopolymer is also smaller
than the rest of the group, suggesting that the lunar regolith with a lower amorphous
content has a relatively low reactivity [83,117].

Polymers 2024, 16, x FOR PEER REVIEW 18 of 26 
 

 

Precursor w/b Activator Na2O%/ 
K2O% 

n(SiO2/Na2O) 28-day Compressive Strength 
(MPa) 

Temperature (°C) Ref. 

BH-1  0.28 NaOH  9% — 13.00~32.00 40~80 °C [80] 
VA 0.27 NaOH  ~8% — 32.46~50.36 −196~25 °C [22] 

LHS-1 0.25 K2SiO3 ~7% 0.8 12.25 

76~105 °C [118] 

LHS-1 0.25 K2SiO3 ~8% 1.0 16.73 
LMS-1 0.25 K2SiO3 ~7% 0.8 13.87 
LMS-1 0.25 K2SiO3 ~8% 1.0 18.09 
LHS-1 0.23 Na2SiO3 ~7% 0.6 27.95 
LHS-1 0.23 Na2SiO3 ~8% 0.8 41.23 
LMS-1 0.23 Na2SiO3 ~7% 0.6 24.59 
LMS-1 0.23 Na2SiO3 ~8% 0.8 31.86 
JSC-1A 

0.21 Na2SiO3 ~8% 2.0 

24.35 

60 °C [117] 
JSC-2A 54.85 

OPRL2N 22.47 
OPRH2N 22.96 
EAC-1A 19.20 

LN 0.26 Na2SiO3 8% 1.4 59.60 60 °C [21] 

In order to investigate the strength development pattern of alkali-activated lunar 
regolith simulants, the experimental compressive strength data at different ages in Table 
6 were tabulated in Figure 13. The mechanical properties in the early stages appear to have 
different development patterns. A higher amorphous content promotes the development 
of the reaction. The majority strength of JSC-1A and OPRL2N, with amorphous contents 
of 49.9% and 45.4%, respectively, has been developed at 7d. In contrast, EAC-1A 
mechanical properties grow linearly. Only 32% of the compressive strength is developed 
at 7 d. Moreover, the 28-day compressive strength of the EAC-1A geopolymer is also 
smaller than the rest of the group, suggesting that the lunar regolith with a lower 
amorphous content has a relatively low reactivity [83,117]. 

 
Figure 13. Compressive strength development patterns of alkali-activated lunar regolith simulants. 

4.3. Advantages of Lunar Regolith Geopolymer 

Figure 13. Compressive strength development patterns of alkali-activated lunar regolith simulants.



Polymers 2024, 16, 1582 18 of 24

4.3. Advantages of Lunar Regolith Geopolymer

Table 7 presents a synopsis of extant research on construction materials for in-situ
construction of lunar bases. Many manufacturing processes have been proposed to develop
building materials using lunar regolith, such as sintering, casting, hot pressing, bonding,
and biopolymer [8,121–123]. Among them, the processes of sintering, casting, and hot
pressing require a significant amount of energy to support [124]. Traditional bonding and
hot-pressing processes require a large amount of cement and sulfur as binders, resulting
in low in-situ utilization and posing challenges to space transportation technology. The
process of bio-polymerization has the advantages of low energy consumption and the
disadvantages of low product strength, making it difficult to withstand loads [7].

Table 7. Processing techniques for lunar regolith building materials.

Precursor Earth material Technique Temperature
(◦C)

Compressive Strength
(MPa) Ref.

JSC-1A —
Melting 1070~1125

152
[125]

DNA — 213

CAS-1 AlSi10Mg powder Melting (Laser) 1700 264 [123]

CAS-1 — Melting 1200~1500 1012~1955 [126]

FJS-1 — Sintering 200~600 33 [127]

JSC-1A — Sintering (Laser) 50~200 4 [128]

JSC-1A Al Sintering
(Reduction-oxidation

reaction)

660 10~18 [129]

JSC-1 Mg 100 10.2 [130]

—— Portland cement Hot pressing
(Steam autoclave)

175~203 75 [10]

JSC-1 Sulfur 193 31~33 [131]

CAS-1 Portland cement Hot pressing
(Steam autoclave) 190 27 [107]

JSC, OPR Alkali activator
Reaction solidification

(Geopolymer)

80 25~54 [117]

BH-1 Alkali activator 37~90 4~21 [80]

LN Alkali activator 25~80 29~46 [22]

JSC-1A Protein matrix Reaction solidification
(Biopolymer)

25 4~13 [11]

LHS-1 Protein matrix 40 20~40 [122]

The lunar regolith with a particle size of 5~75 µm can be used as geopolymer precursor
materials, and the lunar basalt debris with a particle size of 0.1~5 mm can be used as
aggregates. The lunar ice, with a reserve reaching 0.1~3 billion tons, can be cyclically used
as water for in-situ construction [132]. Only a small amount of solid alkaline activators must
be transported to complete the fabrication of alkaline-activated lunar regolith geopolymers
in the lunar environment. By adjusting the alkali-activated lunar regolith geopolymer to
suitable rheological properties before setting, the contour extrusion 3D printing concrete
process could be adopted to construct the lunar base and pavement with high automation,
high precision, a high degree of freedom, and high material savings [80,133]. This new
bonding process dramatically reduces transportation between the Earth and the lunar
surface. It has significant technical advantages in improving the utilization of in-situ
resources and reducing energy consumption.

In conclusion, the existing lunar regolith simulants lack conformity in their amorphous
content. Additionally, there are significant discrepancies in the particle size distribution,
which results in notable differences in the mechanical properties of alkali-activated geopoly-
mers produced from different simulants. Therefore, it is essential to control the simulation
control parameters for the lunar regolith simulants and the fabrication process. Compared
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to other construction processes, the geopolymers produced by the alkaline-activated pro-
cess exhibit advantageous characteristics, including low energy consumption and high
strength, which indicate feasibility and applicability as in-situ lunar building materials.

5. Future Perspectives

Previous research has demonstrated the feasibility of alkali-activated lunar regolith
concrete and its numerous advantages in scenarios involving the construction of the lunar
surface. Nevertheless, there are still several aspects that require further investigation.

1. At the current stage, retrieving lunar regolith samples on a large scale for testing
purposes is not feasible. Consequently, lunar regolith simulants remain the most
available material for testing purposes. There is still a lack of a unified standard
for preparing lunar regolith simulants. The simulated materials are designed to
replicate the chemical properties of lunar regolith and primarily utilize volcanic ash,
with variations in amorphous substances, chemical compositions, and particle size
distributions derived from different volcanic sources.

2. The type and quantity of alkaline activators exert a considerable influence on the
mechanical properties of the final lunar regolith geopolymer. Given that activators for
in-situ construction of lunar bases must be transported by rocket, selecting the most
appropriate type of activator is essential to achieving optimal activation efficiency.

3. Vacuum and temperature variations have adverse effects on geopolymers. There-
fore, future research needs to consider the degeneration of geopolymer solidification
under the high vacuum and extreme temperature conditions of the lunar surface
environment. The accurate and quantitative performance evaluation of geopolymer is
essential to designing safe and reliable architectural structures fabricated with lunar
regolith polymer.

6. Conclusions

Using lunar regolith for alkali activation to produce geopolymers is a highly feasible
process within the context of lunar ISRU technology schemes. This process offers multiple
advantages over other methods.

1. The lunar regolith geopolymer reaction mechanisms belong to the mixed system, and
the types of gels generated are mainly N-A-S-H and C-A-S-H. The chemical and min-
eralogical compositions of the highland and the mare lunar regolith exhibit notable
differences. Highland lunar regolith samples contain approximately 35% amorphous
substances; the ratio of Si/Al is approximately 1.5; the content of aluminum is ap-
proximately 28%; the ratio of Si/Ca is approximately 2.6; and the content of calcium
is approximately 17%. Compared with the mare lunar regolith, the highland lunar
regolith is more suitable as a geopolymer precursor material.

2. Previous studies on lunar regolith simulants can be divided into two types. The first
type focuses on the simulation of physical properties, while the second type focuses
on the simulation of physical and chemical properties. The lunar regolith simulants
for alkali-activated geopolymers belong to the second type. The mechanical properties
of alkali-activated lunar regolith simulants are mainly concentrated in the range of
18 MPa to 30 MPa, except for test data exhibiting significant differences in amorphous
content compared to the lunar regolith samples. Sodium silicate is the most commonly
used activator for lunar regolith geopolymers, and alkalinity in the range of 7% to
10% and modulus in the range of 0.8 to 2.0 are suitable.

3. Geopolymers can be adaptable for lunar surface construction environments, and the
residual compressive strength after multiple temperature cycles within the temper-
ature range of −40 ◦C to 120 ◦C, simulated in the lunar surface environment of the
mid-latitude region, is above 70%. The vacuum environment on the lunar surface will
prematurely evaporate the water inside the reaction system, increasing the porosity
of the geopolymers. A vacuum degree of approximately 2 × 10−6 can decrease the
mechanical properties of the geopolymer by 8~40%.
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4. The interval between deep-source moonquakes is approximately 16.8 h. The final
setting time of the geopolymer can be adjusted to less than 400 min. Therefore, the
curing process can be completed within the interval between moonquakes. The
duration of the deep-source moonquake is approximately 30 to 120 min, which may
influence the rheological properties of the freshly mixed geopolymer. Therefore,
vibration disturbance must be considered when designing materials and structures
for in-situ lunar construction.
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35. Němeček, J.; Amilauer, V.; Kopecký, L. Nanoindentation characteristics of alkali-activated aluminosilicate materials. Cem. Concr.
Compos. 2011, 33, 163–170. [CrossRef]

36. Palomo, Á.; Alonso, S.; Fernandez Jiménez, A.; Sobrados, I.; Sanz, J. Alkaline activation of fly ashes: NMR study of the reaction
products. J. Am. Ceram. Soc. 2004, 87, 1141–1145. [CrossRef]

37. Provis, J.L.; Lukey, G.C.; van Deventer, J.S. Do geopolymers actually contain nanocrystalline zeolites? A reexamination of existing
results. Chem. Mat. 2005, 17, 3075–3085. [CrossRef]

38. Duxson, P.; Fernández-Jiménez, A.; Provis, J.L.; Lukey, G.C.; Palomo, A.; van Deventer, J.S.J. Geopolymer technology: The current
state of the art. J. Mater. Sci. 2007, 42, 2917–2933. [CrossRef]

39. Pouhet, R.; Cyr, M.; Bucher, R. Influence of the initial water content in flash calcined metakaolin-based geopolymer. Constr. Build.
Mater. 2019, 201, 421–429. [CrossRef]

40. Zuhua, Z.; Xiao, Y.; Huajun, Z.; Yue, C. Role of water in the synthesis of calcined kaolin-based geopolymer. Appl. Clay Sci. 2009,
43, 218–223. [CrossRef]

41. El-Hassan, H.; Ismail, N. Effect of process parameters on the performance of fly ash/GGBS blended geopolymer composites. J.
Sustain. Cen.-Based Mater. 2018, 7, 122–140. [CrossRef]

42. Puertas, F.; Palacios, M.; Manzano, H.; Dolado, J.S.; Rico, A.; Rodríguez, J. A model for the CASH gel formed in alkali-activated
slag cements. J. Eur. Ceram. Soc. 2011, 31, 2043–2056. [CrossRef]

43. Zhang, B.; Zhu, H.; Feng, P.; Zhang, P. A review on shrinkage-reducing methods and mechanisms of alkali-activated/geopolymer
systems: Effects of chemical additives. J. Build. Eng. 2022, 49, 104056. [CrossRef]

44. Lee, W.; Wang, J.; Ding, Y.; Cheng, T. A study on the characteristics and microstructures of GGBS/FA based geopolymer paste
and concrete. Constr. Build. Mater. 2019, 211, 807–813. [CrossRef]

45. Reddy, M.S.; Dinakar, P.; Rao, B.H. Mix design development of fly ash and ground granulated blast furnace slag based geopolymer
concrete. J. Build. Eng. 2018, 20, 712–722. [CrossRef]

46. Luévano-Hipólito, E.; Torres-Martínez, L.M.; Rodríguez-González, E. Recycling Waste Materials to Fabricate Solar-Driven
Self-Cleaning Geopolymers. Waste Biomass Valorization 2024, 15, 2833–2843. [CrossRef]

https://doi.org/10.1126/science.179.4068.23
https://www.ncbi.nlm.nih.gov/pubmed/17731624
https://doi.org/10.1016/0012-821X(71)90040-9
https://doi.org/10.1038/s41586-021-04100-2
https://www.ncbi.nlm.nih.gov/pubmed/34666338
https://doi.org/10.1016/j.conbuildmat.2022.126679
https://doi.org/10.1016/j.gr.2016.11.001
https://doi.org/10.1016/j.ceramint.2024.04.058
https://doi.org/10.1016/j.pnucene.2021.103889
https://doi.org/10.1016/j.conbuildmat.2014.05.080
https://doi.org/10.1016/j.conbuildmat.2021.126033
https://doi.org/10.1016/j.jclepro.2019.119177
https://doi.org/10.1016/j.cemconcomp.2019.04.006
https://doi.org/10.1016/j.cemconres.2010.08.017
https://doi.org/10.3989/MC.2014.00314
https://doi.org/10.1007/s10854-020-04998-w
https://chem.libretexts.org/Bookshelves/General_Chemistry/Book:_General_Chemistry:_Principles_Patterns_and_Applications_(Averill)/12:_Solids/12.01:_Crystalline_and_Amorphous_Solids
https://chem.libretexts.org/Bookshelves/General_Chemistry/Book:_General_Chemistry:_Principles_Patterns_and_Applications_(Averill)/12:_Solids/12.01:_Crystalline_and_Amorphous_Solids
https://chem.libretexts.org/Bookshelves/General_Chemistry/Book:_General_Chemistry:_Principles_Patterns_and_Applications_(Averill)/12:_Solids/12.01:_Crystalline_and_Amorphous_Solids
https://doi.org/10.1007/BF00541088
https://doi.org/10.1016/j.conbuildmat.2018.10.024
https://doi.org/10.1016/j.cemconcomp.2010.10.005
https://doi.org/10.1111/j.1551-2916.2004.01141.x
https://doi.org/10.1021/cm050230i
https://doi.org/10.1007/s10853-006-0637-z
https://doi.org/10.1016/j.conbuildmat.2018.12.201
https://doi.org/10.1016/j.clay.2008.09.003
https://doi.org/10.1080/21650373.2017.1411296
https://doi.org/10.1016/j.jeurceramsoc.2011.04.036
https://doi.org/10.1016/j.jobe.2022.104056
https://doi.org/10.1016/j.conbuildmat.2019.03.291
https://doi.org/10.1016/j.jobe.2018.09.010
https://doi.org/10.1007/s12649-023-02309-y


Polymers 2024, 16, 1582 22 of 24

47. Yilmazoglu, A.; Yildirim, S.T.; Behçet, Ö.F.; Yıldız, S. Performance evaluation of fly ash and ground granulated blast furnace
slag-based geopolymer concrete: A comparative study. Struct. Concr. 2022, 23, 3898–3915. [CrossRef]

48. Sukmak, P.; Horpibulsuk, S.; Shen, S. Strength development in clay–fly ash geopolymer. Constr. Build. Mater. 2013, 40, 566–574.
[CrossRef]

49. Deb, P.S.; Nath, P.; Sarker, P.K. The effects of ground granulated blast-furnace slag blending with fly ash and activator content
on the workability and strength properties of geopolymer concrete cured at ambient temperature. Mater. Des. 2014, 62, 32–39.
[CrossRef]

50. Nofalah, M.; Ghadir, P.; Hasanzadehshooiili, H.; Aminpour, M.; Javadi, A.A.; Nazem, M. Effects of binder proportion and curing
condition on the mechanical characteristics of volcanic ash-and slag-based geopolymer mortars; machine learning integrated
experimental study. Constr. Build. Mater. 2023, 395, 132330. [CrossRef]

51. Mao, Q.; Li, Y.; Liu, K.; Peng, H.; Shi, X. Mechanism, characterization and factors of reaction between basalt and alkali: Exploratory
investigation for potential application in geopolymer concrete. Cem. Concr. Compos. 2022, 130, 104526. [CrossRef]

52. Zhu, X.; Zhang, M.; Yang, K.; Yu, L.; Yang, C. Setting behaviours and early-age microstructures of alkali-activated ground
granulated blast furnace slag (GGBS) from different regions in China. Cem. Concr. Compos. 2020, 114, 103782. [CrossRef]

53. Mallikarjuna Rao, G.; Gunneswara Rao, T.D. Final setting time and compressive strength of fly ash and GGBS-based geopolymer
paste and mortar. Arab. J. Sci. Eng. 2015, 40, 3067–3074. [CrossRef]

54. Huang, Z.; Ou Yang, Y.; Li, C. Mechanical Property and Microstructrue of Geopolymers with Quartz Powder by Autoclaving
Curing. Build. Chin. Ceram. Soc. 2015, 34, 2925–2929. [CrossRef]

55. Liu, M.; Wu, H.; Yao, P.; Wang, C.; Ma, Z. Microstructure and macro properties of sustainable alkali-activated fly ash mortar with
various construction waste fines as binder replacement up to 100%. Cem. Concr. Compos. 2022, 134, 104733. [CrossRef]

56. Lou, Y.; Huang, M.; Kang, S.; Hu, M.; Wu, W.; Chen, S. Study on Basic performance and Drying Shrinkage of Binary Solid Waste
Geopolymer Prepared with Recycled Powders and Slag. Case Stud. Constr. Mater. 2024, 20, e03195. [CrossRef]

57. Dietel, J.; Warr, L.N.; Bertmer, M.; Steudel, A.; Grathoff, G.H.; Emmerich, K. The importance of specific surface area in the
geopolymerization of heated illitic clay. Appl. Clay Sci. 2017, 139, 99–107. [CrossRef]

58. Nath, S.K.; Kumar, S. Role of particle fineness on engineering properties and microstructure of fly ash derived geopolymer. Constr.
Build. Mater. 2020, 233, 117294. [CrossRef]

59. Zhuang, X.Y.; Chen, L.; Komarneni, S.; Zhou, C.H.; Tong, D.S.; Yang, H.M.; Yu, W.H.; Wang, H. Fly ash-based geopolymer: Clean
production, properties and applications. J. Clean Prod. 2016, 125, 253–267. [CrossRef]

60. Leong, H.Y.; Ong, D.E.L.; Sanjayan, J.G.; Nazari, A. The effect of different Na2O and K2O ratios of alkali activator on compressive
strength of fly ash based-geopolymer. Constr. Build. Mater. 2016, 106, 500–511. [CrossRef]

61. Cheng, Y.; Cong, P.; Zhao, Q.; Hao, H.; Mei, L.; Zhang, A.; Han, Z.; Hu, M. Study on the effectiveness of silica fume-derived
activator as a substitute for water glass in fly ash-based geopolymer. J. Build. Eng. 2022, 51, 104228. [CrossRef]

62. Sontia Metekong, J.V.; Kaze, C.R.; Deutou, J.G.; Venyite, P.; Nana, A.; Kamseu, E.; Melo, U.C.; Tatietse, T.T. Evaluation of
performances of volcanic-ash-laterite based blended geopolymer concretes: Mechanical properties and durability. J. Build. Eng.
2021, 34, 101935. [CrossRef]

63. Saludung, A.; Azeyanagi, T.; Ogawa, Y.; Kawai, K. Effect of silica fume on efflorescence formation and alkali leaching of
alkali-activated slag. J. Clean Prod. 2021, 315, 128210. [CrossRef]

64. Taghvayi, H.; Behfarnia, K.; Khalili, M. The effect of alkali concentration and sodium silicate modulus on the properties of
alkali-activated slag concrete. J. Adv. Concr. Technol. 2018, 16, 293–305. [CrossRef]

65. Nematollahi, B.; Sanjayan, J. Effect of different superplasticizers and activator combinations on workability and strength of fly
ash based geopolymer. Mater. Des. 2014, 57, 667–672. [CrossRef]

66. Sajan, P.; Jiang, T.; Lau, C.; Tan, G.; Ng, K. Combined effect of curing temperature, curing period and alkaline concentration on
the mechanical properties of fly ash-based geopolymer. Clean. Mater. 2021, 1, 100002. [CrossRef]

67. Fernández Jiménez, A.; Pastor, J.Y.; Martín, A.; Palomo, A. High-temperature resistance in alkali-activated cement. J. Am. Ceram.
Soc. 2010, 93, 3411–3417. [CrossRef]

68. Colangelo, F.; Cioffi, R.; Roviello, G.; Capasso, I.; Caputo, D.; Aprea, P.; Liguori, B.; Ferone, C. Thermal cycling stability of fly ash
based geopolymer mortars. Compos. Part B Eng. 2017, 129, 11–17. [CrossRef]

69. Wong, L.S. Durability Performance of Geopolymer Concrete: A Review. Polymers 2022, 14, 868. [CrossRef] [PubMed]
70. Wang, C.; Fang, Y.; Wang, X.; Yang, H.; Xing, F. Compressive properties of sustainable geopolymers at elevated temperatures:

Strength and elastic modulus evolution. Constr. Build. Mater. 2024, 411, 134515. [CrossRef]
71. Nakamura, Y.; Latham, G.V.; Dorman, H.J. Apollo lunar seismic experiment—Final summary. J. Geophys. Res. Solid Earth 1982,

87, A117–A123. [CrossRef]
72. Latham, G.; Ewing, M.; Dorman, J.; Nakamura, Y.; Press, F.; Toksőz, N.; Sutton, G.; Duennebier, F.; Lammlein, D. Lunar structure

and dynamics—Results from the apollo passive seismic experiment. Moon 1973, 7, 396–421. [CrossRef]
73. Goins, N.R.; Dainty, A.M.; Toksöz, M.N. Seismic energy release of the Moon. J. Geophys. Res. Solid Earth 1981, 86, 378–388.

[CrossRef]
74. Elyamany, H.E.; Abd Elmoaty, A.E.M.; Elshaboury, A.M. Setting time and 7-day strength of geopolymer mortar with various

binders. Constr. Build. Mater. 2018, 187, 974–983. [CrossRef]

https://doi.org/10.1002/suco.202100835
https://doi.org/10.1016/j.conbuildmat.2012.11.015
https://doi.org/10.1016/j.matdes.2014.05.001
https://doi.org/10.1016/j.conbuildmat.2023.132330
https://doi.org/10.1016/j.cemconcomp.2022.104526
https://doi.org/10.1016/j.cemconcomp.2020.103782
https://doi.org/10.1007/s13369-015-1757-z
https://doi.org/10.16552/j.cnki.issn1001-1625.2015.10.035
https://doi.org/10.1016/j.cemconcomp.2022.104733
https://doi.org/10.1016/j.cscm.2024.e03195
https://doi.org/10.1016/j.clay.2017.01.001
https://doi.org/10.1016/j.conbuildmat.2019.117294
https://doi.org/10.1016/j.jclepro.2016.03.019
https://doi.org/10.1016/j.conbuildmat.2015.12.141
https://doi.org/10.1016/j.jobe.2022.104228
https://doi.org/10.1016/j.jobe.2020.101935
https://doi.org/10.1016/j.jclepro.2021.128210
https://doi.org/10.3151/jact.16.293
https://doi.org/10.1016/j.matdes.2014.01.064
https://doi.org/10.1016/j.clema.2021.100002
https://doi.org/10.1111/j.1551-2916.2010.03887.x
https://doi.org/10.1016/j.compositesb.2017.06.029
https://doi.org/10.3390/polym14050868
https://www.ncbi.nlm.nih.gov/pubmed/35267691
https://doi.org/10.1016/j.conbuildmat.2023.134515
https://doi.org/10.1029/JB087iS01p0A117
https://doi.org/10.1007/BF00564643
https://doi.org/10.1029/JB086iB01p00378
https://doi.org/10.1016/j.conbuildmat.2018.08.025


Polymers 2024, 16, 1582 23 of 24

75. Arnoult, M.; Perronnet, M.; Autef, A.; Rossignol, S. How to control the geopolymer setting time with the alkaline silicate solution.
J. Non-Cryst. Solids 2018, 495, 59–66. [CrossRef]

76. Shi, H.; Song, L.; Chen, W.; Zhang, H.; Wang, G.; Yuan, G.; Zhang, W.; Chen, G.; Wang, Y.; Lin, G. New non-destructive method
for testing the strength of cement mortar material based on vibration frequency of steel bar: Theory and experiment. Constr. Build.
Mater. 2020, 262, 120931. [CrossRef]

77. Swamy, N.; Rigby, G. Dynamic properties of hardened paste, mortar and concrete. Matér. Constr. 1971, 4, 13–40. [CrossRef]
78. Safawi, M.I.; Iwaki, I.; Miura, T. A study on the applicability of vibration in fresh high fluidity concrete. Cem. Concr. Res. 2005, 35,

1834–1845. [CrossRef]
79. Popovics, S. A review of the concrete consolidation by vibration. Matér. Constr. 1973, 6, 453–463. [CrossRef]
80. Zhou, S.; Zhang, R.; Yang, Z.; Li, F.; Zhu, X. Preparation and Performance Evaluation on 3D Printed Road Material Based on

Lunar Soil Simulant. China J. Highw. Transp. 2022, 35, 105. [CrossRef]
81. Johnson, F.S.; Carroll, J.M.; Evans, D.E. Vacuum measurements on the lunar surface. J. Vac. Sci. Technol. 1972, 9, 450–456.

[CrossRef]
82. Pilehvar, S.; Arnhof, M.; Erichsen, A.; Valentini, L.; Kjøniksen, A.L. Investigation of severe lunar environmental conditions on the

physical and mechanical properties of lunar regolith geopolymers. J. Mater. Res. Technol. 2021, 11, 1506–1516. [CrossRef]
83. Zhou, S.; Lu, C.; Zhu, X.; Li, F. Preparation and characterization of high-strength geopolymer based on BH-1 lunar soil simulant

with low alkali content. Engineering 2021, 7, 1631–1645. [CrossRef]
84. Lucey, P.; Korotev, R.L.; Gillis, J.J.; Taylor, L.A.; Lawrence, D.; Campbell, B.A.; Elphic, R.; Feldman, B.; Hood, L.L.; Hunten, D.

Understanding the lunar surface and space-Moon interactions. Rev. Mineral. Geochem. 2006, 60, 83–219. [CrossRef]
85. Vaniman, D.; Reedy, R.; Heiken, G.; Olhoeft, G.; Mendell, W. The Lunar Environment. Lunar Sourceb. 1991, 1, 27–60.
86. Singh, K.; Singh, S.; Dhaliwal, A.S.; Singh, G. Gamma radiation shielding analysis of lead-flyash concretes. Appl. Radiat. Isot. 2015,

95, 174–179. [CrossRef] [PubMed]
87. Singh, S.; Singh, K. On the use of green concrete composite as a nuclear radiation shielding material. Prog. Nucl. Energy 2021,

136, 103730. [CrossRef]
88. Isachenkov, M.; Chugunov, S.; Landsman, Z.; Akhatov, I.; Metke, A.; Tikhonov, A.; Shishkovsky, I. Characterization of novel lunar

highland and mare simulants for ISRU research applications. Icarus 2022, 376, 114873. [CrossRef]
89. Fang, M.; Park, D.; Singuranayo, J.L.; Chen, H.; Li, Y. Aggregate gradation theory, design and its impact on asphalt pavement

performance: A review. Int. J. Pavement Eng. 2019, 20, 1408–1424. [CrossRef]
90. Ferrone, K.L.; Taylor, A.B.; Helvajian, H. In situ resource utilization of structural material from planetary regolith. Adv. Space Res.

2022, 69, 2268–2282. [CrossRef]
91. Langevin, Y.; Arnold, J.R. The evolution of the lunar regolith. Annu. Rev. Earth Planet. Sci. 1977, 5, 449–489. [CrossRef]
92. Stern, S.A. The lunar atmosphere: History, status, current problems, and context. Rev. Geophys. 1999, 37, 453–491. [CrossRef]
93. Zhang, S.; Wimmer-Schweingruber, R.F.; Yu, J.; Wang, C.; Fu, Q.; Zou, Y.; Sun, Y.; Wang, C.; Hou, D.; Böttcher, S.I.; et al. First

measurements of the radiation dose on the lunar surface. Sci. Adv. 2020, 6, eaaz1334. [CrossRef] [PubMed]
94. Plescia, J.B.; Cahill, J.; Greenhagen, B.; Hayne, P.; Mahanti, P.; Robinson, M.S.; Spudis, P.D.; Siegler, M.; Stickle, A.; Williams, J.P.

Lunar surface processes. Rev. Mineral. Geochem. 2023, 89, 651–690. [CrossRef]
95. Tian, H.; Wang, H.; Chen, Y.; Yang, W.; Zhou, Q.; Zhang, C.; Lin, H.; Huang, C.; Wu, S.; Jia, L.; et al. Non-KREEP origin for

Chang’e-5 basalts in the Procellarum KREEP Terrane. Nature 2021, 600, 59–63. [CrossRef] [PubMed]
96. Kouamo, H.T.; Elimbi, A.; Mbey, J.A.; Sabouang, C.N.; Njopwouo, D. The effect of adding alumina-oxide to metakaolin and

volcanic ash on geopolymer products: A comparative study. Constr. Build. Mater. 2012, 35, 960–969. [CrossRef]
97. Istuque, D.B.; Soriano, L.; Akasaki, J.L.; Melges, J.; Borrachero, M.V.; Monzó, J.; Payá, J.; Tashima, M.M. Effect of sewage sludge

ash on mechanical and microstructural properties of geopolymers based on metakaolin. Constr. Build. Mater. 2019, 203, 95–103.
[CrossRef]

98. Jiang, Y.; Li, Y.; Liao, S.; Yin, Z.; Hsu, W. Mineral chemistry and 3D tomography of a Chang’E 5 high-Ti basalt: Implication for the
lunar thermal evolution history. Sci. Bull. 2022, 67, 755–761. [CrossRef] [PubMed]

99. Huang, T.J.; Ganju, E.; Torbatisarraf, H.; Thompson, M.S.; Chawla, N. Advanced microstructural and compositional analysis of a
lunar agglutinate from the Apollo 11 mission. Meteorit. Planet. Sci. 2024, 2024, 1–18. [CrossRef]

100. Rui, Z.; Wei-Hua, W. Lunar Glasses. Physics 2022, 10, 1–47. [CrossRef]
101. Zhao, R.; Shen, L.; Xiao, D.; Chang, C.; Huang, Y.; Yu, J.; Zhang, H.; Liu, M.; Zhao, S.; Yao, W.; et al. Diverse glasses revealed from

Chang’E-5 lunar regolith. Natl. Sci. Rev. 2023, 10, nwad079. [CrossRef] [PubMed]
102. Zhang, H.; Zhang, X.; Zhang, G.; Dong, K.; Deng, X.; Gao, X.; Yang, Y.; Xiao, Y.; Bai, X.; Liang, K.; et al. Size, morphology, and

composition of lunar samples returned by Chang’E-5 mission. Sci. China Phys. Mech. Astron. 2022, 65, 229511. [CrossRef]
103. Taylor, G.J.; Martel, L.M.V.; Lucey, P.G.; Gillis-Davis, J.J.; Blake, D.F.; Sarrazin, P. Modal analyses of lunar soils by quantitative

X-ray diffraction analysis. Geochim. Cosmochim. Acta 2019, 266, 17–28. [CrossRef]
104. Lpis. Lunar Sample Atlas. Available online: https://www.lpi.usra.edu/lunar/samples/atlas/ (accessed on 1 January 2024).
105. Hubbard, N.J.; Nyquist, L.E.; Rhodes, J.M.; Bansal, B.M.; Wiesmann, H.; Church, S.E. Chemical features of the Luna 16 regolith

sample. Earth Planet. Sci. Lett. 1972, 13, 423–428. [CrossRef]
106. Taylor, G.J.; Drake, M.J.; Wood, J.A.; Marvin, U.B. The Luna 20 lithic fragments, and the composition and origin of the lunar

highlands. Geochim. Cosmochim. Acta 1973, 37, 1087–1106. [CrossRef]

https://doi.org/10.1016/j.jnoncrysol.2018.02.036
https://doi.org/10.1016/j.conbuildmat.2020.120931
https://doi.org/10.1007/BF02473927
https://doi.org/10.1016/j.cemconres.2004.10.031
https://doi.org/10.1007/BF02473784
https://doi.org/10.19721/j.cnki.1001-7372.2022.08.010
https://doi.org/10.1116/1.1316652
https://doi.org/10.1016/j.jmrt.2021.01.124
https://doi.org/10.1016/j.eng.2020.10.016
https://doi.org/10.2138/rmg.2006.60.2
https://doi.org/10.1016/j.apradiso.2014.10.022
https://www.ncbi.nlm.nih.gov/pubmed/25464195
https://doi.org/10.1016/j.pnucene.2021.103730
https://doi.org/10.1016/j.icarus.2021.114873
https://doi.org/10.1080/10298436.2018.1430365
https://doi.org/10.1016/j.asr.2021.12.025
https://doi.org/10.1146/annurev.ea.05.050177.002313
https://doi.org/10.1029/1999RG900005
https://doi.org/10.1126/sciadv.aaz1334
https://www.ncbi.nlm.nih.gov/pubmed/32978156
https://doi.org/10.2138/rmg.2023.89.15
https://doi.org/10.1038/s41586-021-04119-5
https://www.ncbi.nlm.nih.gov/pubmed/34666339
https://doi.org/10.1016/j.conbuildmat.2012.04.023
https://doi.org/10.1016/j.conbuildmat.2019.01.093
https://doi.org/10.1016/j.scib.2021.12.006
https://www.ncbi.nlm.nih.gov/pubmed/36546140
https://doi.org/10.1111/maps.14157
https://doi.org/10.7693/wl20221002
https://doi.org/10.1093/nsr/nwad079
https://www.ncbi.nlm.nih.gov/pubmed/37954203
https://doi.org/10.1007/s11433-021-1818-1
https://doi.org/10.1016/j.gca.2019.07.046
https://www.lpi.usra.edu/lunar/samples/atlas/
https://doi.org/10.1016/0012-821X(72)90119-7
https://doi.org/10.1016/0016-7037(73)90203-2


Polymers 2024, 16, 1582 24 of 24

107. Cai, L.; Ding, L.; Luo, H.; Yi, X. Preparation of autoclave concrete from basaltic lunar regolith simulant: Effect of mixture and
manufacture process. Constr. Build. Mater. 2019, 207, 373–386. [CrossRef]

108. Sun, X.; Zhang, R.; Li, X.; Zou, M.; Wang, C.; Chen, L. JLU-H: A novel lunar highland regolith simulant for use in large-scale
engineering experiments. Planet Space Sci. 2022, 221, 105562. [CrossRef]

109. Ningxi, Z.; Jian, C.; Juehao, H. Development and properties of a magnetic high-titanium lunar regolith simulant IRSM-1. Chin. J.
Geotech. Eng. 2023, 45, 110–113. [CrossRef]

110. Jiang, M.; Li, L. Development of TJ-1 lunar soil simulant. Chin. J. Geotech. Eng. 2011, 33, 209.
111. Taylor, L.A.; Liu, Y. Important considerations for lunar soil simulants. In Proceedings of the Earth and Space 2010: Engineering,

Science, Construction, and Operations in Challenging Environments, Honolulu, HI, USA, 14–17 March 2010; pp. 106–118.
112. Willman, B.M.; Boles, W.W.; Mckay, D.S.; Allen, C.C. Properties of lunar soil simulant JSC-1. J. Aerosp. Eng. 1995, 8, 77–87.

[CrossRef]
113. Zheng, Y.; Wang, S.; Feng, J.; Ou Yang, Z.; Liu, J.; Liu, C. CAS-1 Lunar soil simulant. Acta Mineral. Sin. 2007, 27, 571–578.

[CrossRef]
114. Zeng, X.; He, C.; Oravec, H.; Wilkinson, A.; Agui, J.; Asnani, V. Geotechnical Properties of JSC-1A Lunar Soil Simulant. J. Aerosp.

Eng. 2010, 23, 111–116. [CrossRef]
115. Stoeser, D.B.; Rickman, D.L.; Wilson, S. Preliminary Geological Findings on the BP-1 Simulant; NASA: Washington, DC, USA, 2010;

Volume TM-2010.
116. Long-Fox, J.M.; Landsman, Z.A.; Easter, P.B.; Millwater, C.A.; Britt, D.T. Geomechanical properties of lunar regolith simulants

LHS-1 and LMS-1. Adv. Space Res. 2023, 71, 5400–5412. [CrossRef]
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