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Abstract: Hydrogen is increasingly recognized as a viable solution to meet the growing global
energy demand, making large-scale hydrogen storage essential for successfully realizing a full-scale
hydrogen economy. Geological formations, such as depleted oil and gas reservoirs, salt caverns, and
aquifers, have been identified as potential storage options. Additionally, unconventional methods
like manufactured lined rock caverns and abandoned coal mines are gaining interest. This study
introduces polymerized sulfur concrete (PSC) as a promising alternative to replace the current
construction systems, which rely on Portland cement concrete and lining materials like stainless
steel or polypropylene plastic liners. The paper presents the formulation of PSC, optimization
of its compositional design, and evaluation of its physico-mechanical-chemical properties. The
results demonstrate that PSC offers excellent mechanical strength, chemical resistance, and low
permeability, making it highly suitable for underground hydrogen storage in lined rock caverns. The
results showed that the manufactured PSC exhibits excellent physicochemical properties in terms of
compressive strength (35–58 MPa), density (2.277–2.488 g/cm3), setting time (30–60 min), curing time
(24 h), air content (4–8%), moisture absorption potential (0.17–0.3%), maximum volumetric shrinkage
(1.69–2.0%), and maximum service temperature (85–90 ◦C). Moreover, the PSC is nonconductive and
classified with zero flame spread classification and fuel contribution. In addition, the SPC was found
to be durable in harsh environmental conditions involving pressure, humidity, and pH variations.
It is also capable of resisting corrosive environments. In addition, the statistical modeling indicates
that an overall mixture proportion of 32.5 wt.% polymerized sulfur, 32.5 wt.% dune sands, 17.5 wt. %
LFS, and 17.5 wt.% GGBFS appear optimal for density values ranging from 2.43 to 2.44 g/cm3 and
compressive strength ranging from 52.0 to 53.2 MPa, indicating that the PSC can sustain formation
pressure up to about 5.3 km below the ground surface. Therefore, by addressing the critical limitations
of traditional materials, PSC proves to be a durable, environmentally sustainable solution for lined
rock caverns, reducing the risk of hydrogen leakage and ensuring the integrity of storage systems.

Keywords: polymerized sulfur concrete; physicochemical properties; hydrogen storage; lined
rock caverns

1. Introduction

Hydrogen is an element that has the potential to play a significant role in the energy
transition towards a low-carbon economy. It can be produced from various sources, in-
cluding natural gas, renewable electricity, biomass, and nuclear energy. Each source has
advantages and disadvantages, and the choice of source will depend on factors such as
availability, cost, and environmental impact. As the world transitions towards a low-carbon
economy, hydrogen will likely play an increasingly important role in the energy mix.

In 2021, worldwide demand for hydrogen increased to 94.3 million metric tons per
year (Figure 1; data from Statista Research Department [1]), consumed in the chemicals
and refining sectors and still derived mainly from fossil fuels. However, the demand for
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hydrogen is expected to grow significantly in the coming years (almost doubling by 2030)
due to its potential use in other sectors, such as transportation, power generation, and
heating [1]. For example, the transportation sector is one of the key sectors driving the
growth in demand for hydrogen. Hydrogen-powered fuel cells are a promising alternative
to fossil fuels in the transportation sector. Fuel cell electric vehicles (FCEVs) offer several
advantages over battery-electric vehicles (BEVs), such as an extended range, faster refueling
times, and higher energy density. The US accounts for about 50% of registered FCEVs,
followed by Japan (about 25%), the European Union (11%, primarily in Germany and
France), and Korea (8%) [2].
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For the power generation and heating sector, when hydrogen is burned in a turbine or
fuel cell, it produces electricity and heat with zero emissions. This makes it an attractive
option for power generation and heating in sectors where emissions reduction is a crucial
priority, such as the industrial and residential sectors. For example, the global building
sector accounts for 30% of the global final energy use, nearly three-quarters of which is
used for space heating, hot water production, and cooking [2]. Hydrogen can potentially
contribute to the energy transition (e.g., through blending or methane production) and long-
term strategies for de-carbonizing heat (e.g., pure hydrogen production from renewables).
For example, in the UK, H21 North of England is the largest project, proposing to supply
100% hydrogen by pipeline to buildings (Northern Gas Networks, 2018). Also, in Europe,
the ENE-FIELD demonstration was launched in 2012 and has installed more than 1000 small
stationary fuel cell systems for residential and commercial buildings in 11 countries, with
plans to increase the implementation to 2800 units [3]. In addition, in Japan, the ENE-FARM
is a large-scale fuel cell demonstration and commercialization program aiming to install
5.3 million units by 2050 [4].

The industrial sector is another area that is driving the growth in demand for hydrogen.
Hydrogen is a feedstock in various industrial processes, such as ammonia production,
refineries, and steelmaking. In addition, hydrogen can be used as a feedstock to produce
chemicals, such as methanol and ammonia. The demand for hydrogen for primary chemical
production is expected to increase from 44 Mt/year (in 2019) to 57 Mt/year by 2030 as
demand for ammonia and methanol grows [5]. For ammonia and methanol, the market is
expected to increase for existing applications by 1.7% and 3.6% per year between 2018 and
2030, respectively [2]. Furthermore, the global demand for steel production from iron ore is
expected to increase from its current market (4 MtH2/year) by around 6% by 2030 [2]. For
example, in the US, Air Products is developing a green hydrogen plant in Saudi Arabia that
will be powered by 4 GW of renewable energy to produce hydrogen for the refining and
chemical industries. In addition, the HYBRIT joint venture in Sweden was developed to
explore the feasibility of hydrogen-based steelmaking using a modified DRI-EAF process
design [6].
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Large-scale storage methods (i.e., underground) are required to successfully enact a
full-scale hydrogen economy. These methods can be characterized as (Figure 2): (i) conven-
tional (i.e., depleted oil and gas fields, aquifers, and salt caverns and (ii) unconventional
(abundant coal mines and manmade lined/unlined rock cavern) [7–11]. They have several
advantages [9,12,13]: (i) a significant storage capacity, as large volumes of hydrogen can be
stored, hence meeting the full-scale hydrogen economy; (ii) a low environmental impact,
reducing greenhouse gas emissions; and (iii) a safe and secure storage option for hydrogen.
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The number of underground hydrogen storage sites (UHSs) has grown over the last
100 years. Worldwide, a total of 642 UHSs were exploited until 2010 [8,14], distributed as
476 in depleted oil and gas fields, 82 in aquifers, and 76 in salt caverns (Figure 3a; data
from Tarkowski [8]). They are distributed among regions/countries, most of the UHSs are
located in North America (399 in the US, and 50 in Canada), whereas there are 130 UHSs in
Europe, 50 in the Commonwealth of Independent States (CIS), 12 in Asia and Oceania, and
2 in South America (Figure 3b, data from Carnot-Gandolphe [15]).
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There are a number of technical issues associated with the conventional underground
storage systems that impact their overall performance, such as the geological characteristics
and the physico-chemical interactions of the host rock mass and the present pore fluid with
the hydrogen gas. These issues are briefly discussed in Appendix A.

On the other hand, unconventional underground storage methods are currently being
considered, such as abandoned coal mines and manmade lined/unlined hard rock caverns.
In areas where the conventional methods and abandoned coal mines are not available, the
use of manmade lined/unlined hard rock caverns, which are artificial chambers excavated
(i.e., at shallow depths ranging from 400 m to 1200 m) in sedimentary deposits or bedded
thin layers, can be implemented. Notably, the cavern storage systems have already been
used to store natural gas in both unlined (Haje project, Czech Republic) and lined (Skallen
project, Sweden) hard rocks ( [16]), demonstrating their potential application for hydrogen
storage. The advantages of these caverns are: (i) storing large amounts of gas that can
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be withdrawn in multiple cycles and operate at low pressures [17]) and (ii) since the rock
caverns are structurally stable, the amount of the cushion gas injected to maintain pressure
within the storage system will be minimal.

During the operational lifespan of the cavern (i.e., cyclic injection and withdrawal
of hydrogen), the cavern will experience complex mechanical, thermal, and hydraulic
processes [18]. The cavern’s stress state depends on depth, geological stress state, internal
gas pressure, and injection/withdrawal rates [19]. It is also controlled by the cavern geom-
etry [20], which influences stress redistribution during loading and unloading cycles [21].
Therefore, the cavern’s complex system must accommodate the hydrofracturing (i.e., have
a certain amount of ductility) [22]. It is also essential that the stress changes during the injec-
tion and withdrawal cycles do not cross the dilatancy boundary, which separates dilatancy
behavior from compressibility behavior, resulting in increased permeability, reduced rock
strength, and potential failure leading to loss of cavern integrity [23]. The gas temperature
in the cavern fluctuates in response to thermodynamic and heat exchange processes, which
are generally transmitted to the immediate vicinity of the cavern wall. Therefore, the cavern
complex system must have an appropriate thermal expansion coefficient to accommodate
the induced thermal stresses that affect the integrity of the cavern [24].

The current engineering practice of cavern design (Figure 4) is to encase the cavern
with stainless steel or polypropylene plastic liners that function as an impervious layer,
facilitating total containment of the stored hydrogen gas [16,25]). An ordinary Portland
cement (OPC) concrete layer is placed to transfer the load from the cavern to the surround-
ing rock, providing a smooth surface for the steel or PVC liners [25]. Also, a groundwater
drainage system is installed around the cavern’s periphery to alleviate the hydrostatic
pressure against the liner during depressurization [17].
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Notably, the lining system must possess the following characteristics [17,26]: (i) be
gas-tight and chemically resistant to gas and to the possible condensates and impurities
that it may contain; (ii) does not carry primary loads; (iii) be able to resist the stress
and strain caused by the deformation of the cavern wall; (iv) can withstand the strain
resulting from the fractures and cracks in the rock mass due to imposed gas pressure (i.e.,
cracks with openings of about 2 mm in the supported concrete layer are highly expected);
(v) can withstand the maximum operating gas pressure; and (vi) be able to withstand the
deformation due to cyclic loadings and chemical attacks.

In search of composite materials that are corrosion resistant, have high strength, low
permeability, and moderate flexibility, and are fire resistant, polymerized sulfur concrete
(PSC) has ascended to be the potential aspirant material. PSC is a material composed of
polymerized sulfur, aggregate, and a curing agent [27–33]. Its unique properties make it
a potential candidate for replacing OPC concrete in the underground hydrogen storage
cavern design. A comparison between the properties of PSC and OPC concrete with
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34.5 MPa strength is shown in Table 1 [27]. The PSC can be applied to (i) underground
caverns: PSC can be used to line underground caverns, providing a durable and leak-
resistant barrier for hydrogen storage; (ii) depleted oil and gas wells: these wells can be
repurposed for hydrogen storage, with PSC used to seal and reinforce the wellbore; and (iii)
underground tanks: PSC can be used to construct underground tanks for hydrogen storage.

Table 1. Polymerized fur concrete (PSC)’s properties compared with ordinary Portland cement (OPC)
concrete (adopted from Mohamed and El Gamal [27]).

Property
Compared with OPC
Concrete with 34.5 MPa
Strength

Test Laboratory

Abrasion resistance Much greater Dow Chemical, Texas Division, Freeport, TX, USA

Bond strength to concrete Much greater Dow Chemical, Texas Division, Freeport, TX, USA

Bond strength to reinforcing steel Greater R. M. Hardy & Associates, Ottawa, ON, Canada

Coefficient of linear expansion Equivalent R. M. Hardy & Associates, Ottawa, ON, Canada

Compressive creep Less R. M. Hardy & Associates, Ottawa, ON, Canada

Compressive strength Greater
EBA Engineering Consultants, Edmonton, AB, Canada; J. A.
Smith & Associates, Nanaimo, BC, Canada; Bernard &
Hoggan Engineering, Edmonton, AB, Canada

Corrosion resistance Much greater Sulfur Innovations, Calgary, AB, Canada; Mellon Institute,
Pittsburgh, PA, USA

Durability under thermal cycling Equivalent or higher Ontario Research Foundation, Toronto, ON, Canada; Sulfur
Innovations, Calgary, AB, Canada

Fatigue resistance Much greater Iowa State University, Ames, IA, USA

Fire resistance Slightly less Sulfur Innovations, Calgary, AB, Canada; Wamock Hersey,
Vancouver, BC, Canada

Flexural strength Greater EBA Engineering Consultants, Edmonton, AB, Canada; J. A.
Smith & Associates, Nanaimo, BC, Canada

Modulus of elasticity Greater R. M. Hardy & Associates, Ottawa, ON, Canada

Splitting tensile strength Greater R. M. Hardy & Associates, Ottawa, ON, Canada; J. A. Smith
& Associates, Nanaimo, BC, Canada

Thermal conductivity Less Ontario Research Foundation, Toronto, ON, Canada

Water permeability Much less Chemical & Geological Laboratories, Calgary, AB, Canada

This study investigates the compositional control of a newly developed PSC and
its mechanical and chemical behaviors under changing environmental conditions for its
potential use as a corrosion-resistant material and as a healer to cracked rock in geological
reservoirs for hydrogen storage in lined rock caverns (i.e., as a replacement to OPC concrete).
In doing so, the PSC was manufactured using the following sustainable materials: (i) sulfur,
a waste from the oil and gas industry, is polymerized using an organic polymer; (ii) dune
sand from a sandy hump; (iii) ladle-furnace (LF) slag, waste from the electric arc furnace
processes; and (iv) ground granulated blast furnace slag (GGBFS), waste from a cement
factory. An experimental design approach was adopted, and a statistical method was
employed to determine the optimal SPC ingredients. Several experiments were conducted
to evaluate the physico-mechanical-chemical behaviors of the developed PSC. In addition,
other previously reported PSC compositions were used to demonstrate the durability of
PSC to chemical attacks, temperature changes, and an externally imposed vacuum pressure
in an extreme environment.



Sustainability 2024, 16, 8595 6 of 32

2. Characterization of the Raw Materials

Selection and characterization of the raw materials is the first step in this study, as
detailed in Figure 5.
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2.1. Physical and Morphological Characteristics

Four feed materials for the PSC mixtures were collected locally from the United Arab
Emirates (UAE). Granular elemental sulfur with a purity of 99.9% was obtained by ADNOC
Sour Gas, Abu Dhabi, UAE, which was used to make the polymerized sulfur using the
methodology presented in Mohamed and El Gamal [27]. Dune sand was collected from a
sandy hump in the Al Ain area, UAE. Ladle-furnace slag (LFS) waste material, a byproduct
from the electric arc furnace process, was collected from Emirates Steel Factory in Abu
Dhabi, UAE. Finally, ground granulated blast furnace slag (GGBFS) was collected from the
Al Sharjah Cement Factory, UAE. Additional information regarding these materials can be
found in Mohamed et al. [32].

The granulometric distribution curves for the used aggregates are shown in Figure 6.
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The GGBFS is the finest aggregate (38 to 300 µm), followed by sand dune (38 to 400 µm)
and LFS (38 to 850 µm). The graded materials belong to the fine aggregate size, as they
include materials of mineral composition having particle sizes ranging from 38 to 850 µm.

The results shown in Table 2 indicate that the specific gravity of the GGBSF is slightly
less than that of LFS and higher than that of sand. The specific surface area of GGBFS is
higher than that of sand and LFS. The smaller the aggregate size, the greater its surface
area. GGBFS has lower porosity and pore volume than LFS and sand.

Table 2. Specific gravity, surface area, and pore volume of the used aggregate materials.

Raw Materials Sand LFS GGBFS

Specific gravity
(g/cm3) 1.69 3.30 2.86

BET surface area
(m2/g) 5.61 2.38 5.92

Langmuir surface
area (m2/g) 7.95 4.94 8.42

Micropore volume
(cm3/g) 1.71 × 10−3 2.74 × 10−3 3.41 × 10−4

Total pore volume 5.22 × 10−3 8.18 × 10−3 3.04 × 10−3

The scanning electron micrograph (SEM) images of the microstructure distributions
of the used aggregates (Figure 7) indicate that (i) sand particles are smooth in texture and
round in shape; (ii) LFS particles have a rough surface texture and include large numbers of
micro-pores and internal pores; and (iii) GGBFS particles enclose smooth angular granules.
Notably, the amount of sulfur required for the PSC highly depends on the particle size
distribution and the maximum size of aggregates. Also, the amount of paste depends on
the number of void spaces; LFS contains pores, which provide a durable adherence with
polymerized sulfur. Therefore, the shape and porous structure of LFS make it necessary to
use a high amount of polymerized sulfur when preparing the PSC.
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2.2. Chemical and Mineralogical Characteristics

Determination of the chemical constituents of the aggregates and filler is essential to
assess their mineralogical composition and to evaluate their adhesion properties. Table 3
shows the chemical compositions of the employed materials, mainly silicon, calcium,
aluminum, magnesium, and iron oxides. The central oxide in sand is SiO2, whereas CaO is
the central oxide in both LF steel slag and GGBFS. The CaO content of GGBFS was lower
than that of LFS; however, its SiO2 content was higher. The oxides MgO and Al2O3 were in
significantly higher proportions in GGBFS compared with LFS.
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Table 3. Chemical composition (weight %).

Component Sand LFS GGBFS

SiO2 76.4 30.29 33.12

Fe (total) 0.68 3.42 0.48

Al2O3 0.47 10.12 16.27

CaO 16.35 51.12 41.12

MgO 2.16 4.33 7.5

MnO 0.05 0.50 0.19

K2O 1.13 0.03 0.36

Na2O 2.10 0.01 0.07

Cr2O3 0.02 0.05 0.01

Unidentified metal oxides 0.64 0.13 0.88

Sum 100 100 100

Loss on ignition (LOI) 6.01 1.4 2.34

The X-ray diffraction (XRD) analysis showed that the sand mainly comprises quartz
mineral SiO2, calcite CaCO3, and dolomite CaMg(CO3)2. The LF steel slag is composed
of Ca, Si, and Al oxides, wollastonite (βCaO·SiO2), anorthite CaO·Al2O3·2SiO2, CaS, and
αAl2O3. The XRD analysis of GGBFS showed amorphous calcium aluminum silicate (AM)
and larnite (calcium silicate) cemented by carbonates. The mineralogical analyses of each
component showed the same composition as that revealed by the chemical analysis.

3. Sulfur Polymerization

Sulfur is thermoplastic; therefore, it can be melted and cooled back to a solid form.
Because of this property, it can be mixed with aggregate or fillers to form sulfur-based
concretes and composite materials that can be used as an alternative to conventional
hydraulic OPC concretes. However, pure sulfur goes through an allotropic solid phase
transition (upon cooling below 95.5 ◦C) from the monoclinic to the orthorhombic form,
which is denser and occupies less volume [27]. Cooling of the sulfur results in an increase
in density (shrinkage of the matrix), which introduces physical instabilities in the solid
and makes the material highly stressed and susceptible to cracking and mechanical failure.
To remedy the problem caused by sulfur’s allotropic solid phase transition, elemental
sulfur was modified by reacting with olefin hydrocarbon polymeric material (bitumen).
As revealed in the SEM images shown in Figure 8a, the structure of elemental sulfur is
composed of dense orthorhombic crystals of alpha form (Sα).
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In comparison, polymerized sulfur consists of monoclinic plate-like microstructure
crystals of beta form (Sβ) (Figure 8c) [27]. It is supposed that the growth of large crys-
tals may be restricted because bitumen particles serve as nucleation sites that cause the
formation of many small crystals instead of fewer large sulfur crystals. These plate-like
microstructure crystals of micron size play a significant role in relieving the stresses pro-
duced from thermal expansion mismatch in concretes, helping to resist cracking, tolerating
any thermal expansion, and developing minimal residual stresses and shrinkage upon
cooling [27].

4. PSC Preparation and Characterization

The PSC was formulated from the polymerized sulfur, dune sand, LFS, and GGBFS,
which are embedded in a matrix, whereby the polymerized sulfur fills the space between the
aggregate’s particles and glues them together. The mechanisms involved in the preparation
of PSC are different from those used in the OPC concrete preparation. PSC is a thermoplastic
material that is mixed and cast warm. On the solidification and cooling of the PSC to
ambient temperature, the liquid polymerized sulfur binds the aggregate and forms a rigid
PSC in minutes, reaching its maximum strength in less than 24 h. However, OPC concrete
is prepared at ambient temperatures. It relies on the chemical hydration reactions during
curing for at least 28 days to form the rigid OPC concrete and reach its maximum strength.

However, the aggregate’s mineralogical properties and contents and the polymerized
sulfur content determine the designed PSC’s strength, workability, and durability. For
example, dune sand is used to enhance the workability of the mixture because the particle is
spherical and well-rounded, with a relatively smooth surface. The GGBFS is used because
of its high surface area, which increases the bonding with the polymerized sulfur and the
rough, angular shape of its crushed particles, reducing the high internal stresses during the
cooling of the PSC mixture.. Moreover, aggregates with an irregular geometry may reduce
the workability of the mortar, but they enable the polymerized sulfur to adhere more easily
to the surface of the grains (Gemelli et al. 2004). The molten polymerized sulfur acts as a
binder material for the aggregates.

The PSC mixtures were prepared according to ACI 548.2R-93 [34], which involved
mixing and placing the sulfur concrete. Since the mixing process is detailed in El Gamal
et al. [35], only a brief description is given, as follows: the elemental sulfur was modified by
mixing it with an organic material (natural bitumen at 2.5 wt.%) to form the polymerized
sulfur. An emulsifying agent was used in that mixing process to enable uniform compatibil-
ity between elemental sulfur and the natural bitumen [27]. The reaction progress is tracked
by visually observing the changes in viscosity and homogeneity of the studied mixture. The
output product of this step is a sulfur-containing polymer (or polymerized sulfur) that has
glass properties once it cools down. Secondly, aggregate materials were pre-heated to about
160 ◦C and mixed with the molten polymerized sulfur at 120–140 ◦C until a homogeneous
mixture was obtained (ACI, 1993). Thirdly, the hot mixture was poured while still hot into
pre-heated cylindrical and cubic molds and then settled on a table shaker for one minute.
Finally, the casted samples were placed in an oven at 40 ◦C for 24 h for complete curing.
The cured samples were kept and stored at room temperature for further testing, analysis,
and characterization. The SEM examined the casted PSC and noted the presence of dark
spots at the surface of the mixture due to the presence of the GGBFS particles.

The prepared PSC consisted of four ingredients: polymerized sulfur (referred to as X1),
dune sand (X2), LFS (X3), and GGBFS (X4) with varying amounts as X1 (0.3–0.4), X2 (0.3–0.4),
X3 (0.15–0.25), and X4 (0.15–0.20). The proportions of these ingredients were evaluated
according to their mass fractions (e.g., 0.30 corresponds to 30% of the total mass of the
mixture). The practical mass fractions of the ingredients are defined as the ones that achieve
acceptable visual workability during mixing and casting. Therefore, preliminary mixes
with different mass fractions were tried out, and the range of each ingredient was estimated.

The experimental results indicated that the PSC exhibited unique properties (Table 4).
Depending on the mixture design, the recorded properties of the PSC after curing for 24 h
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at 40 ◦C were: compressive strength ranging from 35 to 58 MPa, density from 2.277 to
2.488 g/cm3, air content from 4 to 8%, moisture absorption from 0.17 to 0.3%, and maximum
volumetric shrinkage from 1.69 to 2.0%. In addition, PSC does not require curing and sets
within 30–60 min. It is nonconductive with zero flame spread classification and zero fuel
contribution. Moreover, the PSC maximum service temperature ranges from 85 to 90 ◦C,
which is higher than that expected of a manufactured rock cavern for hydrogen storage.

Table 4. Physical properties of SPC after curing 24 h at 40 ◦C.

Property Experimental Results

Compressive strength 35–58 MPa

Density 2.28–2.49 g/cm3

Setting time 30–60 min

Curing time 24 h

Air content 4–8%

Moisture absorption 0.17–0.3%

Max. volumetric shrinkage 1.69–2.0%

Electrical conductivity Nonconductive

Max. service temperature 85–90 ◦C

Flame spread classification 0

Fuel contribution 0

5. PSC Mixture Design Optimization
5.1. Modeling

In the mix design procedure, packing density, compressive strength, and stability are
greatly influenced by the proportions of dune sand, LFS, GGBFS, and optimum proportions
of polymerized sulfur. As the complexity of the experimental design increases, the ability
to distinguish between main effects and interactions increases. The experimental design
allows for (i) estimating the linear, the quadratic (i.e., linear and interaction terms), and the
special cubic interaction effects of the components in the PSC mixture and (ii) comparing
the models based on obtained responses (Table 5).

Table 5. Response regression model order.

Responses Regression Model Standard
Deviation R-Sq (%) R-Sq (pred)

(%) R-Sq (adj) (%) PRESS p-Value

Density

Linear 0.04776 38.02 18.66 31.14 0.08085 0.004

Quadratic 0.03085 79.88 51.22 71.26 0.04848 0.000

Special cubic 0.01645 95.37 81.88 91.83 0.01801 0.000

Compressive
Strength

Linear 5.42818 40.01 20.00 34.23 1075.19 0.002

Quadratic 3.31535 82.83 60.73 75.47 527.865 0.000

Special cubic 1.5456 96.98 89.04 94.67 147.341 0.000

The results shown in Table 5 indicate that the special cubic model provides an adequate
fit to the PSC behavior (i.e., density and compressive strength), as in Equation (1).

Y = ε + β1X1 + β2X2 + β3X3 + β4X4 + β12X1X2 + β13X1X3 +β23X2X3 + β14X1X4 + β24X2X4 + β34X3X4
+β123X1X2X3 + β124X1X2X4 + β134X1X3X4 +β234X2X3X4

(1)

where Y represents the response, the variable X1 represents the polymerized sulfur, X2 is the
first aggregate (sand), X3 is the second aggregate (LFS), and X4 is the filler (GGBFS). For each
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response, 14 coefficients were calculated, and the mixture design foresaw 26 experiments,
that is, 13 different mixtures (Table 6).

Table 6. Proportions of PSC mixtures and measured responses.

Mixture ID

Input
Ingredients Proportions

Output
Experimentally Measured Responses

(2 Responses for Each Mixture)

Polymerized
Sulfur (X1) Sand(X2) LFS (X3) GGBFS (X4) Density(g/cm3)(Y1)

Compressive
Strength (MPa) (Y2)

1 0.30 0.30 0.25 0.15 2.37; 2.36 38.0; 39.5

2 0.30 0.30 0.20 0.20 2.49; 2.43 49.2; 48.0

3 0.30 0.40 0.15 0.15 2.29; 2.28 35.2; 36.0

4 0.40 0.30 0.15 0.15 2.32; 2.32 37.5; 39.5

5 0.35 0.30 0.15 0.20 2.30; 2.30 39.9; 41.0

6 0.30 0.35 0.15 0.20 2.31; 2.32 40.2; 42.0

7 0.325 0.325 0.175 0.175 2.43; 2.44 52.0; 53.2

8 0.3125 0.3125 0.2125 0.1625 2.38; 2.34 50.0, 53.6

9 0.3125 0.3125 0.1875 0.1875 2.44; 2.44 58.0; 54.0

10 0.3125 0.3625 0.1625 0.1625 2.38; 2.38 40.0; 38.4

11 0.3625 0.3125 0.1625 0.1625 2.31; 2.31 38.0, 39.0

12 0.3375 0.3125 0.1625 0.1875 2.41; 2.38 46.0; 48.0

13 0.3125 0.3375 0.1625 0.1875 2.44; 2.44 44.0; 42.0

Based on the obtained results (Table 7), regression equations were designed for the PSC
for each response (i.e., density (Y1) and compressive strength (Y2). Using a 5% significance
level, a factor (i.e., X1 or X2 or X3 or X4) is considered to affect the response if the coefficients
differ from zero significantly and the p-values < 0.050 (Morgan and Chemometrics 1991).

Table 7. Regression coefficients and the associated probability values (p-value) for each response.

Term Density (Y1) Compressive Strength (Y2)

Coefficient T p Coefficient T p

X1 200 - - 36,485 - -

X2 131 - - 25,674 - -

X3 367 - - 76,581 - -

X4 285 - - 24,074 - -

X1X2 −657 −1.56 0.138 −134,154 −3.38 0.004

X1X3 −1361 −1.68 0.111 −301,855 −3.96 0.001

X1X4 −1105 −3.36 0.004 −108,576 −3.52 0.003

X2X3 −920 −1.21 0.241 −230,735 −3.24 0.005

X2X4 −800 −2.57 0.020 −43,941 −1.5 0.151

X3X4 −1338 −3.14 0.006 −185,071 −4.62 0.000
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Table 7. Cont.

Term Density (Y1) Compressive Strength (Y2)

Coefficient T p Coefficient T p

X1X2X3 2416 0.98 0.342 748,447 3.23 0.005

X1X2X4 2057 1.78 0.093 71,400 0.66 0.520

X1X3X4 3302 3.41 0.003 508,563 5.59 0.000

X2X3X4 1371 1.05 0.311 82,759 0.67 0.511

Figure 9 shows two normal probability plots, which are used to assess the normality
of residuals in a model. The plot on the left corresponds to the “response is density” and
the plot on the right corresponds to the “response is strength”. For the right plot (strength),
the red data points follow the blue diagonal line fairly closely, indicating that the residuals
for the strength response are approximately normally distributed. However, there is slight
deviation at the tails, which might indicate some minor outliers or non-normality. Similarly,
for the left plot (density), the red data points for the density response residuals also align
closely with the diagonal line. There is a slight deviation from normality towards the ends,
suggesting minor departures from a normal distribution. Both plots suggest an overall
acceptable fit to the normal distribution, but there might be slight non-normality at the tails.
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Figure 9. Normal probability plots of residual values for (a) density and (b) compressive strength
of PSC.

5.2. Effect of Mixture Proportions on PSC Density

The experimental and statistical results indicated that PSC packing density (Y1) was
significantly affected by the mixture components’ properties such as specific gravity, shape
and sizes, total surface area, and void spaces. For example, considering the experimental
results of mix designs 1 and 2, for constant PS (X1) and sand (X2) contents, as the content of
the LFS (X3) decreases and the GGBFS (X4) increases, the solidified mixture density as well
as the strength increases. Such an increase can be attributed to the specific mineralogical
characteristics of the GGBFS (i.e., presence of amorphous calcium aluminate silicate and
calcium silicate cemented by carbonates) leading to an increase in the densification, a high
specific surface area that allows for more bonding with PS, less total pore volume within the
GGBFS particles itself, and higher gradation and uniformity of particle sizes. In addition,
the fact that GGBFS has a higher MgO content, leading to a higher catalytic reaction with
the PS, the mixture bonding, density, and strength would be increased. Therefore, the
contribution of the GGBFS to the overall design mix properties is highly important.

Moreover, to evaluate the impact of the PS content on the mix design properties, one
uses mix designs 3 and 4, whereby the LFS (X3) and GGBFS (X4) are constants, the PS (X1)
content increased, and the sand (X2) content decreased. In such a mixed design, the PS
bonding with the LFS and GGBFS is enhanced, leading to a higher density and strength.
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Therefore, the PS content significantly impacts the density and strength properties of the
mix design.

It Is worth noting that simple explanations of each component’s role in a multi-
component system would be difficult due to the interactions between the participating
components. As seen below, the multi-component (X1X3X4) significantly impacts the
resulting mixture properties.

Positive coefficients (Table 7) for the three-blend mixtures X1X3X4 (3302), X1X2X3
(2416), X1X2X4 (2057), and X2X3X4 (1371) indicate that the three components act comple-
mentarily. That is, the mean acceptance score for the blend is more significant than that
obtained by calculating the simple mean of the three acceptance scores for each mixture.
The mixture X1X3X4 is the three-blend mixture that might be considered significant (T = 3.41;
p = 0.003). Negative coefficients for the two components, X1X2, X1X3, X1X4, X2X3, X2X4,
and X3X4, indicate they are antagonistic. That is, the mean acceptance score is lower than
that that can be obtained by calculating the simple mean of the two acceptance scores. Due
to the relatively high specific gravity of steel slag (X3), steel slag aggregate can be expected
to yield a higher-density product than conventional mixes. The physical and chemical
properties of aggregates at the micro-scale strongly impact the adhesive bond (strength
and durability) between the polymerized sulfur and aggregates. These properties include
surface-free energy, chemical interaction potential, and specific surface area. Mixes with
higher polymerized sulfur contents have lower density.

The contour plots of the PSC mixtures for the density changes are shown in Figure 10,
where one parameter remains constant each time. A contour plot is a graphical represen-
tation where contour lines connect points of equal value. In surface statistical modeling,
contour plots often illustrate the relationship between the independent variables and one
dependent variable. The dependent variable’s values are represented by the contours
(or “level curves”), making it easier to visualize how the variable changes over different
combinations of the independent variables.

The main advantage of contour plots is their ability to reveal how sensitive a model is
to changes in the input variables. By inspecting how rapidly or gradually contour lines shift,
analysts can determine the sensitivity of the dependent variable to changes in independent
variables, enabling more robust decision making.

The shape of the contour lines in a contour plot provides significant insights into the
level of interaction between variables in a surface statistical model. Specifically, the way
contour lines curve, intersect, or remain parallel can reveal whether the variables interact
and, if so, the strength and nature of the interaction. Interpretations of the results based on
contour shapes can be performed based on the following classification:

(i) Straight and parallel lines: No or minimal interaction, meaning that the dependent
variable is primarily influenced by one of the independent variables and the effect of
the other variable is either constant or insignificant;

(ii) Curved lines: Moderate to strong interaction, indicating non-linear relationships. This
interaction means the effect of one variable on the dependent variable depends on the
level of the other variable;

(iii) Elliptical/circular lines: Moderate interaction, depending on the degree of elongation.
A narrow ellipse suggests a stronger interaction, with the dependent variable being
more sensitive to changes in both independent variables. In contrast, a more circular
shape suggests a more balanced influence between the variables;

(iv) Crossing or closely spaced lines: Strong interaction with possible critical points. This
indicates that the dependent variable is extremely sensitive to changes in the combina-
tion of the independent variables. These crossings or abrupt changes in contour line
density often mark critical points, such as maxima, minima, or saddle points, where
the combination of both variables leads to significant changes in the response;

(v) Twisted or S-shaped lines: Complex and non-linear interaction. This could suggest
that the dependent variable’s response to changes in the independent variables is
not straightforward and that multiple regions of interaction exist, possibly indicating



Sustainability 2024, 16, 8595 14 of 32

non-linearities or multiple optimal points. Such contour patterns are common in
systems with competing effects, where increasing one variable might initially im-
prove the outcome but might later lead to a decrease, depending on the value of the
second variable.

Figure 10 illustrates the contour plots for the density of the PSC, showing how the
design space—the proportions of X1 (polymerized sulfur), X2 (sand), X3 (LFS), and X4
(GGBFS)—affects the density of the mixture. In the top-left plot, the design space is defined
by X1, X2, and X3, with X4 held constant. The highest density (2.294 g/cm3) is found near
the center, with closely spaced contour lines indicating high sensitivity to changes in LF
slag (X3). In the top-right plot, where X1, X2, and X4 vary, the design space reveals that
increasing X4 (GGBFS) results in a density up to 2.355 g/cm3, with more gradual changes
indicated by widely spaced contour lines. The bottom-left plot, which explores the design
space of X1, X3, and X4, shows the highest density (2.416 g/cm3) when both X3 and X4 are
increased, with closely spaced contour lines signifying rapid changes in density. Finally,
in the bottom-right plot, the design space consists of X2, X3, and X4; balancing X3 and X4
leads to a density of 2.416 g/cm3, with strong interactions between LFS and GGBFS. In all
plots, the proximity and shape of the contour lines indicate the sensitivity of the density
to changes in the mixture components, with the closely spaced lines representing high
sensitivity and the widely spaced lines indicating lower sensitivity. Notably, the highlighted
heavy bold dotted lines represent the design spaces of the experimental density values
that are used in the statistical modeling. These design spaces are crucial for determining
the optimal mixture compositions to achieve the desired density outcomes, particularly in
applications like underground hydrogen storage, where material density is critical.
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Figure 10. PSC mixtures contour plots for the density: (a) constant GGBFS (X4) content at 0.15;
(b) constant LF slag (X3) content at 0.15; (c) constant sand (X2) content at 0.3, and (d) constant
polymerized sulfur (X1) content at 0.3.

The PSC mixture response trace plot shown in Figure 11 is used to examine the effect
of each component on the overall response. The plot discloses (i) the density changes
when changing the proportion of each component while keeping all others in a constant
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proportion and (ii) the effect of changing the corresponding component along an imaginary
line connecting the reference blend to the vertex.

Sustainability 2024, 16, 8595 15 of 33 
 

 
Figure 11. PSC mixtures response trace plot for density. 

The results shown in Figure 11 indicate that (i) as the polymerized sulfur content (X1) 
increases or decreases from the reference blend, the density decreases; (ii) as the sand con-
tent (X2) increases or decreases from the reference blend, the density decreases; (iii) as the 
LF slag (X3) increases from the reference blend, the density decreases, and as it decreases 
from the reference blend, the density almost remains constant and then decreases; and (iv) 
as the GGBFS (X4) increases from the reference blend, the density increases, and as it de-
creases, the density decreases. Therefore, a slight increase in the GGBFS would impact the 
density, and then the density would decrease. Consequently, it can be stated that (i) the 
GGBFS has the highest impact on the density and (ii) the present overall mixture propor-
tion (X1, X2, X3, and X4 at 32.5, 32.5, 17.5, and 17.5%, respectively) seems to be suitable for 
an optimal density of 2.43–2.44 g/cm3.  

5.3. Effect of Mixture Proportions on PSC Compressive Strength 
Compressive strength is known to be a function of the density of PSC, and an increase 

in density results in higher compressive strength. Bonding between aggregate and pol-
ymerized sulfur is an essential factor for PSC strength. Bonding is due, in part, to the in-
terlocking of the aggregate and the hardened polymerized sulfur due to the roughness of 
the surface of the former. A rougher surface, such as that of crushed particles, results in a 
better bond due to mechanical interlocking; a better bond is also usually obtained with 
mineralogically heterogeneous particles. In addition, the bond is affected by other physi-
cal and chemical properties of the aggregates. 

With this design, polymerized sulfur in a small amount is required to fill the voids in 
the aggregate mixture. It was established that a larger polymerized sulfur/aggregates ratio 
tends to decrease the compressive strength of the formed PSC due to the thick layer of 
polymerized sulfur around the aggregate particles, which leads to brittle products. In ad-
dition, the polymerized sulfur ratio significantly influenced the mixture’s rheological 
properties, reflected in the resulting PSC’s compatibility, density, and void content. In 
lower polymerized sulfur/aggregates ratio cases, the molten mixture became excessively 
dry and thick, preventing adequate distribution of the materials and significantly reduc-
ing the formed PSC’s compressive strength. An aggregate grading yielding maximum 
solid density and particle interlock is highly desirable for SPC [27]. Maximum particle 
interlocking leads to high strength, whereas minimum voids in a specific material compo-
sition are conducive to high strength and low compression. This coincides with the corre-
lation between mechanical strength and porosity since strength is dependent on the 

0.080.060.040.020.00-0.02

2.45

2.40

2.35

2.30

2.25

2.20

deviation from reference blend in proportion

Fit
te

d 
de

ns
ity

X1  0.3250
X2  0.3250
X3  0.1750
X4  0.1750

Comp:RefBlend

Cox Response Trace Plot

Figure 11. PSC mixtures response trace plot for density.

The results shown in Figure 11 indicate that (i) as the polymerized sulfur content
(X1) increases or decreases from the reference blend, the density decreases; (ii) as the sand
content (X2) increases or decreases from the reference blend, the density decreases; (iii) as
the LF slag (X3) increases from the reference blend, the density decreases, and as it decreases
from the reference blend, the density almost remains constant and then decreases; and
(iv) as the GGBFS (X4) increases from the reference blend, the density increases, and as it
decreases, the density decreases. Therefore, a slight increase in the GGBFS would impact
the density, and then the density would decrease. Consequently, it can be stated that (i) the
GGBFS has the highest impact on the density and (ii) the present overall mixture proportion
(X1, X2, X3, and X4 at 32.5, 32.5, 17.5, and 17.5%, respectively) seems to be suitable for an
optimal density of 2.43–2.44 g/cm3.

5.3. Effect of Mixture Proportions on PSC Compressive Strength

Compressive strength is known to be a function of the density of PSC, and an in-
crease in density results in higher compressive strength. Bonding between aggregate and
polymerized sulfur is an essential factor for PSC strength. Bonding is due, in part, to the
interlocking of the aggregate and the hardened polymerized sulfur due to the roughness of
the surface of the former. A rougher surface, such as that of crushed particles, results in
a better bond due to mechanical interlocking; a better bond is also usually obtained with
mineralogically heterogeneous particles. In addition, the bond is affected by other physical
and chemical properties of the aggregates.

With this design, polymerized sulfur in a small amount is required to fill the voids
in the aggregate mixture. It was established that a larger polymerized sulfur/aggregates
ratio tends to decrease the compressive strength of the formed PSC due to the thick layer
of polymerized sulfur around the aggregate particles, which leads to brittle products. In
addition, the polymerized sulfur ratio significantly influenced the mixture’s rheological
properties, reflected in the resulting PSC’s compatibility, density, and void content. In lower
polymerized sulfur/aggregates ratio cases, the molten mixture became excessively dry
and thick, preventing adequate distribution of the materials and significantly reducing the
formed PSC’s compressive strength. An aggregate grading yielding maximum solid density
and particle interlock is highly desirable for SPC [27]. Maximum particle interlocking
leads to high strength, whereas minimum voids in a specific material composition are
conducive to high strength and low compression. This coincides with the correlation
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between mechanical strength and porosity since strength is dependent on the concrete
microstructure and porosity is related to the movement of chemical substances into and
out of the concrete, consequently affecting its durability.

The results indicated that the compressive strength (Y2) of PSC was significantly
affected by the mixture components. Positive coefficients (Table 7) for the three-blend
mixtures, X2X3X4 (82,759), X1X2X3 (748,447), X1X2X4 (71,400), and X1X3X4 (508,563), indi-
cate that the three components act complementarily. That is, the mean acceptance score
for the blend is more significant than that obtained by calculating the simple mean of
the three acceptance scores for each mixture. The mixtures X1X2X3 (T = 3.23; p = 0.005)
and X1X3X4 (T = 5.59; p = 0.000) are the three-blend mixtures that might be judged as
significant. Negative coefficients for the two components, X1X2, X1X3, X1X4, X2X3, X2X4,
and X3X4, indicate they are antagonistic. That is, the mean acceptance score is lower than
that obtained by calculating the simple mean of the two acceptance scores. All the two
components are significant except X2X4, which has a high p-value. Based on the linear
coefficients of the four ingredients (X3 (76,581), X1 (36,485), X2 (25,674), and X4 (24,074)), it
seems that LF slag is the main driver for the compressive strength developments.

The PSC contour plots of the compressive strength are shown in Figure 12, where
one parameter remains constant each time. Figure 12 presents the contour plots for the
compressive strength of the PSC, highlighting how the design space—the proportions of
X1 (polymerized sulfur), X2 (sand), X3 (LFS), and X4 (GGBFS)—affects the compressive
strength of the mixture. In the top-left plot, the design space consists of X1, X2, and X3, with
X4 held constant. The highest compressive strength (60 MPa) is observed in the center of
the plot, with closely spaced contour lines indicating high sensitivity to changes in these
components, especially LFS (X3). In the top-right plot, where X1, X2, and X4 vary, the
design space shows that increasing X4 (GGBFS) leads to a compressive strength of up to
50 MPa, with more gradual changes indicated by the widely spaced contour lines. The
bottom-left plot, which explores the design space of X1, X3, and X4, shows the highest
compressive strength (70 MPa) when both X3 and X4 are increased, with closely spaced
contour lines indicating rapid changes in strength. In the bottom-right plot, where X2, X3,
and X4 vary, the compressive strength reaches 70 MPa, with a strong interaction between
LFS (X3) and GGBFS (X4). In all plots, the proximity and shape of the contour lines reflect
the sensitivity of the compressive strength to changes in the mixture components. Closely
spaced lines indicate high sensitivity, while widely spaced lines suggest a more gradual
response. Notably, the highlighted heavy bold dotted lines represent the design spaces of
the experimental strength values that are used in the statistical modeling. These design
spaces are essential for identifying optimal mixture compositions to achieve the desired
compressive strength, particularly for applications requiring high structural integrity, such
as PSC materials.

The PSC mixture response trace plot (Figure 13) is used to examine the effect of
each component on the overall response. The plot reveals how the compressive strength
changes when changing each component’s proportion while keeping all others in a constant
proportion. The plot discloses (i) as the sulfur content (X1) increases or decreases from the
reference blend, the compressive strength decreases; (ii) as the sand content (X2) increases
or decreases from the reference blend, the compressive strength decreases; (iii) as the LF
slag (X3) increases from the reference blend, the compressive strength increases up to a
specific increase in its content, and as it decreases from the reference blend, the compressive
strength decreases sharply; and (iv) as the GGBFS (X4) increases from the reference blend,
the compressive strength increases, and as it decreases, the compressive strength increases.

Therefore, the slight increase in both LF slag and GGBFS would increase the com-
pressive strength, then the density would be decreased. However, a slight rise in LF slag
and a slight decrease in the GGBFS would contribute to increased compressive strength.
The existing overall mixture proportions (X1, X2, X3, and X4) of 32.5, 32.5, 17.5, and 17.5%,
respectively, appear to be optimal for compressive strength values ranging from 52.0 to
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53.2 MPa, indicating that the PSC is capable of sustaining a formation pressure up to about
5.3 km below the ground surface.
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6. Durability

Figure 14 shows the compressive strength reduction of a PSC mixture consisting of
21% polymerized sulfur, 38% crushed sand, 24% dune sand, 8% carbonated LF slag, and 9%
carbonated GGBFS after exposure for 18 months to different environmental conditions [32]:
(i) water at room temperature (23 ± 3 ◦C); (ii) water at 60 ◦C; (iii) 20% sulfuric acid solution;
and (iv) 5% sodium chloride solution.

These results indicated that the PSC manufactured with carbonated alkaline solid
wastes has a high tolerance to both acidic and saline environments because uncarbonated
alkaline solid wastes generally tend to expand due to the presence of free lime [fCaO]
and free magnesium oxide [fMgO] [32]. The expansion of fCaO and fMgO, as well as
the conversion of di-calcium-silicate [C2S] and the oxidation of iron and carbonation of
CaO and MgO, results in volumetric instability (swelling). Notably, lime [CaO] can be
thoroughly hydrated in a few days when immersed in water; MgO hydrates much slower,
causing significant volume changes for months or years. To decrease the volume instability
caused by the swelling components, treatment techniques, such as using additives, steam
treatment, open-air stockpiling (aging), and mineral carbonation, are employed.

Minimum compressive strength reduction was observed when the PSC was exposed
to distilled water at room temperature. However, as the temperature increases, the strength
reduction increases. The strength reduction could be attributed to many factors:

a. Formation of New Minerals: Considering the elemental analysis of the sand, LFS,
and GGBFS (Table 5), there are considerable amounts of metal oxides that have an
essential role when they contact water at variable temperatures. The availability of
these types of oxides could lead to the formation of tri-calcium silicate (CaO·SiO2), tri-
calcium aluminate (CaO·Al2O3), and tetra-calcium almino-ferite (CaO·Al2O3·Fe2O3).
With water availability, the following reactions will take place:

2(3CaO·SiO2) + 6H2O → 3CaO·SiO2·3H2O + 3Ca(OH)2
Tricalcium Silicate + Water → Tombermonte gel + Calcium Hydroxide

2C3S + 6H → C − S − H + 3CH
(2)

3CaO·Al2O3 + 6H2O → 3CaO·Al2O3·6H2O
Tricalcium Aluminate + Water → Tricalcium Aluminate Hydrate

C3A + 6H → C3AH6

(3)

4CaO·Al2O3·Fe2O3 + 10H2O + 2Ca(OH)2 → 6CaO·Al2O3·Fe2O3·12H2O
Tricalcium Aluminoferrite + Water + lime → Calcium Aluminoferrite Hydrate

C4AF + 10H + C2OH → C6AFH12

(4)

and new minerals or cementing agents such as calcium silica hydrate (CSH), tri-
calcium aluminate hydrate (C3AH6), and calcium alumino-ferrite hydrate (C6AFH12)
are formed. The percentage of formed minerals is shown in Table 8 (data from
Mohamed and El Gamal [27]. However, these newly developed minerals may
deposit in the pores without polymerized sulfur binding, reducing strength.

b. Discontinuity of the Pores: As per Mohamed and El Gamal [27], the SEM analysis
of the PSC samples immersed in heated deionized water at 60 ◦C showed small
and discontinuous voids. These voids serve as stress relief sites and improve the
material’s durability. Also, voids reduce the polymerized sulfur required to coat the
mineral aggregate, minimizing the shrinkage.

c. Pore Diameter: Based on void size evaluation from the results of the SEM using
image analysis software, the diameter Feret ratio increases as temperature increases,
indicating that the voids’ sizes increased [27];

d. Atomic Sulfur Content: As per the EDX analysis [27], the percentage of atomic sulfur
in the PSC decreased by 4.4% due to heating at 60 ◦C, which is compatible with the
presence of voids in PSC at elevated temperatures as per the SEM results. However,
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based on the gravimetric analysis, no loss in elemental sulfur was noted at 60 ◦C [27],
indicating no formation of sulfur gas and possible formation of metal sulfide forms.

Table 8. Percentage formed mineral compositions with time.

Mineral Type
Curing Time

1 Day 2 Days 7 Days

Sulfur 27.9–35.4 28.0–35.2 28.4–31.5

Quartz (SiO2) 44.0–56.2 42.7–50.0 44.0–50.5

Aluminium oxide hydrate (5Al2O3nH2O) 2.9–6.1 4.4–7.0 1.7–7.9

Calcite (CaCO3) 2.2–2.9 2.5–5.0 2.0–3.8

Calcium silicate hydrate (Ca1.5 SiO3.5nH2O ) 2.3–4.4 3.7–4.8 1.8–5.0

Plagioclase (CaAlSi3O8) 3.9–7.5 3.2–3.6 2.5–4.7

Hematite (Fe2O3) 1.1–3.5 1.0–2.5 2.2–2.5

Dolomite (CaMg(CO3)2) 1.0–1.4 1.0 1.5–3.9

Calcium aluminum oxide hydrate (Ca3Al2O6nH2O) 0.0–1.9 1.0–1.3 0.0–1.2

About a 3% reduction in strength was observed when samples were exposed to an
acidic environment for six months; however, no further decrease was observed beyond
this period. This behavior can be explained by evaluating the possible interaction between
the PSC and the 20% sulfuric acid solution. Sulfuric acid is a strong mineral acid that
can aggressively react with composite components. The reaction mechanisms depend
on the chemical properties of each material. For polymerized sulfur, sulfuric acid might
have a minimal effect on polymerized sulfur due to sulfur’s intrinsic resistance to acidic
environments. However, any residual bitumen within the polymerized sulfur matrix could
be vulnerable to degradation, possibly leading to softening or surface erosion. For sand,
silicon dioxide is generally resistant to sulfuric acid at ambient temperatures, but impurities
within the sand, such as calcium or magnesium compounds, could react to form soluble
sulfates. For LFS, since it contains high amounts of calcium and aluminum oxides that
can react with sulfuric acid to form calcium sulfate (gypsum) and aluminum sulfate, these
reactions may weaken the composite’s structural integrity over time: (a) CaO + H2SO4 →
CaSO4 + H2O and (b) Al2O3 + 3H2SO4 → Al2(SO4)3 + 3H2O. The formation of gypsum
could lead to expansion and cracking, compromising the material’s mechanical properties.
Finally, the GGBFS, in the presence of sulfuric acid, can undergo a reaction similar to LFS,
where calcium silicate reacts to form gypsum, potentially reducing the material’s strength.
The glassy phase of GGBFS may dissolve slowly, leading to the leaching of calcium and
silica: Ca2SiO4 + H2SO4 → CaSO4 + SiO2 (gel) + H2O. However, prolonged exposure can
reduce the composite’s durability in acidic environments.

The observed plateau after six months can be explained in view of a study by Mohamed
and El Gamal [27], where PSC was tested with variable pH values (pH4 to pH9), and the
results showed that a plateau was reached at about 75 days for the leachability of sulfur, Ca,
Mg, Al, and Fe. Sulfur leachability was independent of pH, while other metals’ leachability
was pH dependent. This means that the PSC was stable after 75 days.

Similar behavior was observed when specimens were subjected to a saline environ-
ment. This behavior can be explained by evaluating the possible interaction between
the PSC and the 5% sodium chloride solution. Sodium chloride solutions can promote
chloride-induced corrosion, especially in environments exposed to fluctuating moisture
conditions. The interaction mechanisms of each component with NaCl are highlighted
below. Polymerized sulfur is generally inert to sodium chloride, as neither sulfur nor
bitumen is susceptible to chloride-induced corrosion under ambient conditions. SiO2 is
chemically stable for sand in the presence of sodium chloride, with little to no reaction.
However, chloride ions could promote the dissolution of trace impurities, such as iron or
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calcium oxides. LFS contains calcium oxides, which can react with chloride ions to form
soluble calcium chloride: CaO + 2NaCl + H2O → CaCl2 + 2NaOH. This reaction can lead
to leaching, which reduces the binding capacity of the slag, potentially affecting the overall
durability of the composite. Finally, the GGBFS may be susceptible to chloride attack in
the presence of moisture. Chloride ions can penetrate the composite, reacting with calcium
silicates and forming calcium chloride. Over time, this can lead to the de-passivation of any
embedded metals and the subsequent initiation of corrosion processes: Ca2SiO4 + 2NaCl +
H2O → CaCl2 + Na2SiO3. While polymerized sulfur and sand may resist chloride ions, the
interaction of LFS and GGBFS with NaCl can weaken the material’s structural integrity.

Therefore, PSC shows variable resistance to chemical agents. In a 20% sulfuric acid
environment, reactions with LFS and GGBFS can produce soluble sulfates such as gypsum,
which may degrade the material over time. The polymerized sulfur matrix is relatively
stable, but acid exposure can weaken the composite due to slag reactions.

In a 5% NaCl solution, the composite remains stable in the short term, particularly
the polymerized sulfur and sand. However, the chloride-induced degradation of LFS and
GGBFS can lead to calcium leaching, leading to the material gradually losing strength and
increasing its susceptibility to corrosion.

Both environments suggest that while polymerized sulfur adds chemical resistance,
the presence of LFS and GGBFS can significantly impact the long-term durability of the
composite under aggressive conditions.
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However, it was not as high as that for the acidic condition due to the possible
formation of high-swelling mineral products such as ettringite and thaumasite [29], which
are valuable minerals in mitigating the potential cracks in the rock mass. The ettringite and
thaumasite formation mechanisms and PSC durability enhancements due to carbonation
and sulfur polymerization can be highlighted as follows.

As discussed, LFS and GGBFS are highly alkaline materials containing a range of
oxides, including calcium oxide (CaO), alumina (Al2O3), silica (SiO2), smaller amounts of
magnesium oxide (MgO) and iron oxides (FeO), and a high glass content that imparts latent
hydraulic properties. When these materials are exposed to water, a range of hydration
reactions occur, potentially resulting in the formation of various cementitious compounds
and secondary minerals such as ettringite, a hydrated calcium sulfoaluminate mineral
(Ca6Al2(SO4)3(OH)12·26H2O), and thaumasite (CaSiO3·CaCO3·CaSO4·15H2O). Ettringite
formation can be influenced by alumina availability, sulfur content, and high pH levels [29].
Ettringite formation occurs early in the hydration process but may continue to develop
over time. While ettringite contributes to initial strength development, its expansion
under certain conditions (e.g., moisture and temperature changes) can lead to cracking and
deterioration of materials.
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However, thaumasite (CaSiO3·CaCO3·CaSO4·15H2O) is a mineral that forms under
specific conditions involving the presence of carbonates, sulfates, and silicates in an en-
vironment with high moisture and low temperatures (often below 15◦C). Its formation
requires silicate and sulfate sources, as well as low temperatures and humidity. Its forma-
tion is slower than ettringite, but when present, it can significantly deteriorate materials
by disrupting the cementitious matrix. Thaumasite can replace calcium silicate hydrates
(C-S-H), leading to loss of strength and durability of materials containing GGBFS and LFS.

The hydration process of mixtures containing LFS and GGBFS is complex, involving
multiple reactions that form calcium silicate hydrates (C-S-H), calcium aluminates, and
calcium sulfoaluminates. The essential reactions influencing the formation of ettringite and
thaumasite are (a) calcium hydroxide (Ca(OH)2) release: the hydration of LFS and GGBFS
produces calcium hydroxide, raising the pH and facilitating ettringite and thaumasite
formation; (b) alumina dissolution: the alumina in both LFS and GGBFS dissolves during
hydration, contributing to the potential formation of ettringite; and (c) sulfate attack:
the introduction of sulfates from external sources or impurities leads to the formation of
ettringite and possibly thaumasite, especially in the presence of moisture and carbonates.

The formation of ettringite and thaumasite can have significant implications for the
long-term performance of materials containing LFS and GGBFS, such as: (a) ettringite
expansion: the expansion associated with delayed ettringite formation can cause cracking,
reducing the durability of the material and (b) thaumasite deterioration: the conversion
of C-S-H into thaumasite results in a loss of mechanical integrity, particularly in cold and
moist environments, compromising the material’s long-term strength.

Mitigating the formation of ettringite and thaumasite can be achieved by carbonating
LFS and GGBFS using carbon dioxide and then adding polymerized elemental sulfur using
bitumen. The mitigation mechanisms can be discussed in view of the role of carbonation of
both LFS and GGBFS, as well as polymerized sulfur using bitumen. Carbonation involves
reacting calcium hydroxide (Ca(OH)2) and other calcium-containing phases in LFS and
GGBFS with carbon dioxide (CO2) to form stable calcium carbonate (CaCO3). This process
reduces the availability of free calcium ions and hydroxides in the mixture, which are
essential for forming ettringite and thaumasite. Carbonation lowers the system’s pH
by converting Ca(OH)2 into CaCO3. Ettringite formation is favored in highly alkaline
environments, so reducing the pH through carbonation makes it less likely to form. Also,
carbonating LFS and GGBFS binds calcium in a stable form as calcium carbonate, reducing
the amount of free calcium needed for ettringite and thaumasite formation.

On the other hand, adding polymerized elemental sulfur using bitumen to the car-
bonated mixture can further mitigate the risks of ettringite and thaumasite formation.
Elemental sulfur in its polymerized form can act as a binder, filling voids and providing
additional resistance to moisture and sulfate attack, while bitumen acts as a protective
matrix. Bitumen provides hydrophobic properties, limiting water ingress (i.e., as a moisture
barrier). Moisture is a critical factor in forming ettringite and thaumasite, and reducing
water exposure helps suppress these reactions. In addition, polymerized sulfur can stabi-
lize sulfates, potentially preventing them from reacting with calcium and alumina in the
mixture to form ettringite or thaumasite.

Therefore, the likelihood of ettringite formation is reduced by carbonating the mixture
and reducing the free calcium hydroxide. Additionally, having polymerized sulfur in
bitumen further helps by blocking moisture and sulfate movement, reducing the chances
of delayed ettringite formation. Since thaumasite formation requires silicates, carbonates,
and sulfates, the carbonation process binds calcium into stable carbonates, reducing free
calcium and silicates available for thaumasite formation. Additionally, bitumen acts as a
moisture barrier, mitigating the conditions for thaumasite to develop.

Moreover, carbonated LFS and GGBFS, combined with polymerized sulfur and bitu-
men, could improve the material’s mechanical properties, providing additional strength
and resistance to environmental degradation. Also, sequestering CO2 would contribute to
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carbon capture efforts while simultaneously using waste materials (LFS and GGBFS) and
sulfur byproducts.

In another study by El-Sawy et al. [36], four compositions were used to prepare the
PSC as: (i) Portland cement concrete (PCC) prepared by mixing 6.5 kg sand retained on
a 0.3 mesh, 3.25 kg Portland cement, and 1.625 kg water; (ii) sulfate-resistance cement
concrete (SRC) prepared by mixing 6.5 kg sand retained on a 0.3 mesh, 3.25 kg sulfate-
resistant cement, and 1.625 kg water; (iii) PSC-ENB prepared using polymerized sulfur
with 5-ethylidene-2- norbornene (ENB) 2% as the binder, fly ash, and dune sand with a
composition ratio of polymerized sulfur (28%), fly ash (14%), and dune sand (58%); and
(iv) PSC-Bitumen prepared using 2.5% bitumen as the binder, carbonated fly ash, and dune
sand with composition ratio of polymerized sulfur (34.4%), carbonated fly ash (36.4%), and
dune sand (28.9%). These samples were immersed for 24 months in a real-time sewerage
sludge with pH 6.77–7.05, temperature 21–37 ◦C, turbidity 93–219 NTU, total dissolved
solids 312–500 mg/L, electrical conductivity 708–998 µS/cm3, sulfate 119–240 mg/L, nitrate
0.95–3.47 mg/L, chloride 79.3–187 mg/L, and bacteria count 12–163 × 106 Cfu/100 mL.

Figure 15 displays the weight loss of the four tested compositions (PCC, SRC, PSC-
ENB, and PSC-Bitumen) for up to 24 months. The PSC specimens revealed the most minor
weight change, less than 2% in the case of PSC-ENB and less than 1% in the case of PSC-
Bitumen. PCC and SRC, on the contrary, showed significant deterioration, losing up to 6
and 11% from their weights, respectively, within 24 months. The decreased weight depends
on the resistance of the binding material to the acidic attack.
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Figure 16 shows the compressive strength variations of the four different compositions
(PCC, SRC, PSC-ENB, and PSC-Bitumen) after 24 months of exposure to the harsh sewerage
environment. Significant reductions in compressive strength were observed for the PCC and
SRC compared to PSC-Bitumen and PSC-ENB. This can be explained as Portland cement
is mainly composed of four main minerals: tricalcium silicate [3CaO·SiO2], dicalcium
silicate [2CaO·SiO2], tricalcium aluminate [3CaO·Al2O3], and tetra-calcium Ferro aluminate
[4CaO·Fe2O3·Al2O3]. These mineral products react with water to form several hydrated
products, including high amounts of calcium hydroxide [Ca(OH)2] (Mohamed and Antia,
1998). Sulfate ions react with the hydration products of cement or cementitious material in
two main forms [37]. One common source of sulfate attack on concrete is the reaction of
sulfate ions with calcium hydroxide, which forms calcium sulfate [CaSO4·2H2O] (gypsum).
Gypsum formation decreases the concrete’s pH, and this causes softening of the concrete
and loss of strength and mass [37,38]. In the presence of calcium hydroxide, sulfate ions
react with tricalcium aluminate [3CaO·Al2O3·(C3A)] and convert them into ettringite
[6CaO·Al2O3·3SO4.32H2O] and mono-sulfo-aluminate. Ettringite formation also causes
expansion and loss of concrete strength [39,40].
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Figure 17 shows the permeability variations of the four different compositions (PCC,
SRC, PSC-ENB, and PSC-Bitumen) after 24 months of exposure to the harsh sewerage
environment. The results indicated that the order of concretes with low permeability is
PSC-Bitumen > PSC-ENB > PCC > SRC. To explain such results, one must realize that the
polymerized sulfur prevented water penetration because it is hydrophobic. Also, most of
the matrix comprises polymerized sulfur-coated aggregates and accumulated polymerized
sulfur in the voids between particles. This, in turn, will lead to PSC having impermeable
characteristics. Interestingly, some researchers [41] have found that the pore spaces of PSC,
PCC, and SRC have approximately the same volume. However, the pores in the PSC are
not connected, providing low permeability characteristics, while the pores of PCC concrete
are connected. It is also noted that the permeability is highly dependent on the size of
pore spaces, degree of connectivity between pores, grain shape, degree of packing, and
cementation [42]. The reduced permeability should contribute to improved long-term
durability and resistance to various forms of deterioration.
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In recent years, 3D printing has gained acceptance for its large-scale automated con-
struction capabilities in the housing and infrastructure sectors [43]. It offers noteworthy
advantages such as reducing the construction time and amount of generated wastes and
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economic benefits by reducing the costs associated with traditional construction meth-
ods [44,45]. In extrusion-based 3D printing technology, PSC ingredients are selected,
mixture design proportions are optimized, and 3D printing process parameters are opti-
mized [46]. Moreover, techniques for including fiber reinforcement in 3D-printed structures
have recently been developed [47–50].

In a study by Giwa et al. [43], the 3D-printed elemental sulfur concrete (ESC) samples,
made from 50% elemental sulfur (not polymerized) and 50% natural sand, were placed
inside a vacuum chamber (an ultimate vacuum pressure of 0.05 torr (=3.248 × 10−4 kPa)) at
the ambient temperature (20 ± 5 ◦C) or an elevated temperature (55 ± 5 ◦C) and both the
weight loss and flexural strength of the ESC samples were measured after three and seven
days of exposure. The vacuum was imposed to simulate the extraterrestrial conditions for
building on Mars. However, its relevance to the current study can be viewed by simulating
an extreme condition during the discharging of hydrogen gas from the rock cavern, where
the external pressure on the cavern would be higher than the pressure inside, hence creating
tensile stresses in the cavern’s structural system (i.e., sulfur concrete and the lining material).
It is to be noted that, as per Caglayan et al. [51], the cavern’s fluid pressure does not exceed
24% of the overburden pressure during hydrogen production and 80% during hydrogen
injection (Figure 18). Thus, the cavern’s fluid pressure is a function of the overburdened
rock density and depth of the roof and the bottom of the cavern.
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The results (Figure 19; data from Giwa et al. [43]) showed that: (i) at 20 ◦C, a negligible
weight loss of 0.010% and 0.016% was measured after 3 and 7 days of exposure, respectively;
(ii) when temperature was elevated to 55 ◦C and in the presence of vacuum, the weight
loss significantly increased by an order of magnitude (from 0.82 and 0.92% at 3 and 7 days,
respectively); (iii) as curing time increases from 3 to 7 days, an average of 66% increase in
weight loss was measured, which is consistent with a study by Tucker [52], (who showed
that when elemental sulfur was heated from 24–26 ◦C to 40–45 ◦C, the rate of sulfur
sublimation increased by 80%, and with another study by Bradley (1951), who studied the
rate of evaporation of rhombic sulfur at 15 ◦C−33 ◦C under different vacuum pressures
and showed that an increase in the temperature significantly increases the vapor pressure
of the rhombic sulfur crystals. Similar results were reported by Giwa et al. [43], who
presented scanning electron microscopy images with voids due to vacuum exposure and
sulfur vaporization; (iv) when compared to the control specimen printed and stored at
ambient conditions, the flexural strength values decreased by 10.52% and 8.38% after 3
and 7 days due to the increase in porosity as voids are created in the microstructure of the
printed sulfur concrete due to sulfur sublimation; and (v) since the decrease after 7 days
(8.38%) was less than that after 3 days (10.52%), one could conclude that the curing time
does not have an effect of the flexural strength development, which is consistent with a
study by Nash and Moses [53], who showed no increase in the sublimation rate of frozen
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sulfur melt (in the polymeric form), measured at 28 ◦C and 50 ◦C in 0.01 torr vacuum
pressure, after 8 days. Therefore, the 3D-casted ESC possessed higher flexural strength
than the conventional OPC concrete (3–5 MPa; at standard conditions), even after exposure
to extreme vacuum and temperature conditions.

Sustainability 2024, 16, 8595 26 of 33 
 

 
Figure 19. Physico-mechanical properties of 3D-printed elemental sulfur concrete (ESC) with a vac-
uum pressure of 0.05 torr and variable temperatures. 

7. Discussion 
The question that poses itself is how the PSC mixture components constitute a viable 

solution to storing hydrogen in lined rock caverns, or in other words, what is the role of 
each element in mitigating the formation of hydrogen sulfide and retarding the hydrogen 
diffusion through the PSC barrier? Using carbonated alkaline solid wastes, such as LFS 
and GGBFS, to inhibit the reaction between hydrogen and polymerized sulfur presents a 
feasible strategy for minimizing H₂S formation and improving the safety and reliability of 
hydrogen storage in bitumen–sulfur matrices. The role of each component is highlighted 
as follows. LFS can act as a barrier to hydrogen diffusion and act as a sulfur stabilizing 
agent. By acting as fillers in the bitumen–sulfur matrix, LFS can retard hydrogen diffusion 
due to increasing the density of the material and reducing the permeability of hydrogen, 
hence blocking hydrogen diffusion and minimizing the chances of the hydrogen–sulfur 
reaction. Stabilization of sulfur can be achieved due to the interaction of the silica and 
alumina content with sulfur to create a more stable structure, reducing sulfur’s reactivity 
with hydrogen. 

Similarly, GGBFS has been shown to improve the impermeability of materials by in-
creasing their density. When mixed with bitumen-based sulfur, GGBFS can fill the pores 
and voids, potentially creating a barrier to hydrogen diffusion. In addition, GGBFS can 
chemically stabilize the sulfur within the matrix, as the calcium content in the slag could 
bind with sulfur, reducing its reactivity with hydrogen and mitigating the risk of hydro-
gen sulfide (H₂S) formation. 

When combined, LFS and GGBFS could have a synergistic effect on the bitumen-
based sulfur matrix by enhancing its structural properties and minimizing hydrogen per-
meability. These materials are already known to improve the mechanical strength, dura-
bility, and chemical resistance of composite materials like concrete, and they could simi-
larly enhance the bitumen–sulfur system of hydrogen storage.  

The potential challenges to using carbonated alkaline wastes as aggregates with pol-
ymerized sulfur to form PSC include: (a) Homogeneous mixing: Ensuring a uniform dis-
tribution of LFS and GGBFS in the bitumen–sulfur matrix is crucial for achieving the de-
sired barrier properties. Poor mixing could result in localized reactions or permeability 
variations; (b) Long-term durability: While these materials are known to improve the du-
rability of construction materials, their long-term performance in a hydrogen storage en-
vironment, especially under high pressures and fluctuating temperatures, would need 
further studies; and (c) Hydrogen diffusion rates: While LFS and GGBFS could reduce 
hydrogen diffusion, the extent of their effectiveness in preventing hydrogen–sulfur reac-
tions would depend on factors like particle size distribution, matrix porosity, and interac-
tion with bitumen. 

Therefore, adding LFS and GGBFS to a bitumen-based polymerized sulfur matrix can 
be a promising approach to inhibiting hydrogen–sulfur reactions and minimizing 

Figure 19. Physico-mechanical properties of 3D-printed elemental sulfur concrete (ESC) with a
vacuum pressure of 0.05 torr and variable temperatures.

7. Discussion

The question that poses itself is how the PSC mixture components constitute a viable
solution to storing hydrogen in lined rock caverns, or in other words, what is the role of
each element in mitigating the formation of hydrogen sulfide and retarding the hydrogen
diffusion through the PSC barrier? Using carbonated alkaline solid wastes, such as LFS
and GGBFS, to inhibit the reaction between hydrogen and polymerized sulfur presents a
feasible strategy for minimizing H2S formation and improving the safety and reliability of
hydrogen storage in bitumen–sulfur matrices. The role of each component is highlighted
as follows. LFS can act as a barrier to hydrogen diffusion and act as a sulfur stabilizing
agent. By acting as fillers in the bitumen–sulfur matrix, LFS can retard hydrogen diffusion
due to increasing the density of the material and reducing the permeability of hydrogen,
hence blocking hydrogen diffusion and minimizing the chances of the hydrogen–sulfur
reaction. Stabilization of sulfur can be achieved due to the interaction of the silica and
alumina content with sulfur to create a more stable structure, reducing sulfur’s reactivity
with hydrogen.

Similarly, GGBFS has been shown to improve the impermeability of materials by
increasing their density. When mixed with bitumen-based sulfur, GGBFS can fill the pores
and voids, potentially creating a barrier to hydrogen diffusion. In addition, GGBFS can
chemically stabilize the sulfur within the matrix, as the calcium content in the slag could
bind with sulfur, reducing its reactivity with hydrogen and mitigating the risk of hydrogen
sulfide (H2S) formation.

When combined, LFS and GGBFS could have a synergistic effect on the bitumen-based
sulfur matrix by enhancing its structural properties and minimizing hydrogen permeability.
These materials are already known to improve the mechanical strength, durability, and
chemical resistance of composite materials like concrete, and they could similarly enhance
the bitumen–sulfur system of hydrogen storage.

The potential challenges to using carbonated alkaline wastes as aggregates with
polymerized sulfur to form PSC include: (a) Homogeneous mixing: Ensuring a uniform
distribution of LFS and GGBFS in the bitumen–sulfur matrix is crucial for achieving the
desired barrier properties. Poor mixing could result in localized reactions or permeability
variations; (b) Long-term durability: While these materials are known to improve the
durability of construction materials, their long-term performance in a hydrogen storage
environment, especially under high pressures and fluctuating temperatures, would need
further studies; and (c) Hydrogen diffusion rates: While LFS and GGBFS could reduce hy-
drogen diffusion, the extent of their effectiveness in preventing hydrogen–sulfur reactions
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would depend on factors like particle size distribution, matrix porosity, and interaction
with bitumen.

Therefore, adding LFS and GGBFS to a bitumen-based polymerized sulfur matrix can
be a promising approach to inhibiting hydrogen–sulfur reactions and minimizing hydrogen
sulfide (H2S) formation. These materials will likely enhance the matrix’s structural integrity,
impermeability, and chemical stability, making hydrogen storage in underground manufac-
tured rock caverns more feasible. However, further research would be required to assess
their long-term performance, especially under hydrogen-rich, high-pressure environments.

8. Conclusions

The demand for hydrogen is expected to grow significantly in the coming years,
driven by its potential use in various sectors such as transportation, power generation, and
heating. As the world approaches decarbonization, hydrogen is expected to be critical in
transitioning to a clean energy future.

Hydrogen storage is a critical issue that needs to be addressed before widespread
adoption of hydrogen fuel cells can occur. The geological storage methods for hydrogen
storage are still in the early stages of development, and there is ongoing research and testing
to address some of the limitations and challenges associated with each method. Ultimately,
the choice of which geological reservoir to use for hydrogen storage will depend on the
local geology, the amount of hydrogen to be stored, and the application’s specific needs.
Hydrogen can interact with geological formations through various chemical reactions,
forming different compounds and minerals. Understanding these chemical interactions
is crucial for multiple geological processes, including natural gas exploration, carbon
sequestration, and geothermal energy production. Further research is needed to fully
understand the complex chemical interactions between hydrogen and geological formations
and their implications for various environmental and energy-related applications.

Storing hydrogen in a manufactured rock cavern is a viable technology requiring
more research and development. Alternative composite materials to the currently used
ones (i.e., ordinary Portland cement (OPC) concrete) are needed to mitigate the global
warming potential and to have materials that are corrosion and fire resistant and have
enough ductility to respond to the changes the underground conditions during the cyclic
stress-deformation changes during the injection and withdrawal of hydrogen. Polymerized
sulfur concrete (PSC) is a viable material that can replace OPC concrete.

The results showed that the manufactured PSC exhibited excellent physicochemical
properties in terms of compressive strength (35–58 MPa), density (2.277–2.488 g/cm3), set-
ting time (30–60 min), curing time (24 h), air content (4–8%), moisture absorption potential
(0.17–0.3%), maximum volumetric shrinkage (1.69–2.0%), and max. service temperature
(85–90 ◦C). Moreover, the PSC is nonconductive and classified with zero flame spread
classification and fuel contribution. In addition, the SPC was found to be durable in
harsh environmental conditions involving pressure, humidity, and pH variations. It is also
capable of resisting corrosive environments.

In addition, the statistical modeling indicates that the overall mixture proportions
of 32.5 wt.% polymerized sulfur, 32.5 wt.% dune sands, 17.5 wt.% LFS, and 17.5 wt.%
GGBFS appear optimal for density values ranging from 2.43 to 2.44 g/cm3 and compressive
strength ranging from 52.0 to 53.2 MPa, indicating that the PSC can sustain formation
pressure up to about 5.3 km below the ground surface.

Therefore, by addressing the critical limitations of traditional materials, PSC proves to
be a durable, environmentally sustainable solution for lined rock caverns, reducing the risk
of hydrogen leakage and ensuring the integrity of storage systems. However, more research
is required to enhance the PSC ductility and develop underground hydrogen storage field
application guidelines.
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Appendix A. Technical Issues with Conventional Underground Storage Systems

The geological site design characteristics of the conventional storage methods are
different (Table A1; data from Lord et al. [25] and Parks [54]):

(i) The formation pressure is highly dependent on the depth of the storage reservoir;
(ii) The formation temperature is about 14 MPa; the temperature ranges between about

40 and 42 ◦C;
(iii) The Void volume is about 677 × 103 m3 for depleted hydrocarbon fields and aquifers,

but it is higher (580 × 103 m3) for salt and hard rock caverns;
(iv) The well depth about 1.4 km for depleted hydrocarbon fields and aquifers, but it is

lower (1.16 km) for salt and hard rock caverns;
(v) Working gas: the actual storage capacity that can be repeatedly charged and dis-

charged [54]; is 1912 tons of H2, which is the same for all storage systems;
(vi) Cushion gas, the base gas, is the amount of gas that stays permanently in the under-

ground storage reservoir; it mostly gets trapped inside the geological structure and is
used to keep the pressure at an adequate level for a gas delivery [55,56]; of 50 vol.%
for depleted hydrocarbon fields and aquifer but it is lower (30 vol.%) for salt and hard
rock caverns;

(vii) A cushion gas of 956 tons of H2 for depleted hydrocarbon fields and aquifers, but it is
lower (574 tons of H2) for salt and hard rock caverns; and

(viii) The total hydrogen storage is 2868 tons of H2 for depleted hydrocarbon fields and
aquifers, but it is lower (2486 tons of H2) for salt and hard rock caverns.

Table A1. Detailed information on geologic site design characteristics.

Geologic Storage Site Design
Characteristics (Units)

Storage Methods

Conventional Unconventional

Depleted Hydrocarbon
Fields Aquifer Salt Caverns Hard Rock Caverns

Formation pressure (MPa) 13.76 13.76 13.79 13.79

Formation temperature (◦C) 42.1 42.1 37.9 37.9

Void volume (m3) 676,941 676,941 580,000 580,000

Well depth (m) 1403 1403 1158 1158

Working gas (tons H2) 1912 1912 1912 1912

Cushion gas percent of total volume (%) 50 50 30 30

Cushion gas (tons H2) 956 956 574 574

Total H2 stored on site (tons H2) 2868 2868 2486 2486
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Each hydrogen storage method has advantages and disadvantages, and the most
suitable method depends on the specific application and requirements (Table A2). More
research is needed to improve the efficiency and practicality of each storage method and to
develop new storage methods that can meet the needs of a wide range of applications.

Table A2. Conventional hydrogen storage methods in geological reservoirs.

Storage Method Advantages Disadvantages

Depleted oil and
gas fields

• Proven track record of storing hydrocarbons
safely and effectively

• Existing infrastructure can be repurposed for
hydrogen storage

• High storage capacity and potential for
large-scale storage

• Potential risk of hydrogen leakage into the
environment

• High cost of retrofitting existing infrastructure
for hydrogen storage

Aquifers

• Abundance of potential storage sites
• Potential for large-scale storage
• Low cost compared to other options

• Limited knowledge of the long-term stability of
aquifers for hydrogen storage

• Risk of contamination of water resources

Salt caverns

• Large storage capacity and potential for
large-scale storage

• Ability to store gas at high pressures
• Potential for cost-effective storage solutions

• High initial capital investment for cavern
creation and equipment

• Potential leakage, which can lead to
contaminated groundwater if not properly
managed

• Risk of cavern collapse due to geological
instability or human error during the creation
or maintenance of the caverns.

However, since hydrogen plays a vital role in various geological processes, it can
interact with geological formations through a variety of chemical reactions, such as hy-
dration, dissolution, and redox [42]. Hydrating rocks can lead to the formation of new
minerals, such as clays, and weaken the rock structure over time. Dissolution can lead
to the release of elements into solution and cause changes in the rock structure over time.
The redox reactions can lead to hydrogen sulfide (H2S) formation that modifies the redox
potential and the pH of pore waters [57,58], triggering further fluid–rock reactions. H2S can
also compromise the infrastructure due to its corrosive, flammable, and toxic nature [59].
Moreover, such reactions could also lead to some deterioration in the caprock porosity
and permeability, presenting a better seal and preventing leakage [60,61] or creating new
leakage paths [62]. In addition, there are still some technical challenges that need to be
overcome, such as:

(1) Geological Characteristics: Finding suitable reservoirs that can store hydrogen safely
and efficiently requires identifying geological formations that can contain hydrogen
without leaking or causing environmental damage. Previous studies have indicated
that suitable reservoirs for hydrogen storage must have specific geological character-
istics, such as high porosity (to provide the storage capacity) and permeability (to
ensure injectivity of the fluids), low levels of natural gas or other impurities, and
stable rock formations that can withstand the high pressures associated with hydrogen
storage [7,9,63]. (Ref. [7]; Carneiro et al., 2019 [9]). To address this challenge, it is
essential to conduct detailed geological surveys and assessments to identify suitable
hydrogen storage sites and develop advanced imaging and monitoring technologies
to detect and prevent leaks and other environmental risks.

(2) Geological Complexity: Geological formations can be highly variable and heteroge-
neous, with variations in permeability, porosity, and mineralogy. This can make it
difficult to predict the behavior of hydrogen in the reservoir and to design storage
facilities optimized for the site’s specific conditions. For example, studies conducted
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by Matosa et al. [7] and Carneiro et al. [63] found that the performance of underground
hydrogen storage facilities can be affected by faults and fractures in the reservoir rock.

(3) Geological Compatibility: Not all geological formations are suitable for hydrogen
storage, and those that are suitable may require additional treatment or modification to
ensure safe and efficient hydrogen storage. For example, some reservoirs may contain
impurities or contaminants that can react with hydrogen or reduce storage capacity,
while others may require modification to improve their porosity and permeability [63].

(4) Reservoir Integrity: Geological reservoirs are not static, and their properties can
change over time due to factors such as tectonic activity, subsidence, chemical in-
teractions, and fluid flow. These changes can affect the performance of hydrogen
storage facilities, and ongoing monitoring and maintenance are necessary to ensure
the integrity of the reservoirs [63].

(5) Leakage Potential: Hydrogen has a small molecular size, which can make it difficult
to contain and can lead to leakage through imperfections in storage infrastructure,
such as wells or seals [10,51,63]. Moreover, hydrogen is highly flammable and can
pose safety risks if it leaks into the atmosphere.

(6) Well Integrity: Over time, wells can degrade due to exposure to corrosive fluids and
thermal and mechanical stress [64]. This can lead to leaks and pose safety risks.

(7) Injection and Withdrawal Rates: The injection and withdrawal rates of hydrogen from
geological reservoirs can be limited by the properties of the reservoir rock and the
design of the storage facility [65–67]. The permeability of the reservoir rock can affect
the rate at which hydrogen can be injected or withdrawn. Also, the injection and
withdrawal wells’ design can affect the storage facility’s efficiency, and the injection
and withdrawal rates of hydrogen can be limited by the size and connectivity of the
pore space in the reservoir rock.

(8) Seismic and Geo-mechanical Stability: The injection and withdrawal of hydrogen
can induce changes in the subsurface pressure and stress state, potentially leading to
seismic activity or geo-mechanical deformation. Moreover, the long-term storage of
hydrogen can also lead to reservoir compaction or expansion, which can affect the
stability of the storage formation.

(9) Hydrogen Purity: The purity of hydrogen stored in geological reservoirs can be
affected by various factors, including the composition of the reservoir fluids, impu-
rities in the injected hydrogen, and the potential for chemical reactions between the
hydrogen and the reservoir rock. Impurities such as carbon dioxide, methane, and
hydrogen sulfide can reduce stored hydrogen’s energy content and quality, making it
less valuable.

(10) Hydrogen Storage Techniques: The choice of hydrogen storage technique can also
affect the technical challenges associated with hydrogen storage in geological reser-
voirs. For example, hydrogen storage in gas must be compressed to high pressures to
achieve adequate storage densities. This can increase the energy requirements and
costs associated with storage. On the other hand, if hydrogen is stored as a solid or
liquid, it can reduce the energy requirements and increase the storage density. Still, it
may require specialized storage facilities and handling procedures.

(11) Reservoir Monitoring: Once a reservoir has been selected for hydrogen storage,
monitoring it to ensure its stability and integrity over time is necessary. This can be
challenging, as hydrogen can diffuse into the surrounding rock formations, potentially
reducing the overall storage capacity of the reservoir.

(12) Safety Risks: Hydrogen is highly flammable and explosive, and storing and transport-
ing large quantities of hydrogen can pose significant safety risks to workers and the
general public. The risk of hydrogen releases from storage facilities can be substantial,
particularly in a well failure or equipment malfunction.
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