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Abstract

Underground energy storage in high-pressurized lined rock caverns is emerging as a viable solution for storing large volumes of
energy in the form of pressurized gases, such as hydrogen and natural gas. This technology is particularly advantageous due to its
potential to ensure the containment of gases with high specific energy in shallow rock formations, while operating under ambient
temperature conditions. This paper (a) investigates the development of a novel polymerized sulfur-based composite material
(PSCM) made of recyclable materials from oil and gas production industry (i.e., elemental sulfur) and steel manufacturing (i.e.,

Ladle-Furnace Slag (LFS) and Ground Granulated Blast Furnace Slag (GGBFS)), and (b) optimizes the composite proportions

within the formed PSCM to enhance its physico-mechanical properties, such as packing density, compressive strength, and splitting
tensile strength, for use to store hydrogen in high-pressurized underground lined rock caverns.

Through an experimental design guided by statistical analysis using Minitab-17 software, various compositions were mixed and
tested to identify the optimal PSCM mixture ratios. The findings revealed that maximum compressive strength, reaching up to 58
MPa, and splitting tensile strength of 3.56 MPa were achieved with a mixture containing 34% polymerized sulfur, 36% dune sand,
19% LFS, and 17% GGBFS. The study also confirmed that better aggregate packing reduces voids, thereby minimizing the amount
of polymerized sulfur required to fill these voids and increasing the overall strength of the PSCM. These results underscore the
potential of PSCM as a sustainable and durable alternative to Portland cement concrete used as a liner material in constructing
underground man-made caverns for hydrogen storage.

Keywords: Polymerized Sulfur, Aggregates, Fillers, Statistical Optimization, Packing Density, Compressive Strength, Splitting Tensile
Strength, Hydrogen Storage, Shallow Rock Formations

1. Introduction

The construction of Lined Rock Caverns (LRCs) begins with
the careful selection and excavation of a suitable rock formation
[1-7]. The chosen site typically involves rock types with low
permeability, such as granite, limestone, or other hard rocks, which
offer natural resistance to gas migration. The excavation process
includes drilling, blasting, and removing rock to create a cavern
of the desired dimensions. The key steps in excavation are [8-11]:
1) the site selection whereby detailed geological surveys are
conducted to identify areas with suitable rock properties, including
strength, stability, and impermeability.

2) the drilling and blasting whereby precision drilling and
controlled blasting are used to excavate the cavern, ensuring
minimal disturbance to the surrounding rock.

3) the rock removal of the excavated materials out of the cavern,
and the walls and ceiling are smoothed to prepare for lining
installation.

Once the cavern has been excavated, the next critical step is the
installation of a lining system. The primary purpose of the lining is
to create an impermeable barrier that prevents the stored gas from
leaking into the surrounding rock and to reinforce the cavern walls
against the mechanical stresses induced by high-pressure storage.
The lining materials are selected based on the type of gas being
stored, the expected pressure levels, and the geological conditions
of the site. The common lining materials include [8,10-13]:

a) Steel Liners: Which are commonly used due to their high
tensile strength and ability to withstand significant internal
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pressures. They provide a robust barrier against gas leakage and
can be fabricated into various shapes to fit the cavern's geometry.
Steel linings are typically welded or bolted together to ensure a
continuous, gas-tight seal;

b) Concrete Linings: Which are often used in combination with
steel or as a standalone lining material, particularly in caverns
where structural reinforcement is required. High-performance
concrete mixes are designed to resist cracking and withstand the
compressive forces exerted by the rock and the pressurized gas.
Concrete linings may also incorporate additives or coatings to
enhance their impermeability; and

¢) Composite Materials: Such as polymerized sulfur composite
material (PSCM) and synthetic polymers (SP). These materials
offer a combination of high strength, low weight, and chemical
resistance. PSCM and SP are particularly beneficial in environments
where corrosion resistance is critical, such as in hydrogen storage.

Installation of lining systems involves three steps. The first is
the surface preparation where the cavern walls are cleaned and
smoothed to provide a uniform surface for the lining. This may

involve applying a bonding agent to improve adhesion between the
rock and the lining material. Second, the lining material is applied
or installed in layers, depending on the design requirements. For
steel linings, this may involve welding sections of steel plates
together, while concrete linings are typically poured in place or
applied using shotcrete techniques. Finally, after installation, the
lining is sealed at all joints and interfaces to ensure complete
impermeability. Pressure tests are conducted to verify the integrity
of the lining and to identify any potential leaks or weaknesses.

The hydrogen permeability of some selected lining materials is
shown in Table 1 [14-16]. Based on these permeability values,
Gajda and Lutynski [17] estimated that during 60 days of hydrogen
storage in a tank with 1000 m? of inner surface, with 1 cm thick
sealing liner and gas pressure of 1.0 MPa, at ambient temperature
(20°C), approximately 1, 10,000, and 1,000,000 m?* STP of
hydrogen will diffuse from the reservoir with lining materials
of synthetic polymers, porous rock, and concrete, respectively.
Therefore, synthetic polymers lining materials can be successfully
used as a substitution for stainless steel.

Lining Material Type Permeability (m/sec) | Lining Material Type Permeability (m/sec)
Concrete 7.804x1077 Polymerized sulfur composite materials | 1072 - 10-1°
(average estimated by the authors)

Concrete (average reported by the authors) | (10717- 10%) Epoxy resin 1.820 x 10713
Polymer—concrete 3.414 x 107 Epoxy resin + graphite (5% vol.) 2350 x 1071
Mudstone (Carbon) 2.330 x 107 Epoxy resin + halloysite (5% vol.) 32201071

Salt rock (Permian) (before creep) 4.815x 107 Epoxy resin + fly ash (5% vol.) 1.770 x 10713

Salt rock (Permian) (after creep) 1.95 x 107" Epoxy resin + fly ash (30% vol.) 1.774 x 107
Polyester resin 2.611 x 10713 Epoxy resin + fly ash (30% vol.) 1.774 x 10713
Polyurethane 2.611 x 107 Stainless steel 4.640 x 107"

Table 1: Hydrogen permeability of some selected lining materials

In addition to providing a barrier against gas leakage, the lining
system must also resist the mechanical stresses induced by the
high-pressure gas stored within the cavern [13, 18]. These stresses
include both internal pressure from the gas and external pressure
from the surrounding rock formation. The mechanical stresses of
prime importance are internal and external pressures as well as
thermal stresses. The stored gas exerts significant internal pressure
on the cavern walls, which can cause deformation or failure if
the lining is not adequately reinforced; hence, the lining material
must be strong enough to resist this pressure without cracking or
rupturing. The weight and pressure of the overlying rock layers
exert external pressure on the cavern walls, which can lead to
compression or collapse if not properly managed; hence the lining
system must be designed to distribute these pressures evenly and
prevent localized stress concentrations. Finally, depending on the
type of gas and the storage conditions, temperature variations can
induce thermal stresses in the lining material. For example, the
expansion and contraction of the lining due to temperature changes
can cause fatigue and potential failure over time; hence, materials
with low thermal expansion coefficients and high thermal stability
are preferred to mitigate these effects.

Moreover, the long-term performance of the LRC depends on the
durability of the lining system and the ability to maintain its integrity
over the life of the storage facility [13]. Regular inspections and
maintenance are essential to ensure that the lining continues to
provide an effective barrier against gas leakage and resists the
mechanical stresses of high-pressure storage. The durability
factors that are of interest are resistance to corrosion, prevention of
cracks and advanced monitoring systems [10, 19-21]. In the case
of steel linings, corrosion is a significant concern, particularly in
environments with moisture or corrosive gases. Protective coatings
and cathodic protection systems are often used to prevent corrosion
and extend the life of the lining [22,23]. Also, concrete linings are
susceptible to cracking due to the combined effects of pressure,
temperature changes, and chemical interactions with the stored gas
[24]. Additives and reinforcement techniques are used to minimize
the risk of cracking and to repair any damage that occurs over time
[25]. Advanced monitoring systems, including sensors embedded
in the lining, are used to detect changes in pressure, temperature,
and structural integrity. These systems provide real-time data that
can be used to identify potential issues before they lead to failure.
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Therefore, the construction and operation of LRCs involve a
combination of geological expertise, advanced materials science,
and precise engineering to ensure the safe and efficient storage of
pressurized gases. The choice of lining materials and the design
of the cavern are critical factors that determine the success of
the storage system, particularly in maintaining containment and
resisting mechanical stresses over the long term.

Polymerized sulfur composite material (PSCM) has gained high
consideration and attention because of its sustainable production
and low environmental impact, which makes it an attractive
construction material [26]. The interest in sulfur and its properties
has been heading in two directions. The first concentrated on sulfur
bonds, mastics, and concrete based on sulfur as a thermoplastic
bonding material. Whilst, the second was devoted to the use of
melted polymerized sulfur, for cement concrete manufacturers,
to enhance the physical and mechanical properties of concrete
products as well as to increase its resistance to corrosive
environments [27]. The properties, as well as the application of
PSCM, have been investigated in previous works [28-30]. This
study supports and helps to increase awareness about using PSCM
as a potential sustainable material in the construction industry for
underground hydrogen storage.

PSCM is a thermoplastic mixture fabricated through the hot mixing
of polymerized sulfur with mineral aggregates. When the molten
polymerized sulfur cools down it solidifies, and the mix gains its
strength. The process of PSCM manufacturing is based on “hot”
technology where all the mixed ingredients are heated during
the mixing process to reach a temperature in the range of 140-
150°C. The specific amounts of all ingredients must be carefully
optimized according to known practical criteria in addition to the
desired mechanical and physical properties to be reached [26]. The
evaluation of the effect of the various proportions of polymerized
sulfur, aggregates, and fillers on the physico-mechanical properties
of PSCM is somewhat difficult because of the mutual interactions
between the variety of ingredients in the system. To this end, this
study provides an experimental design, based on the statistical
analysis, to obtain regions of optimal proportions of the mixing
components in the material to be produced that attain the desired
maximum mechanical properties that are expected in storing
hydrogen in man-made LRCs.

In this study, samples of different PSCM compositions are
produced and evaluated to select those with the desired maximum
mechanical properties. This is a continuation of the author's
previous studies on the PSCM formulations [26, 29-33]. It
describes the application of a statistical experiment mixture
design to optimize the properties of the newly developed PSCM.
It enables logical inputs in terms of the proportions of the mixture
components and the targeted responses/outputs in terms of bulk
density, compressive, and splitting tensile strength. The studied
PSCM mixture is composed of polymerized sulfur as a binder,
dune sand, and alkaline solid waste products (i.e., Ladle-Furnace
Slag, LFS) as an aggregate, and Granulated Ground Blast Furnace
Slag, GGFBS, as a filler).Experiments with different compositions
were prepared and tested to obtain the proper mix design that
maximizes the physico properties of the produced mix.

2. Materials

Four feed materials for the PSCM mixtures were collected, locally,
from the United Arab Emirates (UAE) as follows. The granular
elemental sulfur with a purity of 99.9% was collected from the Al
Ruwais refinery and is used to make the polymerized sulfur using
the methodology presented in [29]. 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, the Ground Granulated Blast Furnace Slag (GGBFS) was
collected from the Al Sharjah Cement Factory, UAE. Additional
information regarding these materials can be found in [32].

Table 2 gives the main physical and chemical characteristics of the
four materials. Figure 1(a-c) displays images of the used materials
taken by the Scanning Electron Microscope (SEM). Sand is mainly
composed of round and irregular particles with smooth surfaces,
while LFS particles have rough surface texture, which includes
high surface micro-pores, whereas GGBFS is composed of smooth
angular particles. The X-ray diffraction (XRD) analysis of the
main aggregates indicated the following: desert sand is mainly
composed of quartz mineral SiO,, calcite CaCO,, and dolomite
CaMg (CO,),; the LFS is composed of Ca, Si, and Al oxides,
wollastonite (BCaO-SiO,), anorthite CaO-Al O, 28i0,, CaS and
aAlLO,; and the GGBFS is mainly amorphous calcium aluminum
silicate and larnite (calcium silicate).
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Properties/Composition Sand LFS GGBFS
Color Yellowish red Faint gray Whitish
Specific Gravity 1.69 3.30 2.86
BET Surface Area(m*/g) 5.61 2.38 5.92

% wt. of SiO, 76.4 30.29 33.12
% wt. of Fe (total) 0.676 3.42 0.48

% wt. of AL,O, 0.47 10.12 16.27

% wt. of CaO 16.35 51.12 41.12
% wt. of MgO 2.158 433 7.5

% wt. of MnO 0.05 0.50 0.191
% wt. of K.O 1.13 0.03 0.362
% wt. of Na,O 2.1 0.01 0.064

Table 2: Physical properties, and by-weight chemical composition of sand, Ladle-Furnace Slag (LFS), and Ground Granulated

Blast Furnace Slag (GGBFS)

(A)

Figure 1: SEM analysis for (a) desert sand, (b) Ladle-Furnace Slag (LFS), and (¢) Ground Granulated Blast Furnace Slag (GGBFS).

2.1.Production of Polymerized Sulfur Composite Material
(PSCM)

The PSC mixtures were prepared according to the procedure, ACI
548.2R-93 [34] “mixing and placing of the sulfur concrete”. Since
the mixing process is detailed in [33], only a brief description is
given below.

1) Modify elemental sulfur by mixing it with an organic material
(natural bitumen) (2.5%, by weight) to form the polymerized sulfur.
In that mixing process, an emulsifying (blending) agent was used
to enable uniform compatibility between elemental sulfur and the
natural bitumen [29]. 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 modified sulfur), which has glass properties once it
cools down.

2) The fine aggregate or filler material (e.g., GGBFS) was preheated
to about 160°C and mixed with the molten bio-polymerized sulfur
(produced in step 1) at a controlled rate to form bio-polymerized
sulfur cement.

3) Finally, the aggregate (e.g., sand and LFS) was preheated to
a temperature of 120-200°C, then mixed with melted elemental
sulfur and the polymerized sulfur (prepared in step 2) at 120-

(B)

(€)

140°C until a homogeneous mixture was obtained, as per the ACI
548.2R-93 [34]. It is important to note that the mixing temperature
is controlled and maintained at 120-140°C throughout the mixing
process.

4)The hot mixture, produced in step 3, was poured while still hot
into pre-heated cylindrical and cubic molds and then settled on a
table shaker for one minute. Finally, the samples were placed in an
oven at 40°C for 24 hours, for full curing. The cured samples were
kept and stored at room temperature for further testing, analysis,
and characterization.

2.2. Mix Proportioning

In this study, four ingredients were used: polymerized sulfur (X)),
dune sand (X,), LFS (X,), and GGBFS (X). 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 both
mixing and casting. Therefore, preliminary mixes with different
mass fractions were tried out and the range of each ingredient was
estimated. The upper and lower limits of the mass-proportions
were selected as shown in Table 3.
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Ingredient ID The lower limit of massfraction | The upper limit of massfraction
Polymerized sulfur X, 0.30 0.40
Dune sand X, 0.30 0.40
LFS X, 0.15 0.25
GGBFS X, 0.15 0.20

Table 3: Upper and lower limits of the mass-fraction of each ingredient.

2.3. Sample Proportions and Measured Responses

Proportioning of polymerized sulfur (X, ), dune sand (X,), LFS (X)),
and GGBFS (X,) would significantly affect the workability as well
as the physico-mechanical properties of the produced hardened
PSCM product. The optimization process of a PSCM composition
requires identifying the superlative proportions to obtain optimum
physical and mechanical responses. Mixture experiments are a
special type of response surface problem, where the parameters
are the relative proportions of the components of a mixture and the
targeted responses are the physical and mechanical properties of
the hardened PSCM mix; namely bulk density, and compressive
and splitting tensile strengths. For each of the targeted responses,
the effect of individual parameters and their interaction on the
responses were evaluated. Three-dimensional (3D) surface and

two-dimensional (2D) contour plots were generated to visualize
the optimum responses as well as the practical limits of the selected
proportions.

Experimental design by Minitab, ver. 17, software is used to
suggest some recommended experimental preparations to be used
later in the design and statistical evaluation of experimental results.
A regression model that includes linear, quadratic, and cubic
interaction terms (as will be discussed later), was selected and
Minitab suggested measuring the responses of a minimum of 13
different mixtures in which the ingredients were varied as shown
in Table 4. The responses (output) of each mixture have been
experimentally measured twice resulting in 26 output responses.

Mixture ID Input Output

Experimentally | Ingredients Proportions Experimentally Measured Responses (2 responses for

Measured each mixture)

Responses Polymerized Dune sand (X,) | LFS (X,) GGBFS (X,) | Density (g/ Compressive Splitting Tensile
sulfur (X,) cmr’) (Y)) Strength (MPa) (Y,) | Strength (MPa) (Y,)

1 0.30 0.30 0.25 0.15 2.37;2.36 38;39.5 2.53;2.43

2 0.30 0.30 0.20 0.20 2.49;2.43 49.2;48.0 3.10;3.13

3 0.30 0.40 0.15 0.15 2.29;2.28 35.2;36.0 2.11;2.10

4 0.40 0.30 0.15 0.15 2.32;2.32 37.5;39.5 2.27;2.34

5 0.35 0.30 0.15 0.20 2.30;2.30 39.9;41.0 3.15;3.25

6 0.30 0.35 0.15 0.20 2.31;2.32 40.2;42.0 2.96;2.99

7 0.325 0.325 0.175 0.175 2.43;2.44 52.0;53.2 3.12;3.08

8 0.3125 0.3125 0.2125 0.1625 2.38;2.34 50.0;53.6 3.56;3.45

9 0.3125 0.3125 0.1875 0.1875 2.44;2 .44 58.0;54.0 3.54;3.45

10 0.3125 0.3625 0.1625 0.1625 2.38;2.38 40.0;38.4 2.53;2.53

11 0.3625 0.3125 0.1625 0.1625 2.31;2.31 38.0;39.0 2.86;2.91

12 0.3375 0.3125 0.1625 0.1875 2.41;2.38 46.0;48.0 2.94;2.90

13 0.3125 0.3375 0.1625 0.1875 2.44;2.44 44.0;42.0 2.91;2.79

Table 4: Proportions of PSCM Mixtures and Measured Responses

3. Results and Discussion

3.1. Mix Design and Mathematical Regression Models

As the number of the mixed ingredients increased (four ingredients
in this study), the ability to identify the effects of and interactions
between them became impossible unless software (e.g., Minitab)
was used to perform the regression analysis as per a specific
mathematical model. Furthermore, the software assisted in
identifying the significant parameters so that the insignificant ones
could be eliminated to reach a simpler mathematical model.

Typically, the analysis of the efficiency of the selected mathematical

model included the calculation of standard deviation, R2, R? adj,
and R? predicted. In general, the closer the R? to 1.0, the better the
model in fitting the output data. Moreover, the best model is based
on additional criteria, low standard deviation, high R? adj., and R?
predicted. Additionally, the terms in the mathematical regression
model with a calculated p-value higher than 0.05 are considered
insignificant and are removed from the regression model.

It was found that Minitab’s special cubic model, with few insignificant
terms removed (based on statistical analysis), relative to other
mathematical models (i.e., linear, quadratic, and cubic models),
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provided an adequate fit to each of the PSCM responses. The R* ad;.
of density, compressive, and splitting tensile strengths are found to
be 0.920, 0.950, and 0.980, respectively. These values were obtained
at a 95% confidence level. An exceptional agreement between the
predicted (from the mathematical model) and experimental (real)
data was observed. Essentially, the maximum deviations between

2.50

¥ = 0.9537x + 0.1099

245 R® = 0.9537

.40

Fitted

2.35

(A} Density {Mg/m*3)

2.50

2.35

za0 245

Experimental

the predicted and measured densities, compressive and splitting
tensile strengths of the PSCM mixes are 1.20 %, 4.50 %, and 2.50
%, respectively. The high agreement between the predicted and
experimental results confirmed the validity of the selected model,
as shown in Figure 2.

&0 y = 0.9698x + 1.3588
R = 0.9698

Fitted

(B} Compressive Strength (MPa)
30 35 a0 45 50 58 60

Experimental

Fitted

2.00

3.2. Analysis of Variance (ANOVA)

The estimated regression coefficients are shown in Table 5,
for each of the output responses. Based on the obtained data,
regression equations, that have the same terms, were obtained
for PSCM for each response (i.e., density, compressive strength,
and splitting tensile strength). As shown in the table, most of the
terms are significant with a p-value less than 0.05. Some others

y =0.991x + 0.0259

2.50
Experimental

Figure 2: Relation between experimental and fitted data for density, compressive, and splitting tensile strengths of the PSC mixes

R* = 0.991

(€) Tensile Strength (MPa)

300 3.50 4.00

are less significant but are included in the model to keep the same
terms of density, and compressive and splitting tensile strengths.
The suggested model for the density (Y,), compressive strength
(Y,), and splitting tensile strength (Y,) was adequate because its
p-value of lack-of-fit was greater than 0.05. This indicates that the
suggested model has very good prediction levels.

Density (g/cm®) Compressive Strength (MPa) SplittingTensile Strength (MPa)

Y, Y, Y,
Source DF F p-value DF F p-value DF F p-value
Regression 13 26.95 0.000 13 41.97 0.000 13 143.76 0.000
Linear 3 4.88 0.013 3 8.72 0.001 3 54.87 0.000
Quadratic 6 9.67 0.000 6 19.05 0.000 6 121.35 0.000
XX, 1 242 0.138 1 11.43 0.004 1 7.21 0.016
XX, 1 2.82 0.111 1 15.71 0.001 1 0.09 0.769
XX, 1 11.3 0.004 1 12.36 0.003 1 186.65 0.000
X, X, 1 1.48 0.241 1 10.51 0.005 1 0.75 0.398
XX, 1 6.63 0.020 1 2.26 0.151 1 146.1 0.000
XX, 1 9.87 0.006 1 21.38 0.000 1 18.2 0.001
SpecialCubic 4 14.22 0.000 4 19.91 0.000 4 77.71 0.000
X XX, 1 0.96 0.342 1 10.4 0.005 1 0.58 0.457
XXX, 1 3.16 0.093 1 0.43 0.520 1 85.37 0.000
X XX, 1 11.62 0.003 1 31.22 0.000 1 20.84 0.000
XXX, 1 1.09 0.311 1 0.45 0.511 1 0.08 0.785
ResidualError 17 17 17
Lack-of-Fit 3 1.18 0.354 3 2.18 0.136 3 0.94 0.448
PureError 14 14 14
Total 30 30 30

Table 5: ANOVA Regression Results
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Table 5 shows that the special cubic model provides an adequate fit
to the PSCM responses; density, compressive strength, and tensile
splitting strength as represented by Equation 1.

Y =pBX +BX,* |33X3 +BX, F PLX X, F B]3X1X3 +B23X2X3
+BLX X, T BXX, Bz4X3X4 +ﬁ123X1X2X3 + B XXX, +
B134X1X3X4 + B234X XX, Te (M

277374
Where: Y represents the response; the variable X, represents the
binder (polymerized sulfur), X is the first aggregate (dune sand),
X, is the second aggregate (LFS), and X is the filler (GGBFS).

3.3 Density of PSCM Mixtures

The experimental results indicated that the density (Y ) of PSCM
was significantly affected by all four components: polymerized
sulfur, dune sand, LFS, and GGBFS. The essential quantity of
polymerized sulfur is dependent on the amount of void space
that should be filled, and the overall surface area that needs to
be covered. On the other hand, the aggregate particle size has
a significant role in the packing of the PSCM structure, where
uniform-size ingredients produce high spacing between the
particles and, accordingly, a higher paste requirement is required.
The interaction effects were found to be significant, illustrating
the benefits of performing DOE and analysis of variance
when optimizing density measurements of PSCM. Mixes with
higher polymerized sulfur have lower density. This is because
polymerized sulfur is the lightest component of the mix and so

- 225
230
. 235
O 240
/245
2,50

Density (g/em3)

mixes with higher binder content have lower density. It was also
observed that the GGBFS has the highest impact on density. An
increase in the density of the PSCM is a result of filling the mixture
voids with very small filler particles (micro filler effect) [35, 36].

Based on the statistical model, all coefficients were significant,
below the 90% confidence level, and the density can be expressed
as shown by equation (2) with an R? value of 0.93.

Density = 145 X, + 54 X, + 109 X, + 259 X, - 386 X,X, - 585
XX, - 1185 X X, - 711 X,X,-784 X, X, + 2652 X X,X, + 3032 X,
XX, @)

As shown in Figure 3(a), the maximum density of the PSCM is
reached at high polymerized sulfur and sand mass content (40%
and 40%, respectively) as expected, however still relatively high
density could be approached at the polymerized sulfur and dune
sand mass content of 32 and 34%, respectively. Figure 3(b) shows
that the maximum density is reached at moderate dune sand and
LES content of 34-36% and 18-20%, respectively. In addition,
Figure 3(c) shows that the maximum density is reached at high
LFS and GGBFS content, however, still relatively high density
could be approached at LFS mass content of 20-22% and GGBFS
content of 17-18%. On the other hand, Figure 3(d) shows that the
maximum density is reached at a moderate GGBFS content of 17-
19% and a polymerized sulfur content of 32-36%.

Density (g/em3)

Density (g/em3)

——
GG 15
BES Magy o

©

Density (g/em3)

@

Figure 3: 3D Response surface plots for the effect of (a) sand and polymerized sulfur, (b) LFS and sand, (c) GGBFS and LFS, and (d)
GGBFS and polymerized sulfur mass percentage on total density (Mg/m?*)
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3.4 Compressive Strength of PSCM

Notably, LFS is a crushed product having hard, dense, angular, and
roughly cubical particles which can help to develop very strong
interlocking properties; whilst, the polymerized sulfur can be
considered as an adhesive. The connection between polymerized
sulfur and the aggregates is a physical adhesion, which, depends
on aggregate proportions and properties including surface texture,
porosity or absorption, surface coatings, surface area, and particle
size. It is generally accepted that aggregates with a porous, slightly

rough surface will promote adhesion by providing for a mechanical
interlocking effect [36,37].

Based on the statistical model, all coefficients were significant,
below the 90% confidence level, and the compressive strength can
be expressed as shown by equation (2) with an R? value of 0.97.

Compressive Strength = 38070 X, + 23112 X, + 82498 X, +
16849 X, - 131889 X X, - 334398X, X, - 97869X X, - 235790X,X,

- 8846 X,X,-182840X.X, + 809613X X, X, + 587465 X,X,X,
)

o
n
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As shown in Figure 4, the interaction effects were found to be
significant. Figure 4(a) indicates that the maximum compressive
strength for the PSCM can be obtained at a polymerized sulfur
mass content of 32-34% and dune sand content of 30-32%. As

mentioned before, the studied response was obtained at constant
GGBEFS and LFS of 17% and 19%, respectively.

Figure 4(b) illustrates that the maximum compressive strength
can be obtained at dune sand and LFS content of 34-36% and
18-22%, respectively, with constant GGBFS and polymerized
sulfur mass of 17 and 34 %, respectively. On the other hand, and
as shown in Figure 4(c), the maximum response was achieved at
LFS and GGBFS content of 22-24% and 18-19%, respectively,
with a constant polymerized sulfur and dune sand mass of 34 and
35%. Finally, Figure 4(d) indicates that the maximum compressive

strength is reached a moderate GGBFS content of 17-19% and
polymerized sulfur content of 32-36%.

g
885888

(d)

Figure 4: 3D Response surface plots for the effect of mass percentages of (a) dune sand and polymerized sulfur, (b) LFS and dune sand,
(c) GGBFS and LFS, and (d) GGBFS and polymerized sulfur on the compressive strength (MPa).
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3.5 Splitting Tensile Strength of PSCM

The statistical model, which was developed under varying mixture
proportions to predict the tensile strength, has shown that all
coefficients were significantly below the 95% confidence level and

the tensile strength can be expressed by equation (4) with an R?
value of 0.99.

Splitting tensile strength = -1000 X, — 609 X + 377 X, - 4549 X,
+3208 X X +14101 X X,-2567 X, X, + 12025 X X, + 5964 X X,
+8176 X X, X,—33651 X X X, - 13512 X X X, 4

The results of the splitting tensile strength test for the different
mixtures are shown in Figure 5. The figure shows that the trends
for splitting tensile strength are closely related, as expected.
The splitting tensile strength of PSCM is around 12 to 16% of
its compressive strength. Since both are dependent on the extent
of particle packing in the mixture and the bond between the

a)
w

Pa)
w

Splitting Tensile ST (MP:

splitting Tensile Str- ™

COWONNNNN
SANvO®OANO

(©)

polymerized sulfur and other components. Therefore, a similar
discussion can be assumed for the splitting tensile strength. As
shown in Figure 5(a), the maximum splitting strengths can be
obtained at polymerized sulfur mass content of 32-34% and dune
sand content of 30-32% at constant GGBFS and LFS of 17 and
19%, respectively. Figure 5(b) shows that the maximum splitting
tensile strengths can be obtained at dune sand and LFS mass
content of 34-36% and 18-22%, respectively at constant GGBFS
and polymerized sulfur mass of 17 and 34%, respectively. On
the other hand, Figure 5(c) illustrates that the maximum splitting
strengths can be obtained at LFS and GGBFS content of 22-24%
and 18-19%, respectively at constant polymerized sulfur and sand
of 34 and 35%. Finally, Figure 5(d) indicates that the maximum
splitting strength can be obtained at maximum GGBFS and
polymerized sulfur content of 19-20% and 38-40%, respectively
at constant dune sand and LFS mass of 35 and 20%, respectively.

(MPa)

Splitting Tensile Str.

(d)

Figure 5: 3D Response surface plots for the effect of (a) dune sand and polymerized sulfur, (b) LFS and dune sand, (c) GGBFS and LFS,

and (d) GGBFS and polymerized sulfur mass percentage on the splitting tensile strength (MPa).

Table 6 summarizes some optimum conditions (different ranges of
mass of the mixture components) that sustain maximum responses
of bulk density, compressive, and splitting tensile strengths. It is
worth mentioning that at every two interacting parameters, the
J Geol Min, 2024

other parameters are assumed to be constant to visualize the 3D

surface interaction between the studied parameters on the selected
responses.
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% Mass of the Mixture Component
Component Max. Density Max. Compressive Strength | Max. Splitting Tensile Strength
1** Compositional Group
Polymerized Sulfur% 32-34 32-34 32-34
Sand% 32-34 30-32 30-32
GGBFS% 17 17 17
LFS% 19 19 19
2" Compositional Group
Polymerized Sulfur% 34 34 34
Sand% 34-36 34-36 34-36
GGBFS% 17 17 17
LFS 18-20 18-22 18-22
34 Compositional Group
Polymerized Sulfur% 34 34 34
Sand% 35 35 35
GGBFS% 17-18 18-19 18-19
LFS% 20-22 22-24 22-24
4" Compositional Group
Polymerized Sulfur% 32-36 32-36 38-40
Sand% 35 35 35
GGBFS% 17-19 17-19 19-20
LFS% 19 19 19

Table 6: Range of Mixture Components to Produce Maximum Studied Responses

3.6 Contour Plots

To have a better view of the input parameter values that need
to be adopted and the ones that should be avoided to ensure
maximum responses, 2D contour plots were generated to help
in visualizing such zones (red zones of high responses and dark
blue zones of minimum responses). As shown in Figure 6(a), the
maximum density is reached at high polymerized sulfur and dune

Density (g/cm3)

Il 2.30
Il 235
2.40

I 245

Sand Mass%

30 32 34 36 38 40
Sulfur Mass%

(a)

sand contents as expected, however, still relatively high density
could be approached at the polymerized sulfur and dune sand mass
percentage of 32-34%. On the other hand, maximum compressive
and splitting strengths can be obtained at polymerized sulfur
content of 30-34% and dune sand content of 30-34% as illustrated
in Figures 6(b) and 6(c), respectively.

Compressive Str. (MPa)

35
Hl 4«
B 45

50

Sand Mass %

30 32 34 36 38 40
Sulfur Mass%

(b)
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Splitting Tensile Str. (MPa)

Sand Mass %

30 32 34 36 38 40
Sulfur Mass%

()
Figure 6: 2D Response surface plots for the effect of dune sand and polymerized sulfur mass % on (a) Density (Mg/m?), (b) Compressive
strength (MPa), and (c) Splitting tensile strength (MPa).
Figures 7(a-c) show that the maximum density is reached at maximum compressive and splitting strengths can be obtained at

high LFS and GGBFS content as expected. On the other hand, LFS and GGBFS content of 22-24% and 18-19%, respectively.
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Figure 7: 2D Response surface plots for the effect of LFS and sand mass % on (a) density (Mg/m?), (b) compressive strength (MPa),
and (c) Splitting tensile strength (MPa)
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On the other hand, Figures 8(a-c) illustrate that the maximum
density and compressive strength are reached moderate GBFS
content of 17-19% and polymerized sulfur content of 32-34%,

Density (g/cm3)

GGBFS Mass %

30 32 34

36

Sulfur Mass%

(@

GGBFS Mass %

while the maximum splitting strength can be obtained at maximum
GGBFS and polymerized sulfur content of 19-20% and 38-40%,
respectively.
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Sulfur Mass%

36 38 40
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34

—

36 38
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Figure 8: 2D Response surface plots for the effect of GGBFS and LFS mass % on (a) Density (Mg/m?), (b) Compressive strength (MPa),

and (c) Splitting tensile strength (MPa).

4. Advantages of Using a Polymerized Sulfur Composite
Material (PSCM) for Hydrogen Storage in Lined Rock Caverns
The shift towards hydrogen as a clean energy carrier necessitates
advancements in storage technologies that ensure safety, efficiency,
and environmental sustainability. Among the various options,
the use of PSCM emerges as a promising alternative to Portland
cement concrete (PCC) in constructing and lining man-made rock
caverns for hydrogen storage. PSCM, a blend of organic polymers,
waste elemental sulfur, dune sand, and alkaline solid wastes such
as LFS and GGBEFS, offers several distinct advantages over
traditional PCC, which are:

1) Enhanced Durability and Chemical Resistance: One of the
primary advantages of PSCM is its superior chemical resistance, as
described in the preceding sections, particularly in environments
subjected to harsh conditions [13, 30-32]. PCC, although widely
used, is vulnerable to chemical attack by acids, sulfates, and other
aggressive agents. This vulnerability can compromise the integrity
of hydrogen storage systems over time. In contrast, PSCM exhibits
remarkable resistance to such chemical agents due to the inherent
properties of polymerized sulfur. Sulfur's hydrophobic nature and

low reactivity protect the material from corrosive substances,
ensuring a longer service life for hydrogen storage caverns.
Moreover, PSCM's composition—which includes alkaline solid
wastes like LFS and GGBFS—further enhances its chemical
durability. These by-products contribute to the material's alkaline
nature, neutralizing acidic threats and inhibiting deleterious
reactions such as sulfate attack. This makes PSCM an ideal choice
for lined rock caverns exposed to fluctuating environmental
conditions and potential chemical contamination.

2) Superior Mechanical Properties: Hydrogen storage facilities
require materials with high mechanical strength and resilience
to withstand substantial loads and pressures. PSCM outperforms
PCC in this regard, offering greater compressive and tensile
strength, as discussed earlier. The polymerized sulfur matrix binds
the composite components more effectively than the hydration
products in PCC, resulting in a denser and more robust material.
This increased strength reduces the risk of cracking and deformation
under stress, ensuring the structural integrity of storage caverns.
Additionally, the incorporation of dune sand and alkaline solid

J Geol Min, 2024

Volume 1 | Issue 1 | 12



wastes contributes to the material's mechanical performance.
Dune sand provides a stable granular structure, while LFS and
GGBFS enhance the binding and pozzolanic reactions within the
composite. Together, these components create a high-performance
material capable of withstanding the demanding conditions of
hydrogen storage [13].

3) Reduced Permeability: Hydrogen gas, being the smallest
molecule, poses significant challenges for storage due to its
propensity to escape through microscopic pores. PSCM offers a
solution by exhibiting significantly lower permeability compared to
PCC (Table 1). The dense and hydrophobic nature of polymerized
sulfur creates a barrier that effectively prevents hydrogen
diffusion. This property is crucial for maintaining the efficiency
and safety of hydrogen storage systems, minimizing losses, and
reducing the risk of leakage-related hazards. In contrast, PCC’s
porous structure, formed during the hydration process, allows for
the gradual permeation of gases, including hydrogen. Although
various sealing techniques can mitigate this issue, they often add
complexity and cost to the construction and maintenance of storage
facilities. PSCM eliminates the need for such measures, providing
a more streamlined and cost-effective solution.

4) Enhanced Sustainability: The use of PSCM aligns with the
principles of sustainable development by incorporating waste
materials into its composition. Elemental sulfur, a by-product of
the petroleum refining process, is often stockpiled or discarded,
posing environmental challenges. By utilizing this waste sulfur as
a key component, PSCM not only addresses a waste management
issue but also reduces the environmental footprint of hydrogen
storage systems. Similarly, the inclusion of alkaline solid wastes
such as LFS and GGBFS contributes to the circular economy
by repurposing industrial by-products [32]. These materials,
which might otherwise be landfilled, are integrated into PSCM to
enhance its properties while minimizing the environmental impact
of raw material extraction. In contrast, the production of PCC is
energy-intensive and associated with significant carbon dioxide
emissions, making PSCM a greener alternative.

5) Cost-Effectiveness: In addition to its environmental benefits,
PSCM offers economic advantages over PCC. The use of waste
materials such as elemental sulfur, dune sand, LFS, and GGBFS
reduces the reliance on expensive raw materials, lowering
production costs. Furthermore, the enhanced durability and reduced
maintenance requirements of PSCM translate to long-term cost
savings for hydrogen storage facilities. The lower permeability
of PSCM (Table 1) also contributes to cost-effectiveness by
reducing the need for supplementary sealing systems and frequent
inspections. This simplifies the construction process and reduces
operational expenses, making PSCM a financially viable option
for large-scale hydrogen storage projects.

6) Thermal Stability and Safety: Hydrogen storage facilities
often operate under varying temperature conditions, necessitating
materials with excellent thermal stability. PSCM demonstrates
superior performance in this regard, maintaining its structural

integrity and mechanical properties across a wide temperature
range [26,30,31]. The polymerized sulfur matrix resists thermal
expansion and contraction, reducing the risk of cracking and
material failure [13,26]. Additionally, PSCM’s low flammability
and non-toxic nature [26] enhance the safety of hydrogen storage
systems. Unlike some polymer-based materials, PSCM does
not release harmful gases or substances when exposed to high
temperatures, ensuring a safer operating environment.

7) Compatibility with Lined Rock Caverns: The geological
stability of rock caverns is a critical factor in hydrogen storage.
PSCM’s unique properties make it highly compatible with the
lining requirements of these structures. Its dense and adhesive
nature allows it to form a seamless bond with rock surfaces,
preventing water infiltration and gas leakage. This compatibility
ensures the long-term stability and functionality of lined rock
caverns, even under high-pressure conditions. Moreover, PSCM’s
adaptability allows for the customization of its properties to suit
specific geological and operational requirements. By adjusting the
proportions of its components, engineers can optimize the material
for different storage scenarios, further enhancing its versatility and
applicability.

5. Summary and Conclusion

This study focuses on the development of a novel polymerized
sulfur composite material (PSCM) composed of a blend of organic
polymer, waste sulfur, dune sand, and alkaline solid wastes,
including Ladle-Furnace Slag (LFS) and Ground Granulated Blast
Furnace Slag (GGBFS). The density and mechanical properties
of the PSCM were evaluated experimentally. As expected, the
GGBFS improved the bulk density by filling the inside structure
pores, and accordingly better-packing properties of the particles
have been reached. On the other hand, LFS developed very strong
interlocking properties, which led to improving the physico-
mechanical properties. In addition, the dune sand material allows
the molten polymerized sulfur to adhere in a very easy way over
its surface. The results indicated that the maximum density could
be reached at high polymerized sulfur and dune sand contents,
however, still relatively high density could be approached at
the lower polymerized sulfur and dune sand mass percentage
of 32-34%. In addition, the maximum splitting strength can be
obtained at maximum GGBFS and polymerized sulfur contents
and maximum compressive strength could be reached at LFS
and GGBFS contents of 22-24% and 18-19%, respectively. The
statistical modeling of the PSCM mixture design has indicated
that it is a powerful tool for determining the significance of
independent variables and their effect on the physico-mechanical
properties of the produced PSCM and the ability to optimize the
mixture proportions for maximizing its properties.

The advantages of using polymerized sulfur composite material
(PSCM) over Portland cement concrete (PCC) for hydrogen
storage in man-made lined rock caverns are compelling.
From enhanced durability and mechanical strength to reduced
permeability and environmental sustainability, PSCM addresses
the critical challenges associated with hydrogen storage. Its cost-
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effectiveness, thermal stability, and compatibility with rock cavern
linings further reinforce its suitability for this application.

As the demand for hydrogen storage infrastructure continues to
grow, the adoption of innovative materials like PSCM will play
a pivotal role in ensuring the safety, efficiency, and sustainability
of these systems. By leveraging the unique properties of PSCM,
the energy industry can advance towards a cleaner and more
sustainable future, paving the way for the widespread adoption of
hydrogen as a key energy carrier.
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