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Abstract

To mitigate extreme temperature fluctuations in arid southern Algerian cities, developing an internal thermal
environment that is either independent of or only marginally influenced by external conditions is a viable solution. In
this study, we successfully created a eutectic mixture of animal and plant fatty acids, excluding petroleum sources,
consisting of 70% myristic acid (MA) and 30% stearic acid (SA). This phase change material (PCM) was then
impregnated into date palm fiber waste (DPF) using a vacuum technique. The melting points of both the eutectic mixture
and the impregnated date palm fiber were measured at 35°C and 34.5°C, respectively. Clay bricks, which are widely
used in Algerian construction, were prepared with 75% dune sand and 10% lime. Date palm fibers impregnated with
PCM were added in varying proportions (0.5%, 1%, 1.5%, 2%) to test the mechanical and thermal properties of the
bricks. The results showed an improvement in thermal insulation, with a reduction in thermal conductivity by 11% for
bricks containing 2% impregnated palm fibers. The compressive strength of these bricks remained within acceptable
limits, regardless of whether the PCM was in a solid or liquid state. Numerical simulations showed that adding MA-
SA/DPF to clay bricks contributed to a 30% reduction in outward heat flow in winter and a 25% reduction in inward
heat flow in summer. This, in turn, resulted in a corresponding decrease in energy consumption.
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1. Introduction Various types of earthen bricks are commonly used,
. o ) articularly adobe, which is favored in construction due
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to its cost-effectiveness and the accessibility of its raw

1s essential for the construction industry. Over one-third X .. !
Y materials. Research indicates that adobe bricks can be

of total energy consumption and half of global electricity

e o made from locally sourced materials, such as dune sand
usage occur within this sector. Consequently, the building

. . ) . .. and crushed brick waste, which enhance their mechanical
industry is responsible for significant carbon dioxide
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materials and methods. Earth buildings often produce

.. .. . hysical properties of adobe. However, earthen bricks
fewer CO: emissions than traditional construction phy prop

tend to have weak resistance, which is why cement or lime
is often added to strengthen them [3]. Improving the
compressive strength of adobe results in stronger walls,
higher-quality buildings, and more durable structures [4].
Observations indicate that existing adobe buildings

methods due to the lower energy required for their
production and transport, as well as the use of low-carbon
materials. As a result, earthen construction techniques can
significantly reduce building-related emissions [1].
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typically have a compressive strength ranging from 0.2 to
2 MPa [5]. Many research studies have focused on
improving thermal insulation and selecting suitable
materials for walls to reduce the energy consumed by
heating and air conditioning systems [6], [7], [8]. Various
waste materials have been incorporated into earthen
bricks without compromising their essential properties [9]
such as date palm fibers [10], [11]. In this context,
researchers have shown great interest in enhancing the
thermal properties of wall components. Phase change
materials (PCMs) have been a focal point in this area due
to their ability to absorb heat during melting and release it
upon solidification when the temperature drops below the
freezing point of the PCM [12]. PCMs can be categorized
into organic and inorganic types. Organic PCMs are
further divided into paraffinic and non-paraffinic
materials [13]. While paraffin is petroleum-based, non-
paraffinic materials like fatty acids and fatty alcohols are
renewable and do not rely on fossil fuels. These renewable
materials offer several benefits, including strong thermal
and chemical stability, a high capacity for storing latent
heat, appropriate phase transition temperatures, and the
absence of issues like supercooling or phase separation
[14]. Additionally, they are cost-effective and non-
corrosive [15]. However, due to the high cost of
petroleum-based PCMs, fatty acids have attracted
considerable attention because of their availability, low
cost, and plant or animal origins [16]. Fatty acids and fatty
alcohols generally have phase transition temperatures that
are higher than ideal, limiting their use to specific
applications such as residential heating and building
construction. To overcome this limitation, a stable
eutectic mixture can be created by melting and mixing two
or more fatty acids and their components, allowing for a
more suitable temperature range [17]. To reduce energy
consumption in building envelopes, the development and
use of efficient energy storage technologies are becoming
increasingly important. PCM-based thermal energy
storage is a particularly attractive method for storing and
utilizing solar energy on demand in buildings [18].

The purpose of this study is to improve the energy
efficiency of buildings by using environmentally friendly
materials. Date palm fibers (DPF) and phase change
materials (PCM) were combined in clay bricks. Initially,
a eutectic mixture of fatty acids, sourced from the
Algerian market, was prepared and successfully infused
into date palm fibers. This new compound was then

incorporated into clay bricks. The resulting bricks were
subjected to mechanical, physical, and thermal testing to
evaluate their properties. Additionally, a numerical
simulation was conducted to quantify heat flux reduction
when using DPF/PCM in clay building walls.

2. Materials and methods

2.1. Traditional building materials (Soil, sand and
lime)

This research aims to utilize local resources such as
soil, sand, and palm fibers from the cities of Adrar and
Ouargla, located in the southwest and southeast of
Algeria, respectively. These regions are renowned for
their high temperatures, which can exceed 55°C.

2.1.1. Clay soil

The clay was assessed based on its chemical
composition, with a focus on key oxides such as SiO,
Al20s, and Fe:20s, while the presence of CO2 and CaCO:s
was found to be minimal (Table 1). From an industrial
perspective, the Al:Os/FeOs; ratio is less than 5.5,
indicating a high iron content, which makes this clay
suitable for producing building materials such as bricks
and tiles [19]. This soil has been used in many studies
[20], [21], [22].

2.1.2. Dune Sand and lime

Dune sand from the Adrar region of Algeria was used
in the production of all brick mixes. The chemical
composition of this sand and soil is provided in Table 1.
Quicklime from the lime unit in Saida, Algeria, was also
utilized.

2.2. Date palm fibers

Date palm natural fibers (DPF) were obtained from
Touggourt Oasis and had an absolute density of 1300 +
1450 Kg m?, length L = 10 £ 1 mm, diameter ¢ = 0.14 +
1.7 mm, the tensile strength and moisture content in the
range of 170 + 290 MPa and 9.5 + 10.5 %, respectively
[23]. The density of 610 = 40 kg m™ falls within the same
range as that determined for date palm (Phoenix
dactylifera L.) from the Biskra Oasis in Algeria.
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Table 1. Chemical properties of the soil and dune sand used in the present study.

Component (%) SiOs CaO ALO3 FeOs CaCOs3 CO:
Soil 82.10 1.96 3.33 4.41 0.93 0.41
Sand 87.1 6.3 0.01 1.35 4.55 2.03
Table 2. Properties of the organic PCMs.
Phase change material Melting Temperature (°C) Latent heat Price
/g) ($/kg)
Myristic acid
54 210 6.6
(C14H2505)
Stearic acid
68 258 6.6
(C1s8H3602)
2.3. Fatty Acids properties ], Heated magenetic

Myristic acid (MA, Ci4H2:02, analytical reagent) and
stearic acid (SA, CisHs6O2, analytical reagent) were
purchased from Merck. Myristic acid has a melting
temperature of 54°C, while stearic acid melts at 68°C.
Both acids are available in Algeria. The MA-SA eutectic
mixture was formulated following the experimental
procedure described by Homlakorn et al. [24]. The
eutectic mixture (MA-SA: 70-30 wt%) melts at 35°C with
a latent heat of 240 J/g and solidifies at 35.5°C with a
latent heat of 212 J/g. Its density is 0.84 g/cm? in the liquid
state and 0.74 g/cm® in the solid state. The properties of
both acids are listed in Table 2.

2.4. Experimental setup

2.4.1. Preparation and characterization of shape-
stabilized phase change material (SS-PCM)

The SS-PCM composites were produced using the
vacuum impregnation method, which enhances phase
change material (PCM) absorption into the support's pores
by eliminating trapped air [25]. The experimental steps for
creating the shape-stabilized eutectic mixture (70%
myristic acid (MA) and 30% stearic acid (SA)) were as
follows: A specific mass ratio of myristic acid to stearic
acid was mixed in a test tube. The test tube was then
heated in a constant-temperature water bath at 80°C and
stirred with a magnetic stirrer at 400 revolutions per
minute for 1 hour to ensure homogeneity. Figure 1
summarizes the preparation process.

agitator

4
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= i) e
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Figure 1. The method used for preparing the eutectic
mixture MA-SA.

2.4.2. Preparation of MA-SA/DPF composites

To obtain the MA-SA/DPF stable-form composite, the
vacuum impregnation technique was used (Figure 2).
Date palm fiber was weighed (m:) and mixed with the pre-
weighed liquid MA-SA. Both the date palm fibers and the
eutectic mixture were placed in a conical flask, which was
then placed in a water bath at 60°C, a temperature higher
than the melting point of the PCM. Next, a vacuum pump
was connected and activated to evacuate air from the
porous structure of the DPF.

Vacuum impregnation Filtering

Leakage teste

Melted MA-SA
Mixing
2Axing ~

Vacuum Pump DPF+PCM  Water bath Oven

A:"\Lg‘é’[A =) I he

[e)

Figure 2. Fabrication process of the DPF/MA-SA by vacuum
impregnation method.

The vacuum process was maintained for 1 hour to
ensure complete impregnation. The melted MA-SA was
absorbed into the pores of the date palm fiber by
capillarity and surface tension forces [26].
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Table 1. Comparison between the Percentage of impregnation of the prepared MA-SA/ DPF composite with that of other bio-

based PCM composites.
Biochar Wood flour Wood fibers Kapok fibers Hemp shives Da:ie:b[e):lm
Impr(eog/;a""“ 48.5 44 52 40.5 53 52.39
Reference [27] [28] [29] [30] [31] This study
After impregnation, the vacuum process was 2.0
terminated, and the samples were removed. Any excess =181
liquid MA-SA was filtered out. The impregnated date S 16
palm fiber was then placed on filter paper and kept in an EI.] )
oven at 60°C to remove any remaining MA-SA on the £
. 1,24
fiber surface. The filter paper was continuously replaced z
until no leakage was observed. Finally, the final mass of §-1.0~
the composite (mz) was weighed, and the mass ratio of 5"‘8“
MA-SA in the composite was calculated using Equation 0,61
(1), as described in [26]. 0,4 +— T T r r r .
20 30 40 50 60 70 80 90

uxloo
m2

R

(1

The final mass ratio without leakage was 52.39%. This
value is comparable to the values reported in the literature
for fibers, as shown in Table 3.

2.4.3 Preparation of samples

The optimal dune sand content for compressive
strength was determined to be 75% by weight, as shown
in Figure 3. A water content of 25% by weight was
selected to achieve a uniform mixture suitable for molding
adobes. Mixing was performed using an electric mixer for
15 minutes to ensure homogeneity. The mixtures were
manually filled into cubic molds (10 x 10 x 10 cm) in two
layers and left to dry in the open air for 72 hours.
Afterward, the blocks were removed from the molds and
air-cured. The lime content was optimized for
compressive strength. After that, the appropriate amount
of water, relative to the total mass, was added to transform
the mixture from a damp blend into a uniform paste ready
for molding [32]. Various lime contents (4%, 6%, 8%,
10%, 12%, and 14% by weight) were tested, with 10%
being the optimal value, as shown in Figure 4.

Dune Sand (%)

Figure 3. Effect of dune sand percentage on dry compressive
strength of clay.
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Figure 4. Effect of lime percentage on dry compressive
strength of clay.

After optimizing the lime content, bricks were
manufactured using a mixture of soil, sand, lime, and MA-
SA/DPF. The mixing and preparation process was
conducted in two stages. First, the dry mixture (soil + sand
+ lime) was mixed for 5 minutes. Then, water was added,
and the mixture was further mixed for 15 minutes until
homogenization. Finally, the required quantity of MA-
SA/DPF was gradually added while continuing manual
mixing.
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Table 2. Percentage of building materials in various prepared mixtures.

Lime (relative to the weight of sand

Mixture Dune Sand (%) Soil (%) + Soil) MA-SA/DPF
1 75 25 10 0
2 75 25 10 0,5
3 75 25 10 1
4 75 25 10 1,5
5 75 25 10 2

The proportions of the different mixtures are presented
in Table 4. It is worth noting that the cubic (10 x10x10
cm) and prismatic (4x4x16 cm) metal molds were filled
in two layers, and three test pieces were prepared for each
test, as shown in Figure 5.

Figure 5. Compressive strength test specimens with various
dimensions.

3. Thermo-Mechanical Analysis
3.1. Mechanical characterization

According to French norm NF-EN 196-1, the dry
compressive strength was determined on cubic blocks
measuring (10 x 10 x 10) cm using a hydraulic press as
shown in figure 5. Employing a force sensor of 20 kN with
a loading speed of 0.5 mm/min, this enabled the
construction of compressive and flexural stress-strain
diagrams, facilitating the observation of the material's
mechanical response under dry compression and bending
at various DPF contents for both natural and PCM states
(solid and liquid). Each composition was tested using a
three-point test configuration. The two prism halves from
this test were used for compression testing.

3.2. Characterization of DPF/MA-SA composites
3.2.1. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was used to
assess the thermal energy storage capability by examining
the melting characteristics of the prepared PCM
composite. Figure 6 displays the DSC curve representing
the eutectic MA-SA and DPF/MA-SA composite.
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Figure 6. DSC curve of MA-SA, PCM only and DPF/MA-SA
composite.

The melting temperatures for MA-SA and DPF/MA-
SA composite were identified as 35 °C and 34.5 °C,
respectively. The melting enthalpies were 240 J/g and 124
J/g, respectively. After fabricating the shape-stabilized
DPF/MA-SA composite, the melting enthalpy showed a
reduction. This decrease is attributed to:

1. The lower mass ratio of eutectic MA-SA within the
composite.

2. The reduced crystallinity of eutectic MA-SA.

Furthermore, the phase change temperature of the
composite PCM was slightly lower than that of pure
eutectic MA-SA before impregnation. This shift may be
due to weak attractive interactions between fatty acid
molecules and the inner surface of the porous material
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[33]. The measured melting and solidifying temperatures
of the composite PCM closely match the values calculated
by multiplying the eutectic MA-SA ratio in the composite
by its phase transition enthalpy, as reported by [34]. In
fact, the fusion heat ratio of pure eutectic MA-SA and
DPF/MA-SA is 51.66%, which is remarkably close to the
theoretical impregnation rate of 52.39%.

3.2.2 Thermo-Gravimetric Analysis (TGA)

Figure 7 illustrates the weight loss curves for MA-SA,
DPF alone, and the DPF/MA-SA composite from room
temperature (25°C) to 350°C. The curves indicate that
MA-SA primarily degrades between 125°C and 180°C.
For DPF alone, the TGA curve shows an initial weight
loss between 75°C and 175°C, attributed to the
evaporation of free water in the DPF. The MA-SA/DPF
composite demonstrates good thermal stability below
125°C, with less than 1% mass loss, making it suitable for
building applications where temperatures rarely exceed
60°C.
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— DPF/MA-SA
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Figure 7. TGA curve of MA-SA, DPF only and MA-SA/DPF.

4. Results and Discussions

4.1. Effect of DPF/MA-SA content ratio on the
physical properties of Earth bloc

4.1.1 Apparent density

The density of adobe, as reported in the literature,
ranges from 1540 kg/m? to 1950 kg/m? [35]. In this study,
the apparent density of dried specimens was determined
by comparing the weight of the soil block to its volume.
Figure 8 presents the average density values of the

formulated material for different DPF/MA-SA contents,
ranging from 1542 kg/m? to 1608 kg/m?.
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Figure 1. Variation of the apparent density as a function of the
percentage of MA-SA/DPF.

A notable density reduction of 606 kg/m* was
observed for the 2% DPF/MA-SA content compared to
the control material (without DPF/MA-SA). This
reduction is attributed to:

1. The lower apparent density of date palm fiber and
the MA-SA mixture (840 kg/m?®) compared to the adobe
mixture (soil + dune sand + lime = adobe), which has an
apparent density of 1608 kg/m?.

2. The evaporation of water, which led to the
detachment of DPF/MA-SA particles from the clay matrix
after shrinkage, increasing the porous network within the
material.

Similar trends have been reported in previous studies
[35].

4.1.2 Total absorption

Figure 9 illustrates the relationship between total water
absorption of bricks and DPF/MA-SA content over a 24-
hour immersion period at two temperature conditions,
30°C and 50°C. At temperatures below 30°C, total water
absorption ranged from 18.22% for 0% DPF/MA-SA to
18.56% for 2% DPF/MA-SA. This increase is minimal
compared to previous studies using date palm fibers,
likely due to pore closure caused by the eutectic mixture.
The slight rise in absorption is attributed to DPF/MA-SA
disintegration within the matrix composed of soil, dune
sand, and lime. At 50°C, the absorption rate increased to
18.95% for 2% DPF/MA-SA. This increase is due to the
eutectic mixture transitioning to a liquid state, allowing
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water infiltration into newly formed pores. Additionally,
total water absorption increased with higher DPF/MA-SA
content. Despite this, adding DPF/MA-SA does not
significantly increase total water absorption. After six
days of immersion, the blocks retained their original shape
and integrity, demonstrating excellent stability, which is a
notable advantage for earthen construction.
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Figure 9. Effect of MA-SA/DPF on total absorption of bricks.

4.2. Effect of MA-SA/DPF content on the thermo-
mechanical properties of adobes

4.2.1 Compressive strength

This study examined the effect of varying DPF/MA-
SA content on the compressive strength of bricks at
different temperatures. The tests were conducted on
10x10%10 cm? bricks at 30°C and 50°C. As shown in
Figure 10, increasing the DPF/MA-SA content reduced
bulk density and slightly decreased compressive strength.
The highest compressive strength was observed in control
bricks without DPF/MA-SA, averaging 4.8 MPa. Even at
a 2% DPF/MA-SA content, the reduction in strength was
minimal and not considered significant. At approximately
0.5% DPF/MA-SA, the compressive strength remained
similar to that of bricks without DPF/MA-SA. Contrary to
previous studies, the addition of DPF to earthen bricks did
not significantly weaken them. This was attributed to the
treatment of fibers with MA-SA, which closed the pores
when in a solid state. However, when the bricks were
exposed to 50°C for two hours, ensuring that the MA-SA
mixture transitioned into a liquid state, the compressive
strength decreased compared to the first case. The liquid
MA-SA mixture opened the pores, reducing overall
strength.

= 30°C

1,0 1,5 2,0
DPF/MA-SA

0,0 0,5

Figure 2. Effect of MA-SA/DPF content on the dry
compressive strength of adobe.

Despite this, the lowest recorded compressive strength
values in both cases remained within the acceptable limits
for building requirements in Algeria [36]. The decrease in
strength was linked to the increase in voids within the
blocks due to the separation of DPF/MA-SA aggregates
from the stabilized ground matrix in dry bricks and the
separation of MA-SA from DPF in the liquid state. The
dry compressive strength of earthen bricks primarily
depends on the strength of the binder, the bond strength
of clay putty stabilized with lime sand grains, and the
internal strength of the sand particles [37].

4.2.2 Thermal Conductivity

Thermal conductivity was evaluated on brick samples
measuring 10x10x4 cm. The measurements

performed using a hot wire probe and a heating resistor,

were

accompanied by a sensor that recorded temperature
variations in a transient state. To ensure precision, the
probe was placed between two smooth blocks to eliminate
air gaps. This method is widely adopted in various
research studies [38]. All measurements were conducted
at an ambient laboratory temperature of 24°C with 60%
humidity, and the results were consistent with findings
from other researchers [35], [39]. As shown in Figure 11,
thermal conductivity decreases as the DPF/MA-SA
content increases, leading to an 11% improvement in
thermal insulation. Adobe containing 2% DPF/MA-SA
exhibited a thermal conductivity of 0.554 W/m'K,
compared to 0.677 W/m'K for control adobe. This
enhancement in thermal performance is attributed to the
improved pore structure of bricks incorporating DPF/MA -
SA [40].
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Figure 3. Effect of MA-SA/DPF ratio on thermal
conductivity.

This reduction is due to the lower density of MA-
SA/DPF compared to the clay matrix and its inherently
low thermal conductivity. The difference in thermal
conductivity between the clay matrix and date palm
aggregates primarily results from variations in pore sizes
and the volume of PCM, which has a very low thermal
conductivity (0.17 W/m-K). These findings align with
those reported by other researchers [41]. Additionally, the
thermal conductivity values obtained comply with the
Algerian building code, which specifies a range between
0.1 and 2 W/m-K [42].

4.3. Numerical modeling of the DPF/MA-SA
product effectiveness

To evaluate the performance of the proposed bricks,
heat flow variations in two walls were simulated using the
COMSOL Multiphysics program—one wall with a
DPF/MA-SA mixture and the other without. The
simulations were performed for both a summer and a
winter day, with boundary conditions derived from local
climate data (Algeria). For the outer surface, external
convective boundary conditions were applied with a heat
transfer coefficient of ho = 25 W/m*K. On the inner
surface, a free convective boundary condition was used
with h; = 6.69 W/m?-K [43]. The results demonstrated the
effectiveness of the brick, as shown in Figure 12.
Numerical simulations show that adding MA-SA/DPF to
clayey bricks contributes to a 30% reduction in outward
heat flow during winter and a 25% reduction in inward
heat flow during summer.
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Figure 12. Effect of MA-SA/DPF addition on heat flow
reduction.

5. Conclusion

This study innovatively investigated the impact of a new
eutectic mixture of fatty acids combined with date palm
fibers on lime-stabilized soil. It specifically analyzed the
thermal properties and mechanical behavior of the
material in both solid and liquid states across a
temperature range varying from 30°C to 50°C. The
research also examined the effect of different amounts of
date palm fibers on these properties. The results indicated
that the soil achieved its maximum dry compressive
strength when the quicklime content was 10% by weight.

For the first time, the MA-SA eutectic mixture was
successfully combined with waste date palm fibers (DPF)
from the Algerian Sahara, creating a low-cost and
environmentally friendly phase change material (PCM)
suitable for integration with earthen bricks. The eutectic
mixture, consisting of 70% myristic acid and 30% stearic
acid, was successfully prepared, achieving a melting point
of 35°C and maintaining stability at temperatures below
85°C, as confirmed by DSC and TGA analyses.

The MA-SA mixture was effectively infused into date
palm fibers, achieving an incorporation rate of 52.39%.
DSC analysis revealed that the MA-SA/DPF composite
exhibits promising melting properties, with a melting
temperature of 34.5°C and a measured melting enthalpy
of 124 J/g. Although the composite has a lower latent heat
compared to pure PCM, these results remain highly
promising for energy storage applications in buildings.

The newly developed clay bricks, reinforced with palm
fiber residues and infused with a phase change material
derived from animal and plant sources (non-petroleum),
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successfully met the mechanical standards required by
Algerian building codes. Additionally, these bricks
demonstrated significant thermal improvements, making
them an excellent eco-friendly alternative for
construction. By utilizing abundant and free resources,
they contribute to environmental sustainability.
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