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Phase change material (PCM) offers high-density thermal energy storage, making it attractive for thermal
management applications of electronic circuitry and thermal energy storage. However, PCM, like paraffin wax,
ideal for such low-temperature applications, has very low thermal conductivity. The present study focused on the
improvement of the thermal conductivity of paraffin wax using surfactants. The surfactants used as thermal
conductivity enhancers (TCE) are cetyltrimethyl ammonium bromide (CTAB), Dioctyl sodium sulfosuccinate

(known as AOT) and sodium dodecyl sulfate (SDS). The surfactant self-aggregation called a micelle, acts as
conducting medium inside the paraffin wax, providing better thermal conductivity. The highest heat transfer rate
with a peak temperature of 71 °C was observed in the case of AOT micelle paraffin wax. Adding SDS, CTAB, and
AOT surfactants increased the highest temperatures by 4%, 8.4%, and 18.33% compared to pure PCM.

1. Introduction

As the world progresses with a growing population and economy,
energy demand also increases. In the beginning, fossil fuels played a
significant role but negatively impacted the environment (Saima et al.,
2023, Baghbani et al., 2022). Many researchers have worked in this field
to employ renewable energy sources efficiently to fulfill the growing
energy demand (Abdelsalam et al., 2020). Renewable energy origins like
solar and wind provide massive capabilities of energy production.
However, issues like inconsistency and irregularity associated with them
are vulnerable to their availability and reliability, particularly during
peak times, as a constant supply of energy is required during that phase.
For future use, renewable energy can be reserved when it is available.
This feature has played an essential role in replacing fossil fuel with
renewable energy, thus making a brighter and cleaner future for up-
coming generations.

Among different storage methods, thermal energy storage is widely
used (Dincer et al., 2002). The excessive energy origins, such as waste
heat generation; solar and geothermal energy in industrial and resi-
dential applications, gives excellent inspiration for harnessing these
energy sources. Thermal energy storage may be achieved in two ways.
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One of these is sensible heat storage (SHS) which works on the principle
of enhancing the temperature of storage material for storing energy.
Rocks and water are available materials that have been used for this
purpose. Previously for this purpose, rocks were available materials that
have been used for decades (Huggins et al., 2015). The second method is
latent heat storage (LHS). LHS is a principle of thermal energy storage
that relies on the use of phase change materials (PCMs). PCMs are
substances with specific melting and freezing points that can store and
release a large amount of heat energy during their phase transition,
typically from solid to liquid or liquid to solid. This phase change allows
the PCM to absorb or release energy while maintaining a nearly constant
temperature. As the material goes through a phase shift, the energy is
stored as latent heat. LHS has certain advantages over sensible heat
storage, such as regulatory features by controlling temperature fluctu-
ations and higher energy density, especially in hot water applications
(Mehling et al., 2007). PCMs are categorized as organic and inorganic
PCMs. Organic PCMs include substances such as fatty acids and alkanes,
with paraffin compounds being a notable example. Organic PCMs are
particularly well-suited to a wide range of applications, including elec-
tronic device thermal management systems, household hot water sys-
tems, and residential air conditioning. This suitability stems from their
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ability to offer a wide spectrum of phase change temperatures, spanning
from 0 to 100 degrees Celsius (Wang et al., 2014). Furthermore, organic
PCMs possess several advantages over their inorganic counterparts.
These benefits include non-toxicity, chemical stability, and, notably,
cost-effectiveness. These appealing attributes have made organic PCMs a
focal point of interest for researchers dedicated to advancing thermal
storage systems (Wu et al., 2010). PCM, like PT 58 °C paraffin wax is
readily available, nontoxic, and relatively cost-effective and suitable in
low-temperature thermal energy-storage applications. The accessibility
and the characteristics to undergo a phase change (from solid to liquid)
at a relatively low temperature, making it appropriate for applications
where moderate temperature control is required. However, PT 58 °C
paraffin wax has very low thermal conductivity and needs improvement
to be utilized for energy-storage applications. The primary motivation
for improving the thermal conductivity of paraffin wax is to enhance its
effectiveness in applications related to electronic circuitry and thermal
energy storage. This motivation is driven by the need for efficient
thermal management and energy storage solutions in various fields.
Electronic devices, such as computer processors and integrated circuits,
generate heat during operation. Efficient heat dissipation is crucial to
prevent overheating and ensure the reliable and long-lasting perfor-
mance of these devices. Controlling the temperature of electronic com-
ponents within safe operating limits is essential to prevent damage and
optimize their performance. Improved thermal conductivity in materials
like paraffin wax can help transfer heat away from these components
more effectively (Cheng, P., et al. 2018), Bar-Cohen, A., et al. 2018).
Thermal energy storage plays a critical role in the integration of
renewable energy sources like solar and wind power. These sources
often produce energy intermittently, and efficient thermal energy stor-
age systems can store excess energy when it’s available and release it
when needed to ensure a consistent power supply (Sharma, A., et al.
(2009), Cabeza, L. F., et al. (2017), Dincer, 1., & Rosen, M. A. (2010).
Zalba, B., et al. (2003). High-density thermal energy storage using phase
change materials (PCMs) like paraffin wax is attractive for its ability to
store and release energy with minimal energy loss. In this context,
enhancing the thermal conductivity of PCMs is crucial for improving
their energy storage and release capabilities.

Researchers study different techniques to boost the thermal con-
ductivity of PCM. The thermal conductivity improvement techniques are
extended surfaces (Shatikian et al., 2005; Baby et al., 2012; Sharifi et al.,
2011; Ismail et al., 2011; Baby et al., 2013; Akhilesh et al., 2005), suc-
tion of the PCM inside the metal foam (Zhao et al., 2010; Baby et al.,
2013; Zhao et al., 2011; Chen et al., 2014), using nanoparticles having
very high surface area (Kalaiselvam et al., 2012; Motahar et al., 2014;
Hosseinizadeh et al., 2012), and geometrical shape optimization of the
PCM container.

Different types of nanoparticles derived from metals, ceramics, and
carbon fibers are added to the PCM to boost thermal conductivity. Xia
et al. (Xia et al., 2010) used expanded graphite (EG) as TCE in the
Paraffin. This study reported that increasing the concentration of EG to
10 % improves thermal conductivity 10 times that of pure paraffin. Li
et al. examined the phase change materials comprised of nano-graphite
(NG) and paraffin. The results revealed a gradual increase in thermal
conductivity as the NG content was raised. In the case of the material
containing 10 % NG, the thermal conductivity reached 0.9362 W/m K.
(Li, 2013). Johansen et al. conducted a study on improving the thermal
conductivity of sodium acetate trihydrate by incorporating graphite
powder. Their research demonstrated that the addition of 5 wt%
graphite powder to a mixture of sodium acetate and water could
maintain stable supercooling for a minimum of five months without any
indications of spontaneous solidification (Johansen et al., 2015). Fukai
et al. investigated carbon fiber/paraffin composites. In this study, it was
found that carbon fibers are effective to enhance thermal conductivity
(Fukai et al., 2000).

It was demonstrated that Carbon nanotubes (CNTs) at a concentra-
tion of 0.01-0.1 wt% increased the thermal conductivity of a water/
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Table 1
Thermophysical properties of PT58 °C.

Properties PT 58 °C (Pure Temp.)
Heat Storage Capacity (J/g) 225.0

Melting Point (°C) 58.0

Thermal Conductivity in liquid form (W/m°C) 0.150

Thermal Conductivity in solid form (W/m°C) 0.250

Density in liquid form (g/ml) 0.810

Density in solid form (g/ml) 0.890

Specific heat in liquid form (J/g°C) 2.712

Specific heat in solid form (J/g°C) 2.470

Fig. 1. Testing Chamber with glass wool and Aluminum foil insulation.

CNTs composite material by 3.0-3.1 percent (Walvekar et al., 2012). A
thermal conductivity improvement ratio of 26 percent was found in a
similar discovery (Maré et al., 2015) to increase water’s thermal con-
ductivity. A nanocomposite comprising stearic acid (SA) and multi-
walled carbon nanotube (MWCNT) is prepared for thermal energy
storage purposes. The addition of MWCNT significantly enhances the
thermal conductivity of stearic acid but has the side effect of reducing
natural convection in the liquid state of stearic acid. When compared to
pure stearic acid, the charging rate is reduced by approximately 50 %,
while the discharging rate is enhanced by about 91 % when utilizing the
SA/5.0 % MWCNT nanocomposite (Li et al., 2013).

PCM’s thermal conductivity is boosted by the insertion of nano-
particles but at the cost of decreasing the PCM-based system’s thermal
storage capacity. Two factors cause this compromise in thermal storage
capacity. The first factor is the decrease in the quantity of PCM. The
second factor is that PCM particles accumulate and attach with the
nanoparticles, so not all the molecules participate in the phase change
course. It further impairs the PCM’s ability to store heat. This second
factor is an impetus behind present analysis to assess the impact of
surfactant addition on the thermal conductivity of the PCM. The sur-
factants aggregate and make micelles that enhance thermal
conductivity.

So far, few studies have reported the impact of surfactant addition on
the charging and discharging behavior of the PCM. The present study
experimentally investigates the effect of three different sorts of surfac-
tants on the charging and discharging behavior of paraffin wax. This
research aims to design, analyze, and compare the charging and dis-
charging behavior of three different sorts of surfactants incorporated
into PT58 °C Paraffin wax.

2. Materials and methods

The heat sink enclosure is made of aluminum. The chamber has a
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Fig. 2. Experimental Setup.

Fig. 3. (a) Magnetic Stirring of Paraffin wax and surfactants, (b) Ultra Turrex Homogenizing of surfactants (c) Prepared solution.

cubical shape. Its size is 50x50x50 mm?>. For the present work, PT58 °C
Paraffin wax is utilized as PCM, and Sodium dodecyl sulfate (SDS),
Cetyltrimethyl ammonium bromide (CTAB), and Dioctyl sodium sulfo-
succinate (AOT) were added as a surfactant to enhance the thermal
conductivity of the PCM. Thermophysical properties of the PCM are
tabulated in Table 1.

The testing chamber shown in Fig. 1 is fabricated to minimize the
effect of surrounding on the testing specimen. Whereas testing chamber
is made up of wood covered with glass wool and aluminum foil insu-
lation to avoid any losses of heat. To generate heat inside the chamber
two 100-watt bulbs were installed with a fan to circulate the air in the
testing chamber and other fan was used as an exhaust fan and these all
accessories were controlled via a controller to main, they entered tem-
perature inside the chamber. The schematic diagram of experimental
setup is shown in Fig. 2.

Paraffin wax (150 g) was taken into a 250 ml glass beaker. The glass
beaker is placed at a hot plate (H4000 H-S, manufactured by Pakistan
Council of Scientific and Industrial Research, Pakistan) and the tem-
perature was set to 80 °C. Surfactant amounts (AOT: 13.61 g, CTAB:
10.56 g and SDS: 9.80 g) were added into molten paraffin wax by one
gram each time. After addition of particles the liquid paraffin wax was
stirred by magnetic stirrer (Fig. 3a) at 1000 rpms and 80 °C for 15 min
each time one gram was added. To make sure that particles were well
dispersed in the paraffin wax, T 25 digital Ultra Turrex, manufactured by
IKA, Germany (Fig. 3b) was used to homogenize the particles at 5000
rpms. In this research, Omega Engineering K-type thermocouples
sourced from the USA were employed. These thermocouples have a
temperature range, spanning from —200 °C to 1250 °C, and they offer a
standard accuracy with a tolerance of either 2.2 °C or 0.75 % of the
measured temperature, depending on which value is greater.

3. Results and discussions

To investigate the stability of modified phase-changing materials
composite, PT 58 °C paraffin wax was utilized. The pure PT 58 °C
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Fig. 4. Temperature variation with time at different vertical locations of the
Pure-PCM.

Table 2

Phase change temperature data for pure Paraffin wax.
Pure Heating Max. Cooling
PCM Temperature
Paraffin Starting Phase Phase Ending
Wax PT Temp. changing changing Temp.
58 °C Temp. Temp.
T1 20.65 °C 58.09 °C 63.4°C 59.65 °C 45.54 °C
T2 19.61 °C 57.98 °C 62.8°C 58.90 °C 50.18 °C
T3 19.57 °C 57.68 °C 62.025 °C 58.11°C 49.37 °C
T4 20.35°C 57.85°C 61.53 °C 58.44 °C 43.54 °C
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Fig. 5. (A) Charging and discharging of SDS based Paraffin at CMC, (B) Charging and discharging of SDS based Paraffin above CMC.

—T1
70 o == T2

Temperature (°C)

0 T T T
0 20 40 60

80 100 120 140 160 180
Time (minutes)

Temperature (°C)

0 T T T

0 20 40 60 80 100 120 140 160 180

Time (minutes)

Fig. 6. (A) Charging and discharging of CTAB based PCM at CMC, (B) Charging and discharging of CTAB based PCM above CMC.

underwent a 90-minute charging and 90-minute discharging phase, and
the results are presented in Fig. 4.

Fig. 4 depicts the performance of the heat sink through the charging
and discharging stages. T1 thermocouple is positioned at 10 mm from
the bottom of the heat sink, T2 is positioned at 20 mm, T3 is positioned
at 30 mm, and T4 is positioned at a distance of 40 mm. Throughout the
experiment, the thermocouple configuration in the heat sink remains
constant. The temperature readings of the pure paraffin wax’s phase-
changing behavior were acquired from these thermocouples; using
these analyses, the graph in Fig. 4 and the data extrapolated from it are
displayed in Table 2 respectively.

Temperature (°C)

0 T T T
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T T
80 100 120 140 160 180
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The information in Table 1 shows that throughout each 90-minute
charging and discharging cycle, T1 records a highest peak temperature
of 63.4 °C, which is close to the heat sink’s base, where the highest
temperature of 80 °C was recorded. T1 is usually undergoing a quick
phase change since it is at the bottom. This phenomenon moves layer by
layer up from the bottom to the top because heat is only delivered at the
heat sink’s bottom, and this is assumed to be the only direction in which
heat flows—from bottom to top. If the phase-changing behavior
exhibited in the graph is studied, PCM began to change its state precisely
about 58 °C and the top layer T4 reached a maximum temperature of
61.53 °C.
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Fig. 7. (A) Charging and discharging of AOT based Paraffin wax above CMC, (B) Charging and discharging of AOT based Paraffin wax below CMC.
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Fig. 5 shows the effects of charging and discharging SDS-based
micellated paraffin. The research demonstrates that paraffin wax with
concentrations larger than CMC had a superior rate of heat transfer than
the micelles produced by CMC. The peak temperature for the surfactant
CMC concentration was measured at 64.08 °C, while the phase transi-
tion temperature was 57.7 °C. For larger concentrations, temperatures
were measured at 64.72 °C for the peak and 57.13 °C for the phase,
respectively.

For CTAB-based micellated paraffin wax, the same charging and
discharging experiment was carried out once more and results were
depicted in Fig. 6. The peak temperature was 55.5 °C and the findings for
the phase transition were 56.5 °C and 65.8 °C, respectively.

The phase transition and peak temperatures for AOT-based micel-
lated paraffin wax were 54.6 °C and 68.98 °C for the concentration at
CMC, and more than CMC values were 54 °C and 71 °C, as depicted in
Fig. 7.

The temporal variations of the heat sink temperature are suppressed
by addition of the PCM. The PCM stores thermal energy and lowers the
peak temperatures of the PCM rectangular enclosure. The melting
behavior of PCM is non-linear in nature. Initially at the very start of the
melting, conduction is the leading mode of heat transmission from the
bottom of the PCM enclosure. The heat transfer through the thin PCM
layer and the solid phase is via the conduction mode of heat trans-
mission. The lower thermal conductivity of the PCM is responsible for
the initial higher variation of the temperatures along the vertical di-
rection, from bottom to the top of the PCM. Now as appreciable amount
of PCM is melted which offers thermal resistance between the heat
source (base) and the solid PCM. So, the conduction mode of heat
transferal is suppressed with the growth of melted PCM layer between
the heat source and the solid PCM. The charging rate is now supported
by enhancement of the convection mode of heat transfer. This convec-
tion mode of heat transfer is dependent on the temperature dependent
density difference of the PCM. So as most of the PCM has been melted
and uniform temperatures field is developed across the PCM, the con-
vection heat transfer gets weakened. Now both the conduction and
convection mode of heat transfer are suppressed, causing a very slow
charging rate depicted in the results of temporal variation of tempera-
tures. During charging and discharging of PCM, the maximum temper-
ature achieved increased with addition of the surfactants. The increase
in the temperature represents higher heat transfer across the PCM that is
because of the improvement in thermal conductivity of the PCM. The
concertation of surfactants more than their CMC value offered better
results as compared to the concentration equal to the CMC. Addition of
SDS, CTAB and AOT surfactants increased the highest temperatures by
4, 8.4 and 18.33 % as matched to the pure PCM.

4. Conclusion

An experimental investigation is performed to explore the impact of
incorporation of surfactants in PCM on the thermal conductivity of PCM.
The surfactants named cetyltrimethyl ammonium bromide (CTAB),
dioctyl sodium sulfosuccinate (known as AOT) and sodium dodecyl
sulphate are added to the paraffin wax. It was observed that micellated
paraffin wax samples showed improved heat transfer rate as compared
to pure paraffin wax. These micelles may act as conducting medium
between the paraffin layers. To conclude, during charging and dis-
charging of PCM, the maximum temperature achieved increased with
addition of the surfactants. The higher temperatures represent an
enhancement in thermal conductivity of PCM. Addition of SDS, CTAB
and AOT surfactants increased the highest temperatures by 4, 8.4 and
18.33 % as compared to unmodified PCM.
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