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ABSTRACT

Introduction: Workers who work in warm situations need clothes with better thermal regulation.
Nowadays, improving the thermal regulation properties of cotton fabric by treating it with phase change
materials (PCMs) has been considered. The type of fabric plays an important role in providing thermal
comfort. Cotton fabric is the most popular raw material in the textile industry due to its distinctive features.
Therefore, this systematic review aims to investigate the effects of PCM nanoencapsulation in commonly
used cotton fabrics, including morphology, thermal properties, thermal stability, tensile strength, abrasion
resistance, leakage, water absorption, washing ability, and breathability of the fabric, related challenges,
and future research trends.

Material and Methods: This research was conducted with the papers obtained from the systematic
search in Science Direct, Web of Sciences, Scopus, and PubMed databases. Keywords “nanoencapsulated
phase change materials”, “nanoenhanced phase change materials”, “cotton”, “cotton fabric”, and “cotton

textiles” were used.

Results: Of the 1251 studies identified through search databases, 13 were selected according to the entry
criteria. The results revealed that in all the studies, PCM nanocapsules were successfully synthesized
and inserted into the cotton fabric, improving the fabric’s thermal properties. Most studies used in situ
polymerization and mini-emulsion polymerization for nanoencapsulation. The pad-dry-cure method was
also widely used for applying nanocapsules to cotton fabric.

Conclusion: This systematic review showed that synthesized nanocapsules of phase change materials and
applied them to cotton fabric can improve the thermoregulating properties of the fabric. It is suggested to
expand the research to design thermoregulating clothes made from treated fabrics and investigate their
cooling performance.
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1. INTRODUCTION

Climate change and global warming are
intensifying in recent years, and hot weather causes
a high incidence of summer heat stroke. Working
in intense heat leads to occupational diseases and
injuries, including heat stress, heat exhaustion, heat
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cramps, and heat rash. Some factors affect the level
of comfort of people in hot environments, such as
temperature, humidity, radiation, airflow speed,
air pressure, type of clothing, and intensity of
metabolic activity. Heat stress is the total heat load
on the body, which is caused by the accumulation
of body heat acquired during work and clothing
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constraints. The hazard of heat stress is high in
foundries, steel mills, bakeries, smelters, glass
factories, furnaces, and outdoor environments,
including the construction and operation of oil
and gas wells. Construction workers, farmers,
and other farmworkers commonly work in hot
and humid situations, and hard physical work can
exacerbate heat stress. Working in such situations is
unpleasant and dangerous for individuals and has
a negative impact on their performance and work
efficiency.

In hot environments, clothing can comfort the
wearer and play an insulating role, creating a barrier
between the skin and the environment. Workers
who work in warm situations need clothes with
better thermal regulation. Clothing can prevent
evaporative and convective cooling of the body and
disturb the maintenance of cellular homeostasis
during work and exercise. By wearing clothes, a
microclimate is created between the skin and the
clothes, which, depending on the environmental
conditions, is usually warmer and more humid
than the environment. Usually, a microclimate
temperature of 28-30 °C is needed to keep the
thermal balance at rest. Body heat is dissipated
in four ways: conduction, convection, radiation,
and evaporation, among which the evaporation of
sweat plays a decisive role in cooling the body.

Fanger first defined the comfort of clothing.
Various factors, such as skin temperature and
moisture, affect the comfort of clothes. The type

of fabric, such as polyester, cotton, wool, and
synthetic fibers, has a crucial effect on absorbing
moisture and transferring sweat through clothes.
Cotton fabric is the most popular raw material in
the textile industry due to its distinctive features,
such as comfortability, flexibility, water absorption,
and breathability.

Although cotton clothing supplies comfort and
breathability, it may not be sufficient to protect
individuals from extreme heat and maintain body
temperature in a thermally neutral state. According
to this important point, it has been proposed to
improve the thermoregulation property of cotton
fabric by treating it with phase change materials
(PCMs) as coating agents, e.g., n-hexadecane,
n-heptadecane, n-octadecane, and n-icosane. This
systematic review study investigates the effects of
PCM nanoencapsulation in commonly used cotton
fabrics, related challenges, and future research
trends.

1.1. Phase Change Materials

Phase change materials (PCMs) can absorb or
release stored energy when the material changes
from solid to liquid or vice versa. According to
Fig. 1, the thermal energy storage system (TES) is
divided into three types: sensible heat storage (SHS),
latent heat storage (LHS), and thermochemical
classification. PCMs are divided into three main
types: organic (paraffin and fatty acids), inorganic
(salt hydrates and metals), and eutectic. Figure 2
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Fig. 1: Classification of thermal energy storage systems.
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shows a diagram of PCM types.

1.2. Nanoencapsulation of Phase Change Materials

Microencapsulation or nanoencapsulation is a
process in which PCMs are covered with polymer
material. Microcapsules have a diameter between
1 and 1000 micrometers, but nanocapsules are
smaller than one micrometer.

1.3. Advantage of Nanoencapsulation
Nanoencapsulated PCMs (NePCMs) have a
larger surface-to-volume ratio than microcapsules,
accelerating thermodynamic processes with a
powerful driving force. NePCMs have a firmer
structure than MePCMs (Microencapsulated
PCMs) and reduce the supercooling of PCMs.
NePCMs have potential applications in textiles,
thermoregulating fibers, and fabrics.

1.4. Application of nanoencapsulated PCMs in
Textiles

Nowadays, due to the increased surface
characteristics of nano-sized particles, the attention
of many researchers is focused on nanotechnology,
and they have obtained the best results after
application to textiles. NePCMs modify different
properties of textiles depending on the amount of
their loading.

Journal of Health and Safety at Work 2024; 14(3)

2. MATERIAL AND METHODS

This research was conducted with the papers
from the systematic search on May 21, 2024, in
Science Direct, Web of Sciences, Scopus, and
PubMed databases. Keywords “nanoencapsulated
phase change materials, “nanoenhanced phase
change materials”, “cotton”, “cotton fabric’, and
“cotton textiles” were used.

Entry and exit criteria

The input studies were selected according to
the following criteria:

« Original research articles, experimental and
laboratory articles that nano encapsulated phase
change materials and coated them on cotton fabric.

« English-language articles.

Exclusion criteria included the following.

« Articles with unrelated topics.

o Non-research articles, including review
articles, conference papers, books, editorials,
authors’ notes, and letters to the editor.

« Articles whose full text was not available.

3. RESULTS AND DISCUSSION

This study was conducted by reviewing
papers that applied NePCMs to improve the
thermoregulating properties of cotton fabric. After
searching the databases, the articles that met the
inclusion criteria were selected, and the information
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Table 2: Effect of PCM nanocapsules on non-thermal properties of fabri

Tensile Strength Abrasion Resistance

Water Absorption

Breathability Ref.

Increase
Decrease Increase Increase
Decrease Increase Increase

was extracted. In the initial search, 1251 articles
were added to EndNote. After removing duplicates,
1130 articles remained. Upon reviewing the title
and abstract, 1113 articles were removed due to
being unrelated. A total of 17 articles were selected
for review, of which 2 were excluded due to limited
access to the full text. The full text of 15 articles was
reviewed. One article was excluded from the study
because it was a conference paper, and one was
excluded because it was written in Chinese. Finally,
the full text of 13 articles was analyzed.

The results revealed that in most studies, in situ
polymerization and mini-emulsion polymerization
were used for nanoencapsulation. The pad-dry-
cure method was also widely used for applying
nanocapsules to cotton fabric. A summary of
the main information of the reviewed studies
is presented in Table 1, and the effect of PCM
nanocapsules on the non-thermal properties of
the fabric is presented in Table 2. In all the studies,
PCM nanocapsules were successfully synthesized
and inserted into the cotton fabric, improving the

Journal of Health and Safety at Work 2024; 14(3)

Reducing the amount of
NePCMs by increasing

the number of washes 4
Reducing the amount of
NePCMs by increasing (84)
the number of washes
(93)
(94)
Reducing the amount of
NePCMs by increasing 95)
the number of washes
Reducing the amount of
NePCMs by increasing 96)
the number of washes
Good
(no change
compared to ©7)
untreated fabric)
Reducing the amount of
NePCMs by increasing 98)

the number of washes
fabric’s thermal properties.

4. CONCLUSIONS

This systematic review showed that the
synthesized nanocapsules had a spherical shape
and a core-shell structure and were well applied to
the fabric.

Fabrics modified with NePCMs have better
latent heat, more durability, and retention in
frequent washing. The use of nanoparticles in
the shell of nanocapsules increases the thermal
conductivity and latent heat and improves the
thermal performance of the fabric.

It is suggested to expand the research in
designing thermoregulating clothes made from
treated fabrics with NePCMs and investigating
their cooling performance in the climatic chamber
on a thermal manikin or human.
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2. Graphene oxide

3. Scanning Electron Microscopy

4. Field Emission Scanning Electron Microscope
5. Transmission electron microscopy

6. Fourier-Transform Infrared Spectroscopy

7. Urea-formaldehyde
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