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Abstract

The overall challenge for "smart textiles” is to enhance the PCMs and making the thermal effects last longer. Many
experimental tests were used to analyzing the PCMs effects on clothing, comparing to those without PCMs, have been
studied in last years. The conclusions of these investigations have confirmed that while thermal protection using PCMs is
enhanced, its warming impact is only impermanent. Since use of PCMs in textiles is generally new, there is still much
potential for development on how PCMs are made and their general execution. In any case, the future searches splendid
for PCMs. There have even been proposed possible uses in the therapeutic medical field and in the cooling/heating of
buildings. The uses of PCMs appear to be various and definitely extend beyond textiles. “Smart textiles” is starting to
expect a critical part in day-by-day life and the comfort of consumers.
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process with increasing temperature, all materials are
absorb heat through its structure. Stored heat will be
released to environment during cooling process. Normal
textile can be absorb 1 kj/kg by increasing temperature
1°C [2,3].

Abbreviations: THS: Thermal Heat Storage; PCM:
Phase Change Materials; POM: Polarized Optical
Microscopy; DSC: Differential Scanning Calorimetry; DI:
Duration Index.

Introduction
Many years ago, researchers were developed a new

Protection from outdoor environmental conditions is one
of the crucial requirement in textile industry. Smart
textiles are a functionalized textile with some integrated
materials into the textile structure, which make the
textiles able to sense or response to the environment,
such as intensive heat, extreme cold, magnetic, nuclear
radiations, electrical, chemical etc.. [1]. During heating

technology for the incorporation the microencapsulated
phase change materials (PCMs) into textile materials to
improve their thermal performance [4]. PCMs store and
release heat through changing their phase from solid to
liquid. Producing functional or smart textile products was
occurred using many techniques. One of these techniques
is incorporation of microcapsules to textile finishing
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processes. Thermal storage of latent heat was
development using many phase change materials (PCMs)
such as organic and/or inorganic materials.

Phase-Change Heat Storage

Thermal heat storage materials (THS) allow the storage of
heat to retrieve the heat/cold after some time. Thermal
heat storage materials can be proceeding by storage of
Latent or Sensible Heat. They however can be costly and
combustible at high temperatures (Figure 1).

PCMs absorb excess heat

PCMs release heat if lem&dme is lower than target

* - *ﬁ

Figure 1: Thermal heat storage materials (THS).

Latent or sensible heat storage

The most widely recognized method for thermal heat
storage is as sensible heat. As appeared in Figure 2, heat
was transferee to the storage medium prompts to a
temperature increment of the storage medium.

The phase change materials can store high quantity of
heat (melting process) or cold (solidification process).
Upon melting storage material was absorb heat and keep
its temperature constant during melting process. In the
event that the melting process is completed, further
transfer of heat results again in sensible heat storage. The
heat provided upon melting called "latent heat", and the
process called "latent heat storage".
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Figure 2: A. sensible heat vs. latent heat and B.
Temperature control during phase-change energy
storage

Sensible heat is a heat contributes to the change of
temperature of the heated material. If the heat transferred
to the object, the temperature of this object will increased
and if the heat removed from the object, the temperature
of this object will decreased [5]. Furthermore, the
transferred heat (H) is proportional with temperature
change (AT), and the relationship can be describe as
follow: [1]

HaAT = Ha(T, _Ti)Equationl

Where Tr is the final temperature and T; is the initial
temperature. The proportionality constant is (€) which
named "the heat capacity”. The heat capacity is the heat
amount needed to raise the object or substance
temperature by one degree with units of energy per
degree.
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H=C (Tf _Ti) Equation 2

Specific heat or specific heat capacity (Cp) is the heat
amount needed to change the substance temperature of
one unit of mass by one degree. Therefore, it is an
intensive variable with a unit of energy per mass per
degree [5]. So it can be calculated using the following
equation:

H=meAT

Equation 3

Where Cp is the material specific heat, m is the material
mass and @7 is the change of temperature by the heat.

Latent heat is the not sensed heat by temperature change,
and sensed by the change of the phase of material. During
the phase change, the temperature of the material does
not change. Furthermore, latent heat can be calculated
using the following equation: [1]

H=mL
P Equation 4

Where L, is the specific latent heat of the phase change
materials (melting or crystallisation or condensation
process). Specific heat for any unknown materials can be
calculated using standard specific heat values of sapphire
(alumina, Al;03) using the following equation:

H

_ Sample
P Sample — H

m .
x Alumin a x

C

P .
mSampIe Alumina
Equation 5

Which C, is the specific heat (J-K1-g1), m is the mass of
material (g) and H is the heat flow (mW). Sapphire (Al.03)
is used for determination the heat capacity as a calibrant.
The specific heat values C, of this alumina can calculate by
the following equation: [6]

Alumin a

2 3 4 5 6 7
Co(M=a+pT+0T +el™+nT" + AT° +oT° + T
Equation 6
Where T is the temperature in K, the coefficient values for

sapphire (Al;03) calculated for two temperature ranges
was written in Table 1 [6].

(T=70-300K,-203.15 - 26.85°C)

(T =290-2250K, 16.85 - 1976.85°C)

3.63245 x 102

-5.81126 x 101

-1.11472 x 10-3

8.25981 x 10-3

-5.38683 x 10-6

-1.76767 x 105

5.96137 x 107

2.17663 x 108

-4.92923 x 10-°

-1.60541 x 10-11

1.83001 x 10-11

7.01732 x 10-15

-3.36754 x 10-14

-1.67621 x 1018

RN (o (R

2.50251 x 10-v7

1.68486 x 10-22

Table 1: the coefficient values (A to H) for sapphire (Al.0O3) [6].

Phase change materials (PCMs)

Phase Change Materials (PCM) is a materials having large
heat of fusion able to store large amount heat at a certain
temperature (= 32°C, the melting point) once the state
changing from solid to liquid. Also able to release the
stored heat at a certain temperature (= 32°C, the melting
point) once the state changing from liquid to solid.
Therefore, PCM microcapsules help the garment to keep

its temperature constant by absorbing/releasing the heat
[7.8].

PCM temperature regulation performance

When the fabrics goes into sunshine suddenly from an air
conditioned room, the microcapsules present on the
fabric absorbs the radiant heat from sun and change their
phase from solid to liquid state at constant temperature

and the heat absorbed is used to keep their state as liquid.
In addition, when the fabrics goes into an air conditioned
room suddenly from sunshine, the microcapsules present
on the fabric release the absorbed heat to go back to the
stable solid state [9-11].

PCMs working principle mechanism

Heat transfer has different modes, which depends on the
phase of materials [12]. Materials in solid state is
predominate mode of heat transfer, materials in liquid
state is convection heat transfer and materials in vapours
state is convection and radiation heat transfer.

In textile applications, it is considering the material with
phase change from solid to liquid and vice versa.
Therefore, a typical differential scanning calorimetry
(DSC) for PCM melting is shown in Figure 3. Figure 3
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shows that, the PCM absorbs large amount of latent heat,
and converted between solid and liquid phases during
phase conversions.

In addition, phase change materials are commonly known
and not new, they are present in different forms in nature.
One of the most common examples of a phase change
materials is water, which crystallizes at 0°C as it changes
from liquid to a solid phase [8,13]. Moreover, at 100°C, it
becomes steam and the phase was change.

Meaning that, once the ice converted to water it absorbs a
heat approximately 335 kJ/kg. By further heating by one
degree Celsius, a sensible heat of about 4 kJ/kg only is
absorbed.

T, - starting point of PCM melting
Tp — peak point of PCM melting
Te - end point of PCM melting

Phase change
temperature
Heat d fusim

Latent heat of fusion

(AH): total enthalpy

T T.

Temperature ey

Figure 3: Scheme of DSC heating of phase change
material.
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Figure 4: PCMs working mechanism [14].

Phase change materials (PCM) can absorb and/or release
thermal heat to control and regulate the temperature
(Figure 4). At the point when PCMs is in its solid phase it
will assimilate warm as the outside temperature rises
(absorb heat as the temperature increases). The PCM's

temperature will reflect the outside temperature until
reach the melting point of PCMs. Then, the PCMs will start
melting, i.e. "phase changing". During phase change
process, the PCMs will absorb heat with large amounts
without changing in temperature and the PCMs giving a
cooling effect. The required time for the PCMs to provide
the cooling effect determined by the PCM's latent heat of
fusion of melting or enthalpy of melting and the enthalpy
measured in ]J/g. as the enthalpy is higher the time
providing for cooling effect is longer.

Requirement and Classification of PCMs

In textiles field, the effective utilization of smart textile is
occurs by using the phase change material (PCM) with a
melting point between 15 and 35°C. There are more than
400 natural and/or synthetic PCMs differ from one to
each other in their melting temperature and heat storage
capacities are already known [15,16]. Choosing of phase
change materials is depending on their utilization, the
required properties for a PCM to be used in textile fields
are as follow: [17].

Their melting point ranged from 15 to 35°C;

Have high heat of fusion; Low temperature difference
between melting and the crystallization point; Eco-
friendly to the environment; Low toxicity and non-
flammable; Stable upon repeated processes; High thermal
conductivity and Low price.

Many of the PCMs are available with different heat storage
capacity and temperature. These PCMs are classified to
many groups.

Hydrated inorganic salt as PCMs

Hydrated inorganic salt containing water molecules used
in the thermo-regulated textiles and clothing. Usually, it
has a heat absorbing/releasing temperature about 20-
40°C. The main advantages of this type of PCM are good
thermal conductivity, high latent heat of fusion, non-
flammable and cheap.

On the other hand, they cause corrosion to most metals
and suffer from loss of hydrate. Furthermore, super
cooling is the biggest problem. Impurities give a strong
effect on its curves. The common examples of this type of
PCMs are calcium chloride hexahydrate (CaCl..6H:0),
Manganese nitrate hexahydrate (Mn(NO3)..6H20), barium
carbonate BaCOs, sodium sulphate decahydrate
(NazS04.10H,0) and sodium carbonate decahydrate
(NazC03.10H20) [17-19]. Heat of fusion and temperature
of some inorganic hydrated salt are listed in Table 2.
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Salt Formula Melting temperature (°C) |Enthalpy of fusion (k] /mole)
Calcium nitrate tetrahydrate Ca(NO03)2-4 H,0 42 31.05/132 [20]
Calcium chloride hexahydrate CaCl,-6H,0 29.5 43.40/200 [20]
Sodium sulphate decahydrate Na,S04-10H,0 32 78.20/240-245 [21]
D‘SOdlurgozi‘gz%‘;izosl’hate Na,HPO,-12H,0 34.5 94.9/265 [21]
Ferric nitrate nonahydrate Fe(NO3)3-9H,0 48.5 77.0/190 [22]
Manganese (1) nitrate hexahydrate | Mn(NOs),-6H20 24.8 40.26/140 [23]

Table 2: Heat of fusion and temperature of some inorganic hydrated salt [1,18].

Linear long chain hydrocarbons

Linear hydrocarbons are the by-products of the oil
refinery with general formula C,Hz,+2. These materials
are non-toxic, inexpensive, and available with different
melting temperature ranges depending on the number of
carbon atom (chain length). Selecting the chain length
causes different application according to the melting
point. This type of PCM is the most important one, which

can be uses as thermo-regulated textile having high
efficiency in many textile field such as sportswear.
Therefore, it is the most important materials to produce
thermo-regulated fabrics. The functionality of these
fabrics depends on the heat adsorption and emission by
hydrocarbons. Values for heat adsorption and emission of
linear hydrocarbon are listed in Table 3 [1,7,24,25].

- 2nrd Heating
Paraffin Type T, (°C) T, (°C) AH (/)
C10: n-decane -12.3 -16.7 11.69
C12: n-dodecane -9.1 -11.2 11.73
C14: n-tetradecane 6.3 8.8 77.9
Ci6: n-hexadecane 12.2 22.6 235.2
Ci7: n-pentadecane 16.5 25.5 176.4
Cis: n-octadecane 22.0 33.4 244.8
C19: n-nonadecane 26.4 33.6 177.6
Cy0: n-eicosane 30.4 42.8 242.0

Table 3: Peak temperature and enthalpy of second heating for different paraffin compounds.
To: crystallisation temperature, T,: Peak Temperature, AH: Enthalpy

Polyethylene glycol (PEG)

One of the important PCMs for textile application is
Polyethylene glycol (PEG). Oxyethylene is the repeating
unit of PEG with terminal hydroxyl group. When the PEG
molecular weight is lower than 20000, the melting
temperature is proportional to its molecular weight.
Increasing the PEG molecular weight will led to formation

alignment. In addition, increasing the molecular weight of
PEG led to increasing in the crystalline heat and
temperature. One of the advantage uses of PEG blends is
the possibility of changing the heat and temperature
range for freezing and melting [26, 27].PEG melting point
is depending on its molecular weight, Table 4 explain
melting point of some PEGs [28].

of crystalline phase and convenient geometrical
PEGs Molecular weight Melting point (°C)
PEG 1000 35 [29]
PEG 1500 50 [30,31]
PEG 3400 59 [30,31]
PEG 8000 60 [32]
PEG 10000 62 [30,31]
PEG 20000 63 [30,31]

Table 4: Molecular weight and melting point of polyethylene glycol (PEG).
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Others

Thermal behaviour of different fatty acids like palmitic,
lauric, capric, stearic and palmitic acids have been studied
and confirmed that, they have good latent heat storage
ranged between 153 and 182 kJ/kg with varying melting
point from 30 to 65°C [33].

Fats and vegetable oils is another important type of PCMs.
Heat of fusion of this type are good which make them
applicable for textile industry. These materials in salt
form are biomaterial, which make them more attractive
for biotechnology application [34].

Heat of fusion, melting and freezing temperature of some
paraffin salt are listed in Table 5 [35].

oils Melting | Freezing | heat of fusion
point (°C) | point (°C) | (AH) (kJ/kg)
butyl stearate 19 21 120
vinyl stearate 27 29 122
isopropyl 14 18 142
stearate

Table 5: melting point of some Fats and vegetable oils.

How to Incorporate PCMs in Textiles

The PCMs change stages inside a temperature extend
simply below and above body skin temperature would be
reasonable for application in textile materials. This
fascinating property of PCMs would be helpful for making
defensive materials overall season. Foam, fiber and fabric
texture with PCMs could store the heat body makes then
release it as it needs back to body. Since the procedure of
stage change is progressive; in this way, the materials are
always showing signs of change from a state to another
contingent on level of physical action of the outside
temperature and body. Thermo-regulating properties are
also possible in artificial fiber by adding PCM
microcapsules during fiber extrusion. All the while, PCM
microcapsules are coordinated inside the fiber itself.
There are many processes to incorporate PCMs into the
textile texture such as coating, melt spinning, lamination,
synthetic fiber extrusion, injection molding etc...

Fiber technology

Incorporation of PCM inside a fabric requires
microencapsulated PCM, which added to the polymer
solution, and then the fiber is spinning using a dry or wet
spinning or extrusion of melted polymer. The thermo-
regulated fiber with microencapsulated PCM could store
heat for long time. The shell/core composite of
polypropylene nonwovens fibers with various PCMs

contents in the core have been examined through DSC,
SEM and it has confirmed that, the temperature regulating
affected by the shell/core ratio [36].

The Photo-thermal conversion thermo-regulated fibers
have been synthesis using the fiber-forming polymer as
shell and the micro-PCMs as core. It is showing that, it has
better regulation temperature compared to control [37].

Coatings

Coating process allows to dispersion the microcapsule
PCMs through polymer solution, water solution
containing a surfactant and a thickener. After that, it has
applied to textile materials to form an extensible, coated
fabric [24]. In addition, PCMs could be incorporated into
textile materials throughout coating process-using
polymers for example; polyurethane, acrylic etc. pad-dry-
cure, knife-over-air, knife-over-roll, transfer and dip
coating are the applicable processes for coating.

Lamination

Keeping in mind the end goal to enhance thermo-
physiological wearing comfort of protective clothing, PCM
would be imparted into a thin film and using in the
internal side of the textile by lamination.

The cooling impact of the PCM can postpone the
increasing temperature and, henceforth, the increasing
moisture ascends in the microclimate generously.
Accordingly, the wearing time of the pieces of clothing can
be developed fundamentally without the event of heat
stress as a genuine health hazard. The more drawn out
wearing circumstances will additionally prompt to an
essentially higher productivity. The more open to wearing
conditions will likewise bring about a reduced number of
mischances and lower error rates [38,39]. Microcapsules
would be blended into a polyurethane foam blend and
applied to a textile using lamination process, where the
water is removed from the treated fabric by drying
process [40].

Microencapsulation

One of most advantageous technique for producing smart
fabric is to incorporate encapsulated PCMs to textile [41].
Incorporation of PCMs into textiles materials as a
shell/core matrix brings large scope for example,
protection of PCM from leaking, decrease evaporation and
interaction with the environment, long time span of
usability on a clothing for usual fabric-care forms, and no
antagonistic impact on the textile properties. Another way
to deposit the organic PCM materials onto textiles
materials is to encapsulate the organic PCMs into another
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organic material to prevent the flow ad leaking from the
surface. The simplest way is to synthesis a polymer
composite with side chains contain a PCM. So, the gaps
between each two-side chains able to keep a crystal of
PCM through it.

Inorganic PCMs are widely used for heat storage in
different applications such as building insulation and
thermo-regulated fabrics. Inorganic PCMs have an
important advantage for example, high storage capacity.
On the other hand, because the corrosive properties of the
inorganic salts, the microencapsulated of the PCM is not
easily. Therefore, a silica-based material has used to
produce capsules with hydrated inorganic salt in the core
[41-43].

Textile With Smart Adaptable Temperature

The required thermal protection of clothing essentially
depends on the physical actin and environmental
conditions, for example, relative humidity and
temperature. The amount of heat delivered by body
depends especially on the physical action and can change
from 100 to more than 1000 W amid most extreme
physical execution [44]. In cold seasons (0°C), the
recommended heat protection is characterized with a
specific end goal to guarantee that the body is adequately
warm while resting. At a more serious action, which is
regularly the case with winter sports clothing, the body
temperature increments with improved heat generation.

Once the thermal protection of garment is decreased
during physical activity, part of heat will expelled. The
nature of protection in clothing against cold and heat will
be broadly administered by the external temperature,
thickness and density of the fabrics. Therefore, a thick
fabric with low density will have large weight but improve
the insulation. In addition, intelligent fabrics are
depending on external temperature and provide a good
thermal insulation. This heat protection is reliant on time
and temperature; and being impermanent in nature, it can
be named as dynamic heat protection [45].

Textiles have improved thermal heat properties by fiber
coating with PCMs. Textile with smart adaptable
temperature [46] can be impart inside hollow fibers or
deposited upon non-hollow fibers. A characteristic of
PCMs during heating cycle is to absorb and store a
thermal heat at a constant temperature while changing to
the other phase. Nonwoven protective clothes are used in
a many applications such as treatment of hazardous
waste. Therefore, the construction of these fabrics must
be provides a high barrier function against the dust, liquid
and/or gas penetration. Nonetheless, the fabric should

prevent the transfer of hazardous materials into the
fabric. Impregnation of PCMs into a nonwoven fabric adds
thermo-regulating properties to it. Utilizing these
nonwoven fabrics with incorporated PCMs for protective
clothes, the users comfort will be improved substantially
and the feeling of heat stress will be counteracted [38].

Testing and Evaluation of PCM Incorporated
Textiles

Polarized optical microscopy (POM) can be used to
identify the morphology of melted and unmelted of PCM
[47]. Differential scanning calorimetry (DSC) used to
determine the melting/freezing temperature and thermal
capacities of PCMs microcapsules and treated fabric with
PCMs. Therefore, it is clear that, PCMs are characterized
by measuring fusion/crystallization temperature (T, and
Tf) and enthalpy (AH). Furthermore, there are other
indexes, which calculate to helping in the choosing of
material for a specific use. For textile, it is duration index
(DI) [48] and total resistance to dry heat transfer, R [49].

Duration index (DI; J/cm3/K) allows knowing the time for
PCM to be working at a constant temperature during the
phase change. Duration index can be calculated using the
following equation: [48]

DIzAHXp

AT Equation 7

where AH is the PCM enthalpy, pis the density of PCM and
AT is the temperature difference between those of change
of phase (T,) and the temperature of interest (body
temperature).

Resistance to dry heat transfer is related to the textile
material on which PCM will applied. The computerized
thermal manikin was used to make a simulation of losing
the heat from a human body to the environmental
atmosphere and measure the insulation value of the
textile [49,50]. The total resistance to dry heat transfer
can be calculated using the following equation:

AT xA
H Equation 8

R

Which A; is area of material, AT; is the temperature
difference between two sides of the material ( Tr - Tg; R,
rear and F, face of the material) and H; is heat flow. The R-
value for textile materials is given in "clo" (the unit for
clothing insulation) [49,50]. Furthermore, clo is measured
in (m2-°C/W; 1 clo = 0.155 m2.°C/W, in addition, 1 clo
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corresponds to a human with a typical business suit and 0
clo corresponds to a naked person.

Applications of PCMs textiles fields

Thermo-regulated fabric is one of the important
functional finishes. Applications of phase change
materials to textiles to impart thermal behavior have been
occurred in several fields include medical field, apparel,
protective clothing, insulation and many others.

Sports wear

Sports-wear garments and clothing with thermo-
regulating properties using PCMs are widely used.
Because that the heat emission from the body during
sports activity not released with necessary amount which
increasing the thermal stress, so, sports-wear need to
enhance the thermal balance between the body and the
released heat during sporting time. Therefore, the
thermo-regulated wear was absorbed the body heat and
release it in needed.

Space

The first using of PCMs has been done for gloves and
space suits to protect astronauts from the cold when
working in space and keep them comfortable.

Bedding

Mattress covers, quilts and pillows with
microencapsulated PCMs confirm the temperature
control. Increasing the body temperature will activate the
PCMs to absorb the excess heat led to cooling the body.
Then, once the body temperature is drop, the stored heat
will released to the body and worm it.

Medical applications

Thermo-regulated fabrics with heat storage capacity can
keep the skin temperature in the comfort form; therefore,
they used as a bandage for heat/cool and burn therapy
[51].

Textiles with PCMs microcapsules have important
applications in-patient bedding materials, bandages,
surgical apparel and regulate patient temperatures
especially in intensive care units [52]. One of the most
usually PCMs in this field is PEG.

Others

Automobile fabric like seat covers with incorporated
PCMs are exist now in the market using paraffins as PCM
due to its high storing capacity of heat, low coast,

nontoxic. Thermo-regulated fabric in headliners and seats
confirmed thermal control.

Market for PCM in Textile Applications

Nowadays, phase change materials (PCM) are uses in
many fields, and it is in consumer products. Micro-
packaging technology using microencapsulation of phase
change materials extend a new marketing for advanced
thermo-regulated fabric. Textile with microencapsulated
PCM is in the market already [38]. The market only can
conclude something as a new, [53] like fabric with
integrated technology or have new functionalities.

Incorporated textile with PCM would take an important
role in future smart textile segments because interactive
smart textiles are use generally in the healthcare,
performance sportswear and military. These days, the
markets situation in the world is in the demand of
customer to get comfortability in clothes to be uses in
different situations from daily wear. Phase change
materials (PCMs) are the materials to add values to textile
(thermo-regulated fabric) [54, 55].

Economic and Environmental Benefits

Storing of natural thermal heat for facility heating and/or
cooling needs. Storing the thermal heat during off demand
hours and use it during peak demand to save on heat cost
Moving of heating and cooling load also reduces peak time
stress of heating and cooling equipment that can lead to
reduced operating & maintenance cost.

References

1. Hassabo AG (2011) Synthesis and Deposition of
Functional Nano-Materials on Natural Fibres
[Polymer Chemistry]: RWTH Aachen University,
Germany.

2. Shin Y, Yoo DI, Son K (2005) Development of
Thermoregulating textile materials with
microencapsulated phase change materials (PCM). II.
Preparation and application of PCM microcapsules.
Journal of Applied Polymer Science 96(6): 2005-2010.

3. Bendkowska W, Tysiak ], Grabowski L, Blejzyk A
(2005) Determining temperature regulating factor for
apparel fabrics containing phase change material.
Inter ] Cloth Sci Technol 17(3/4): 209-214.

4. Bryant YG (1992) Fibers with enhanced, reversible
thermal energy storage properties. Tech textile

https://chembiopublishers.com/EPT]/

Submit Manuscript @ https://chembiopublishers.com/submit-manuscript.php


https://chembiopublishers.com/EPTJ/
https://chembiopublishers.com/submit-manuscript.php
https://d-nb.info/1018201718/34
https://d-nb.info/1018201718/34
https://d-nb.info/1018201718/34
https://d-nb.info/1018201718/34
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.21438
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.21438
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.21438
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.21438
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.21438
https://www.emeraldinsight.com/doi/abs/10.1108/09556220510590902
https://www.emeraldinsight.com/doi/abs/10.1108/09556220510590902
https://www.emeraldinsight.com/doi/abs/10.1108/09556220510590902
https://www.emeraldinsight.com/doi/abs/10.1108/09556220510590902

Evolution in Polymer Technology Journal

10.

11.

12.

13.

14.

15.

Symposium in 20 New Textiles-New Technologies.
Frankfurt p.1.

Sears FW, Salinger GL (1975) Thermodynamics,
Kinetic Theory and Statistical Thermodynamics. (3rd
edn) Addison-Wesley publishing company, pp. 462.

Sarge S, Hemminger W, Gmelin E, Hohne G,
Cammenga H, et al. (1997) Metrologically based
procedures for the temperature, heat and heat flow
rate calibration of DSC. ] Therm Anal Calorim 49(2):
1125-1134.

Hassabo AG (2014) New approaches to improving
thermal regulating property of cellulosic fabric.
Carbohydr Polym 101(0): 912-919.

Bajaj P (2001) Thermally sensitive materials. In: Tao
XM (Ed), Smart Fibres, Fabrics and Clothing.
Woodhead publishing Ltd., Cambridge, England, p. 58-
82.

Farid MM, Khudhair AM, Razack SAK, Al-Hallaj S
(2004) A review on phase change energy storage:
materials and applications. Energy Conversion and
Management 45(9-10):1597-1615.

He B, Martin V, Setterwall F (2004) Phase transition
temperature ranges and storage density of paraffin
wax phase change materials. Energy 29(11): 1785-
1804.

He B, Martin V, Setterwall F (2003) Liquid-solid
phase equilibrium study of tetradecane and
hexadecane binary mixtures as phase change
materials (PCMs) for comfort cooling storage. Fluid
Phase Equilib 212(1-2): 97-109.

Rolle KC (2000) Heat and Mass Transfer: Prentice-
Hall, Inc.

Pause B (2000) Textiles with improved thermal
capabilities through the application of phase change
material (PCM) microcapsules. Melliand Textil Int
81(9): 753-754.

Microtek Laboratories Inc. (2015) Phase Change
Materials.

Kiirklii A (1997) Thermal performance of a tapered
store containing tubes of phase change material:
Cooling cycle. Energy Conversion and Management
38(4): 333-340.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Pause B (2002) Driving more comfortably with phase
change materials. Technical Textiles International
11(2): 24-27.

Nagano K, Mochida T, Takeda S, Domanski R, Rebow
M (2003) Thermal characteristics of manganese (II)
nitrate hexahydrate as a phase change material for
cooling systems. Applied Thermal Engineering 23(2):
229-241.

Hassabo AG, Mohamed AL, Wang H, Popescu C, Moller
M, et al. (2015) Metal salts rented in silica
microcapsules as inorganic phase change materials
for textile usage. Inorganic Chemistry: An Indian
Journal 10(2): 59-65.

Canbazoglu S, Sahinaslan A, Ekmekyapar A, Aksoy YG,
Akarsu F (2005) Enhancement of solar thermal
energy storage performance using sodium thiosulfate
pentahydrate of a conventional solar water-heating
system. Energy and Buildings 37(3): 235-242.

Angell CA, Tucker JC (1974) Heat capacities and
fusion entropies of the tetrahydrates of calcium
nitrate, cadmium nitrate, and magnesium acetate.
Concordance of calorimetric and relaxational ideal
glass transition temperatures. The Journal of Physical
Chemistry 78(3): 278-281.

Vargas-Florencia D, Petrov O, Fur6 1 (2006) Inorganic
Salt Hydrates as Cryoporometric Probe Materials to
Obtain Pore Size Distribution. ] Phys Chem B 110(9):
3867-3870.

Guion ], Sauzade ]D, Laigt M (1983) Critical
examination and experimental determination of
melting enthalpies and entropies of salt hydrates.
Thermochimica Acta 67(2-3): 167-179.

Shomate CH, Young FE (1944) Heats of Formation of
Solid and Liquid Mn(NO3)2¢6H20. Journal of the
American Chemical Society 66(5): 771-773.

Zuckerman JL, Pushaw R], Perry BT, Wyner DM
(2003) Fabric coating containing energy absorbing
phase change material and method of manufacturing
same. USO0651.4362B1.

Zhang XX, Fan YF, Tao XM, Yick KL. (2005)
Crystallization and Prevention of Super-Cooling of
Microencapsulated N-Alkanes. ] Colloid Interface Sci
281(2): 299-306.

Pielichowski K, Flejtuch K (2002) Differential
scanning calorimetry studies on poly (ethylene

https://chembiopublishers.com/EPT]/

Submit Manuscript @ https://chembiopublishers.com/submit-manuscript.php


https://chembiopublishers.com/EPTJ/
https://chembiopublishers.com/submit-manuscript.php
https://www.scribd.com/doc/248714639/Francois-Sears-Gerhard-Salinger-Thermodynamics-Kinetic-Theory-of-Gasses-and-Statistical-Mechanics-pdf
https://www.scribd.com/doc/248714639/Francois-Sears-Gerhard-Salinger-Thermodynamics-Kinetic-Theory-of-Gasses-and-Statistical-Mechanics-pdf
https://www.scribd.com/doc/248714639/Francois-Sears-Gerhard-Salinger-Thermodynamics-Kinetic-Theory-of-Gasses-and-Statistical-Mechanics-pdf
https://link.springer.com/article/10.1007/BF01996802
https://link.springer.com/article/10.1007/BF01996802
https://link.springer.com/article/10.1007/BF01996802
https://link.springer.com/article/10.1007/BF01996802
https://link.springer.com/article/10.1007/BF01996802
https://www.ncbi.nlm.nih.gov/pubmed/24299856
https://www.ncbi.nlm.nih.gov/pubmed/24299856
https://www.ncbi.nlm.nih.gov/pubmed/24299856
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf
https://www.sciencedirect.com/science/article/pii/S0196890403002668
https://www.sciencedirect.com/science/article/pii/S0196890403002668
https://www.sciencedirect.com/science/article/pii/S0196890403002668
https://www.sciencedirect.com/science/article/pii/S0196890403002668
https://www.sciencedirect.com/science/article/abs/pii/S0360544204000775
https://www.sciencedirect.com/science/article/abs/pii/S0360544204000775
https://www.sciencedirect.com/science/article/abs/pii/S0360544204000775
https://www.sciencedirect.com/science/article/abs/pii/S0360544204000775
https://www.sciencedirect.com/science/article/pii/S037838120300270X
https://www.sciencedirect.com/science/article/pii/S037838120300270X
https://www.sciencedirect.com/science/article/pii/S037838120300270X
https://www.sciencedirect.com/science/article/pii/S037838120300270X
https://www.sciencedirect.com/science/article/pii/S037838120300270X
https://www.microteklabs.com/
https://www.microteklabs.com/
https://www.sciencedirect.com/science/article/pii/S0196890496000532
https://www.sciencedirect.com/science/article/pii/S0196890496000532
https://www.sciencedirect.com/science/article/pii/S0196890496000532
https://www.sciencedirect.com/science/article/pii/S0196890496000532
https://www.sciencedirect.com/science/article/pii/S1359431102001618
https://www.sciencedirect.com/science/article/pii/S1359431102001618
https://www.sciencedirect.com/science/article/pii/S1359431102001618
https://www.sciencedirect.com/science/article/pii/S1359431102001618
https://www.sciencedirect.com/science/article/pii/S1359431102001618
https://www.semanticscholar.org/paper/Metal-salts-rented-in-silicamicrocapsules-as-phase-G.Hassabo-L.Mohamed/6ce208c7fcce1ed0d79457845f331e653c0073da
https://www.semanticscholar.org/paper/Metal-salts-rented-in-silicamicrocapsules-as-phase-G.Hassabo-L.Mohamed/6ce208c7fcce1ed0d79457845f331e653c0073da
https://www.semanticscholar.org/paper/Metal-salts-rented-in-silicamicrocapsules-as-phase-G.Hassabo-L.Mohamed/6ce208c7fcce1ed0d79457845f331e653c0073da
https://www.semanticscholar.org/paper/Metal-salts-rented-in-silicamicrocapsules-as-phase-G.Hassabo-L.Mohamed/6ce208c7fcce1ed0d79457845f331e653c0073da
https://www.semanticscholar.org/paper/Metal-salts-rented-in-silicamicrocapsules-as-phase-G.Hassabo-L.Mohamed/6ce208c7fcce1ed0d79457845f331e653c0073da
https://www.sciencedirect.com/science/article/pii/S0378778804001975
https://www.sciencedirect.com/science/article/pii/S0378778804001975
https://www.sciencedirect.com/science/article/pii/S0378778804001975
https://www.sciencedirect.com/science/article/pii/S0378778804001975
https://www.sciencedirect.com/science/article/pii/S0378778804001975
https://pubs.acs.org/doi/abs/10.1021/j100596a018
https://pubs.acs.org/doi/abs/10.1021/j100596a018
https://pubs.acs.org/doi/abs/10.1021/j100596a018
https://pubs.acs.org/doi/abs/10.1021/j100596a018
https://pubs.acs.org/doi/abs/10.1021/j100596a018
https://pubs.acs.org/doi/abs/10.1021/j100596a018
https://www.ncbi.nlm.nih.gov/pubmed/16509668
https://www.ncbi.nlm.nih.gov/pubmed/16509668
https://www.ncbi.nlm.nih.gov/pubmed/16509668
https://www.ncbi.nlm.nih.gov/pubmed/16509668
https://www.sciencedirect.com/science/article/abs/pii/0040603183800963
https://www.sciencedirect.com/science/article/abs/pii/0040603183800963
https://www.sciencedirect.com/science/article/abs/pii/0040603183800963
https://www.sciencedirect.com/science/article/abs/pii/0040603183800963
https://patentimages.storage.googleapis.com/8a/34/93/66ef9c69017b26/US6514362.pdf
https://patentimages.storage.googleapis.com/8a/34/93/66ef9c69017b26/US6514362.pdf
https://patentimages.storage.googleapis.com/8a/34/93/66ef9c69017b26/US6514362.pdf
https://patentimages.storage.googleapis.com/8a/34/93/66ef9c69017b26/US6514362.pdf
https://www.ncbi.nlm.nih.gov/pubmed/15571685
https://www.ncbi.nlm.nih.gov/pubmed/15571685
https://www.ncbi.nlm.nih.gov/pubmed/15571685
https://www.ncbi.nlm.nih.gov/pubmed/15571685
https://onlinelibrary.wiley.com/doi/abs/10.1002/pat.276
https://onlinelibrary.wiley.com/doi/abs/10.1002/pat.276

Evolution in Polymer Technology Journal

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

glycol) with different molecular weights for thermal
energy storage materials. Polym Adv Technol 13(10-
12): 690-696.

Ghali K, Ghaddar N, Harathani ], Jones B (2004)
Experimental and numerical invegtigation of the
effect of phase change materials on clothing during
periodic ventilation. Text Res ] 74(3): 205-214.

Scott R (2005) Textile for protection. London: Taylor
& Francis Inc., London, pp. 784.

Hopp B, Smausz T, Tombacz E, Wittmann T, Ignacz F
(2000) Solid state and liquid ablation of polyethylene-
glycol 1000: temperature dependence. Opt Commun
181(4-6): 337-343.

Ginés M, Arias M], Rabasco AM, Novak C, Ruiz-Conde
A, et al. (1996) Thermal characterization of
polyethylene glycols applied in the pharmaceutical
technology using differential scanning calorimetry
and hot stage microscopy. ] Therm Anal 46(1): 291-
304.

Craig DQM, Newton JM (1991) Characterisation of
polyethylene glycols using differential scanning
calorimetry. Int ] Pharm 74(1): 33-41.

Sethu P, Mastrangelo CH (2003) Polyethylene glycol
(PEG)-based actuator for nozzle-diffuser pumps in
plastic microfluidic systems. Sensors and Actuators A:
Physical 104(3): 283-289.

Feldman D, Shapiro MM, Banu D, Fuks C] (1989) Fatty
acids and their mixtures as phase-change materials
for thermal energy storage. Solar Energy Materials
18(3-4): 201-216.

Suppes GJ, Goff M], Lopes S (2003) Latent heat
characteristics of fatty acid derivatives pursuant
phase change material applications. Chemical
Engineering Science 58(9): 1751-1763.

Feldman D, Shapiro MM, Banu D (1986) Organic
phase change materials for thermal energy storage.
Solar Energy Materials 13(1): 1-10.

Zhang XX, Wang XC, Zhang H, Niu J], Yin RB (2003)
Effect of phase change material content on properties
of heat-storage and thermo-regulated fibres
nonwoven. Indian ] Fibre Text Res 28(3): 265-269.

Shi HF, Zhang XX, Wang XC, Niu JJ (2004) A new
photothermal conversion and thermo-regulated
fibres. Indian ] Fibre Text Res 29(1): 7-11.

38.

39.

40.

41.

42,

43,

44,

45.

46.

47.

48.

49,

50.

51.

Pause B (2003) Nonwoven Protective Garments with
Thermo-Regulating Properties. Journal of Industrial
Textiles 33(2): 93-99.

Pause B. Non-Woven Protective Garments with
Thermo-Regulating Properties. USA2004.

Sarier N, Onder E (2007) Thermal Characteristics of
Polyurethane Foams Incorporated with Phase Change
Materials. Thermochimic Acta 454(2): 90-98.

Lan X-Z, Tan Z-C, Shi Q, Gao Z-H (2009) Gelled
Na2HPO4 « 12H20 with amylose-g-sodium acrylate:
heat storage performance, heat capacity and heat of
fusion. ] Therm Anal Calorim 96(3): 1035-1040.

Zhu X, Jaumann M, Peter K, Moller M (2006) One-Pot
Synthesis of Hyperbranched Polyethoxysiloxanes.
Macromolecules 39(5): 1701-1708.

Jaumann M, Rebrov EA, Kazakova VV, Muzafarov AM,
Goedel WA, et al. (2003) Hyperbranched
Polyalkoxysiloxanes via AB3-Type Monomers.
Macromol Chem Phys 204(7): 1014-1026.

Holmes DA (2000) Performance Characteristics of
Waterproof Breathable Fabrics. Journal of Industrial
Textile 29(4): 306-316.

Sen AK (2001) Coated Textiles: Principle and
Applications. In: Damewood ] (Ed) Technomic
Publishing Co., USA, p. 133-54 & 81-202.

Vigo TL, Frost CM (1990) Temperature-adaptable
textile fibers and method of preparing same.

USA1989.
Li W-D, Ding E-Y (2007) Preparation and
characterization of cross-linking PEG/MDI/PE

copolymer as solid-solid phase change heat storage
material. Solar Energy Materials and Solar Cells
91(9): 764-768.

Mottinger B (1999) Space Hardware Design Final
Project, ASEN 4512. University of Colorad, USA.

Doerr DF (1997) Heat Stress Assessment and a
Countermeasure. West Melbourne, FL 32912-0642:
Biomedical Laboratory Kennedy Space Center, p. 2.

Shim H, McCullough EA, Jones BW (2001) Using Phase
Change Materials in Clothing. Text Res ] 71(6): 495-
502.

Zhang XX (2001) Heat-storage and thermo-regulated
textiles and clothing. In: Tao XM, (Ed) Smart Fibres,

https://chembiopublishers.com/EPT]/

Submit Manuscript @ https://chembiopublishers.com/submit-manuscript.php


https://chembiopublishers.com/EPTJ/
https://chembiopublishers.com/submit-manuscript.php
https://onlinelibrary.wiley.com/doi/abs/10.1002/pat.276
https://onlinelibrary.wiley.com/doi/abs/10.1002/pat.276
https://onlinelibrary.wiley.com/doi/abs/10.1002/pat.276
https://journals.sagepub.com/doi/10.1177/004051750407400304
https://journals.sagepub.com/doi/10.1177/004051750407400304
https://journals.sagepub.com/doi/10.1177/004051750407400304
https://journals.sagepub.com/doi/10.1177/004051750407400304
https://www.elsevier.com/books/textiles-for-protection/scott/978-1-85573-921-5
https://www.elsevier.com/books/textiles-for-protection/scott/978-1-85573-921-5
https://www.sciencedirect.com/science/article/abs/pii/S003040180000777X
https://www.sciencedirect.com/science/article/abs/pii/S003040180000777X
https://www.sciencedirect.com/science/article/abs/pii/S003040180000777X
https://www.sciencedirect.com/science/article/abs/pii/S003040180000777X
https://link.springer.com/article/10.1007/BF01979969
https://link.springer.com/article/10.1007/BF01979969
https://link.springer.com/article/10.1007/BF01979969
https://link.springer.com/article/10.1007/BF01979969
https://link.springer.com/article/10.1007/BF01979969
https://link.springer.com/article/10.1007/BF01979969
https://www.sciencedirect.com/science/article/pii/037851739190405D
https://www.sciencedirect.com/science/article/pii/037851739190405D
https://www.sciencedirect.com/science/article/pii/037851739190405D
https://www.sciencedirect.com/science/article/abs/pii/S0924424703000311
https://www.sciencedirect.com/science/article/abs/pii/S0924424703000311
https://www.sciencedirect.com/science/article/abs/pii/S0924424703000311
https://www.sciencedirect.com/science/article/abs/pii/S0924424703000311
https://www.sciencedirect.com/science/article/pii/0165163389900543
https://www.sciencedirect.com/science/article/pii/0165163389900543
https://www.sciencedirect.com/science/article/pii/0165163389900543
https://www.sciencedirect.com/science/article/pii/0165163389900543
https://www.sciencedirect.com/science/article/pii/S000925090300006X
https://www.sciencedirect.com/science/article/pii/S000925090300006X
https://www.sciencedirect.com/science/article/pii/S000925090300006X
https://www.sciencedirect.com/science/article/pii/S000925090300006X
https://www.sciencedirect.com/science/article/pii/0165163386900237
https://www.sciencedirect.com/science/article/pii/0165163386900237
https://www.sciencedirect.com/science/article/pii/0165163386900237
http://nopr.niscair.res.in/bitstream/123456789/22673/1/IJFTR%2028%283%29%20265-269.pdf
http://nopr.niscair.res.in/bitstream/123456789/22673/1/IJFTR%2028%283%29%20265-269.pdf
http://nopr.niscair.res.in/bitstream/123456789/22673/1/IJFTR%2028%283%29%20265-269.pdf
http://nopr.niscair.res.in/bitstream/123456789/22673/1/IJFTR%2028%283%29%20265-269.pdf
http://nopr.niscair.res.in/bitstream/123456789/22591/1/IJFTR%2029%281%29%207-11.pdf
http://nopr.niscair.res.in/bitstream/123456789/22591/1/IJFTR%2029%281%29%207-11.pdf
http://nopr.niscair.res.in/bitstream/123456789/22591/1/IJFTR%2029%281%29%207-11.pdf
https://journals.sagepub.com/doi/10.1177/152808303038859
https://journals.sagepub.com/doi/10.1177/152808303038859
https://journals.sagepub.com/doi/10.1177/152808303038859
https://www.sciencedirect.com/science/article/abs/pii/S0040603107000056
https://www.sciencedirect.com/science/article/abs/pii/S0040603107000056
https://www.sciencedirect.com/science/article/abs/pii/S0040603107000056
https://link.springer.com/article/10.1007/s10973-009-0053-0
https://link.springer.com/article/10.1007/s10973-009-0053-0
https://link.springer.com/article/10.1007/s10973-009-0053-0
https://link.springer.com/article/10.1007/s10973-009-0053-0
https://pubs.acs.org/doi/10.1021/ma052179%2B
https://pubs.acs.org/doi/10.1021/ma052179%2B
https://pubs.acs.org/doi/10.1021/ma052179%2B
https://onlinelibrary.wiley.com/doi/abs/10.1002/macp.200390067
https://onlinelibrary.wiley.com/doi/abs/10.1002/macp.200390067
https://onlinelibrary.wiley.com/doi/abs/10.1002/macp.200390067
https://onlinelibrary.wiley.com/doi/abs/10.1002/macp.200390067
https://journals.sagepub.com/doi/abs/10.1177/152808370002900406
https://journals.sagepub.com/doi/abs/10.1177/152808370002900406
https://journals.sagepub.com/doi/abs/10.1177/152808370002900406
https://patentimages.storage.googleapis.com/83/38/f2/e80e178a1fc61a/US4908238.pdf
https://patentimages.storage.googleapis.com/83/38/f2/e80e178a1fc61a/US4908238.pdf
https://patentimages.storage.googleapis.com/83/38/f2/e80e178a1fc61a/US4908238.pdf
https://www.sciencedirect.com/science/article/pii/S0927024807000207
https://www.sciencedirect.com/science/article/pii/S0927024807000207
https://www.sciencedirect.com/science/article/pii/S0927024807000207
https://www.sciencedirect.com/science/article/pii/S0927024807000207
https://www.sciencedirect.com/science/article/pii/S0927024807000207
https://journals.sagepub.com/doi/abs/10.1177/004051750107100605
https://journals.sagepub.com/doi/abs/10.1177/004051750107100605
https://journals.sagepub.com/doi/abs/10.1177/004051750107100605
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf

Evolution in Polymer Technology Journal

52.

53.

Fabrics and Clothing. Woodhead publishing Ltd.
Cambridge, England, p. 34-57.

Ying B-a, Kwok Y-1, Li Y, Zhu Q-y, Yeung C-y (2004)
Assessing the performance of textiles incorporating
phase change materials. Polym Test 23(5): 541-549.

Gries T (2003) Smart Textiles for technical
applications. Technische Textilen/Technical Textiles
46(2): E66.

54.

55.

Hawlader MNA, Uddin MS, Zhu HJ (2002)
Encapsulated phase change materials for thermal
energy storage: Experiments and simulation. Int ]
Energ Res 26(2): 159-171.

Thakare AM, Sangwan A, Yadav S (2005) Providing
comfort through phase change materials. Man-Made
Textiles in India 48(6): 239.

https://chembiopublishers.com/EPT]/

Submit Manuscript @ https://chembiopublishers.com/submit-manuscript.php


https://chembiopublishers.com/EPTJ/
https://chembiopublishers.com/submit-manuscript.php
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf
http://textilelibrary.weebly.com/uploads/1/1/7/4/11749432/smart_fibres_fabrics_and_clothing_xiaoming_tao_2001.pdf
https://www.sciencedirect.com/science/article/pii/S0142941803001685
https://www.sciencedirect.com/science/article/pii/S0142941803001685
https://www.sciencedirect.com/science/article/pii/S0142941803001685
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.773
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.773
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.773
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.773

	Abstract
	Introduction
	Phase-Change Heat Storage
	Requirement and Classification of PCMs
	How to Incorporate PCMs in Textiles
	Microencapsulation
	Textile With Smart Adaptable Temperature
	Testing and Evaluation of PCM Incorporated Textiles
	Applications of PCMs textiles fields
	Market for PCM in Textile Applications
	Economic and Environmental Benefits
	References

