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ABSTRACT  
The thesis investigates the possibility of developing an environmental friendly, 

less flammable phase change material for application on textile materials. The 

most used phase change material today is paraffin. However, paraffin is highly 

flammable which limits its applications. Paraffin is also a by-product of fossil 

fuel which implies that paraffin is a non-environmental friendly material. Phase 

change materials may in addition be a way to reduce the energy consumption 

by using it for thermal energy storage.  

 

In the study a literature review is made in order to evaluate the inorganic phase 

change materials against the organic phase change materials as well as the ther-

moresponsive hydrogels. After evaluation, the organic phase change materials, 

and more specific the non-paraffin PCM soy wax were chosen to best fulfil the 

criteria of being non-flammable, light weight, cheap and environmental 

friendly. The soy wax were therefore decided to be continue for investigation 

in the experimental part of study. A microencapsulation was made thereafter 

the microencapsulated soy wax was applied on a 100% pure cotton textile sub-

strate. Three characterization tests were performed to evaluate the microencap-

sulated soy wax. These were differential scanning calorimetry (DSC), infrared 

thermography (IR) and a simple melting test. 

 

Soy wax shows to exhibit high latent heat which makes it suitable for usage as 

phase change material. One of the four samples of microencapsulated soy wax 

actually showed to perform as a phase change material when applied on a textile 

material. This implies that the microencapsulation process needs to be altered, 

but also that soy wax actually work as a PCM and can be applied on textile. 

Soy wax can be the solution for achieving a more environmental friendly, less 

flammable phase change material. By replacing paraffin with soy wax one can 

reduce the consumption of fossil and in the future hopefully obtain a sustaina-

ble, renewable energy source.   

 

KEY WORDS 
Phase change materials, thermal energy storage, microencapsulation, soy wax, 

smart textiles, biobased PCM, interfacial polymerisation. 
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POPULAR ABSTRACT  
The increasing demand for energy in combination with a greater awareness for 

our environmental impact have encouraged the development of sustainable en-

ergy sources, including materials for energy storage. Latent heat thermal energy 

storage by the use of phase change material (PCM) have become an area of 

great interest. It is a reliable and efficient way to reduce energy consumption. 

PCMs store and release latent heat, which means that the material can absorb 

the excess of heat energy, save it and release it when needed. By introducing 

soy wax as a biobased PCM and apply it on textile, one can achieve a ther-

moregulation material to be used in buildings and smart textiles. By replacing 

the present most used PCM, paraffin, with soy wax one cannot only decrease 

the use of fossil fuel, but also achieve a less flammable material. The perfor-

mance of soy wax PCM applied on a textile fabric have not yet been investi-

gated but can be a step towards a more sustainable energy consumption. The 

soy wax may also broaden the application for PCM due to its low flammability. 

The aim is to develop an environmental friendly latent heat thermal energy 

storage material to be used within numerous application fields. 
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1 INTRODUCTION 
1.1 PROBLEM DESCRIPTION 
Between 1990 and 2005 the global energy consumption increased by 23%. The 

world is in great need to reduce the energy consumption and to develop new 

innovative solutions towards a more sustainable energy consumption (Kang, 

Jeong, Wi & Kim 2015). The increasing demand for energy, in combination 

with shortage of fossil fuels and a greater awareness of our environmental im-

pact have encouraged researches to develop renewable, sustainable energy 

sources, as well as materials for energy storage (Liu & Yu 2013). Thermal En-

ergy storage have become an area of great interest the past 15 years due to its 

variety of application fields (Hamdan, Ghaddar, Ouahrni, Ghali & Itani 2016). 

It can be used in solar energy storage, spacecraft thermal systems, buildings, 

cooling storage and in clothing (Liu & Yu 2013). The textile industry shows a 

great interest in environmentally or stimuli responsive materials that can be in-

corporated into technical textiles (Crespy & Rossi 2007). 

 

Latent heat thermal energy storage by the use of phase change material (PCM) 

to store and release thermal energy is a reliable and efficient way to reduce 

energy consumption and a step towards a more sustainable society (Kang et al. 

2015). Latent heat storage is the far most promising thermal energy storage 

technique, since it provides high storage density at nearly isothermal condi-

tions. Other features of advantage with PCM are low weight per unit store ca-

pacity, small unit sizes and small temperature differences between storage and 

retrieval cycles (Mondal 2008). Phase change material have many application 

possibilities, both for textile applications and for building applications. PCM 

can be used for building applications in order to heat up or to enhance thermal 

comfort. This is an energy saving way of handling the temperature within build-

ings (Zhao & Zhang 2011). The usage of PCM in buildings can have different 

goals. It can either be the goal to use the natural heat of solar energy for absorb-

ing heat during the day, store the heat and finally release it during the night 

when needed. The other goal may be to use artificial heating or cooling sources 

with the goal to use the material foremost as storage. The storage of heat or 

cold is important in order to match availability and demand (Sharma, Tyagi, 

Chen & Buddhi 2009). The use of PCM in textile applications often have the 

goal to regulate the body temperature. This is for example needed within the 

medical sector, during certain medical operations lowering of the body temper-

ature is necessary and called hypothermia (Maier, Sun, Kunis, Yenari & Stein-

berg 2001). Hypothermia is done in order to lower the reaction rate in the body 

which have been proven affective during for example cardiac surgery 

(Nienstedt, Hänninen, Arstila, Björkqvist, Franson & Kvist 1986). Other appli-

cation areas where it is needed to regulate the body temperature is within the 

military may also be needed for athletes (Maier et al. 2001). 

 

The design of personal thermo-regulating systems have been the focus for re-

searches during the last 15 years. When cooling the human body both convec-

tion methods and invasive methods are used (Hamdan et al. 2016). Invasive 

methods are methods implemented within the body such as catheters. These 
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provides a rapid effect but are difficult to implement and demands knowledge 

from the one who perform it (Mondal 2008). It is therefore preferable to use 

convection methods since the complications associated with invasive methods 

are avoided (Kalra, Bahrami & Sparrey 2015). Convection methods include for 

example actively cooled air, blower fans and circulating liquid garments. How-

ever, phase change materials are definitely a technique with an increasing use. 

Cooling systems have been shown to effectively reduce the heart rate, skin tem-

perature and the sweat rate (Fleischer 2015; Yazdi, Sheikhzadeh & Borhani 

2015). Phase change materials by the use of latent heat are considered to be the 

most promising technique amongst the convection cooling systems (Hamdan et 

al. 2016) and are often used in combination with textiles in order to be able to 

apply to a human body. Another application for PCMS are the ice and frozen 

gel vests, however these need a cold environment for storage and transport. It 

is much more practical options are PCMs incorporated in textiles, since they 

are not as temperature dependent as ice (Gao, Kuklane & Holmér 2009). Textile 

can in addition provide desirable features such as smoothness, a comfortable 

feeling, good drapability and ease of usage (Fleischer 2015). Cooling textiles 

absorb the excessive heat from the body and assist the body to reach thermal 

comfort by reducing the heat content of the body (Yazdi, Sheikhzadeh & 

Borhani 2015). When evaluating the different invasive and convective meth-

ods, the easiest way to perform the cooling procedure would be to integrate the 

cooling effect within a textile material and hence avoid the need any external 

equipment such as fans, and the complications that comes with the invasive 

methods.  

 

There is hence a need for PCMs within many different sectors and application 

fields, such as within the field of textile. However PCMs tend to either be ex-

pensive, non-environmental friendly, heavy or flammable. The most used PCM 

today paraffin for example, possess many good properties but have the disad-

vantage of being highly flammable which hinders its use in applications, such 

as being unsuitable for usage within the health care (Mondal 2008). As men-

tioned in the first section, PCMs are often used in order to provide a more sus-

tainable solution to energy consumption. It would therefore be contradictive if 

the PCM itself is not sustainable. It is also becoming more and more important 

overall that commercial materials today are environmental friendly. Paraffin 

does however not fit in this category. Paraffin is a by-product of fossil fuel, and 

hence a not an environmental friendly material. In order to be used by humans 

an additional feature for a PCM textile is a light weight and in order to become 

a commercial product it should also be easy and relatively cheap to manufac-

ture. Summarizing, a light weight PCM textile that is cheap, easy to manufac-

ture, light-weight, abundant, non-toxic, environmental friendly and non-flam-

mable is of need.  

 

1.2. AIM  
The aim is to investigate phase change materials that are both environmental 

friendly, light-weight, cheap and non-flammable and can be applied on textile 

by using coating technique.   
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1.2.1. RESEARCH QUESTION 

- What phase change materials are suitable on textiles?  

- Which of these phase change materials are both cheap, light-weight, non-

flammable, have high latent heat and is environmental friendly?  

- Can such phase change materials be applied on textile by coating technique 

and still have a thermoregulation effect?   

 

1.3. DELIMITATIONS 
I will limit my research by not investigating phase change materials integrated 

in fibres. I am searching for a coating material or similar. This is due to the fact 

that a lot of research already is made on bicomponent PCM fibres, but also 

considering the high manufacturing costs and complicated manufacturing ma-

chines that these fibres require. When considering the cost, which always is a 

factor of importance regarding commercial products, coating is beneficial since 

it is a rather cheap method. By using coating it is also possible to manufacture 

textiles of large areas. However, an investigation on different binders used for 

coating will neither be made in this study. Note that this research is a first test 

on the application of PCM soy wax coated on textile. The goal is to develop a 

sustainable and non-flammable textile PCM, however in this research the mi-

croencapsulation will be made in a conventional way that is proven to be effec-

tive in order to evaluate the effect given from soy wax applied on textile. Fur-

ther research will be needed to investigate how one can use more environmental 

friendly chemicals and procedures during the microcapsule formation. 

 

1.4. OVERVIEW OF THE STUDY  
This study starts with a profound literature review in order to understand the 

phenomena of phase change materials and to evaluate what different materials 

that can be used as phase change or thermoregulation materials. Information 

about microencapsulation, coating processes, suitable textile substrate and fi-

nally how to characterize both the PCM itself and applied on textile is studied 

in order to fully understand the subject and to be able to evaluate the results 

properly and accurate. After the literature review an analyse of the gained in-

formation is made in order to determine and evaluate what material that is best 

suited to fulfil the aim and to answer the stated research questions and finally 

an hypothesis is set. Following the analysis of the literature review and the hy-

pothesis formulation, the chosen material is tested in an experimental section 

where a microencapsulation of the soy wax is performed by two different pro-

cedures, but by the same method called interfacial polymerization. The ob-

tained powder is thereafter applied on textile and at last the powder and the 

coated PCM textile is characterized by DSC and IR thermography. The result 

is interpreted, analysed and discussed. Finally the hypothesis is rejected or ac-

cepted and a conclusion binds the whole paper together and clearly state what 

have been concluded in this research. As a last section some suggestions for 

future research is made.  
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2. LITERATURE REVIEW 

2.1. INTRODUCTION TO PHASE CHANGE MATERIAL 

(PCM) 
Phase change materials (PCMs) are a type of smart materials (Meng, Guoqiang, 

& Jinlian 2015). Smart materials have the ability to sense and react to condi-

tions and stimuli from the surroundings (Schwarz, Langenhove, Guermonprez, 

& Deguillemont 2010). PCMs are environmentally responsive materials, i.e. 

they respond to an environmental trigger that results in a physical change in the 

material. Examples of triggers are pH, temperature and ionic concentration. 

Temperature is for example a reliable trigger for controlling materials used on 

the body since the physiological temperature is rather stable, i.e. around 37°C, 

and differs quite a lot from room temperature that is around 20°C (Deshayes & 

Kasko 2013). PCMs respond absorb, store and release so-called latent heat 

without changing its own temperature by going from one physical state to an-

other (Pause 2010).  

 

By embedding PCMs in textile you get a material that contains the advanta-

geous properties of PCM with the ones given from textile materials. Textile 

materials contributes with having a light weight and at the same time being 

portable, comfortable and functional (Fleischer 2015). The technology for in-

corporating PCMs into a textile structure was developed in the beginning of the 

1980s, as a part of a research program founded by the US National Aeronautics 

and Space Administration (NASA). The mission was to improve the thermal 

performance of space suits (Pause 2010, Mondal 2008). Today PCMs have a 

wide range of application areas. They are used in temperature regulating tex-

tiles, sportswear, and agricultural greenhouse, in buildings, spacecraft thermal 

systems, and thermal protection of electronic devices, protective clothing, in 

biomedical applications as well as for medical and hygiene applications. Phase 

change materials for textile applications should have high heat storage/release 

capability, low volume change, no toxicity, high thermal conductivity, no de-

composition, no corrosion and low supercooling (Meng, Guoqiang, & Jinlian 

2015). 

 

2.2. THE MECHANISM OF PCM 
Materials have four states; Solid, liquid, gas and plasma. When material con-

verts from one state to another the process is called a phase change or a phase 

transition. Four different kinds of phase change exists; solid to liquid, liquid to 

gas, solid to gas and last, solid to solid (Mondal 2008). Phase change materials 

undergo a phase transformation at a narrow temperature range (Sarier & Onder 

2012). This temperature range is called the phase transition temperature of the 

material (Dutil, Rousse, Salah, Lassue & Zalewski 2011). Phase change mate-

rials are not a new invention, they naturally exist in different forms in nature. 

An example is water, which at 0°C crystallize and become solid, i.e. ice. An-

other phase change is when water reach 100°C and converts to steam. For tex-



 

 

5 

 

tile applications the most used phase change is the one going from solid to liq-

uid and vice versa.  Heat is either absorbed or released during the phase change 

process, this is called the latent heat (Mondal 2008). Latent heat can be defined 

as the work needed to overcome the forces that hold atoms or molecules to-

gether in a material (Encyclopaedia Britannica 2016). 

 

PCMs react according to changes in environmental temperature. When a rise 

in temperature occurs, the PCM reacts by absorbing heat and storing the energy 

in the liquid phase. When the temperature then starts to fall, the PCM solidifies 

again and releases the stored heat energy (Mondal 2008). For declaring, the 

material changes temperature when heated or cooled, but when the material 

starts to change phase the heat is either absorbed or released and the tempera-

ture of the material hence remains constant, this is called an isothermal phase 

change behaviour (Pause 2010; Kang et al. 2015; Fleischer 2015). In other 

words, PCMs are like any other material outside its phase change temperature 

range. The thermal insulation achieved by the PCM is both temperature and 

time dependent, since it takes place when phase change occurs and terminates 

when the phase change in all of the PCMs are complete (Mondal 2008). To 

fully understand the mechanism one have to study the movements of the atoms 

and molecules in a material. When changing phase from solid to liquid, the 

energy absorbed from the surrounding increases the energy of the constituent 

atoms and molecules, which makes them vibrate. When reaching the melting 

temperature the atomic bonds loosen and the molecules further increase in vi-

bration and motion. The reverse reaction occur when a material goes from liq-

uid to solid. The energy is then released to the surroundings when the constitu-

ent molecules starts to order in a structured, less vibrational state. This is since 

they do not need energy to move. The energy that is either absorbed or released 

during this melting-solidification procedure is called the latent heat of fusion 

(Fleischer 2015) when the transformation goes from solid to liquid, and heat of 

crystallisation when going back to solid (Mondal 2008).  

 

 
Figure 1.The phase change process.  
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Since PCMs have a high latent heat storage capacity (Kang et al. 2015), they 

may, as mentioned, be used for regulating the body temperature. They absorb 

the latent heat of fusion when in the melting point, which reduces the excessive 

heat of the body. Latent heat is one of the most efficient ways to store thermal 

energy (Mondal 2008), and have quite a small temperature difference between 

storing and releasing the heat (Yazdi, Sheikhzadeh & Borhani 2015). It is 

unique in the way that the heat is absorbed into a material without giving a 

temperature increase to the material itself (Fleischer 2015; Meng, Guoqiang, & 

Jinlian 2015). If one compare the heat absorption during the melting process of 

a PCM with that in normal materials, it is a significantly higher amount of heat 

absorbed during the melt of a PCM (Mondal 2008). 

 

Solid-liquid PCMs are reversible, and can hence convert between the solid and 

liquid state reversibly depending on the environmental temperature. When dis-

cussing the feeling the PCM gives, it gives a cool feeling at temperatures above 

the phase change temperature since the PCM then absorbs heat by going from 

one state to another. Vice versa is the reaction at temperatures below the phase 

change temperature, which provides a warm feeling since the PCM releases 

heat instead. PCMs that undergo a phase change from solid to liquid often need 

to be encapsulated in order to be applied on materials. If not encapsulated, the 

liquid PCM would be lost during the application cycles (Meng, Guoqiang, & 

Jinlian 2015). 

 

2.3. MICROENCAPSULATION OF PHASE CHANGE MA-

TERIALS AND APPLICATION TO TEXTILES 
When applying PCM to a textile material it needs to be integrated in a durable 

structure in order to contain the PCM while in its liquid state and prevent it 

from dissolution (Pause 2010). This is achieved by encapsulating the PCM. The 

capsules do not only hinder the PCM from migrating but also improves the 

thermal insulation properties, resistance against most types of chemicals, me-

chanical action and heat (Mondal 2008; Fleischer 2015; Zhao & Zhang 2011; 

Pause 2010; Liu & Yu 2013). However, a negative aspect is that the microen-

capsulation hinders the volumetric storage of the PCM and hence reduces the 

latent heat storage capacity (Pause 2010; Liu & Yu 2013). Even so, the addition 

of microencapsulated PCM to a textile fabric adds new properties and give an 

increased value to the material (Mondal 2008, Giraud, Bourbigot, Rochery, 

Vroman, Tighzert, Delobel & Poutch 2005). Microencapsulated PCM are used 

for textile applications but also within the building sector (Zhao & Zhang 

2011). During the last 10 years the textile industry have started to pay greater 

attention to the many possibilities given by microencapsulation, especially 

within technical and medical textiles (Sánchez, Sánchez-Fernandez, Romero, 

Rodríguez. & Sánchez-Silva. 2010).  

 

The microcapsules are produced by applying a thin, protective polymer coating 

shell on small, solid particles or liquid droplets, hence a microcapsule consist 

of a core or filler that can be either a drug, PCM or for example a dye, and a 
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solid membrane or shell surrounding it (Mondal 2008, Giraud et al. 2005; Zhao 

& Zhang 2011). The encapsulation types are classified as nanocapsules, micro-

capsules or macrocapsules (Li, Zhang, Wang, Tang & Shi 2012).  Microcap-

sules are particles with a diameter between 1 µm to 1000 µm, and macrocap-

sules are particles with a diameter greater that 1000 µm (Sarier & Onder 2012). 

Particles with a smaller size than 1 µm is called nanocapsules (Li et al. 2012). 

In literature, the most investigated PCM used for textile applications mentioned 

previously, are the micro- and macroencapsulated ones. However, Sharma, 

Tyagi, Chen & Buddhi (2009) argue that a lot of researches experienced nu-

merous problems with the macroencapsulated PCM. By using microencapsula-

tion instead it was possible to overcome these drawbacks. With microcapsules 

one can for example avoid the bulkiness of the macrocapsule (Fleischer 2015).  

 

The shape and appearance of the microcapsule depends on the microencapsu-

lation technique used, on the wall composition but also on the chemical prop-

erties of the core. The most common shape is the sphere particle. The shell 

should be resistant to abrasion, pressure, heat and friction. It is also favourable 

if the shell material are resistant to chemicals. It is possible to perform micro-

encapsulation by different methods; chemical, physical or physiochemical 

methods. Chemical processes are interfacial polymerization, phase separation, 

in situ polymerization, simple or complex coacervation or suspension to name 

a few. The physical process include spray dying, centrifugal and fluidized bed 

processes. The physical processes cannot produce microcapsules smaller than 

100 µm (Zhao & Zhang 2011; Meng et al. 2015). Some techniques have limited 

use due to the use of organic solvents which may be dangerous for our health 

and the environment, the high processing cost and regulatory affairs (Sánchez 

et al. 2010).  

 

Microencapsulation by interfacial polycondensation method has been proven 

to be a successful method for microencapsulate a liquid-core material and is 

one of the most common processes (Takahashi, Taguchi & Tanaka 2008; 

Salaün, Bedek, Devaux & Dupont 2011; Li, Zhang, Wang, Tang & Shi 2012). 

It is a favorable process due to its high reaction speed, mild reaction course and 

low penetrability of the microcapsules (Li et al. 2012). Interfacial polymeriza-

tion is when the capsule walls are formed when two reactive monomers meet 

at an interface between two phases and rapidly polymerize there, in other words 

on, they polymerize on the droplets of an organic liquid dispersed in water. The 

creation of microcapsules containing a polyurethane/urea shell have been in-

vestigated in numerous papers (Takahashi, Taguchi & Tanaka 2008; Giraud et 

al. 2005; Salaün et al. 2011). In a paper written by Liu & Yu (2013) microen-

capsulation of biobased PCM was performed. In this study soy wax was chosen 

as biobased PCM and hence represented the core material. The shell of the mi-

crocapsule consisted of polyurea. The microcapsules was in this paper not ap-

plied on any material. However the coating of polyurethane/urea microcapsules 

on textile have been done successfully, as can be seen in a study made by Gi-

raud et al (2005). Polyurea is a polymer with chemical stability and many good 

physical properties. Microapsules with a polyurea shell have been proven to be 

effective when incorporating both hydrophilic and hydrophobic materials 
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(Zhang & Wang 2009). Polyurea is therefore a good option when microencap-

sulating for example natural waxes. The performance of the microcapsules de-

pends mostly on the microstructure of the shell of the capsule, in other words 

the chemical nature and the surface characteristics of the shell, as well as of the 

morphology (Salaün et al. 2011). Fig 2. Illustrates a schematic picture of the 

formation of a microcapsule with a core of soy wax and a polyurea shell by 

interfacial polymerization. Regarding the core content of PCM, it is often con-

sidered high if being around 80-90% (Liu & Yu 2013). Siddhan, Jassal, & 

Agrawal (2007) had in their research a maximum of core content reaching 70%. 

 

 

 
 

Figure 2. Schematic formation of microencapsulated soy wax PCM with a shell 

of polyurea through interfacial polymerization. 

 

A factor that also effects the efficiency of the PCM are the latent heat storage 

capacity of the core material, but also on the amount of PCM added. The more 

quantity of PCM, the better the heat storage capacity and thermal effects of the 

material (Pause 2010; Hamdan et al. 2016). Even though it is possible to im-

prove the thermal capacities by addition of PCM, it is important to choose a 

PCM that corresponds to the application temperature range needed in order to 

achieve the desired thermal properties (Pause 2010). If the PCM is not designed 

to have the suitable melting temperature they do not work, and hence do not 

provide a cooling effect. The result might even be a rise in temperature instead. 

Factors accountable for the insufficient cooling of PCMs are the cooling area, 

the cooling rate, the amount of PCM used, the latent heat of the PCM or the 

effect from different skin temperature and temperature gradient between the 

skin and the melting/crystallization temperature of the PCM (Gao, Kuklane & 

Holmer 2010). According to Mondal (2008) there are some specific require-

ments that PCMs used for cooling textiles with thermal energy system should 

fulfil. The PCM should have a melting temperature between 15 and 35°C, have 

a large heat of fusion, little temperature difference between the melting point 

and the solidification point and be harmless to the environment. It should also 

have low toxicity, be non-flammable, possess stability for repetition of melting 

and solidification, have large thermal conductivity, be easily available and have 

a low price. The thermal conductivity is needed for effective heat transfer in 

the PCM and rapid system transients. However, it is possible to improve the 

thermal conductivity of a PCM. This can be done by either a metal filler, carbon 

nanofibers, fibre fillers etc. (Mondal 2008). Thin garment have high heat con-

ductivity while thick garments have low heat conductivity (Meng, Guoqiang, 

& Jinlian 2015). Compared to other heat storage techniques, PCM is of ad-

vantage due to its compact energy storage at almost isothermal conditions, the 

ability to have high density and high heat of fusion (Yazdi, Sheikhzadeh & 

Borhani 2015). 
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When having encapsulated the PCM, there are several different ways of incor-

porating PCM onto textile. One can apply a coating containing microencapsu-

lated PCMs to the textile or incorporate PCM directly into fibres or foams 

(Fleischer 2015: Mondal 2008). It is also possible to integrate the microencap-

sulated PCM into a polymeric binder that binds the fiber together in a nonwo-

ven fabric. Macroencapsulated PCM are not possible to integrate directly to the 

fibres but can be applied on a textile substrate by using coating technique. One 

can also form the macrocapsules into a thin film and laminate on the textile 

substrate. The simplest way to add PCM to textile is to macroencapsulate the 

PCM and arrange them into packs that are inserted in pockets in the garment 

(Pause 2010). In this way you insert PCM in the design of the garment, since 

you need to have some form of pockets to put the packs in. An example of such 

design are the cooling vests which have pockets containing PCM salt packs. 

Even though this is said to be the simplest option, it is also the least comfortable 

one since these garments tend to become very heavy (Fleischer 2015).  

 

2.4. TYPES OF PHASE CHANGE MATERIALS 
The two most common groups of PCMs are organic and inorganic materials 

(Sharma et al. 2009). Inorganic PCMs include salts, salt hydrates, metals and 

alloys (Pause 2010). The inorganics were actually the first used PCMs. How-

ever, today the organic PCMs are the most popular group of phase change ma-

terials and are often referred to as paraffin and non-paraffin (Fleischer 2015). 

In fig. 3 one can see how the different categories within phase change materials 

are divided.  

 
Figure 3. An overview over the different types of PCM.  
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2.4.1. INORGANIC PHASE CHANGE MATERIALS  

Inorganic PCMs include salts, salt hydrates, metals and alloys, the most com-

mon of them being the salt hydrates. Salt hydrates are alloys of inorganic salts 

and water (Pause 2010), and therefore have similar properties to salt (Fleischer 

2015). Salt hydrates was in fact the first material used for latent heat storage 

(Sarier & Onder 2012). Metal and metal alloys sometimes falls under the cate-

gory of inorganic PCMs and sometimes does not. These are the least used PCM 

material due to the low latent heat the metals and its alloys exhibit (Meng et al. 

2015). Inorganics possess melting points covering a wide temperature range, 

10-900°C. However, most of them are not suitable for usage above 100°C. 

Hence one might say that their operating range varies amongst 10-100°C 

(Fleischer 2015). They usually have a phase transition interval of 20-40°C. 

Glauber’s salts are attractive for thermal storage applications. It has a melting 

temperature of 32.4°C and melting latent heat of 254 kJ/kg which gives off high 

energy at its melting point (Mondal 2008). Regarding the melting temperature, 

inorganics have a sharp transition temperature, and does not cover a wide tem-

perature range as the organic ones (Fleischer 2015).  

 

They are non- combustible, i.e. non-flammable which means that they meet the 

fire-resistant requirements set for a wide range of products. Another positive 

feature are their high latent heat storage capacity and also their high latent heat 

per unit volume which means that they have high energy storage density (Kang, 

et al. 2015). They have low cost and better thermal conductivity compared to 

the organic PCMs (Fleischer 2015; Zhao & Zhang 2011). However, even 

though the thermal conductivity is better for the inorganics than the organics, 

it is still not good enough and still needs to be altered (Fleischer 2015).  Despite 

all the above mentioned favourable characteristics, they also possess negative 

features which limits their use. They have an incongruent melting behaviour 

which makes them unsuitable for permanent use (Pause 2010). They go through 

phase decomposition and separate into constituent parts which breaks down 

during repeated cycles. They are very instable (Fleischer 2015). They are cor-

rosive to metals, exhibit sub-cooling effects and are incompatible with several 

materials (Kang et al. 2015; Sarier & Onder 2012; Zhao & Zhang 2011). It can 

be problematic to work with inorganic PCMs since they aggressively attack 

other materials. It becomes problematic to implement them in designs. Sub-

cooling is when the material do not freeze at their solidification point but re-

quire sub-cooling before the solidification nucleation begins. This feature is a 

real drawback for PCM since it makes it difficult to solidify the melted PCM 

for the next thermal cycle (Fleischer 2015).  

 

Despite all the first mentioned favorable characteristics, the negative aspects of 

the inorganic PCMs limits their applications and use. They are therefore mainly 

used for high temperature ranges applications. Some researchers have made 

attempt to overcome these drawbacks. Zhao and Zhang (2011) have investi-

gated the possibility of microencapsulation and argue that by performing a mi-

croencapsulation one achieve an increased heat transfer area and at the same 

time reduce the PCMs reactivity towards the outside environment. It is also 
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possible to control the changes in the storage material volume when a phase 

change occur (Zhao & Zhang 2011). However, the many unwanted character-

istics are also overcome by simply choosing another type of PCM, namely the 

organic ones. It was in fact due to the negative aspects with the inorganics that 

the investigating for the usage of organic PCMs started (Sarier & Onder 2012). 

 

2.4.2. ORGANIC PHASE CHANGE MATERIALS 

Organic PCMs are the most popular group of phase change materials (Fleischer 

2015) and are often referred to as paraffin and non-paraffin. They possess a 

high latent heat per unit weight, are non-corrosive, thermally and chemically 

stable, have almost no sub-cooling and low vapor pressure. This entails they 

maintain their performance over repeated thermal cycling without any damage. 

In addition they are easy to work with and easily available (Fleischer 2105; 

Kang, et al. 2015). However, they have some negative characteristics as well. 

They experience great changes in volume when changing phase and have low 

thermal conductivity which result in bad heat transfer rate (Mondal 2008). Or-

ganic PCMs are available in the temperature ranges between -5°C and 190°C. 

Depending on the final application of the product, and what temperature that is 

needed for this application, different types of PCM can be chosen. For thermal 

comfort applications in textiles, the temperature range should be of 18-65°C 

(Sarier & Onder 2012), hence the wide temperature range available is some-

what unnecessary for many applications. When discussing PCM one often refer 

to melt temperature, however when discussing organic PCM one would be 

more accurate to address it as melting range. Organic PCMs hence do not have 

a specific temperature for when the whole material melts, the melting proceeds 

slowly over a range of temperatures. This can be seen in a DSC curve, the slope 

were the melting takes place tend to be over a range of 10-20°C (Fleischer 

2015).  

 

2.4.2.1. PARAFFINS  

Paraffin’s are one of the most used PCMs for thermal energy storage applica-

tions (Mondal 2008), and are often used for textile applications due to their 

favourable characteristics (Sarier & Onder 2012; Kang et al. 2015). Crystalline 

paraffin hydrocarbons are in fact the most used PCMs for textile applications. 

Paraffin PCMs are either used as they are or blended with one another in order 

to cover a certain temperature range.  The melt temperature of paraffin’s varies 

from 35-70°C, depending on the hydrocarbon structure (Fleischer 2015). A par-

affin-PCM absorbs around 200 kJ/kg of heat during a melting process (Mondal 

2008; Fleischer 2015). Paraffin’s have melting temperature ranges that are suit-

able for a range of applications, they possess high latent heat, have good ther-

mal characteristics, are chemically and thermally stable, have little super-cool-

ing, are noncorrosive and non-hygroscopic and have low vapour pressure in a 

melt. An additional positive feature is that they have low cost (Kang et al. 2015; 

Mondal 2008). However, the negative aspects are their high flammability, low 

thermal conductivity, low ignition resistance relative to non-paraffinic PCMs, 

high changes in volume during phase change (Fleischer 2015), and the need for 
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containers. Paraffin is a petroleum-based material, which means that using par-

affin is indirectly consuming fossil fuel (Liu & Yu 2013; Pause 2010) which 

are a contributing factor to the global warming. Paraffin are hence not an envi-

ronmental friendly material. Regarding the low thermal conductivity it creates 

a high thermal resistance to heat flow. Hence, heat cannot effectively go into 

the PCM and initiate the melting process (Fleischer 2015).  

 

2.4.2.2. NON-PARAFFINS  

Non-paraffin’s are a group that covers quite a large range of materials. Non-

paraffins are the largest category within phase change material. It includes, fatty 

acids, esters, alcohols and glycols (Sharma, Tyagi, Chen & Buddhi 2009). De-

spite this variety, they possess some defining features that is the same amongst 

them all.  They have large heat of fusion and no or limited supercooling (Hyun, 

Levinson, Jeong & Xia 2014). Fatty acids have low melting points, which 

makes non-paraffin’s a better choice for applications related to the human body. 

Other kinds of acids have also been used such as stearic acid and laurid acid. 

Regarding the latent heat, the fatty acids possess a slightly lower amount than 

the paraffins, 100-200 kJ/kg. (Fleischer 2015). Non-paraffin’s also include the 

biobased PCMs. These are made from underused and renewable feedstock, 

such as soybean oil, coconut oil and palm oil. When processed they are called 

natural waxes and include such soy wax, beeswax and palm wax to name a few. 

They possess similar properties as paraffin wax does, but have the advantage 

of being environmental friendly. They are fully hydrogenated and expected to 

exhibit a good thermal stability throughout many phase changing cycles with-

out risk for oxidation (Liu & Yu 2013). Soy protein based materials have the 

past years gained interest for biomedical applications due to is tailorable bio-

degradability, abundance and low price (Tansaz & Boccaccini 2015). What fa-

vours them in comparison to paraffin’s are that they are significantly less flam-

mable, but can still absorb, store and release large amount of latent heat similar 

to paraffin’s (Kang et al. 2015). Soy wax can have melting points between 21-

80 °C (Liu & Yu 2013) and is hence suitable for application in thermal regula-

tion textiles, fibres, foam or solar space heating materials. The research made 

on soy wax and the phase change properties are however limited (Liu & Yu 

2013).  

 

2.5. HYDROGELS 
PCMs are, as previous mentioned, environmental and stimuli responsive mate-

rials. Within this category another material, namely stimuli-responsive poly-

mers called hydrogels also figures (Crespy & Rossi 2007; Wang, Zhong, Wu 

& Chen 2015). Hydrogels are water absorbing three dimensional networks 

made of crosslinked polymeric chains. They can consist of either natural or 

synthetic polymers (Tansaz & Boccaccini 2015; Deshayes & Kasko 2013). 

What is special about hydrogels are that they undergo a large and abrupt, phys-

ical or chemical change in response to changes in the external environment. 

The three most common triggers are pH-, stimuli- and temperature, this is due 

to the many application possibilities in the fields of sensor technology, medi-

cine and biology (Wang et al. 2015). One can for example make us of hydrogels 
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in tissue engineering, therapeutic agent delivery system and in cell culture sup-

ports (Kim, Basavaraja, Yamaguchi & Huh 2013). The phase change is always 

a sudden change in the solvation state of the hydrogel (Deshayes & Kasko 

2013). 

 

The working principle of hydrogels is as follows. Hydrogels have a lower crit-

ical solution temperature (LCST). LCST is the temperature above when the 

polymer becomes insoluble and the temperature above when the polymer be-

comes soluble is called the upper critical solution temperature (UCST). At tem-

peratures below the LCST the hydrogel is rather hydrophilic and absorbs water, 

the hydrogel goes into a swollen state. What happens is that below the LCST, 

water molecules form hydrogel bonds with polar groups on the polymer back-

bone and organize around hydrophobic groups (Kim et al. 2013).  However, 

above the LCST the state changes and the hydrogel becomes hydrophobic, 

which results in that the hydrogel abruptly starts shrinking. What happens on 

molecular level here is that above the LCST bound water molecules are re-

leased to the bulk, with a large increase in entropy, which results in a col-

lapse/aggregation of the polymer network (Kim et al 2013; Kim, Jung, Jang & 

Huh 2014).  At the LCST the hydrogels undergo an abrupt change in confor-

mation, from coil to globule (Crespy & Rossi 2007). The thermo-responsive-

ness can be either swelling/dissolution or aggregation/collapse. The tempera-

ture hence increases or decreases the solvent quality (Deshayes & Kasko 2013). 

The phase transition is reversible and can hence be of use repeated times (Des-

hayes & Kasko 2013; Takegami et al. 2010; Yoshida, Uchida, Kaneko, Sakai, 

Kikuchi, Sakurai & Okano 1995; Kim et al. 2013). 

 

Temperature sensitive hydrogels are polymers which have a lower critical so-

lution temperature (LCST) in the physiological range, i.e. between 20-35°C 

(Deshayes & Kasko 2013; Kim et al. 2013). In other words, depending on tem-

perature the polymer changes its solubility. The most common temperature sen-

sitive hydrogel used for biological application are poly(N-isopropylacryla-

mide)(PNIPAAm) since it has a phase transition temperature of around 32°C 

(Deshayes & Kasko 2013; Chen, Tsai, Chou, Yang & Yang 2002; Kim et al. 

2013; Takegami, Yokoyama, Norisugi, Nagatsuma, Takata, Rehman, 

Matsunga, Yokoi, Fujiki, Makino & Shimizy 2010; Kim, Jung, Jang & Huh 

2014). The most important feature of PNIPAAm is its thermosensitivity (Guan 

& Zhang 2011). PNIPAAm have a LCST of 32°C which makes it suitable for 

applications involving the human body (Wang et al. 2015). PNIPAAm hydro-

gels have a great range of application areas such as artificial muscles, controlled 

drug delivery and immobilization of enzymes to name a few (Liu, Niu & Gu 

2009). Hydrogels are suitable biomaterials due to their high water content and 

mechanical properties, which is much similar to the tissue of the human body. 

Another advantage is that both their physical and chemical properties are highly 

tuneable (Deshayes & Kasko 2013). 

 

An effective thermo-responsive hydrogel requires a rather high response rate, 

i.e. fast response to external stimuli. Several research has been made on how to 

increase the response rate. A suggestion is to reduce the size of the hydrogel, 
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and manufacture micro-hydrogels. The response rate is namely proportional to 

the size of the hydrogels. Micro-hydrogels hence possess far quicker response 

rate than the original hydrogels (Chen, Li, Pan, Li & He 2016; Kim, Jung, Jang 

& Huh 2014). In a paper written by Kim, Jung, Jang & Huh (2014) “Microfab-

rication of hydrogel on a patterned hydrogel film that can rapidly respond to 

external stimuli for the adsorption and desorption of nanoparticles in the hy-

drogel” microfabrication of hydrogels are performed. The microfabrication is 

done by increasing the surface are of the hydrogel film, this will change the 

pattern of the hydrogel film which will increase the sensitivity to environmental 

conditions. Another suggestion is to make the hydrogel more porous. By in-

creasing the porosity one can achieve a more rapid swelling/deswelling re-

sponse of the polymer. Additionally, one can also create a comb-structure with 

grafted side chains on the polymer. By grafting on side chains, hydrophobic 

regions are created. This configuration improves the rate of how fast water can 

be removed from the network remarkably (Yoshida, Uchida, Kaneko, Sakai, 

Kikuchi, Sakurai & Okano 1995). Another alternative to increase the response 

rate is by using honeycomb structured hydrogels. This have been investigated 

by several researches (Chen, Li, Pan, Li & He 2016; Yoshida et al. 1995; Kim 

et al. 2013). Maeda & Yoshida (2009) created a “Micropatterned thermosensi-

tive gel with highly ordered honeycomb surface and inverse opal structure”. In 

a study made by Kim et al. (2013) a honeycomb patterned hydrogel films which 

are sensitive to environmental oxidation and reduction were fabricated. The hy-

drogel was micro fabricated to a honeycomb patterned hydrogel film 

 

PNIPAAm have been the focus of many researchers. A study made by 

Takegami et al. (2010) investigated the possibility of manufacturing a high-

quality skin-cooling sheet containing PNIPAAm. The cooling sheet showed 

excellent cooling effects. In order to apply the PNIPAAm polymer on textile, 

one have to prepare it by performing for example radical polymerization and 

crosslinking. The crosslinking is what actually converts the polymer into a hy-

drogel. The hydrogel is thereafter applied on a non-woven fabric and covered 

with a polypropylene film (Takegami et al. 2010). A great advantage with 

thermo-responsive PNIPAAm hydrogels are that they can be formulated at 

room temperature but when applied on a human body, it forms a gel. It has been 

argued that hydrogel cooling sheets are well suited for treating patients suffer-

ing from hyperthermia. They are both easy to apply as well as painless during 

the whole process of cooling (Proksch, Jensen, Crichton-Smith, Fowler & 

Clitherow 2007). In a study made by Cui, Ahn, Wingert, Leung, Cai & Chen 

(2016) “Bio-inspired effective and regenerable building cooling using though 

hydrogels”, the possibility of using hydrogels in order to reduce energy con-

sumption in buildings was investigated. This is a great step towards a more 

sustainable society. Hydrogels are mainly used for coolling applications, as 

may be seen from the name of the above mentioned study. 

 

The possibility of taking inspiration from nature when using hydrogels and 

manufacture so called bio-mimicking materials have been investigated in nu-

merous researches (Kim, Basavaraja, Yamaguchi & Huh 2013). Several studies 

have demonstrated that many physiochemical features of biological materials 
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have their origin from highly-developed surface structures in nano and mi-

croscale (Maeda & Yoshida 2009). Maeda & Yoshida (2009) demonstrated the 

manufacturing of a micropatterned thermosensitive PNIPAAm gels with a 

highly-ordered honeycomb surface and inverse opal structure, as mentioned in 

previous section. The honeycomb pattern provide the hydrogel film with an 

increased surface area of the hydrogel film, which increases the sensitivity of 

the hydrogel, i.e. the hydrogel can respond quicker and gives an increased sen-

sitivity for environmental conditions (Kim et al. 2013). Bio-mimicking is also 

discussed by Cui, Ahn, Wingert, Leung, Cai & Chen (2016). In nature, animals 

and plants adapt to increases in environmental temperature by transpiration and 

perspiration of water. These system are passive and autonomously. This is 

where the inspiration for self-adoptive technologies such as bio-inspired artifi-

cial skins have their foundation from. Hydrogels can contain about 90wt% wa-

ter while in their swollen state. Heat dissipation is enhanced by the use of hy-

drogel coatings due to the evaporation of water inside the hydrogel. The reduc-

tions can be as much as 10-30°C (Cui et a. 2016).  

 

Today, hydrogels are as mentioned widely used as biomaterials. Their physio-

chemical properties are much similar those of the human tissue, which makes 

them biocompatible. They have high water content, low interfacial tension with 

water or biological fluids and soft and rubbery consistency. Microgels are min-

iature hydrogels (Guan & Zhang 2011). Tao, Shang, Song, Shen, Zhang, Luo, 

Yi, Zhang & Deng (2015) have in their article reviewed the emerging field of 

bioinspired approaches to engineer advanced thermal materials. Heat removal 

is an important mechanism in biological systems. Throughout evolution, living 

organisms have developed advanced, yet efficient, cooling systems. The human 

body, for example, uses sweating, i.e. evaporation, in order to regulate the body 

temperature. Other mechanisms used by the human body is also conduction, 

convection and radiation for temperature regulation. Hydrogels have been used 

in several studies when the mission has been to develop a bioinspired perspira-

tion cooling passive solution. As have been discussed in previous section, the 

hydrogel starts to shrink when temperature passes the LCST, hence one might 

say that the hydrogel is sweating, and hence provides cooling. The use of hy-

drogels as cooling technique is beneficial due to it requires no power consump-

tion, small weight and also gives off no noise (Tao et al. 2015). Cui, Hu, Huang, 

Ma, Yu & Hu (2014) have developed a bio-mimic perspiration cooling system. 

The system is built up by a layer of temperature sensitive hydrogel. By mimic 

the thermoregulation mechanism of living organisms one can in fact create ma-

terial that provide the same effect.  

 

Even though the positive aspects and applications areas with hydrogels and 

foremost PNIPAAm are many, they also have negative features. Hydrogels are 

not yet possible to reuse for a longer period of time. The most repeated times 

demonstrated so far is 6 times, the durability is hence not good. They are not 

biodegradable and in addition have a high cost (Cui et al. 2016; Guan & Zhang 

2011). Hydrogels also tend to have poor mechanical strength, especially in their 

swollen state, however the incorporation of hydrogels to a textile substrate 

would improve this feature. The textile provides the hydrogel with moderate 
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strength and greatly improve the response rate, both highly beneficial features. 

Regarding how to bond the hydrogel with the fabric, different technologies may 

be used (Liu, Niu & Gu 2009). As discussed, it is possible to graft copolymerize 

the environmental responsive polymers onto the fabric (Wang, Zhong, Wu & 

Chen 2015). However, the grafted technology is not suitable for larger produc-

tion which is often required for example for dressings or technical textiles. An-

other option is use coating technique. This technique is by far more convenient 

and also suitable for larger production scales (Liu, Niu & Gu 2009). 

 

2.6. COATING  
Coating is a process where one or several layers of material are deposited on 

the surface of a substrate. Many different coating techniques exists which 

makes it possible to manufacture a material with the desired properties. Coating 

techniques vary depending on the material and the desired features for the end 

product. Most coating techniques require the following three processes; meter-

ing, transferring and fixing of the coating materials to the substrate. Metering 

refers to the amount coating that is applied to the substrate and can be done by 

four different methods. The first method is dip-coat, which is when you dip the 

substrate in a liquid. The second step is to do coating by drainage, which is 

when you take away the liquid from the substrate. These result of these methods 

depends on the rheological properties of the liquid, the speed of the substrate 

when coating and the applicator geometry. The third method is to place the 

coating on the substrate by a metering device, such as a displacement pump. 

The last method is to apply an excess of coating compound to the substrate, the 

excessive coating is then removed, examples of these methods are for example 

knife coating and air-knife coating. Transferring is when the coating materials 

is deposited on the substrate and forms a coating layer. Tools when performing 

this procedure are for example spray, calendars, direct extrusion to the substrate 

or immersion of the substrate in a coating bath. Fixing is the last step in the 

coating process and refers to when the coating layers are fixed to the substrate 

through drying, curing, pressing or solidifying processes. What determines the 

final properties, performance and durability of the coated substrate is the adhe-

sion between coating layer, the amount of coating applied to thee substrate, the 

uniformity of the coating layer and penetration of the coating material into the 

substrate. Other factors that should not be neglected are manufacturing costs, 

production rate, reproducibility and environmental impacts (Shim 2010). 

 

The coating of PCM to a fabric adds desirable thermoregulation properties but 

may also effect other characteristics of the fabric. The surface characteristics 

can be altered and the comfort properties may be decreased (Sánchez et al. 

2010). When coating a textile substrate with a PCM it is most often microen-

capsulated before embedded in a polymeric binder such as acrylic, polyure-

thane, rubber latex coating compound, but may also be macroencapsulated 

(Pause 2010). A polymeric binder tend to improve the durability of the fabric 

(Meng et al 2015). The mix is then topically applied to a woven, knitted or non-

woven fabric (Pause 2010). Several different coating techniques exist; knife-

over roll coating, knife over air coating,  transfer/cast coating, pad-dry-cure 
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coating, gravure,  dip coating and screen printing. The chosen coating method 

greatly affect the properties of the fabric (Meng et al 2015). When using knife 

or blade coating, an excess of coating material is applied to the substrate and 

the amount of coating left on the material, the thickness of the coating, is de-

termined by a metering blade. The knife is then suspended above a roller. The 

roller can be steel or rubber coated. The knife never touch the substrate directly, 

hence it is a gap between the substrate and the knife. This gap is what controls 

the thickness of the coating. The thickness can be made very precise, however, 

if the substrate have and uneven surface the coating will as consequence be-

come non-uniform (Shim 2010). 

 

A coating layer that covers the whole textile substrate reduces the water vapour 

transfer through the fabric as well as the breathability (Pause 2010). A negative 

aspect with coating is that it is generally not comfortable to have a coated sub-

strate close to the skin. This is a reason to why PCM microcapsules sometimes 

are incorporated into the textile fibres (Meng et al. 2015). However, what is 

beneficial with coating is that the procedure is very simple and cheap. The wt% 

of PCM and amount of binder can be individually decided for the desired ap-

plication and effect. In a study made by Shin, Yoo & Son (2005), it showed that 

an increase in the microcapsule add-on, resulted in an increase in the heat stor-

age capacity of the treated fabrics. Outlast company which manufactures textile 

PCMs have in their fabric “Outlast silk”, a fabric composed of 57 % Outlast 

viscose and 43 % silk, coated with a mixture of 15 wt% microencapsulated 

PCM and 15 wt% polyurethane binder and thickener (12 g/l) (Fleischer 2015). 

In a research written by Sánchez, Sánchez-Fernandez, Romero, Rodríguez & 

Sánchez-Silva (2010) 30 wt% PCM was added to the binder and successfully 

applied. In a study made by Giraud et al. (2005) polyurethane/polyurea (PU) 

microcapsules was coated on a pure cotton fabric. The amount of added micro-

capsules were 20 wt%, the coating thickness about 36 µm and the drying time 

in an oven were 6 h at 50 °C. Polyurea, as used in the mentioned paper, is a 

rather environmental friendly polymer and are often used as shell material for 

PCMs (Liu & Yu 2013, Giriaud et al. 2005). The polymer have a wide range of 

chemical and physical properties. It is resistant against abrasion, have a leather 

appearance and possess water repellency. The properties provided by polyure-

thane/urea coating on a cotton substrate are very attractive amongst many tex-

tile applications. They are used for waterproof breathable jackets, and artificial 

leather upholstery. One negative property is the poor flame retardancy. A con-

clusion can be made that microcapsules with a polyurethane/urea shell will be 

compatible with a polyurethane/urea coating and other polymeric matrices (Gi-

raud et al. 2005). 
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2.7. CHARACTERIZATION OF PCM  

2.7.1. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
 

 
Fig 4. Schematic of DSC heating thermogram of PCM.  

 

Differential Scanning Calorimetry (DSC) measurements are used for PCMs to 

determine the phase change temperature, the latent heat absorption during the 

melting process, the latent heat release during the crystallization process and 

the latent heat storage capacity of the PCM, either solely or embedded in a 

textile substrate (Pause 2010). From the latent heat values obtained in the DSC 

it is also possible to calculate the core content of the PCM (Liu & Yu 2013). 

The test procedure involves the heating and cooling of the test material at a 

controlled rate through the temperature ranges in which the melting or the crys-

tallization of the PCM takes place. A transition in the material, for example 

from solid to liquid is marked by absorption of energy by the test sample and 

shows as an endothermic peak in the heating curve. The latent heat absorption 

is this peak in the heating curve. When the transition from liquid to solid occurs, 

this is marked by the release of energy in the sample and results in an exother-

mic peak in the cooling curve. This determines the latent heat release. In short, 

the curve represent the phase change temperature range at which the latent heat 

absorption and release takes place (Pause 2010). The amount of PCM incorpo-

rated in microcapsules, i.e. the core content, can be calculated by using the val-

ues given from the DSC. The equation is written by Liu & Yu (2013) and also 

by Zhao & Zhang (2011); 

 

Soy wax content = ΔHmicroPCM / ΔHPCM ∙ 100 

 

Where the ΔH refers to the added amount of the latent heat of fusion (ΔHm) and 

the latent heat of crystallization (ΔHc). The enthalpy values are taken from the 

DSC thermograms of only soy wax (ΔHPCM) and the ones of soy wax in micro-

capsules (ΔHmicroPCM). 
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2.7.2. INFRARED THERMOGRAPHY (IR) 
Infrared thermography makes it possible to measure and observe the tempera-

ture of a surface without having contact with it. By using infrared thermography 

one can measure and observe the surface temperature of the treated fabric by 

utilizing the IR spectral band and hence evaluate the temperature distributions 

and the thermoregulation properties (Sánchez, Sánchez-Fernandez, Romero, 

Rodríguez. & Sánchez-Silva 2010; Sánchez‐Silva, Rodríguez, Romero & 

Sánchez 2012). In short, the IR camera detect the IR radiation and convert this 

into an image (Sánchez et al. 2010). 

 

2.7.3. TESTING OF THE MELT TEMPERATURE OF THE MI-

CROCAPSULES 
The testing of the melting temperature is a simple test when the microcapsule 

powder simply is heated to a melting temperature above the one of the soy wax. 

The test is done in order to investigate if microcapsules actually have been cre-

ated. If the microcapsules melt at the melting temperature of the soy wax, a 

conclusion can be made that the microencapsulation have failed. The reason for 

performing the microencapsulation is as mentioned, in order to prevent the 

PCM from dissolution while in its liquid state in other words, from migration. 

The shell should hence not melt at this rather low temperature. In addition, if 

the result is that the powder melts, or start sticking to each other and form a 

“cake”, the conclusion that they are not microencapsulated can be made here 

too.   
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3. ANALYZE OF LITTERATURE REVIEW  
From the information gained in the literature study one can make some conclu-

sions about what material that actually fulfil the demands stated in the research 

questions. Inorganic PCMs have many desirable features such as high latent 

heat, high thermal conductivity and being non-flammable. However they have 

super-cooling effects and incongruent melting. These features result in a non-

reliable material and they are hence not a suitable material to fulfil the demands 

stated in the research questions. Organic PCMs are a large group of materials 

that cover both paraffinic and non-paraffinic substances. Paraffinic PCMs also 

have a lot of favourable characteristics such as low price, high latent heat and 

almost no super-cooling. What limits their use however, is their high flamma-

bility and low thermal conductivity. The flammability is set as one of the main 

criteria, hence paraffin does not match the demands in the research question. 

The non-paraffinic organic PCMs are less flammable than the paraffinic ones 

and also tend to have lower melting points, which makes non-paraffins a better 

choice for applications related to for example the human body. To the group of 

non-paraffins one also find the biobased PCMs including natural waxes such 

as soy wax. They are fully hydrogenated and expected to exhibit a good thermal 

stability throughout many phase changing cycles without any risk of oxidation. 

What favours soy wax in comparison to paraffins are also that they are signifi-

cantly less flammable, but can still absorb, store and release large amount of 

latent heat similar to paraffins. They also have the advantage of being environ-

mental friendly as well as harmless for human beings. The negative aspect of 

soy wax is that they, as many other PCMs, possess low thermal conductivity. 

Even though this is negative it should not be regarded as a reason for dismissal 

of a material. Inorganic PCMs for example, are said to have a high thermal 

conductivity. What needs to be noted is however that even this amount of ther-

mal conductivity is not god enough and additives needs to be added anyway. 

Thermal conductivity is hence not a main criteria for exclusion. The last studied 

material are the hydrogels. These are well suited for applications close to the 

human body because they have a transition temperature similar to that of the 

human body. Another advantage is that both their physical and chemical prop-

erties are highly tuneable. However, hydrogels are very expensive which is not 

of advantage when manufacturing commercial products of large quantities. 

They also need to absorb water before they are being used in order to be able 

to cool, which are an additional unwanted feature. They also still have limited 

reusability and durability and are mainly used for cooling applications.  

 

After evaluation, bio-based PCMs are chosen as the material to best fulfil the 

stated demands in the research question. This is due to the fact that they are 

significantly less flammable than the paraffin PCMs, but are still effective, re-

liable and cheap. Soy wax possess good properties such as high latent heat and 

have a melting temperature that can be adjusted to the human body temperature, 

which makes it suitable for PCM usage. My hypothesis for this research is that 

microencapsulated soy wax is suitable for application on textile materials by 

coating technique.  
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4. MATERIALS AND METHODS 

4.1. MATERIALS 
Materials used for the microencapsulation were as follows; Hydrogenated Soy-

bean Oil/Soy wax (10170) with a melting temperature of around 67°C were 

obtained from Opella and used as phase change energy storage material. Toly-

ene 2,4-diisocyanate (TDI) was used as a monomer soluble in organic solvents 

and purchased from Sigma Aldrich. Ethylene diamine (EDA) as a water soluble 

monomer and ammonium chloride was used as a nucleating agent, both ob-

tained from Sigma Aldrich. Tergitol (NP10) was used as a nonion surfac-

tant/emulsifier and supplied by Sigma Aldrich. In the first microencapsulation 

experiment acetone was used as organic solvent, for TDI, in the second micro-

encapsulation experiment cyclohexane (179191) was used instead. Both the 

above mentioned were purchased from Sigma Aldrich. For the experiments the 

following equipment were used. Two e-flasks of 150-200 ml, a magnetic stirrer, 

a heating plate with remote for amount of rotations, a spoon, a scale, pipette, 

measuring cylinder and a water bath of 65-70°C. For the coating of the PCM 

microcapsules on textile a commercial coating binder was used, TUBICOAT 

TCT. This binder is a water based polyurethane coating. The substrate used was 

a 100% plain cotton fabric.  

 

4.2. METHOD 
The materials and methods were used based on information gained in the liter-

ature review. The method used for microencapsulation of the soy wax was in-

terfacial polymerization since it was proven to be effective from the literature 

review. A shell of polyurea also seemed profitable for a core of soy wax. The 

encapsulation process were performed during two experimental sessions, using 

two different methods as inspiration and hence two different procedure steps as 

a foundation for the microencapsulation experiment. This resulted in four dif-

ferent samples of microcapsules. Interfacial polymerization are a polymeriza-

tion process were the capsule walls are formed when two reactive monomers 

meet at an interface between two phases and rapidly polymerize.  

 

4.2.1. MICROENCAPSULATION OF SOY WAX BY INTERFA-

CIAL POLYCONDENSATION 

The first type of microcapsules were synthesized by partly following the 

method of Liu & Yu (2013) in their article Microencapsulation of Biobased 

Phase Change Material by Interfacial Polycondensation for Thermal Energy 

Storage Applications. However, the Styrene-maleic anhydride copolymer 

(SMA) was replaced by Tergitol NP-10 as emulsifier. The first step was to 

make an organic phase. 9.0 g of soy wax was heated to just above its melting 

point, i.e. 67°C, 5.0 ml acetone was added as a wax solvent. At last 3.0 g TDI 

was added. In order to work as safely as possible 3 grams of TDI were con-

verted to ml, i.e. 2.5ml, and added to the solution by a pipette. The solution 

mixture was shaken and then stirred with a mechanical stirrer 600 rpm in a 

water bath 63.5°C for several minutes. Directly when the TDI was added the 
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solution became a white dispersion and was no longer a homogenous solution. 

While the organic solution was stirred the water phase was prepared. 5.0 g 

Tergitol NP-10 was dissolved in 100 ml water (the preparation of the solution 

must be done close to the use of the solution). The organic phase was added 

dropwise to the water phase, while the water phase constantly was stirred with 

a mechanical stirrer at 600 rpm in a water bath 65-70°C. A 10 ml water solution 

containing 1.5 wt% of tensid NP-10 was prepared, meaning 3 ml NP-10 was 

added to 7 ml water. 5.0 g of EDA was dissolved in the newly prepared water 

solution. In order to avoid unnecessary exposure of EDA, the amount of EDA 

in grams were converted to ml and added to the water solution by a pipette, i.e. 

5.6 ml EDA was added to the water solution. The EDA solution was added 

slowly and dropwise to the water-oil emulsion under a stirring speed of 600 

rpm and with a temperature of 65-70°C. After addition of all the EDA the so-

lution was kept stirring in a water bath of 65°C with a stirring speed of 600 rpm 

for 2 hours. Then 5%, ammonium chloride, i.e. 4.5 g ammonium chloride, was 

added as a nucleating and demulsification reagent. The water bath temperature 

was then raised to 70°C while the stirring was kept at 600 rpm for 1.5 hours. 

The microcapsules were filtered off and washed with water. The first filtration 

were done with pore 3 filter and washed two times with 120ml each time, the 

microcapsules were named PCM3. The remaining microcapsules that had been 

filtered off was filtered an additional time with filter pore 2 and washed with 

120 ml water one time. These microcapsules were named PCM2. The micro-

capsules were dried in a vacuum oven at 30°C for 3 days in order to remove 

solvents. Finally the microcapsules were collected in two different cans.  

 

4.2.2. MICROENCAPSULATION OF SOY WAX BY INTERFA-

CIAL POLYMERISATION 
The second procedure were a microencapsulation which briefly follows the 

method in the paper written by Cho, Kwan & Cho (2002) “Microencapsulation 

of octadecane as a phase-change material by interfacial polymerization in an 

emulsion system”. The first step was to prepare the water phase. 2.5 g Tergitol 

was dissolved in 80 ml water in a 250 ml E-flask with a stopper. The dissolution 

must be in close connection to the experiment. The E-flask are to be kept closed 

with a stopper during the whole experiment. The organic phase was prepared 

by dissolving 9 g soy wax in 10 ml cyclohexane. The soy wax was poured in 

the cyclohexane and put in a water bath with a temperature of 68°C. When 

dissolved, the solution was stirred for 300 rpm by a mechanical stirrer. At last 

2.46 ml TDI was added. The organic phase was then added to the water phase, 

as illustrated in fig. 4. The solution was stirred at 300 rpm for several minutes. 

2 g EDA was converted into ml as a safety precaution, hence 5.6 ml EDA was 

added to 20 ml water and then slowly added drop wise to the water-cyclohexane 

emulsion, see fig. 5. In fig. 6 the chemical reaction between monomer A and 

monomer B is illustrated. During the whole procedure, the wax container must 

be in a water bath of 68°C. After 2 hours 2.5 ammonium chloride was mixed 

with 10 ml water to a homogenous solution. This solution was added slowly 

and dropwise to the main solution. The solution was then kept stirring for 1 

hour. Finally, the microcapsules were filtered off and washed with water. The 
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first filtration was done with filter pore 3 and washed one time with 120ml 

water. These microcapsules were named PCM1. The microcapsules that went 

through the filter were collected with a spoon from the water and put in a con-

tainer. These microcapsules were named PCM4. The two different kinds of mi-

crocapsules were dried in a vacuum oven at 30°C for 7 days to remove solvents. 

Finally, the microcapsules were collected in two different cans. 

 

A simple test was made after the second microencapsulation in order to inves-

tigate if microcapsules had been created or if the powder mostly consisted of 

pure wax. The test was only made on the powder that ran through the filter, i.e. 

PCM4. The test was to measure the melting point of the sample. If the sample 

had been successfully microencapsulated it should not melt at the melting tem-

perature of the wax. PCM4 was heated to 75°C. The sample were then observed 

in order to see if a phase transition happened or not.  

 

 

Figure 5. Interfacial polymeriation step 1. Addition of organic phase to water 

phase.  

 

 

 

Figure 6. Interfacial polymerization step 2. Creation of oil water emulsion.  
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Figure 7. The main chemical reaction during the Interfacial polymerization. 

Monomer A (TDI) react with the amine grouops of Monomer B (EDA).           

 

4.2.3. ADDITION OF MICROCAPSULES TO THE FABRIC  

Microcapsules were applied to a textile cotton substrate by coating technique. 

What kind of textile material one should use as a substrate depends on the in-

tended application of the finished material. Since it has been proven in previous 

studies (Mondal 2008; Meng, Guoqiang, & Jinlian 2015) that textiles coated 

with PCMs tend to have low thermal conductivity, a 100% plain cotton fabric 

was chosen as substrate. Cotton have high thermal conductivity by nature and 

is hence a suitable material since it adds some thermal conductivity to the fabric 

(Kadolph & Langford 2013). The binder compound used is a commercial 

binder called TUBICOAT TCT. This is a water based polyurethane binder with 

high elasticity. The reason for the choice of binder is that a base of polyurethane 

was wanted since the shell of the microcapsules consist of polyurethane/urea. 

The microcapsules should therefore be compatible with the binder (Giraud et 

al. 2005). The coating formulation was prepared by mixing the coating binder 

and the PCM microcapsules. The addition of microcapsules in relation to binder 

were 25 wt%. The substrate was placed on a coating board and attached with 

scotch on two ends. The thickness chosen for the coating was 8 mm and deter-

mined by the help of a metering blade. The coating was carried out manually 

but with inspiration from knife over roll coating. An excess of Binder-PCM 

was placed at the top of the surface and then coated on the fabric by the help of 

a coating knife. The coating speed was slow in order to achieve and even and 

homogenous coating. The substrate was at last dried at 100°C for 3 minutes. 

The first sample made was the one called PCM3. The second sample is the 

PCM2. The third sample is the one called PCM1. The sample called PCM4 is 

chosen not to be tested due to the fact a conclusion was made from a small test 

that it practically only consisted of pure soy wax and hence no microcapsules.  
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5. CHARACTERIZATION 

5.1. DIFFERENTIAL SCANNING CALORIMETRY (DSC)  
DSC measurements were done on a differential calorimetry model Q2000 of 

TA Instruments equipped with a refrigerated cooling system. DSC analyses 

were conducted under a nitrogen atmosphere and the temperature interval cycle 

was set to 0-100°C at 10°C/min. The samples possessed a weight between 5-

10 mg. The tests were made in order to identify the thermal capacity and phase 

change enthalpy values. Latent heat of fusion can also be measured by calcu-

lating the area under the peaks. Measurements were done during two different 

sessions and analysis were done on the DSC computer in order to get exact 

values of melting peaks, phase change temperatures and enthalpy values, i.e. 

the latent heat. The core content were calculated by using the equation written 

in the literature review and the enthalpy values given from the analysis of the 

DSC thermographs.  

 

5.2. INFRARED THERMOGRAPHY (IR) 
Infrared thermography (IR) was used to investigate the thermal changes in the 

fabric, i.e. the temperature distribution but also the thermoregulation effect. 

Thermal analyses by the use of IR thermography for investigating PCM have 

been performed by for example Izzo Renzi, Carfagna & Persico (2010) and 

Koo, Park, Choe & Kim (2008). The coated textile samples were evaluated by 

the use of an infrared camera; Fluke Ti25. Textile samples with microcapsules 

and without microcapsules were heated to a temperature higher than the phase 

change temperature of the PCM, i.e. higher than 70°C. In order to have some 

error margins and due to that the sample do not get the same temperature as the 

oven has, the temperature was set to 100°C. The starting temperature of the 

samples hence became 88-90°C. The procedure was the same for all samples. 

The samples tested was a cotton substrate coated with only binder, a cotton 

substrate coated with PCM1, a cotton substrate coated with PCM2 and a cotton 

substrate coated with PCM3. The textile sample were hanged in an oven at 

100°C for 3 minutes in order to achieve a temperature of approximately 90°C. 

The door to the oven was then opened and IR images were taken by the camera 

from a distance of 1 meter while the sample was still inside the oven. This was 

because the fabric would not lose too much temperature during the measuring, 

and stay within the phase change temperature interval for a while. IR images 

were then taken after 6, 12, 24, 34, 44 and 74 seconds resulting in a total of 6 

images per sample.  

 

5.3. TESTING OF MELT TEMPERATURE OF THE MI-

CROCAPSULES 
In order to investigate if the microencapsulation actually was successful a sim-

ple melting test was performed. The microcapsule should act as a protecting 

shell for the soy wax and hence prevent the powder from melting. If the powder 

melts, or starts become sticky and form a “cake” the microencapsulation have 
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failed. All samples was put in small containers, resulting in five containers. The 

samples were PCM1, PCM2, PCM3, PCM4 and pure soy wax as a reference 

sample. PCM4 was added in this test for the possibility of comparing it to the 

other samples. An oven were heated to 80°C and the samples were put inside 

for 5 minutes. They were then taken out from the oven and evaluated by inves-

tigating if any transition have occurred.  
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6. RESULTS 

6.1. MICROENCAPSULATION OF SOY WAX  
The microencapsulation of soy wax was performed by two different methods. 

The first test gave two different kinds of microcapsules, named PCM2 and 

PCM3. The second microencapsulation also gave two different kinds of sam-

ples, named PCM1 and PCM4. The resultant microcapsule powder is seen in 

fig. 8. However, during the second microencapsulation experiment there were 

some complications when it came to filtrating the capsules. Some of the powder 

ran through the filter and fell out in the water. Due to the small fraction of the 

powder, it was believed to mostly consist of soy wax and therefore a small test 

was made in order to decide if the sample actually were microcapsules. PCM4, 

i.e. what ran through the pore 3 filter, was easily melt at 75°C. This indicates 

that PCM4 have not been microencapsulated and does most likely consist of 

soy wax that must have been precipitated in the water phase. Due to this result 

the PCM4 sample is taken out from investigation in this early stage and will 

not be evaluated in the DSC or applied on textile.  

 

 
Figure 8. Microcapsule powder. From the left: PCM1, PCM2, PCM3 and 

PCM4. 

 

6.2. ADDITION OF MICROCAPSULES TO THE FABRIC 
There were some problematic factors that appeared during the coating. The mi-

crocapsule powder was, even though interpreted as small, fine powder, slightly 

large. This resulted in a not as uniform coating as wanted. There was also quite 

a small amount of PCM microcapsule powder to work with, which resulted in 

a small amount of coating on each substrate. The result was despite these fac-

tors assessed as successful since the amount was enough for further evaluation 

and the PCM was able to be coated on the textile.  
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Figure 9. PCM1 coated on cotton substrate and PCM1 microcapsule powder. 

 

 
Figure 10. PCM2 coated on cotton substrate and PCM2 microcapsule powder. 

 

 
Figure 11. PCM3 coated on cotton substrate and PCM3 microcapsule powder. 

 

 
Figure 12. Reference sample, TUBICOAT TCT binder on cotton substrate. 
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6.3. DIFFERENTIAL SCANNING CALORIMETRY 

(DSC) 

 
Figure 13. DSC thermograms of free soy wax.  

 

 
Figure 14. DSC thermograms of PCM1.  

 

 
 

Figure 15. DSC thermograms of PCM2.  
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Figure 16. DSC thermograms of PCM3.  

 

The phase change enthalpies and the phase change temperatures of the pure soy 

wax respectively the microencapsulated soy wax were measured by Differen-

tial Scanning Calorimetry (DSC). Figure 13 illustrates the thermogram of pure 

soy wax. As can be seen in the graphs, the melting and cooling curves have 

several peaks. This is due to that soy wax is not a pure material but consists of 

different fractions of different components. These components gives multiple 

melting points. All the samples studied possess two melting peaks, but it is only 

PCM1 that possess two peaks in the cooling curve. The phase-change temper-

atures, Tm and Tc, is showed in the graphs but also the enthalpy value is cal-

culated. If one compare the melting temperature of the first peak for the soy 

wax with figure 14, figure 15 and figure 16 which contain melting temperature 

values of the encapsulated soy wax, one can see that the melting temperatures 

are basically the same. The melting temperature for the first peak vary from the 

soy waxes 53.30°C, to PCM 1 53.4°C, PCM2 52.72°C and PCM 3 52.85°C. 

The melting temperatures are hence around 53°C for the first melting peak for 

all samples. Regarding the second peak of the encapsulated samples, they all 

coincide with the reference sample. Pure soy wax have a second peak melting 

temperature of 62.10°C whilst PCM1 have 61.75°C, PCM2 61.42°C and PCM3 

62.22°C. They all have a second peak melting temperature of approximate 

62°C. The phase transitions intervals of the melting process hence coincides 

with the one of pure soy wax. The enthalpy values entails how large amount of 

latent heat the material possess. Latent heat is a very important factor regarding 

how effective the phase change material will be and how well it will perform. 

The enthalpy values are approximately the same when comparing the latent 

heat of crystallization and the latent heat of fusion. The pure soy wax have the 

enthalpy value of the endothermic reaction of 127.6 g/J, which is regarded as 

quite high for a phase change material and soy wax can hence be stated as a 

suitable material for PCM applications. For PCM1 the latent heat of fusion is 

20.47 J/G, PCM 48.95 g/J and PCM3 125 g/J. It is clear that for all samples, 

except for PCM3, the soy wax have been somewhat altered during the micro-

encapsulation process. The freezing temperature of the microcapsules are basi-

cally unchanged between the reference sample of pure soy wax and the other 
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samples. The amount of PCM incorporated in the microcapsules are shown in 

Table 1.  

 

Table 1. Enthalpy values of melting and crystallisation peaks and calcu-

lated core content in each PCM sample. 

Sample no. ΔHm (J/g) ΔHc (J/g) Core content (wt%) 

Reference  127.6 127.0 100 

PCM 1 20.47 17.57 14.9 

PCM 2 48.95 48.43 38.2 

PCM 3 125.4 127 98.6  

 

The core content of PCM1 were calculated to be 14.9 wt%, which is a quite 

low value. PCM2 have a better value of 38.2 wt%. PCM3 differs greatly from 

the other samples by having a core content of 98.6 wt%. This is most likely an 

indication of an unsuccessful microencapsulation. Even though it is profitable 

to have a high wt% of core material in the capsule, a value as high as 98.6% is 

too high for a microencapsulated material. The high latent heat and the high 

core value is a sign of that the soy wax have not been encapsulated. The values 

are basically unaltered from the pure soy wax and the PCM3 sample and the 

performance much alike as well. The explanation for this may be as simple as 

that the sample actually consists of soy wax. PCM1 and PCM2 is however still 

believed to have been successfully microencapsulated. 

 

6.4. INFRARED THERMOGRAPHY (IR)   
 

 
Figure 17. IR images over reference sample. 

 

 

Figure 18. IR images over PCM 1 and binder applied on cotton substrate.  
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Figure 19. IR images over PCM2 and binder applied on cotton substrate. 

 

 
Figure 20. IR images over PCM3 and binder applied on cotton substrate. 

 

The thermal regulating properties were investigated by an IR camera and pic-

tures were taken in an oven heated to 90°C with an open door after 6s, 12s, 24s, 

34s, 44s and 74s. The colours in the IR thermography images represent differ-

ent temperatures. The lighter the colour, the higher the temperature. The scale 

of temperature versus colour can be seen at the right side in each picture. Dark 

purple represents the coldest spots in the picture and light yellow the hottest 

sections. From the thermal images in figure 17 one can see how the coating 

itself affect the fabrics thermo-regulating properties. When comparing the ther-

mal images in figure 18, 19 and 20 to the reference sample in figure 17 one can 

state that there is a difference between the reference sample and the samples 

coated with PCM. The textile parts applied with binder and PCM microcapsules 

undergo a cooling process that is less marked than the reference sample only 

containing binder. The difference is small but visible. Another visible differ-

ence between the materials are that the PCM1 sample actually cooled down the 

textile fabric in the lower parts of the sample not containing neither binder nor 

PCM. PCM1 is hence proven to provide a cooling effect. The cooling effect 

can also be seen in PCM2 but not nearly as clearly. In PCM3 the cooling is not 

present. 

 

6.5. TESTING OF MELT TEMPERATURE OF THE MI-

CROCAPSULES  
Fig. 21 shows the microcapsule powder of all sampled before being exposed to 

heat. Fig. 21 illustrates the result after the heating of the sample have been 
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made. As one can see, sample PCM3, PCM4 and soy wax melted and became 

liquids. PCM1 was unaltered and PCM2 had a small change in appearance. 

PCM2 became sticky and powder formed a cake instead of being a dry powder. 

 

 

 

Figure 21. PCM microcapsules before being heated to 80°C. From the top left: 

PCM1, PCM2, PCM3, PCM4 and soy wax. 

 

 
Figure 22. PCM microcapsules after being heated to 80°C. From the top left: 

PCM1, PCM2, PCM3, PCM4 and soy wax. 
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7. DISCUSSION 

7.1. MICROENCAPSULATION OF THE SOY WAX  
Since the wax fell out during the interfacial polymerization process, and did so 

already during stirring of the organic phase, it is possible that the result would 

have been better if we would have used a surplus of cyclohexane in relation to 

the amount of soy wax. In that case the cyclohexane would have been able to 

completely dissolve the soy wax and also to enclose it. The relation of cyclo-

hexane soy wax was difficult to predict since the two substances have not been 

used in a polymerization process before, there were hence no procedure to take 

inspiration from and follow. This error did most certainly effect the result of 

the microencapsulation procedure. By increasing the amount of cyclohexane it 

may result in a more successful microencapsulation. 

 

The high melt temperature of the wax have probably implicate complications 

in the microencapsulation process. The soy wax ordered possessed a melting 

temperature of approximately 67°C. This is a much higher melting temperature 

than the core material used in the procedures that were followed during the 

microencapsulation experiment. The high melting temperature of the wax led 

to that all temperatures during the interfacial polymerization process hade to be 

raised remarkably, since the soy way otherwise tended to become solid. This 

did most likely have an effect on the result. It may not only have affected the 

other chemicals and the reactions in the process, but it was also difficult to keep 

the wax from becoming solid during the different processes during the proce-

dure. When the oil solution were being added to an additional material and had 

to be taken off the heater the temperature decreased rapidly and one had to act 

quickly in order for the wax not to transient and start sticking to the sides of the 

container. Another thing to discuss is the reason for only choosing to test the 

melt temperature on sample PCM4. Why not them all in order to get a clear 

answer of the successfulness straight of the microencapsulation straight away. 

The reason for this was simply that there were no clear suspicions of failure for 

the other samples. For example, if one look at fig. 8, one can see the resultant 

samples of the microencapsulated soy wax. When comparing them, one can 

also clearly see that sample PCM4 differs in appearance from the rest of the 

samples in the size and appearance of the powder. This was also the only sam-

ple that fell out in the water and had to be collected with a spoon. These were 

thus the reason for only testing PCM4. 

 

7.2. ADDITION OF MICROCAPSULES TO THE FABRIC 
The coating process can be much more investigated, altered and improved. 

There are a lot of options regarding the choice of binder and application tech-

nique. The binder chosen was for the reasons of finding information about that 

a polymer shell of polyurethane are compatible with a polyurethane binder. 

However, more vague information that microcapsules of PCM should be com-

patible with both polyurethane, acrylic and silicon binders. It should hence be 

interesting to see if the coating would be improved by choosing a different 
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binder. In addition, how to apply the binder would also be interesting to inves-

tigate more thoroughly. The binder used in this report was only ready made to 

apply directly on the fabric. However, some binder are whipped to a foam be-

fore application. This way may be more beneficial when applying the micro-

capsules, since the coating method in this study appeared a bit uneven and dif-

ficult in achieving a uniform coating. One should also not neglect the possibil-

ities that comes with coating. The coating do not only have to be a way to apply 

the microcapsules, but may in addition add different properties to the fabric. 

Could the binder be a contribution to achieve a higher thermal conductivity of 

the fabric? In the literature review the need for thermal conductivity when dis-

cussing PCM is argued.  

 

7.3. DIFFERENTIAL SCANNING CALORIMETRY 

(DSC) 
Sample PCM3 possess basically the same amount of latent heat, 125 g/J, as the 

pure soy wax, 127.6 g/J. This indicates either a very successful microencapsu-

lation where the soy wax have not been damaged, but it may also be a sign of 

that this sample in fact do not have any microcapsules but consist mostly of soy 

wax. However, for the other samples, i.e. PCM1 and PCM2, the material have 

been altered during the microencapsulation process. Even though it is common 

that the microencapsulation implicate a decrease in the performance of the 

phase change material regarding for example the amount of latent heat, it is a 

rather large decrease in latent heat for sample PCM1 and PCM2. The microen-

capsulation have hence affected the performance of the latent heat of the soy 

wax during the encapsulation process. What also should be noted is that if the 

capsules are of small sizes, then the latent heat tend to be low. Small microcap-

sules may therefore also be a reason for the low value of latent heat. 

 

Overall one can state that the first and second melt peak temperatures and the 

freezing temperature are the same for all samples; soy wax, PCM1, PCM2 and 

PCM3. The encapsulation hence do not affect the core material regarding either 

the melting and crystallization temperature peaks. The phase change tempera-

tures can in some cases shift after the encapsulation since the shell can alter the 

thermal conductivity of the PCM material by decreasing it (Liu & Yu 2013). In 

other words, the shell often affect the heat transfer rate from outside to inside 

the capsule. However, this would show in a shifting in the phase change tem-

peratures, and does not as seen the DSC thermographs (Zhang & Wang 2009). 

The shell does therefore not give a lower thermal conductivity to the PCM.  

 

The reason for the low core content and the low latent heat values of PCM1 

may be due to the size of the microcapsules. As stated in the literature review, 

the size of the microcapsules greatly effects its performance regarding both core 

content and latent heat. Regarding the high core content in PCM3, the suspi-

cions about it being a too high value is based on the information stated in the 

literature review. In literature review one can see that the most common values 

that are interpreted as high are around 70-90%, and not above 90%. This prob-
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ably also the explanation for the high amount of latent heat that PCM3 pos-

sessed. The high latent heat and the high core value is a sign of that the soy wax 

have not been encapsulated. Important to know here though is that these are no 

certain indications or evidence for failure, but they are factors to consider and 

be aware of in further evaluation tests.  

 

7.4. INFRARED THERMOGRAPHY (IR)   
When the PCM comes in its phase change temperature interval, the temperature 

change should be less marked in the images than in the reference sample. In the 

phase transition state, the PCM absorbs heat and hence undergo a cooling less 

marked than the normal textile. From the obtained images one can state that 

this actually happened; the textile parts applied with binder and PCM micro-

capsules undergo a cooling process that is less marked than the reference sam-

ple only containing binder. Even though the difference is rather small, the 

change is still visible. This is most likely due to the thermo-regulating capabil-

ities of the soy wax microcapsules, and due to their melting processes. What is 

also interesting from the thermal images is that the PCM1 sample actually 

cooled down the textile fabric in the lower parts of the sample not containing 

neither binder nor PCM. The explanation for this phenomena is believed to be 

the fact that the PCM absorb heat during the melting of the phase change pro-

cess, hence absorbs heat from the rest of the fabric. Note also that, as stated in 

the literature review, no temperature increase is given to the part containing 

PCM since the PCM material is isothermal. If one compare the heat absorption 

of a PCM with that in normal materials, it is a significant higher amount of heat 

absorbed during the melt of a PCM, as can be seen when comparing the textile 

fabric of PCM 1 to the textile fabric of the reference sample. PCM1 is hence 

proven to provide a cooling effect and a conclusion can be made that PCM1 is 

a sample that has been successfully microencapsulated.  

 

7.5. TESTING OF MELT TEMPERATURE OF THE MICRO-

CAPSULES  
Soy wax was expected to melt, as well as PCM4 since this sample had been 

investigated in previous section. However, the melting of PCM3 explained the 

performance and gave a clear answer to the above formulated hypothetic con-

clusions about its performance in the DSC test. The PCM3 have not been suc-

cessfully microencapsulated and this is the reason for the high latent heat, the 

high core content loading and none showing absorption of heat in the IR im-

ages. However, PCM1 and PCM2 got a far better result, and is still kept in a 

powder form. PCM2 did however change somewhat in its appearance and 

started to form a “cake” and become sticky. This is indeed also a sign of a failed 

microencapsulation. This is an explanation of the poor performance in the IR 

pictures as well, even though not as poor as the PCM3 sample. Finally, the 

sample PCM1 have not changed its configuration at all and is hence concluded 

to be a successful microencapsulation, which have been shown in the DSC, the 

IR images and in this melting test. 
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7.6. SUSTAINABILITY AND ENVIRONMENTAL IMPACT 
In today’s society there is a trend to focus on sustainability and environmental 

impact. However, we often tend to focus so much on that the material itself 

must be better for the environment than the existing one used, that we forget to 

look at the whole picture. Are we doing something that is good for the environ-

ment or are we actually making things worse? One cannot just state that for 

example a material itself is better, but must look at the whole manufacturing 

process/procedure. Hence, if one argue that soy wax is a more environmental 

friendly choice than paraffin, one must not forget that the microencapsulation 

that needs to be done on the soy wax can contain chemicals that is not good. 

However, the microencapsulation needs to be done on paraffin as well, but in 

order to justify the term of “environmental friendly material” one should look 

at all the chemicals used during the manufacturing process.  

 

The microencapsulating procedure adds a lot of dangerous and hazardous 

chemicals to the manufacturing process and to the material. Even though the 

chemicals are synthesised during the microencapsulation process the usage of 

them is still not recommended. The reason for using them in this research is 

since the aim was to investigate if it was even possible to apply soy wax on a 

textile substrate, and if soy wax works as a phase change material. The chosen 

microencapsulation procedure was therefore an acknowledged one that have 

been proven to be effective. Both TDI and EDA, as used during the microen-

capsulation formation in this study, are acute toxic, extremely hazardous chem-

icals. Ammonium chloride are toxic to aquatic life and cyclohexane is marked 

as toxic for the environment. It was stated in previous section that a larger 

amount of organic cosolvent is needed for a successful microencapsulation. 

However the addition of cosolvent will, to a greater extent cause environmental 

problems. In further investigation of developing a biobased environmental 

friendly PCM the microencapsulation procedure is definitely a procedure to 

look over and change. It would be interesting to perform for example yeast 

microencapsulation in order to achieve a more environmental friendly micro-

encapsulation. Nelson (2002) argues that yeast microencapsulation have many 

advantages over other microencapsulation processes. It is simple and relies on 

the natural properties of yeast. It gives a natural capsule, uses no additives and 

are stable against heat. Li et al (2012) suggests that a solution also could be to 

create a biological polymer shell by using styrene and divinylbenzene as reac-

tive monomers. They will act both as cosolvents and shell-forming monomers.  
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8. CONCLUSION 
As a conclusion, many PCM can be applied on textiles but few of them fulfil 

the criteria of being environmental friendly, light-weight, cheap and non-flam-

mable. The solution to the above set criteria came to be soy wax. It is possible 

to apply soy wax on a textile substrate by using simple coating technique. The 

PCM can be applied manually by the help of a coating board and a coating 

knife. By using soy wax one get a phase change material that is environmental 

friendly, light-weight, cheap and non-flammable. The textile coated with mi-

croencapsulated PCM soy wax shows to absorb heat when being in its molten 

state in the IR images and are proven to work. The stated hypothesis is accepted. 

However, in order to achieve a better PCM material with the use of soy wax, 

the microencapsulation process needs to be altered. Both in order for the soy 

wax not to lose as much of its latent heat and for having a microencapsulation 

process that only will provide successful samples. 

 

Microencapsulated soy wax have not been applied on textile before. Using soy 

wax as a textile PCM is an unexplored area. The use of soy wax, which is made 

from unused feedstock would be a contribution to a more sustainable society. 

The other reason for why this research is of interest is that non-flammable, ef-

ficient and sustainable textile with phase change properties is needed, both in 

the medical sector but also in other areas were flammability is a risk factor.  
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9. FUTURE RESEARCH 
The soy wax ordered possessed a melting point higher than expected. This re-

sulted in complications during the microencapsulation process. It would have 

been more suitable with a melting temperature around 30-35°C. A wax with a 

melting temperature of around 60-70°C, before the microencapsulation proce-

dure, is not suitable for cooling applications or for applications on the human 

body. For applications close to the human body one need to use wax with lower 

melting temperature. However, it is possible to obtain soy wax of lower melting 

temperatures, this should hence be considered in further investigations. The fact 

that the high melting point affect the microencapsulation process and makes it 

difficult to perform the interfacial polymerization process is the greatest factor 

to why it is of need to use a wax with lower melting temperature. However, a 

lower melting temperature of the soy wax would open up to a lot more appli-

cation areas for the final product, such as textiles used on the human body. 

 

When searching deeper into the problem of having a too little amount of cyclo-

hexane in the microencapsulation process, literature seems to have found the 

problem as well. The difficulties in achieving a good PCM-to-cyclohexane ra-

tio is stated by Zhao & Zhang (2011), Siddhan, Jassal, & Agrawal (2007) and 

Li et al. (2012).  Li et al (2012) argues that previous have research have shown 

that the cosolvent, either cyclohexane or acetone, have to be added in large 

amounts in order to be able to obtain a homogenous oil solution of the PCM 

and TDI. The excess of the organic cosolvent is needed to be removed from the 

resultant microencapsulated PCMs in the end. Earlier studies have also stated 

the problematics of the PCM-to-cyclohexane ratio and how it greatly affects 

the core content, encapsulation efficiency and the stability of the microcapsule 

(Zhao & Zhang 2011). Siddhan, Jassal, & Agrawal (2007) used cyclohexane as 

a solvent for TDI during interfacial polymerization, however the core was in 

this case n-octadecane. The PCM-to-cyclohexane ratio were 6. In the procedure 

performed in this research the ratio were around 1, which is a large difference 

and most likely an explanation to many of the unwanted results for some of the 

samples. However the addition of cosolvent may not only decrease the PCM 

content in the microcapsule but also have a more negative effect on the envi-

ronment. The solution might be as discussed under the sustainability and envi-

ronmental impact heading to create a biological polymer shell or perform yeast 

microencapsulation. It is indeed a field were research is needed.  

 

Smaller sized PCM capsules have a larger heat-transfer are, which can increase 

the thermal conductivity. However, the smaller size equals a smaller amount of 

PCM loading in each capsule and so a smaller latent heat and a less effective 

PCM. This is a problem that needs to be evaluated and handled. The capsules 

obtained in the PCM1 sample were probably rather small, due to its calculated 

core content but also regarding the unaffected melting and crystallization tem-

peratures. However, as measured in the DSC, this resulted in a substantial de-

crease in latent heat and hence performance. Is there a solution and a good ratio 

between the amount of PCM core content and size of capsule in order to achieve 
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a material with the highest possible latent heat and the highest possible thermal 

conductivity?  

 

Another aspect regarding the thermal conductivity is that PCM materials them-

selves actually possess a rather low thermal conductivity. It would be interest-

ing to come up with a solution for making soy wax PCM more thermally con-

ductive. Can one add additives that is environmental friendly and do not affect 

the performance of the material in a negative way? It is also important that the 

cost of the addition of these additives are not too great. Can the textile substrate 

have an effect? To investigate the effect of different binders and coating tech-

niques suitable for PCMs would also be of great need. Both regarding the ther-

mal conductivity but also regarding appearance, comfort, resistance to ironing, 

washing and the overall durability and performance.  
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